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Recently, newly developed carbon-based nanomaterials known as carbon dots (CDs) have generated
significant interest in nanomedicine. However, current knowledge regarding CD research in the bio-
medical field is still lacking. An overview of the most recent development of CDs in biomedical research
is given in this review article. Several crucial CD applications, such as biosensing, bioimaging, cancer
therapy, and antibacterial applications, are highlighted. Finally, CD-based biomedicine’s challenges and
future potential are also highlighted to enrich biomedical researchers’ knowledge about the potential of
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1. Introduction

A new era in the family of carbon materials began in 2004" with
the creation of CDs with fluorescent features during the elec-
trophoretic purification of single-walled carbon nanotubes. The
majority of carbon-based nanomaterials are 0D (sizes less than
10 nm, ref. 2) and comprise sp> and sp® carbon atoms with
numerous polymer chains or diverse functional groups bonded
to their surfaces.® According to their carbon core structure,
surface functional groups, and physical characteristics, CDs are
categorized as carbon quantum dots (CQDs), carbon nanodots
(CNDs), graphene quantum dots (GQDs) as well as carbonized
polymer dots (CPDs)." CQDs primarily consist of multi-layered
graphitic structures and contain a variety of chemical groups
that endow them with inherent state luminescence and quan-
tum confinement effects.” GQDs are the most differentiated
among CDs. GQDs are essentially one or several layers of small
graphene fragments that exhibit quantum confinement and
edge effects because they have chemical functions on their edge

“ Department of Neurosurgery, The Affiliated Huzhou Hospital, Zhejiang University
School of Medicine (Huzhou Central Hospital), Huzhou 313099, P. R. China

b Key Laboratory of Pesticides and Chemical Biology, Ministry of Education,
College of Chemistry, Central China Normal University, Wuhan 430079, China.
E-mail: sunyaogbasp@mail.ccnu.edu.cn

¢ Department of Chemistry, Korea University, Seoul 02841, Korea.
E-mail: jongskim@korea.ac.kr

4 State Key Laboratory of Biocatalysis and Enzyme Engineering,
School of Life Sciences, Hubei University, Wuhan 430062, China

¢ Guangxi Key Laboratory of Automatic Detecting Technology and Instruments,
Guilin University of Electronic Technology, Guilin 541004, China

1 Le Tu, Qian Li, Sheng Qiu, Meiqin Li, Jinwoo Shin, and Pan Wu contributed

equally to this work.

3038 | J Mater. Chem. B, 2023, 11, 3038-3053

CDs and the need for overcoming various technical obstacles.

or within an interlayer defect. Electrical conductivity, large
surface area, and adjustable PL are some of the additional
properties of GQDs.® CNDs are highly carbonized nanoparticles
that exhibit edge effects but not the quantum confinement
effect. Between polymer dots and completely carbonized CDs,
CPDs serve as the link since they are crosslinked nanohybrids
of carbon and aggregated polymers. Top-down (e.g., laser
ablation,” arc discharge,® or electrochemical oxidation®) and
bottom-up (e.g., chemical or thermal oxidation,® hydrothermal
treatment,'" or microwave'?) techniques are currently utilized
for CD synthesis.

Owing to their tunable photoluminescence, extraordinary
physicochemical properties, low cytotoxicity, and exceptional
water dispersibility,'® CDs are presently exhibiting remarkable
potential in biosensors,'® bioimaging,'* and disease diagnosis/
treatment.'® CDs with diverse biomedical applications, such as
optical sensing, bioimaging, chemotherapy, photothermal ther-
apy (PTT), photodynamic therapy (PDT), etc., have been created
by strategic design and post-synthetic functionalization. The
use of these compact discs in biomedicine is now rapidly
growing. The synthesis, PL mechanism, and uses of CDs have
all been condensed in a number of review publications. How-
ever, the objective of this article is to offer the reader a general
understanding of the abundance of carbon dots available for
use in the biomedical domain and to aid in determining which
design strategy should be chosen to address a particular
problem. We have highlighted several essential CD applica-
tions, including biosensing, bioimaging, cancer therapy, and
antibacterial applications. In order to help shed light on the
possible function of CDs in biomedicine, we will also discuss
the research trends, future developments, and ongoing debates
in this area.

This journal is © The Royal Society of Chemistry 2023
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2. CDs for biosensing

Timely and accurate in situ analysis of the body’s abnormal
expression of substances is conducive to preventing and treat-
ing human diseases. Based on the excellent multiple properties
of CDs, including superior photostability, photoluminescence,
charge transfer, low toxicity, and good aqueous dispersibility,
they have long been used as optical sensor materials in
the disciplines of illness diagnosis, food safety analysis, and
environmental analysis. In this section, we mainly focus on the
precise detection of disease-associated biomarkers.

The accurate detection of disease-associated biomarkers is
extremely important in the early identification of diseases.
As excellent luminophores, CDs play a vital role in fluores-
cence-based sensing and electrochemiluminescence sensing
for disease-associated biomarkers.'” To date, CDs have been

