7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Carbon dots derived from organic drug molecules
with improved therapeutic effects and new
functions
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Carbon dots (CDs) are new types of fluorescent nanomaterials with particle diameters of 1~10 nm and
have excellent photoluminescence (PL) properties, good biocompatibility, simple preparation methods
and numerous raw materials; consequently, they are promising in the biomedical field. In recent years, to
overcome drug resistance and toxic side effects of traditional organic drugs, the synthesis of CDs from
drug molecules has become an effective strategy, which produces CDs with the same therapeutic effects
as the raw drugs and even possessing new properties. At present, many CDs derived from organic drugs
have been developed, which can be classified according to their sources such as antibiotics, anti-inflam-
matory drugs, and guanidine drugs. This article focuses on the progress of the above-mentioned drug-
derived CDs compared with their drug precursors in terms of therapeutic efficacy, enhanced performance
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and new additional functions, with special attention to the structure—activity relationship between the
drug precursors and the CD-based therapeutic agents. It demonstrates the feasibility of designing new
drug-derived CDs for clinical applications, summarizes the shortcomings and research gaps of the exist-
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1. Introduction

Carbon dots (CDs) are a vital member of the fluorescent nano-
material family. Due to their high biocompatibility, stable
luminescence, high quantum yield, and carbon-based struc-
ture, CDs are widely used in the biomedical field, including
cell imaging, antibacterial, anti-oxidation, and anti-cancer
activities."™ CDs are usually spherical nanoparticles with dia-
meters of 1~10 nm, and their internal carbon atoms have
hybrid sp> or sp® structures.”” The raw materials used to
produce CDs are extremely diverse, involving numerous
organic substances and natural biomasses.”** The obtained
CDs not only exhibit different fluorescence colors but also
many other tunable properties and functions.'>"® The prepa-
ration routes for CDs are usually categorized into bottom-up
and top-down strategies. The former has become the most
adopted strategy in recent years because it is more convenient
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ing work, and provides a reference for related work in the future.

to carry out by chemical synthesis and it can produce multi-
functional CDs with adjustable compositions and
structures."'® Just by microwave, hydro/solvothermal, or
reflux treatment, CDs with very high PL quantum yields can be
obtained in a short time, and some CDs can even be extracted
from natural products like tea.'®"® When the production of
CDs was low in the early years, their biomedical applications
were limited to fluorescent probes, detection reagents, drug
delivery carriers, etc.”*®> Recently, large-scale synthetic
methods for CDs have emerged gradually, and the obtained
nanoparticles still have uniform sizes.>*?® Among these
methods, solid phase synthesis without solvents usually
results in higher yields, reducing the cost of CDs.>”°
Therefore, the biomedical application of CDs can be explored
in a broader range of areas.

The most important property of CDs is photoluminescence.
By adjusting the chemical structure of raw materials, synthetic
methods, and reaction conditions, the fluorescence emission
wavelengths can be flexibly adjusted, covering all bands from
the ultraviolet to the near-infrared region, resulting in multico-
lor and brilliant multi-color fluorescence.**™** CDs with short-
wave emission often have absorption peaks in the UV band,
allowing their use as additives in products such as masks, skin
care items, sunscreens, and textiles.>*® CDs that emit in the
visible wavelength range can be used for LED lighting, high-
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resolution cell imaging, textile fiber dyeing, pattern encryption
and anti-counterfeiting.>*"** CDs with sensing characteristics
can be used to detect the content of specific substances
according to the fluorescence intensity, monitor the intracellu-
lar microenvironment, and analyze disease markers
in vitro.**"® When combined with intelligent fluorescence
colorimetric software, they can be used to develop intelligent
detection platforms for water quality, pesticide pollutants,
toxic gases, harmful food additives and other substances.*’™*°
If the fluorescence emission of CDs occurs in the red or
near-infrared region, they are more suitable for in vivo animal
imaging where a certain penetration depth is required.>®>!
Such CDs are more suitable to be designed as tumor tissue tar-
geting reagents, guide for surgical resection of tumors, or
drug-carrying fluorescent reagents to track the release process
of drugs in vivo, so as to facilitate visual observation of
drug effects.”®>® In addition to their fluorescence properties,
CDs exhibit many other characteristics, such as catalytic
effects as nano-enzymes for biomedical therapy, antibacterial
or antioxidant effects,®”®° and photothermal or photodynamic
effects for killing bacteria or cancer cells.**®" Therefore,
it is convenient to develop integrated diagnostic and
therapeutic medical platforms based on multifunctional
CDS.SO’62

In recent years, researchers have synthesized various CDs
using natural drugs and clinical drugs as carbon sources.
Chinese herbal medicine has a long history, with various for-
mulations, mild properties and few side effects.> CDs derived
from Chinese herbal medicine not only exhibit effects similar
to traditional Chinese medicine, but also have fluorescence
properties. Such “glowing Chinese medicine” can be used for
both treatment and imaging at the same time. So far, there
have been some reviews on Chinese herb-derived CDs, which
discussed their application in antibacterial, hypoglycemic,
hemostasis, anti-cancer and anti-inflammatory areas.®®*
However, due to the complex ingredients of Chinese herbs, the
active ingredients and chemical structures are unknown, so it
is difficult to study the structure and structure-activity
relationship of Chinese herb-derived CDs. In contrast, some
recent reports declare that after the carbonization of organic
drug molecules, the original chemical structures and groups
with therapeutic effects partly remain in the products, so that
the as-prepared CDs still have the same therapeutic effect as
the raw drugs. Moreover, CDs can also improve the water solu-
bility of drugs and reduce side effects, highlighting the new
advantages and application potential of CDs as new types of
nanodrugs. To our knowledge, there is no review on the devel-
opment of such CDs derived from organic drug molecules so
far. This article reviews CDs derived from organic drugs and
their biomedical applications in the past several years, as dis-
played in Fig. 1, with a focus on the relationship between the
precursor structures of drug molecules and the medicinal
effects after polymerization and carbonization. In addition,
this review will highlight the advantages of CDs compared
with raw medicine, explore the value of CDs as a new type of
alternative medicament, and summarize the synthesis
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Fig. 1 Schematic diagram of CDs derived from various drug molecules
and their applications in the treatment of diseases.

methods of CDs from drug-active molecules, so as to provide
ideas for the development of novel CDs derived from drug-
active molecules.

2. CDs derived from organic drug
molecules

Among the various advantages of CDs, one interesting feature
is that some inherent properties of the precursors can be
inherited and retained by the newly synthesized CDs. The
abundance of sources of CDs has led scientists to wonder what
kinds of products could be produced if synthetic drug mole-
cules were used as precursors. This unique phenomenon pro-
vides a strong incentive for preparing CDs using drugs with
targeting or therapeutic effects. Another interesting feature is
that some newly synthesized CDs exhibit enhanced properties
of the original precursors, as well as reduced toxicity of the
drug. Moreover, drug-derived CDs often display new functional
properties such as fluorescence emission, sensing capability,
ability to overcome drug resistance, drug loading and anti-
cancer activity. These features can complement the effects of
the precursor molecules and play a synergistic role in disease
treatment and biological imaging. As listed in Table 1, CDs
derived from several drug categories are summarized, such as
antibiotics,**7*  anti-inflammatory drugs,”>*® guanidine
drugs,® "% disease-specific drugs,®®®° etc., involving the inher-
ited chemical structures or functional groups from precursors,
improved pharmaceutical efficacy, new functions, etc.

2.1 CDs synthesized from antibiotics

Antibiotics refer to a class of secondary metabolites produced
by microorganisms (including bacteria, fungi, and actinomy-
cetes) or higher animals and plants during their life processes
with anti-pathogenic or other activities, which can interfere
with the developmental functions of other living cells.”>*!
Commonly used antibiotics in clinical practice include extracts
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from microbial culture media and chemically synthesized or
semi-synthetic compounds. According to their chemical struc-
ture, antibiotics can be divided into quinolone antibiotics,
f-lactam antibiotics, macrolides, aminoglycoside antibiotics
and so on.”>** Although antibiotics can effectively prevent the
proliferation of microorganisms and cure many diseases, they
also have many disadvantages. Adverse reactions caused by
antibiotics are very common. While killing pathogenic bacteria,
they can also cause damage to the human body; for example,
chloramphenicol, lincomycin, tetracycline, erythromycin, etc.
can cause damage to organs during liver and kidney metab-
olism.® In addition, many antibiotics such as penicillin, strep-
tomycin and other drugs can cause allergic reactions, which in
severe cases can lead to dyspnea and shock.”® Furthermore, the
abuse of antibiotics may also lead to the emergence of drug re-
sistance in bacteria, delaying disease treatment. At present, the
problem of bacterial resistance to antibiotics is very serious,
which is posing a threat to global health.”®®” However, the
development of new antibiotics is time-consuming and labor-
ious, which is the main reason for the continued lack of new
antibiotics. Advances in nanotechnology have spawned the
development of many promising antibacterial
nanomaterials.’®*® Among them, CDs show great advantages
due to their small particle size, fluorescence stability, and excel-
lent biocompatibility, which contribute to a wide range of clini-
cal applications. CDs synthesized from therapeutic drugs
usually possess more abundant functional groups and new
activities compared to the original reagents, holding broad
promise for improving the treatment efficiency of bacterial
infectious diseases.*'% To date, several mechanisms have been
proposed to explain the antimicrobial effects of CDs through
disrupting bacterial structures and substances, including physi-
cal/mechanical disruption, inhibition of bacterial metabolism,
triggering oxidative stress, and photocatalytic effects.®*'*" The
most common antibacterial mechanisms of CDs are cationic
adsorption and oxidative stress induced by reactive oxygen
species (ROS). The former can damage the cell wall by electro-
static attraction of the negatively charged surface of bacteria,
while the latter produces ROS (singlet oxygen, superoxide
anion free radicals, etc.) with a short life cycle, which can only
cause irreversible damage to the substances contained in the
bacteria in a short period of time, without harming normal
cells and tissues.'°'%* These two factors improve the selectivity
of raw antibiotics for bacteria, which is the reason why CDs
generally have better biocompatibility and a lower risk of drug
resistance.