(a)
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extensively applied in the field of biomedicine. The dual-signal
output strategy avoided false positives and provided higher
sensitivity.'® Hamd-Ghadareh et al. constructed RB-conjugated
carbon dots (RB-CDs) for ratiometric fluorescence detection of
B-amyloid (AB) in the presence of gold nanoparticles (AuNPs) as
acceptors.”® Low background, great sensitivity, spatial and
temporal controllability, and simple operation are all benefits
of electrochemiluminescence (ECL). Therefore, ECL-based CDs
hold the inherent advantages of a broad linear range and great
selectivity. Recently, boron and nitrogen-codoped carbon dots
(BN-CDs) were created by Guo and co-workers as incredibly
efficient electrochemiluminescence emitters for the super-
sensitive detection of HBV-DNA (Fig. 1a).>° The ECL intensity
increased as the HBV-DNA concentration rose (Fig. 1b). The
logarithm of the HBV-DNA concentration and ECL intensity has
a good linear relationship, as shown in Fig. 1c. The merit of
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Fig. 1 (a) Schematic illustration of the detection of HBV-DNA based on an
(c) calibration curve of HBV-DNA detection. Reproduced with permission.°
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detection of CEA and CA125 and (e) its FL response. Reproduced with permission.? Copyright 2022, Elsevier. (f) Fluorescence spectra of C-CDs in
response to different doses of HAase. (g) Schematic illustration for the detection of HAase by C-CDs. Reproduced with permission.?? Copyright 2017,
American Chemical Society. (h) Schematic illustration of the visual and accurate detection of GSH according to the color-change and fluorescence-off
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tunable wavelengths showed the advantage of CDs in detecting
targets simultaneously. Zou et al. proposed an MBs/peptides/
CD-based stage by employing blue-colored carbon dots (b-CDs)
and yellow-colored carbon dots (y-CDs) to simultaneously
detect cancer antigen125 (CA125) and carcinoembryonic anti-
gen (CEA) (Fig. 1d).>" The fluorescence intensity at 430 nm and
550 nm grew simultaneously as more and more CEA and CA125
were administered (Fig. 1e). This platform provided a new
perspective for dual or multiple simultaneous detection of
tumor makers.

Except for the biomarkers mentioned above, the detection of
some biomolecules expressed abnormally also plays a direct or
indirect role in the occurrence and progression of the disease.
For example, Yang et al. designed cationic carbon dots (C-CDs),
which were surrounded by a lot of positive charges on the
surface to detect HA with high sensitivity (Fig. 1g).>*> As shown
in Fig. 1f, the fluorescence intensity at 525 nm increased with
the increase of HAase, but the fluorescence intensity at 630 nm
dropped. Abnormal GSH levels are commonly associated with
diseases such as cancer, HIV, brain mitochondrial damage, and
Parkinson’s disease.”® Ultrasensitive and selective identification of
GSH expression levels is thus important in biomedicine. For
instance, by conducting colorimetric and fluorescent dual modal
sensing technologies, Jia et al. employed red-emitting CDs (p-CDs)
to visually and precisely recognize GSH (Fig. 1h).>* In biological
systems, P-CDs did not respond to other biological thiols, amino
acids, and ions. Additionally, p-CDs could monitor GSH visually
based on the system’s color shift in addition to measuring GSH by
a fluorescence test.

3. CDs for bioimaging

Bioimaging technology, a modern and non-invasive research
technique, offers limitless potential in the early identifica-
tion of disease and the direction of lesion therapy. It helps
researchers comprehend the tissue structure of organisms and
clarify numerous physiological activities. Modern bioimaging
approaches include fluorescence imaging (FL), magnetic reso-
nance imaging (MRI), photoacoustic imaging (PAI), and ultra-
sound imaging (US), etc.’> CDs, as a kind of classical
fluorescent probes in the field of fluorescence imaging, are
fascinating and vital for guiding the accurate discovery of lesion
sites and complete surgical resection. More recently, the pre-
paration of CDs with magnetic properties has attracted much
attention and acts as a promising platform for magnetic
resonance imaging. In addition, due to the diverse selection
of precursors during the preparation process, various imaging
modalities could be integrated into a single CD-based platform
to exert their advantages respectively.”® In brief, CDs have been
widely exploited in bioimaging and have produced a powerful
boosting effect in the biomedical field.

3.1. Fluorescence imaging

Fluorescence imaging, the most promising strategy for in vivo
precise and non-invasive diagnosis/monitoring, has achieved a
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satisfactory contribution to basic research and clinical appli-
cations. CDs have been proven to have significant potential in
fluorescence imaging owing to their intrinsic advantages,
including adjustable emission wavelength, high quantum yield,
and excellent photostability.”” In this section, we primarily
examine the status and potential future directions of CD-based
fluorescence imaging. For instance, a high-performance and
selective fluorescence probe for monitoring biological activities
in vivo was created by Srivastava et al. using DNA-conjugated green
and red emission CDs (gCD-ssDNA1 and rCD-ssDNA2) (Fig. 2a).”®
As shown in Fig. 2b, when breast cancer cells (MCF-7) were treated
with gCD-ssDNA1 or rCD-ssDNA2, their fluorescence was signifi-
cantly increased in cells in comparison to cells treated with gCD
or rCD alone. However, related to the formation of ds-DNA
complexes that aggregate when complementary DNA base pairs
attached to the individual particles hybridize, fluorescence was
reduced in cells treated with a mixture of gCD-ssDNA1 and rCD-
ssDNA2 in comparison with those treated with the mixture of gCD
and rCD. The fluorescence intensity dropped sharply due to the
close proximity of gCD-ssDNA1 and rCD-ssDNA2, which induced
the ds-DNA complex to form and resulted in a nonradiative energy
transfer process between the two CDs.

Recent literature via many studies has shown that organelle
damage or dysfunction can lead to significant diseases. There-
fore, if the morphological or functional damage of organelles is
able to be tracked in real-time, additional compelling evidence
for the early identification and treatment of associated dis-
orders can be presented. The development of efficient methods
for precise visualization of different organelles using intrinsic
or post-modified CDs has shown great significance in the
biomedical field. Based on this aim, E. Shuang et al. designed
four carbon dots (ECDs, NCDs, GCDs, and LCDs) with various
surface chemistry and achieved tunable fluorescence imaging
of organelles by different uptake mechanisms (Fig. 2c).*
In addition, the interactions with organelles were rationally
explained by exploring the connection between surface chem-
istry and CDs’ capacity for subcellular targeting. These four
kinds of CDs were employed to co-incubate with LoVo cells to
obtain 3D images of organelles (Fig. 2d). Furthermore, zebra-
fish was chosen as a model for in vivo imaging. The results
revealed that all four carbon dots primarily accumulated in the
entire body, gut, and vitelline, respectively, suggesting that the
produced CDs were able to get beyond the mucus barrier and
interplay with the cells of zebrafish. This work provided flexible
ideas for designing CDs that specifically target organelles.

Fluorescence imaging can not only illuminate the lesion site
but can also be used to distinguish the different states of cells,
in which propidium iodide (PI) has long been used to differ-
entiate between living and dead cells in commercial kits. For
example, Yu et al. fabricated ultrabright sulfur-doped CDs
(S-CDs) with excitation wavelength-independent fluorescence
emission properties that could be used to distinguish between
living and dead cells.>® Fig. 2e depicts the mechanism of S-CDs
to differentiate between live and dead cells. Notable differences
between the two cell types’ uptake pathways were used to explain
this phenomenon. Specifically, functionally and structurally intact

This journal is © The Royal Society of Chemistry 2023
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nitroso carbon dots leads to multicolored particles (i) separated by chromatography and (i) surface attachment of two complementary ssDNA.

Reproduced with permission.28 Copyright 2020, American Chemical Society. (

c) Graphical description of the preparation, cellular uptake, and localization

of the four kinds of CDs. (d) Fluorescence images of LoVo cells cocultured with the four kinds of CDs and commercial organelle probes, and 3D images of

the LoVo cells incubated with the CDs and nucleus probe. Reproduced with
illustration of the live/dead cell discrimination mechanism of S-CDs. (f) Colo

permission.>® Copyright 2021, American Chemical Society. (e) Schematic
calization confocal images of S-CDs (20 ug mL™Y and PI (30 pM) in dead

C. albicans cells. Reproduced with permission.*® Copyright 2022, American Chemical Society.

cell surfaces in living cells would prevent S-CDs from penetrating
the inside of the cell. Thus, fluorescent signals were not emitted
by living cells. S-CDs on the other hand rapidly penetrated dead
cells with damaged surfaces by passive transport. As interiorized
S-CDs significantly interplayed with DNA and RNA, S-CDs fluor-
escently illuminated dead cells, and living and dead cells could
be distinguished by changes in fluorescence. More interestingly, a
robust yellow fluorescent signal could be seen in the co-localized
fluorescent images by PI and S-CDs, indicating that red fluores-
cent PI and green fluorescent S-CDs had good colocalization,
which confirmed the ability of S-CDs to selectively detect dead
cells (Fig. 2f). This work opened the possibility for future com-
mercial applications of CDs. Bi et al. reported a microwave-
assisted synthesis route for a red-emissive, RNA-targeting CD
(named as M-CDs) using neutral red and levofloxacin as the
precursors.>' The M-CDs possessed a high fluorescence quantum
yield of 22.83% and could bind to RNA selectively which lead to
stronger red fluorescence. In addition, M-CDs could enter cells

This journal is © The Royal Society of Chemistry 2023

within 5 s and thus could be used for real-time tracing of the
dynamic process of intracellular stress granules under oxidative
stress. This research opened a new way for imaging bulk
RNA dynamics and monitoring phase separation behaviors in
living cells.

Apart from the achievements already made (Table 1), the
field of CD fluorescence imaging is still limited by the depth of
fluorescence penetration compared with those in the second
near-infrared region (NIR-II). Therefore, follow-up research can
be directed toward developing carbon dots with emission
wavelengths located in the NIR-II region.

3.2. Magnetic resonance imaging

Magnetic resonance imaging has become more and more
favored because of its great spatial resolution, nearly infinite
tissue penetration depth, and it is harmless toward the organism.
Besides, MRI has already been employed for clinical oncology
after FDA approval in 1985.*' Many approaches for the fabrication

J. Mater. Chem. B, 2023, 11, 3038-3053 | 3041
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Table 1 Important milestones in the field of NIR CDs

Wavelength Biological application Ref.
EX600nm/EMezonm Two-photon FL and PTT 67
EX530nm/EMegsonm Cell imaging and PDT 32
EX640nm/EM705nm In vivo FL imaging 33
EX6g0onm In vivo PA imaging 34
EX700nm/EM760nm NIR imaging-guided SDT 62
EX704nm/EM770nm In vivo NIR FL 35
EXgognm/EM gosnm NIR FL and PTT 36
EXgognm/EMozsm NIR-II FL and PTT 37
EXgognm/EMozonm In vivo PTT 38
EXgsonm/EMeganm Two-photon cell imaging 39
EX900nm/EMs44nm Multimodal imaging 65
EXj064nm NIR-IT PTT 40
EX1064nm NIR-II PAI-guided PTT 59
EXgognm In vivo FL imaging 58

of CDs with a magnetic nature have been presented. CD-based
nanoparticles with extremely low cytotoxicity, good stability, and
refined preparation methods as MRI contrast agents have gained
popularity.*? For example, Chen et al. synthesized Gd@C-dots in
a size-controlled way using an approach based on mesoporous
silica nanoparticles (MSN).** The magnetic and optical character-
istics of Gd@C-dots were significantly impacted by their size.
T,-weighted MRI scans showed excellent tumor targeting (Fig. 3a).
Additionally, the renal clearance process eliminated unbound
nanopatrticles, thus preventing long-term toxicity (Fig. 3b).

Due to their distinctive physical and chemical characteristics,
gadolinium-based materials are currently frequently employed in
magnetic resonance imaging. However, Gd*" has the disadvan-
tages of nephrotoxicity and its deposition in the brain, which
brings potential threats and blocks their clinical applications. To
solve this, Wang et al. designed Fe’*@F,N-CDs as a T; contrast
agent for MRI using a Fe(m) combination of fluorine and nitrogen
co-doped carbon dots (F,N-CDs) (Fig. 3c).** MRI signals were
recorded from 0 to 60 minutes after Fe*'@F,N-CDs were injected
into mice (Fig. 3d). At 0 minutes, the CDs accumulated in the
tumor site well, but as time passed, the signal became weaker but
higher than that of the pre-group, which proved the ability of
Fe** @F,N-CDs to effectively aggregate in the tumor location in a
remarkably short period. The significantly improved MRI effect
and lower toxicity make it promising to develop into a new
generation of safe MRI contrast agents.