Ciprofloxacin (CI) is a synthetic third-generation quinolone
antimicrobial agent with broad-spectrum and good antibacter-
ial activity and is reported to be 2-4 times more potent than
norfloxacin and enoxacin.’® Ciprofloxacin also has excellent
pharmacokinetic properties with few side effects. However, in
recent years, the widespread increase of drug-resistant patho-
gens has made ciprofloxacin increasingly ineffective; so it is
imperative to develop new antibiotics with high antibacterial
activity and low drug resistance.'®*™'% In 2017, Huang et al.
prepared fluorescent CDs (g-CDs, em = 432 nm) using a hydro-
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thermal method with ciprofloxacin hydrochloride as the sole
precursor.®® Since the synthesis temperature was lower than
the decomposition temperature of the functional groups of
ciprofloxacin, g-CDs inherited and retained the functional
structure of ciprofloxacin (as shown in Fig. 2a) as well as its
bactericidal ability. It still has antimicrobial activity against
Staphylococcus aureus (Gram-positive bacteria) and Escherichia
coli (Gram-negative bacteria). In addition, the incomplete
polymerization and carbonization of ciprofloxacin molecules
preserve their pH sensitivity, effectively transforming the
irregular pH-induced fluorescence intensity changes of the
raw materials into refined and consistent variations of the
fluorescence intensity of g-CDs at different pH values.
Compared with the antibiotic molecule itself, g-CDs are
endowed with fluorescence properties. As shown in Fig. 2b,
fluorescence intensity is a simple and intuitive method for
sensing pH and AI’* concentration, which is another advan-
tage of CDs. This work demonstrated the feasibility of prepar-
ing antibiotic-derived CDs by low-temperature carbonization to
retain the bactericidal function of precursors. In 2023, Li et al.
also prepared CCDs and copper-doped Cu-CCDs by a hydro-
thermal method using ciprofloxacin as the raw material.®®
Compared with ciprofloxacin, the obtained CDs have
better water solubility, and Cu-CCDs have better synergistic
antibacterial effects. As shown in Fig. 2¢, CCDs have a positive
surface charge and bind to the negatively charged surfaces of
Staphylococcus aureus and Escherichia coli by electrostatic
attraction, destroying the bacterial structure, which is a
new antibacterial mechanism belonging to carbon dots.
Whereas conventional antibiotics are easily excreted by bac-
teria, leading to drug resistance, CCDs remain attached to bac-
teria through electrostatic interactions, avoiding drug resis-
tance and overcoming the limitations of conventional anti-
biotic treatments.
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Fig. 2 (a) Schematic of the synthesis process of g-CDs based on the
active structure preservation (ASP) method. Reproduced with permission
from ref. 65. Copyright 2017 Royal Society of Chemistry. (b) pH-Sensitive
response of g-CDs, and (c) zeta potential of bacterial and synthetic CDs.
Reproduced with permission from ref. 64. Copyright 2023 MDPI.
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Levofloxacin is one of the most widely used representative
quinolone antibiotics with a trace positive charge (zeta poten-
tial = +1.32 mV). The hydroxyl group and quinoline structure
of levofloxacin are the active sites responsible for its bacteri-
cidal function, killing bacteria by binding to bacterial DNA-
binding proteins or an efflux pump mechanism, resulting in a
broad spectrum of antibacterial effects.'®” However, levofloxa-
cin generates antibiotic resistance (2 weeks or less after admin-
istration) and has poor solubility in the physiological environ-
ment, posing some challenges for its clinical application.'®'
The excellent water solubility, biocompatibility and synergistic
bactericidal mechanism of CDs can help address the limit-
ations of levofloxacin. In 2021, Zhang et al. prepared F-CDs by
the hydrothermal method using levofloxacin hydrochloride as
the only raw material.®” As shown in Fig. 3a, F-CDs have good
water solubility, bright blue fluorescence emission at 428 nm,
and excellent bactericidal effect against both Gram-positive
and Gram-negative bacteria. The antibacterial mechanism of
F-CDs involves three key actions: they wrap around the cell
surface, leading to indirect toxicity and restraining prolifer-
ation; they adhere to bacteria and break down their mem-
branes; and upon internalization into bacteria, F-CDs generate
a large amount of ROS even under dark conditions, inducing
bacterial oxidative stress and disrupting homeostasis to
achieve a bactericidal effect. F-CDs also have very low cyto-
toxicity, making them a new antibacterial agent with few side
effects, good water solubility and improved performance. In
the same year, Liu et al. synthesized LCDs by a one-step hydro-
thermal method using levofloxacin as the precursor.®® As
shown in Fig. 3b, levofloxacin was slightly soluble in water,
while LCDs were soluble in water to form a pale yellow solu-
tion and retained the antibacterial effect. The zeta potential of
LCDs (+28.00 + 0.50 mV) was 21 times higher than that of levo-
floxacin (+1.32 + 0.28 mV). UV-vis and fluorescence spectra