Chemical exchange saturation transfer (CEST) MRI that
combines highly specific MRS with high spatial resolution
MRI has been found to provide bioimaging information
of high significance clinically. Zhang et al. reported arginine-
modified C-dots (AC-dots) as CESTMRI contrast agents.*’
As shown in Fig. 3e, the left striatum was treated with cells
labeled with Lipo-AC-dots, while the right striatum was treated
with cells labeled with empty liposomes as a control. 24 hours
after injection, a CEST MRI was conducted (Fig. 3f). T,-weighted
(Tayw) images could display where the transplanted cells are
located. Compared to control cells, cells tagged with Lipo-AC-
dots displayed a generally stronger CEST contrast enhancement
at 2 ppm. Lipo-AC-dots can be detected by CEST-MRI after
in vitro and intracranial implantation without depositing any
metal ions on the surface of carbon dots. This work guided

3042 | J Mater. Chem. B, 2023, 11, 3038-3053
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further extension to the development of carbon dots with
nuclear magnetic imaging capabilities.

Throughout the reports on the use of CDs in the field of
MRI, most are based on the encapsulation of CDs or the
deposition of metal ions on the CDs’ surface. The direct use
of CDs in MRI undoubtedly increases the biotoxicity of CDs and
narrows their application in the biomedical field. Therefore, in
the future, we may concentrate on improving the biosafety of
the direct use of CDs for MRI and expanding the process of CD
manufacture.

3.3. Multimodal imaging

Multimodality imaging integrates the advantages of independent
imaging techniques. However, contrast agents have numerous
hurdles to achieving multi-properties simultaneously in different
imaging models.*® Advantageously CDs are ideal multimodal
imaging contrast agents owing to their effortless surface func-
tionalization potential. For instance, Sun et al. developed
manganese-doped CDs (Mn-CDs) for FL imaging and MRL"
For both FL and MRI, Chen et al. synthesized the GA@GCNs by
encapsulating gadolinium into CDs to afford a dual-modal
contrast agent (Fig. 4a).*> When tumor-bearing mice were
injected with GA@GCNSs, strong FL and MR signals were visible
from the tumor sites (Fig. 4b). Besides, GdA@GCNs could
efficiently produce 'O, when exposed to light, making them a
peculiar nano theranostics agent with inherently integrated FL
imaging, MRI, and PDT properties.

Nickel and nitrogen co-doped carbon dots (Ni-CDs) were
created by Tian et al. for multimodal PAI, MRI, and photo-
thermal imaging (PTI) (Fig. 4c).** The photothermal signal
intensity enhanced in response to the rising Ni-CDs concen-
tration when exposed to a 1064 nm laser. Moreover, 12 hours
after injecting the Ni-CDs, the photoacoustic imaging and MRI
signal intensity in the tumor sites peaked (Fig. 4d). In this work,
the researchers developed CDs in the second near-infrared
region for multimodal imaging-guided PDT, which can be well
excreted from the body after accumulating at the tumor site.

Zhang et al. produced PDA@N-CDs(Mn) NPs by combining
the multifunctional polydopamine (PDA) which was modified
by a Mn®* complex with dual emissive CD-based nanoparticles
for tetramodal FL imaging, PTI, and MRI (Fig. 4e).>° PDA@
N-CDs(Mn) NPs demonstrated tetramodal imaging with good
contrast and spatial resolution as well as excellent tumor
targeting capability.

Luo et al. designed a liposome carbon dot nanohybrid
system (PEG-RLS/Fe) composed of Fe(u) phthalocyanine-derived
Fe*"-doped carbon dots (Fe@CDs) as well as amphiphilic
lipopeptide assembly (DSPE-mPEG2000/RLS)@CDs).>" This sys-
tem could be successfully used for FL imaging, MRI, PTI, and
PAI (Fig. 4f). The signals in FL imaging, PAI, and T;-weighted
MRI all peaked at 28 h after injecting mice with PEG-RLS/
Fe@CDs, while the signal of photothermal imaging reached a
peak in only 5 minutes (Fig. 4g). This work demonstrated the
superiority of PEG-RLS/Fe@CDs as a FL/PA/PT/MR four-modal
imaging agent, which can guide the design of CDs for multi-
modal imaging.

This journal is © The Royal Society of Chemistry 2023
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2019, Wiley-VCH.

Multimodal imaging breaks the inherent shortcomings and
limitations of a single imaging mode. CDs have been widely
used by researchers in the field of bioimaging due to their
low synthesis cost, simple synthesis method, and ease of
modification. Future research should focus on improving the
comprehensive strength of CDs so that they can make more
contributions to multimodal imaging.

4. CDs of cancer therapy

A series of therapy applications based on CDs are introduced to
the biomedical field because of their easy functionalization,
good biocompatibility, and ultrasmall size. CDs are applied
mainly for their outstanding fluorescence properties, which
not only have completed numerous imaging-guided tumor
treatments but can also be loaded with therapeutic drugs
for targeted delivery to specific sites due to their diverse

This journal is © The Royal Society of Chemistry 2023

Copyright 2020, American Chemical Society. (e) Illustration of the preparation and injection of Lipo-AC-dots-labeled cells, with
liposome-labeled cells as the control. (f) T»,, and CEST images of a mouse brain at 24 h after the implantation. Reproduced with permission.*

Copyright

modification functions. In short, CDs have unlimited potential
in therapeutic areas. In this subsection, we mainly summarized
the application of CDs as excellent therapeutic agents in tumor
therapy.

4.1. Phototherapy

Due to the minimal invasiveness, temporal-spatial controllability,
and low systemic toxicity, phototherapy, particularly PDT and
PTT, has drawn interest in tumor treatment.”> By combining
chemical photosensitizers and light irradiation, phototherapy
can selectively and effectively destroy lesions by transferring
photon energy to molecular oxygen and creating deadly reactive
oxygen species (ROS).”> CDs are useful in phototherapy owing to
satisfactory biocompatibility, ultrasmall size, and remarkable
photostability. Nasrin et al. for the first time reported that two-
photon absorption-based CDs produce increased ROS to enhance
the PDT effect.”* They synthesized CDcf derived from curcumin
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preparation of Ni-CDs for PTI/PAI/MRI-guided PTT of the tumor and (d) the images of PAI, PAl, and MRI. Reproduced with permission.*®

Copyright 2021,

Wiley-VCH. (e) Schematic illustration of PDA@N-CDs(Mn) NPs for FL imaging, PTI, and MRI. Reproduced with permission.>® Copyright 2019, Elsevier.
(f) Schematic illustration of PEG-RLS/Fe@CDs for FL imaging, PTI, PAI, and MRI. (g) In vivo FL, PA, PT, and MR images after i.v. injection of PEG-RLS/
Fe@CDs in mice at different time points. Reproduced with permission.>* Copyright 2021, Elsevier.

and folic acid using a hydrothermal method with a nucleus-
targeting ability (Fig. 5a). Although the significant enhancement
of intracellular ROS after two-photon excitation leads to a signi-
ficant increase in PDT efficiency, the achievement of real-time
dynamic monitoring remained an obstacle. Yi et al. developed a
kind of two-photon CD (TP-CD) to treat nucleolus-targeted while
simultaneously monitoring dynamic changes in the nucleolus in
real-time (Fig. 5b).>° It was confirmed that particular complexa-
tion between TP-CDs and RNA had a major impact on PDT
effectiveness via RNA damage.

PTT is a treatment modality in which the photothermal
agent is irradiated at a specific wavelength, causing the tem-
perature rise and thus killing the tumor cells.”® Jiao et al.
designed a kind of Gd-doped CD with AS1411 aptamers con-
jugating on the surface (AS1411-Gd-CDs) for FL/MR imaging-
guided PTT (Fig. 5¢).”” The rise in temperature in the tumor
area of the mouse models after laser treatment was monitored
by thermal imaging. Fig. 5d shows how throughout laser
irradiation, the temperature at the tumor sites gradually
increased in all groups. It can be observed from Fig. 5e that
tumor-bearing mice, after AS1411-Gd-CDs, along with laser
irradiation treatment, recovered best. AS1411-Gd-CDs achieved
FL/MR imaging and successfully directed efficient PTT in mice.
Zhang et al. synthesized a kind of NIR-II fluorescent GQDs
(emission at 1000 nm) dual-doped with both nitrogen and

3044 | J Mater. Chem. B, 2023, 11, 3038-3053

boron (N-B-GQDs).>® N-B-GQDs could effectively absorb and
convert light into heat when illuminated by a NIR laser, thus
administrated a PTT effect to kill cancer cells in vitro and fully
suppressed tumor growth. In addition, N-B-GQDs with rapid
excretion capacity are very safe and suitable for in vivo bio-
medical applications.

Han et al. developed the NIR-II ultra-small permeable car-
bon dots (PCD) for fluorescence and PAI-guided PTT (Fig. 5f).>°
No obvious degradation of photothermal performance was
observed after five cycles of heating and cooling, thus demon-
strating the excellent photothermal stability of PCD. Addition-
ally, the PCD group’s and the NIR-II group’s tumor growth was
greatly slowed (Fig. 5g).

4.2. Sonodynamic therapy

Recently, sonodynamic therapy (SDT), a promising non-invasive
treatment method, has been praised for its ability to produce high
levels of cytotoxic ROS using low-intensity ultrasound (US) and
acoustic sensitizers.®” SDT can penetrate deeper tissues while
reducing the occurrence of side effects, which shows great devel-
opment potential in the field of tumor treatment. Numerous
sonosensitizers, ranging from organic chemicals to inorganic
nanoparticles based on metals, have been created. The special
band structure of CDs allows efficient charge separation to occur
at low energy excitation, which indicates their potential in SDT.

This journal is © The Royal Society of Chemistry 2023
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Reproduced with permission.>® Copyright 2022, Elsevier.

Geng et al. constructed a Pt/N-CD@TiO,_, platform by
integrating p-type Pt/N-CDs with n-type TiO,_, NSs for GSH
detection and tumor therapy (Fig. 6a).®* Pt/N-CD improved the
ability to treat tumors under ultrasound irradiation. The tumor
volume decreased throughout the treatment until it fully recovered
and the survival time was prolonged to 70 days. As shown in
Fig. 6b, after 16 days of different treatments, tumors in the Pt/N-
CD@TIO,_, treated group were eliminated. This work achieved
the detection of GSH in vivo by Pt/N-CD and enhanced SDT
functionalities by the Pt/N-CD@TiO,_, platform. Based on this
study, the authors prepared p—n multifunctional carbon dots (CDs)
for near-infrared imaging-guided SDT (Fig. 6¢c).** As shown in
Fig. 6d, the same mouse was implanted with 143B and HeLa
tumors simultaneously for in vivo NIR imaging after being intra-
venously injected with p-n-CD@143B or p-n-CDs. No strong
fluorescence signal at the tumor sites was observed for p-n-CDs,
which may be related to their quick renal filtration. At 24 hours
after injection, p-n-CD@143B was significantly retained in the
143B tumor.

Furthermore, Wang et al. produced sonodynamic CDs
(PMQDs) utilizing vanadium carbide MXene as the carbon
source.®® As shown in Fig. 6e, PMCDs were administrated into
the tail veins of mice. The tumor cells were subjected to
apoptosis under the effect of ultrasound. From Fig. 6f, the
US-induced PMQDs’ capacity to produce ROS was visualized
in MDA-MB-231 cells by DCFH-DA staining. The work also
certificated that PMQDs could achieve enhanced SDT of cancer
by perturbing the tumor antioxidant mechanism.

This journal is © The Royal Society of Chemistry 2023

These investigations revealed that several CDs had been
designed for SDT, but reports about CDs for SDT are still pretty
rare and should be given more attention in the future.