(@)
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@ Foos 0 Dead bacteria

(b)

Fig. 3 (a) Schematic diagram of the synthetic route and bactericidal
mechanism of F-CDs. Reproduced with permission from ref. 67.
Copyright 2021 ACS Publications. (b) Schematic illustration for the syn-
thesis and antibacterial properties of LCDs. Reproduced with permission
from ref. 68. Copyright 2022 Elsevier. (c) Schematic of the preparation
procedure and the possible phosphorescence emission processes for
CDs and r-CDs. Reproduced with permission from ref. 70. Copyright
2021 Wiley Online Library. (d) Schematic representation of the synthesis,
structure, RNA binding behaviors, and cellular RNA imaging of M-CDs.
Reproduced with permission from ref. 71. Copyright 2023 Wiley Online
Library.
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showed that the core of LCDs formed a graphitic carbon struc-
ture, and the fluorescence emission peak shifted from a blue
waveband to a green waveband. It has been proposed that levo-
floxacin kills bacteria by binding its ~-COOH and C=O0 groups
to DNA helicase and topoisomerase IV. In addition, the pres-
ence of F atoms increases the affinity of levofloxacin to bac-
terial DNA gyrase and enhances penetration into the bacterial
cell wall, resulting in a synergistic antibacterial effect. IR and
XPS characterization showed that LCDs have similar surface
functional groups and chemical bonds to levofloxacin, with
the C-F bond still present, indicating that LCDs inherited the
active groups. LCDs have antibacterial effects on both Gram-
positive and Gram-negative bacteria, and the bactericidal
effect of LCDs is greater than that of the levofloxacin hydro-
chloride molecule itself. Moreover, the minimum inhibitory
concentration of LCDs remains unchanged even after pro-
longed bacterial passage, indicating that the antibiotic resis-
tance of LCDs is also significantly lower than that of anti-
biotics themselves. By studying the antibacterial mechanism
of LCDs, it was found that the improvement of drug resistance
was mainly due to the stronger adhesion caused by the electro-
static attraction between positively charged LCDs and the bac-
terial cell membrane, while the improvement of the bacteri-
cidal effect was mainly due to the production of a large
amount of ROS inside the cell, which damaged not only the
cell wall but also the cell membrane. However, levofloxacin
hydrochloride can directly penetrate the bacterial cell wall and
cell membrane without completely destroying them. This was
further confirmed using a bacterial infection model and a
methicillin-resistant Staphylococcus aureus infection in vivo
model of pneumonia in which the infected wound area after
LCD treatment was reduced more significantly than that in the
control group, and there was no ulcer or hypertrophic scar
around the wound of the mouse. Compared with antibiotics
alone, LCDs were more effective in killing bacteria and had a
shorter healing time at infected tissues in both animal
models. In addition, the cytotoxicity of LCDs was evaluated.
The results showed that at bactericidal concentrations, LCDs
did not cause any damage to animal cells and tissues, reflect-
ing the excellent biocompatibility of levofloxacin hydrochloride
after being made into CDs. This is one of the most complete
studies to date to analyze and compare the antibacterial
effects, side effects, water solubility, antibacterial mechanisms
and application potential of the antibiotic itself and its
derived CDs in a live infection model. It demonstrated that
levofloxacin-derived CDs significantly enhanced the antibacter-
ial activity and water solubility, and also conferred resistance
to drug-resistant bacteria, overcoming the limitations of anti-
biotics in treatment. Similarly, Jiang et al. synthesized cobalt-
doped levofloxacin-based CDs (Co-Lvx-CDs) by a simple hydro-
thermal method using levofloxacin and vitamin B12, which
contains Co element with oxidase activity and no transition
metal toxicity, as carbon sources.®® Co-Lvx-CDs retained the
quinoline and carboxyl groups and the excellent antibacterial
activity of levofloxacin. Co doping endowed the material with
OXD and POD dual enzyme activities. Co-Lvx-CDs can rapidly

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

produce large amounts of ROS, whose oxidase activity is much
better than those of most existing nanoenzymes, which not
only enhances the killing ability of levofloxacin molecules
against Gram-negative bacteria, but also overcomes the limit-
ation of raw material molecules to kill most Gram-positive bac-
teria. Interestingly, Co-Lvx-CDs also exhibit bright blue-green
fluorescence with an absolute quantum yield of 21.8%, which
reflects their potential application in fluorescence anti-coun-
terfeiting and information encryption.

In addition to their antibacterial and anti-infection appli-
cations, carbonization of levofloxacin into CDs also endows
them with photoluminescence properties, enabling their appli-
cations in cell imaging and optical information encryption. In
2021, Qu et al. developed a novel type of CDs with time-depen-
dent phosphorescence color properties using a one-pot hydro-
thermal method with levofloxacin, focusing on the develop-
ment and exploration of the phosphorescence properties of
antibiotic-derived CDs and their potential for advanced
dynamic information encryption.** Levofloxacin exhibits green
phosphorescence due to the presence of an azacyclic structure.
As shown in Fig. 3c, the extended conjugate structure of the
nitrogen heterocycle is formed in the carbon core of CDs
during carbonization, which is responsible for the N-related
triplet state of CDs with green phosphorescence emission. The
phosphorescence of CDs can change from orange to green in a
very short time (1 s), enabling the development of a multi-level
dynamic phosphorescence colored 3D code. In 2023, Bi et al.
prepared novel RNA-targeting red emitting CDs (M-CDs) using
a microwave method with neutral red and levofloxacin as pre-
cursors.”! Neutral red promotes the graphitization process and
the formation of the carbon core of M-CDs. Levofloxacin has a
nitride-containing hetero-ring, has specific binding affinity for
RNA, and has a carboxyl group, which can be attached to the
surface of the M-CD mother core formed by neutral red
through an amidation reaction, shaping the surface structure
of M-CDs. The fluorescence quantum yield of M-CDs is as
high as 22.83%, and the red fluorescence intensity at 642 nm
increased after binding to RNA. As shown in Fig. 3d, M-CDs
with RNA targeting properties can be rapidly internalized into
cells within 5 seconds, allowing real-time imaging of the
dynamic process of intracellular stress granules in response to
oxidative stress, revealing some features not identified by pre-
viously reported RNA and protein biomarkers. All the above
works demonstrate the potential application of levofloxacin-
derived CDs in photoluminescence and imaging.

Amoxicillin is one of the most important semisynthetic
penicillin broad-spectrum f-lactam antibiotics, belonging to
the aminopenicillin family and is used to treat infections
caused by susceptible Gram-positive and Gram-negative bac-
teria. In 2023, Zhou et al. synthesized antibiotic-derived CDs
by the hydrothermal method using amoxicillin and sodium
carbonate (a salt) as precursors.”> As shown in Fig. 4a, these
CDs exhibit fluorescence properties with a maximum emission
wavelength at 303 nm, with no excitation dependence and
strong fluorescence stability. CDs exhibit good selectivity and
sensitivity to benzidine and can be used as an effective fluo-
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Fig. 4 (a) Schematic diagram of the preparation process of CDs and
quenching effects. Reproduced with permission from ref. 72 Copyright
2023 Elsevier. (b) The schematic synthesis and multi-application of
AMO-CDs. Reproduced with permission from ref. 74. Copyright 2024
Elsevier.

rescent probe to monitor benzidine. The linear detection
ranges of CDs are 0.2-2 pM and 2-16 pM, with a detection
limit as low as 0.08 pM. CDs as a fluorescent probe have the
advantages of simple and rapid operation, low cost, short
analysis time, high selectivity and sensitivity, and good stabi-
lity. This work demonstrates the application potential of
amoxicillin-derived CDs for the sensing and analysis of
specific substances through fluorescence properties. In 2024,
Xu et al. synthesized three metal-doped CDs (Me-CDs) using
expired amoxicillin and three nitrates as precursors.”> Among
them, iron-doped Fe-CDs have high peroxidase activity and
can efficiently catalyze H,0, to produce free radicals that
oxidize TMB. The degree of delayed oxidation of TMB under
antioxidant conditions can be used to indirectly measure the
total antioxidant capacity in human serum. This is an effective
way to deal with expired antibiotics, which can avoid drug
abuse and environmental pollution. Moreover, the obtained
Me-CDs are more water soluble than amoxicillin itself, thanks
to the formation of hydrophilic groups on the surface of CDs
during the carbonization process. Similarly, Jiang et al. used
amoxicillin as the sole precursor to rapidly synthesize CDs
(AMO-CDs) by a one-step microwave method.”* As shown in
Fig. 4b, AMO-CDs retained parts of the amoxicillin structure
and chemical bonds, thereby preserving its antimicrobial
activity. Compared with the raw material, the antibacterial
properties of AMO-CDs are significantly improved, which is
attributed to their improved water solubility, which allows for
a higher effective concentration of the antibacterial agent. At
the same time, AMO-CDs exhibit excitation wavelength-depen-
dent fluorescence characteristics, and display “on-off” fluo-
rescence sensing behavior for Hg?', while demonstrating
“off-on” behavior for fatty alcohol. AMO-CDs can be used to
detect the concentration of Hg*" and the volume fraction of
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fatty alcohol in mixed solvents. In summary, AMO-CDs exhibit
low cytotoxicity, improved water solubility and antibacterial
activity, and application potential for analytical detection,
demonstrating the versatility of drug-derived CDs.