4.3. Synergistic therapy

The therapeutic effects of monotherapy, such as phototherapy
or sonodynamic therapy, still cannot meet all the treatment
needs. The biosafety challenges of photosensitizers and sono-
sensitizers and the emergence of multi-drug resistance have
prompted the emergence of synergistic therapy.®* Wang et al.
designed a multifunctional hybrid NC consisting of a magnetic
Fe;0, core and a mesoporous silica shell implanted with CDs
and paclitaxel (PTX) and covered by another layer of silica.®®
Under NIR laser irradiation, the phototherapeutic effect of CDs
combined with the chemotherapeutic effect of PTX exhibited
enhanced therapeutic efficacy. Bai et al prepared co-doped
carbon dots with S and N atoms (S,N-CDs) as PDT/PTT agents.*®
They further developed a NIR carbon dot-metal organic frame-
work MIL-100 (Fe)(RCDs@MIL-100) by self-assembly for chem-
photothermal synergistic therapy (Fig. 7a).®” As shown in
Fig. 7b, after being treated by RCDs@MIL-100 along with light
for 14 d, the tumor was completely removed. The release of Fe**
from RCDs@MIL-100 in response to the tumor microenviron-
ment (TME) was followed by a Fenton reaction to produce -OH.
Chemotherapy, in combination with photothermal therapy,
depleted GSH and induced oxidative stress amplification, thus
leading to more -OH production as well as enhancing CDT
therapy.
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Sun et al. launched Ce6-RCDs by attaching chlorin e6 (Ce6)
to amino-rich red emissive carbon dots (RCDs) for multimodal
FL/PA/PT imaging-guided PTT/PDT (Fig. 7c).®® Under low-power
laser illumination, tumor-bearing mice receiving PDT or PTT
monotherapy showed significant recurrence after 13 days,
while groups treated with PDT-PTT displayed no signs of tumor
recurrence (Fig. 7d). This work provided strong evidence for the
advantage of synergistic PDT/PTT over single-mode PDT or
PTT. Huang et al. designed a targeting peptide (IP)-modified
mesoporous silica-coated graphene nanosheet (GSPI) for chemo-
photothermal targeted therapy of glioma.®® Then a doxorubicin
(DOX)-loaded GSPI-based system (GSPID) was constructed to
realize heat-stimulative, pH-responsive, and continuous release
properties. This IP modification design greatly enhanced the
accumulation of GSPID in the glioma cells, which are beneficial
for the elimination of cancer cells. Wang et al. synthesized
GQDs@DOX/PB by encapsulating GQDs with doxorubicin
(DOX) into the cores of poly lactic-co-glycolic acid (PLGA)
nanoparticles which were coated with bovine serum albumin

3046 | J Mater. Chem. B, 2023, 11, 3038-3053

(BSA).”° The GQDs@DOX/PB NPs showed good photothermal
properties and stability and induced the thermal ablation of
tumor cells upon illumination with an NIR laser during the
chemophotothermal synergetic therapy.

Synergistic therapy is now a very promising choice in tumor
treatment, which can overcome the shortcomings of mono-
therapy and enhance the therapeutic effect. In the future, the
advantages of sonodynamic therapy can be introduced to inject
new blood into synergistic therapy.

5. CDs for antibacterial application

Bacterial infection is a serious problem in the biomedical field
and is also an important factor hindering wound healing.
In recent years, CDs have become a rising star in antibacterial
applications.””

Yu et al. developed folic acid-derived carbon dots (FA-CDs)
using a one-step pyrolysis technique. In the simulated infection

This journal is © The Royal Society of Chemistry 2023
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Society.

site’s acidic environment, FA-CDs showed responsive antibac-
terial properties and were able to successfully clear the built-up
biofilm (Fig. 8a).”> FA-CDs were employed as a sensitive anti-
bacterial nanoplatform with pH responsiveness. As shown in
Fig. 8b, the viable colonies of Staphylococcus aureus co-
incubated with FA-CDs decreased significantly with the prolon-
gation of incubation time. The low toxicity of FA-CDs to normal
cells and bacteria in a neutral environment reduced the bacter-
ial resistance and the side effects of antimicrobial therapy.

A unique xerogel AgNPs/N-CD@ZnO PTLA (P2) was created
by Huang et al. using thioether as the main chain and inserted
by Ag nanoparticles (NPs) and ZnO NPs embellished with
N-doped carbon dots (N-CD@ZnO), which was effective against
Escherichia coli and Staphylococcus aureus.”*> When the xerogel
was irradiated with an 808 nm laser, N-CD@ZnO invaded the
interior of bacteria through the damaged membrane after
generating a large amount of ROS and then synergized with
Ag' to effectively destroy the bacteria (Fig. 8c). Additionally, as
demonstrated in Fig. 8d, the control and 3M dressing groups
manifested an evident bacterial infection after 2 days of trauma
treatment, while the E. coli (P2) group had reduced efficacy. The
P2 group had nearly fully recovered after 10 days of therapy,
whereas the other groups had only partially recovered, showing
that the effect of wound healing was better when supplemented
by 808 nm irradiation for rapid sterilization.

This journal is © The Royal Society of Chemistry 2023

Liu et al. designed and produced copper-doped carbon dots
(Cu-CDs), which achieved biofilm eradication, alternative
bactericidal, wound healing, and whitening capabilities for
the treatment of oral diseases (Fig. 8e).”* Modified Cu-CDs
with orally adapted POD- and CAT-like activities gave rise to
the production of O, and ROS. Meanwhile, several endo-
genous and exogenous dental stains were whitened without
damage based on ROS generated by the Cu-CD/H,0, system
(Fig. 8f). According to the photographs shown in Fig. 8g,
the degree of discoloration in the first hour in the Cu-CD +
H,0, group was much stronger than that in the H,O, and
CD + H,0, groups. The teeth’s interior color continued to
lighten under the impact of the Cu-CD + H,O, bleaching
solution as the bleaching duration increased, and a good
tooth color could be obtained at 5 h. A more practical and
affordable daily plan for dental health care was established by
this effort.

There is no doubt that CDs have been widely used in the
antibacterial field, which have excellent bactericidal properties
and the ability to accelerate wound healing. However, there are
few reports on the direct application of CDs in sterilization.
In addition, photothermal antibacterial and sonodynamic anti-
bacterial methods are not yet widely used in the field of CDs
antibacterial. These are all the questions to be explored in the
future.

J. Mater. Chem. B, 2023, 11, 3038-3053 | 3047


https://doi.org/10.1039/d2tb02794a

Published on 21 February 2023. Downloaded on 6/28/2024 6:15:44 PM.

Journal of Materials Chemistry B

View Article Online

Review

(@) e © e FA-CDs (b) ==
°® / 6. "" 3 o | o% o
on si Normal tissue i
x5 /o, (pH=5.5) (pH=7.4) Biofiin
actwl :: Normal tissue
* No change
SOD Folate receptors
inhibition
. . O = ¢ Live S. aureus
Dy oY °
) > S e =
¢ Dead S. aureus
(d) _control 3M
—a— P2
B 2,
Ag ion
ROS
808 nm NIR i

Scared skin

(e) ~
le) Strengthen

@ 00 Enzyme acﬁwty %

cps Cu-CDs \L

i (1) POD-like activity 1
oF H {2) CATlike activity

. N
# 1 +ROS N
s ]
'
Biofilm eradication and tooth whitening i
i
'fr

I’

Wound healing

()
Stained teeth

.mmml'
@ ‘ @ @

Bl Freshed Freshed

Cu-CDs + 3% H,0, solution solution

RhB-stained teeth

Take pictures
Record chroma

Fig. 8

with FA-CDs at different times in pH 5.5. Reproduced with permission.”?
(d) Photographs of wound sizes at different times after different treatments. Reproduced with permission.”®

~
o) /
T  Outer
glr\mr
Q
3
(8]

Bleaching 1 h Bleaching 3 h Bleaching 5 h

s

st
\

|

B

(a) Schematic diagram of S. aureus being killed and biofilm being removed by FA-CDs. (b) Agar plate photographs of S. aureus colonies grown

Copyright 2022, Elsevier. (c) Schematic diagram of wound healing by P2.
Copyright 2022, Elsevier. (e) Schematic

diagram of the process of Cu-CDs for multifunctional prevention and treatment of oral diseases. (f) Experimental method for tooth internal whitening.
(g) Photographs of the interior of RhB-stained teeth at different times. Reproduced with permission.”* Copyright 2022, American Chemical Society.

6. Mechanism for improving the
quantum yield of CDs

CDs with an especially high fluorescence quantum yield (QY),
could maximize their desired applications in chemo/biosen-
sors, bioimaging, drug delivery, cancer therapy, optoelectronic
devices and white light-emitting diodes, etc. However, efficient
methods for the synthesis of CDs with a high QY still remain as
a challenge.”” Most reported CDs are limited by a relatively low
QY. Therefore, extensive efforts have been devoted in the
development of high fluorescent CDs. To date, chemical doping
with heteroatoms is the major renowned pathway to tune the
intrinsic properties of CDs. Heteroatoms such as P, B, N and S
can be inherited from precursors during synthesis, and have
been studied to be doped in CDs.”® For instance, Wei et al.

3048 | J Mater. Chem. B, 2023, 11, 3038-3053

applied the Maillard reaction between glucose and amino acids
to systematically synthesize a series of N-doped C-dots with a
high QY (~69.1%) and PL tunable by N-doping level (shorter
emission wavelength with higher N-doping by using basic
amino acids).”” It has been shown that N-doping (mainly
pyrrolic, possibly pyridinic, but not graphitic doping configu-
ration) on GQDs increases the QY and causes a blue shift in
emission due to the electron-withdrawing ability of nitrogen
atoms.”®

Other elements (e.g., Si, P, S and B) have also been doped in
C-dots and GQDs to change the PL characteristics or gain
catalytic properties. Yu et al reported S and N co-doped
C-dots, which exhibit very high FLQY (73%) and excitation
independent emission, resulting from the synergy effect of
the doped nitrogen and sulfur atoms. They further suggested

This journal is © The Royal Society of Chemistry 2023
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this mechanism could be attributed to the doping of nitrogen
and can introduce the CDs to a new kind of surface state, whose
density can be increased dramatically by the co-doped sulfur
atoms, which offers great scientific insights to the FL enhance-
ment mechanism of CDs.”® The doping of silicon (Si), which
belongs to the same group as C, group IV, but strongly prefers
sp’-like bonding, is considered to influence the electronic and
structural properties of carbon-based material in a different
way from that of N doping. In view of the remarkable quantum-
confinement and edge effects of carbon quantum dots, doping
CQDs with Si atoms could alter their electronic characteristics
and offer more active sites, thus producing new and unexpected
properties and serving as novel nanodevices such as chemical
sensors and toxic gas scrubbers. For example, Feng et al
proposed a simple and efficient route to prepare silicon-doped
carbon quantum dots (SiCQDs) with strong photoluminescence
through a solvent-thermal reaction.” The fluorescence is sub-
stantially enhanced through the doping of silicon relative to that
of CQDs without silicon atoms, and the quantum yield of SiCQDs
is up to 19.2%. Although the phosphorus atom is larger than the

Egg yolk
-

Egg white

Plastic wasto

View Article Online

Journal of Materials Chemistry B

carbon atom, it has been shown that phosphorous can form
substitutional defects in diamond sp® thin films, behaving as an
n-type donor and thereby modifying the electronic and optical
properties. In view of the remarkable quantum-confinement and
edge effects of carbon quantum dots, doping CQDs with P atoms
could alter their electronic characteristics and offer more active
sites, thus producing new and unexpected properties. P-doped
carbon quantum dots (PCQDs) were synthesized by Feng et al.
using phosphorous tribromide and hydroquinone as precursors.
The as-prepared PCQDs present strong visible fluorescence with a
quantum yield up to 25%. The toxicity and bioimaging experi-
ments showed that PCQDs have low cell toxicity and excellent
biolabeling ability.*°

7. Mass production of CDs

The cost to create CDs becomes the barrier for making CDs
a reality and for commercial use. Thus methods for mass
production have been of great interest. Many things can be
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Fig. 9 (a) Schematic description of plasma-induced fabrication of egg-derived CDs.8? Copyright 2012, Wiley-VCH. (b) Schematic diagram of the
transition from food waste to useful carbon-based nanomaterials.®®> Copyright 2014, American Chemical Society. (c) Schematic diagram of solid-state

fluorescent CDs prepared from plastic waste.®* Copyright 2019, Elsevier. (d) TEM image of the CDs (scale bar, 2 nm) and the size distribution of CDs.