In conclusion, antibiotic-derived CDs mostly retain the anti-
bacterial structural features of their raw materials, while
improving their antibacterial properties through multiple
mechanisms. These enhancements include improved water
solubility, which increases the effective concentration of the
antibacterial agent, enhanced adhesion between CDs and bac-
terial surface via increased surface charge, and improved ROS
production efficiency, addressing the inherent limitations of
antibiotics such as poor water solubility, limited effectiveness
against Gram-positive bacteria and a single antibacterial
mechanism, highlighting the importance of the preparation of
antibiotic-derived CDs. In addition, antibiotic-derived CDs
exhibit unique fluorescence properties that enable their use in
fluorescence sensing and biological imaging, and those exhi-
biting phosphorescence emission can also be used for
dynamic information encryption, showing the versatility of
these materials after the polymerization and carbonization of
antibiotic molecules.

2.2 CDs synthesized from anti-inflammatory drugs

Anti-inflammatory drugs are different from antibiotics, which
target inflammation only caused by bacterial infection.
Inflammation may occur whether or not there is a bacterial
infection, such as in the case of rheumatoid arthritis.
Inflammation is a pathological process that consists of a series
of protective responses when tissues are damaged. If the
inflammatory response is excessive, it will cause body damage,
typically characterized by redness, swelling, heat, pain and
dysfunction."*®""" Drugs that affect the body’s inflammatory
response mechanisms are called anti-inflammatory drugs (true
“anti-inflammatory drugs”). These drugs are divided into non-
steroidal drugs, such as antipyretic analgesics (such as aspirin
and paracetamol), and steroidal anti-inflammatory drugs
(such as dexamethasone)."**'"* CDs derived from anti-inflam-
matory drugs have been reported for a long time, often inherit-
ing the anti-inflammatory effects of their raw materials.
Aspirin, also known as acetylsalicylic acid, is mainly used to
relieve mild to moderate pain, for the antipyretic treatment of
fever caused by flu, and for the treatment of rheumatic pain.
Recently, some studies have also suggested that aspirin may
reduce the risk of cancer and heart disease.''*''> However,
aspirin has some side effects, including the potential to cause
gastric injury and liver injury at high doses, and it has poor
solubility in a physiological environment similar to water."*®
Developing aspirin-derived CDs to address its disadvantages is
a feasible strategy. In 2016, Yang et al. synthesized carbon
nanodots (FACDs) through a microwave method using aspirin
and hydrazine as precursors.”” FACDs exhibit bright blue fluo-
rescence at 432 nm, which the raw material does not have, and
have good dispersibility in water. The fluorescence of FACDs
remains stable in complex environments, with good resistance
to photobleaching and low cytotoxicity. FACDs are excellent
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reagents for in vitro cell imaging and in vivo animal imaging.
FACDs retain the acetyl group of aspirin while having a greater
number of amide groups, which accounts for their more
potent anti-inflammatory effects compared to the aspirin
molecule, both in vivo and in vitro. This work successfully
improved the water solubility and anti-inflammatory activity of
aspirin through the preparation of CDs, while also enabling
new properties and applications. In 2019, Liu et al. used ade-
nosine, which has osteogenic properties, and aspirin, which
can prevent bone loss, to prepare blue fluorescent CDs
(AACDs) with an optimal emission wavelength of 410 nm
using a one-step hydrothermal method.”® AACDs exhibit long-
term cell imaging capability. Moreover, they not only enhance
and guide the osteogenic differentiation of rat bone marrow
mesenchymal stem cells (rBMSCs), but also demonstrate more
effective osteogenic differentiation behavior compared to the
mixture of adenosine and aspirin, which may benefit from the
higher cell retention rate of AACDs compared with their hom-
ologous precursors. In 2022, Deng et al. used the hydrothermal
method with aspirin as a precursor to prepare fluorescent
carbon dots (aspCDs) under alkaline conditions, which com-
bined the blood-brain barrier penetration ability and the anti-
inflammatory effects of aspirin with the fluorescence and
drug-loading properties of CDs.”” AspCDs retain the anti-
inflammatory active site of the acetyl group and possess a
negative surface charge, enabling stable circulation in the
blood stream due to electrostatic repulsion from negatively
charged cell membranes. AspCDs emit blue fluorescence at
400 nm, have the ability to image in vitro and in vivo, and can
penetrate the blood-brain barrier, distributing throughout the
brain. AspCDs can have a stronger anti-inflammatory effect
than aspirin in brain inflammation, likely due to the increased
solubility of CDs compared to aspirin itself. In addition,
aspCDs can be used as functional carriers to load drugs of
specific polarity for broader and deeper biomedical appli-
cations, which is another advantage of drug-derived CDs.
Dexamethasone (Dex), a highly stable corticosteroid, has
been widely used as a potent anti-inflammatory agent to regu-
late the expression of inflammatory factors in clinical prac-
tice.""” Dexamethasone is also a widely used osteogenic drug,
which stimulates the up-regulation of bone-related genes such
as alkaline phosphatase and osteocalcin during bone regener-
ation in order to promote the differentiation of stem cells into
osteoblasts.'*® In 2022, Yu et al. developed a new type of blue
fluorescent CDs (DCDs) using citric acid, ammonium fluoride
and trace amounts of dexamethasone through a simple hydro-
thermal method.”® These DCDs retain the anti-inflammatory
activity of dexamethasone and are rich in reducing groups, fea-
turing an even higher concentration of reducing groups on
their surface compared to dexamethasone. Therefore, DCDs
have a better ROS scavenging ability than dexamethasone,
demonstrate significant anti-inflammatory effect in vitro
and in vivo, and can promote the osteogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs) under both
normal and inflammatory conditions. In addition, DCDs can
also promote the phenotypic transformation of macrophages
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in the inflammatory environment to achieve continuous
immune regulation for bone regeneration. DCDs combine the
anti-inflammatory activity of dexamethasone with the rich
surface functional groups and fluorescence performance of
CDs, improving the treatment effect and enabling cell
imaging. The abundant hydroxyl group on the surface of dexa-
methasone can promote its own polymerization to form
carbon nanodots. Liu et al. took advantage of this feature to
synthesize CDs with red and blue double fluorescence peaks
from dexamethasone and 1,2,4,5-tetraaminobenzene (TAB)
through a hydrothermal method.”® The ortho-diamino residues
on the surface of these CDs have highly sensitive formaldehyde
sensing abilities. With the increase of formaldehyde concen-
tration, the red fluorescence intensity of the CDs gradually
decreased while the blue fluorescence gradually increased,
such that the blue/red fluorescence intensity ratio significantly
increased. Moreover, these CDs have intracellular lysosomal
targeting ability and can image the intracellular formaldehyde
concentration via a fluorescence dual-channel ratio. Although
this report primarily takes advantage of the feature that dexa-
methasone is prone to condensation to form carbon cores, it
also demonstrates that this drug is a highly suitable precursor
for CDs.

Not only dexamethasone and aspirin, drugs with benzene
rings and phenolic hydroxyl groups also have the potential to
synthesize CDs. Acetaminophen, also known as paracetamol,
is a very common analgesic used for colds and fever, joint
pain, cancer pain, and pain after surgery."'® In 2024, Qi et al.
prepared green fluorescent N-doped CDs (G-CDs) by a hydro-
thermal method with acetaminophen and ethylenediamine;
the resultant CDs exhibited a fluorescence quantum yield of
21.94% and could be dispersed in the medium as a solid-state
luminescent material.®* G-CDs showed excellent fluorescence
stability at a pH range of 6-12; however the fluorescence was
almost completely quenched outside this range of pH values.
G-CDs can be used as fluorescent ink for anti-counterfeiting
with dual encryption capabilities by taking advantage of their
sensitivity toward strong acids and strong bases. The above
results indicate that drug molecular precursors are promising
for the synthesis of CDs with excellent luminescence and great
application potential in the field of optics (Fig. 5).

2.3 CDs synthesized from guanidines

Guanidine is a basic chemical group that can be easily hydro-
lyzed, with the chemical formula -CN3;H,, in which the C atom
is connected to three N atoms, one via a double bond and the
remaining two via single bonds. Compounds that contain gua-
nidine structures are called guanidine compounds.®'*°
Guanidine compounds are ubiquitous in nature and can be
found in the amino acid arginine and the neurotransmitter
agmatine, as well as in many natural alkaloids, such as tetro-
dotoxin and clam toxin.'*! In the past few decades, people’s
interest in functional molecules and drugs with guanidine
structures has increased exponentially. Thus, nowadays guani-
dine compounds have been widely used in pharmaceutical
chemistry.**'** Guanidine compounds are able to bind
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Fig. 5 (a) Schematic illustration of microwaved FACDs via the “one-
step” method and the application of anti-inflammation and bioimaging.
Reproduced with permission from ref. 75. Copyright 2016 ACS
Publications. (b) Schematic representation of the synthesis and appli-
cation of aspCDs. Reproduced with permission from ref. 77. Copyright
2022 Elsevier. (c) Schematic diagram of the preparation and potential
applications of G-CDs. Reproduced with permission from ref. 80.
Copyright 2024 Elsevier.

anions such as carboxylates, phosphates and sulfides through
H bonds to form non-covalent interactions with proteins and
molecular targets.'** From a chemical perspective, guanidine
can be described as a nitrogen-containing analogue of carbo-
nic acid and a strong organic base with a pK, value of 12-13,
which has high stability after protonation under physiological
conditions. Moreover, the alkalinity can be adjusted by adding
appropriate electron-absorbing substituents to the nitrogen
atom, so that the pK, can be reduced to 7-8, which gives guani-
dine drugs a high degree of universality.'*>'*® Guanidine
drugs are widely used in the treatment of inflammatory con-
ditions, cardiovascular disorders, diabetes and hypertension.
In particular, many antimicrobial agents, for instance, the
antibiotic streptomycin and the antimalarial drug proguanil,
contain guanidine groups.>”'*®