85

Copyright 2017, Elsevier. (e) Schematic description of the synthesis of CQDs.8® Copyright 2019, Elsevier.
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used as raw materials to produce CDs, such as food wastes,
ethanol, egg, plastic waste, coal, and poplar leaves.*' Chen et al.
developed a fast method for obtaining fluorescently stable
CDs by using edible, low-cost, and natural chicken eggs as the
precursor.®”> Egg white or yolk separated from an egg in a glass
dish was placed between two quartz slides of the plasma
generator (Fig. 9a). Then the egg samples were irradiated with
plasma beams generated from the upper electrode (voltage =
50 V, current = 2.4 A) for 3 min to yield dark black products
(conversion yields, 5.96%). Lee et al. created an approach to
realize large-scale synthesis of water-soluble CDs by reusing
food waste (Fig. 9b).** The food waste is first subjected
to ultrasound irradiation to dehydrate, polymerize and carbo-
nize, leading to a short single burst of nucleation. Then, the
nuclei grow by the diffusion of solutes to the surfaces of
the carbon nanoparticle. The resulting nanocarbon is highly
functionalized with good water solubility. In the end, about
120 g of CDs can be synthesized per 100 kg of food waste
(conversion yields, 0.12%). Lu et al. prepared solid-state fluor-
escent CDs with photoluminescence tunable from white to
orange from plastic waste through a one-step solvothermal
method (conversion yields, 60-85%) (Fig. 9¢).®* The conversion
of plastic waste has a good application prospect in the mass
production of CDs, and also provides a feasible method for the
recycling of plastic waste. Qiu et al. employed a simple and
easy one-pot solvothermal method to synthesize fluorescent
nitrogen-doped CDs in the presence of DMF using Taixi
anthracite as the raw material (conversion yields, 25.6%).%
This approach is green and sustainable by obtaining the
product through rotary evaporation and recycling the solvent
(Fig. 9d). The resulting CDs exhibited a strong photolumines-
cence (quantum yield, 47.0%) and a singlet oxygen generation
behavior (quantum yield, 19.0%). Yang et al. reported an easy,
environmentally friendly, kilogram-scale synthesis of fluores-
cent CQDs using poplar leaves in a one-step hydrothermal route
(conversion yields, 29.95%) (Fig. 9¢).%¢ The throughput of the
CQDs can reach up to 1.4975 kg in 1 pot and the CQDs
possessed a high photoluminescent quantum yield (10.64%),
good stability, abundant functional groups, low cytotoxicity as
well as constant photoluminescence within the biological
pH range.

8. Conclusion and outlook

Researchers in the biomedical field are becoming increasingly
interested in CDs due to their various benefits, which include
extraordinary water solubility, good photostability, high bio-
compatibility, and simple surface functional group modifica-
tion. In this essay, we go through current advancements in the
application of CDs in disease-associated biomarker and bio-
molecule detection, bioimaging, and imaging-guided therapy.
CDs are, without a doubt, thriving and promising materials in
the biomedical industry. However, there are still a number of
barriers preventing their widespread application and clinical
translation.
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First, the absorption/emission wavelengths of the present
CDs are primarily centered within the visible and NIR-I
ranges, which impedes their use in deep-tissue diagnostics and
therapy.®” Shifting the emissive wavelength of CDs to the NIR-II
areas will improve their in vivo fluorescence imaging contrast
and resolution without question. Moreover, the bathochromic
shift of CD absorption might increase not only the photo-
thermal therapy’s efficacy but also the therapy’s performance
in deep-site lesions. To date, NIR-II emissive CDs have been
severely scarce and must be created.

Since its introduction, sonodynamic therapy has been recog-
nized as an enticing current treatment option for eradicating
cancer in a very effective manner. In the realm of SDT, CD
applications are still in their infancy. CDs possess unique
advantages compared to other forms of sonosensitizers. For
instance, imaging modality and SDT might be readily incorpo-
rated into the CD platform in order to execute imaging-guided
SDT. Moreover, similar to PDT, the efficacy of SDT is similarly
dependent on O,, and this issue has recently been solved by the
invention of CD photocatalysts or p-n junction CDs.

Although CDs have found success in imaging and therapy,
their optimization for enhancing in vivo imaging and thera-
peutic efficacy remains to be further studied. The incorporation
of biorthogonal functional groups or self-assembled units
(e.g., peptide) into CDs could equip them with collective
behavior under particular conditions, including the overexpres-
sion of small molecules or enzymes. On the basis of these
methodologies, the imaging signals and therapeutic effects of
CDs might be significantly boosted to realize a precise and
secure in vitro and in vivo theranostic plan.

Immuno-oncology, a method of treating cancer by stimulat-
ing the immune system, is another promising area of research.
CD-mediated immunotherapy for cancer has been described
infrequently until now. It is of utmost importance to investigate
whether CDs interact with immunotherapeutic targets and the
underlying mechanism for this interaction.

The current epidemic COVID-19 has highlighted the urgent
need for the development of effective antiviral therapies. Anti-
viral effects can be conferred by carbon-based nanomaterials of
the same size as viruses, such as compact discs. However,
research on the antiviral activity of CDs remains in its infancy,
and more effort should be done in the future to investigate
their processes in the antiviral field.
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