In 2023, Zhang et al. used a bottom-up strategy with small
molecules, employing citric acid as the carbon core source,
and quaternary ammonium compounds (dimethyldienyl
ammonium chloride, DDA) and guanidine compounds
(polyhexamethylene guanidine, PHMG) as positively charged
nitrogen sources, to prepare broad-spectrum antimicrobial
guanidine CDs (G-CDs) via two-step thermal decomposition.®'
As shown in Fig. 6a, G-CDs exhibit excitation-dependent fluo-
rescence emission spectra, with an optimal excitation wave-
length of 310 nm and a maximum emission wavelength of
393 nm. Structural analysis showed that G-CDs retained the
quaternary ammonium group and guanidine group of the raw
materials. G-CDs show long-term and stable antibacterial
activity against a variety of common clinical bacteria and drug-
resistant bacteria, and exhibit excellent inhibitory ability
against biofilm production, which is one of the critical factors
leading to the development of bacterial drug resistance. CDs
exhibit multiple complex bacteriostatic mechanisms, including
depolarization of the potential difference between inside and
outside the bacterial cell membrane, leading to the disruption
of the cell wall and cell membrane and leakage of cytoplasmic
components; in addition, CDs promote the generation of ROS
in bacteria, and effectively bind to DNA and induce its confor-
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Fig. 6 (a) Schematic illustration of the synthesis of G-CDs, the antibac-
terial mechanism and the in vivo treatment of infected pneumonia.
Reproduced with permission from ref. 81. Copyright 2023 Elsevier. (b)
Schematic illustration of the synthetic procedure of MCDs and the
working mechanism for promoting periodontal bone regeneration.
Reproduced with permission from ref. 82. Copyright 2021 Wiley Online
Library. (c) Flow chart of the preparation and applications of Met-CDs.
Reproduced with permission from ref. 83. Copyright 2022 Royal Society
of Chemistry. (d) Schematic illustration of the preparation of MMCDs
and the underlying mechanism of tumor cell death induced by photo-
dynamic lysosomal impairment. Reproduced with permission from ref.
84. Copyright 2024 Elsevier.

mational change that result in functional failure. G-CDs
exhibit better antibacterial properties against Gram-negative
bacteria. The bacterial efflux system is the main mechanism of
bacterial drug resistance, and G-CDs reduce the activity of the
internal efflux pump by promoting bacterial ATP efflux, which
may be the critical factor due to which G-CDs do not induce
bacterial drug resistance. The results of biosafety evaluation
in vivo and in vitro as well as model experiments of pneumonia
caused by intestinal Escherichia coli in mice showed that
G-CDs had an excellent therapeutic effect and little side effect.
This work highlights the application potential of guanidine-
based CDs as new antibacterial agents and provides a clear
pathway for the development of new carbon nano-material
based antibacterial agents through appropriate selection of
raw materials.

Biguanidine, a compound in which two guanidine groups
fuse to form a highly conjugated system, is strongly alkaline
and often exists in the form of salts (mainly hydrochloride). At
present, biguanidine drugs have been found to have obvious
therapeutic effects in the treatment of diabetes, malaria, influ-
enza, ophthalmic infection, dental caries, dental plaque and
so on."”® Metformin, one of the most crucial biguanide drugs,
is a mature first-line drug for the treatment of type 2 diabetes.
It can reduce blood sugar without causing significant hypogly-
cemia or weight gain, offering a high safety profile."*° Not only
that, but recent studies have revealed that dimethyl biguani-
dine can also be used to treat various types of cancer, such as
breast cancer, ovarian cancer, cervical cancer, lung cancer, and
31 Because metformin has the advantages of
small molecular weight, well-defined structure, high nitrogen
content, easy storage and low synthesis cost, it serves as an
excellent precursor for the synthesis of CDs; metformin-

liver cancer.
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derived CDs have the potential to retain the therapeutic pro-
perties of the parent drug, enabling them to function effec-
tively in disease treatment.'*>™*3*

In 2021, Ren et al. prepared metformin CDs (MCDs) with
excellent biocompatibility by the hydrothermal method using
metformin hydrochloride and citric acid as raw materials.®?
The amino group of metformin and the hydroxyl/carboxyl
group of citric acid facilitated successful dehydration, conden-
sation and carbonization in the process of CD synthesis.
Structural characterization shows that there are amino and
hydroxyl groups on the surface of MCDs. MCDs have exci-
tation-dependent blue fluorescence emission, demonstrate
efficient cellular uptake and imaging capabilities in both cells
and mice, and have a strong ability for metabolism in vivo,
resulting in less burden on the liver and kidneys. As shown in
Fig. 6b, under in vitro inflammatory and normal conditions,
MCDs can effectively promote the osteogenesis of rat
mesenchymal stem cells (rBMSCs), while metformin mole-
cules cannot. It is speculated that the surface of MCDs con-
tains not only amino groups, but also hydroxyl groups, both
of which are functional groups with osteogenic ability. The
potential mechanism was further explored and it was found
that the ERK/AMPK pathway played a key role in MCD-
induced osteogenesis. Moreover, in the body, MCDs can
promote periodontal bone regeneration more effectively than
the raw material. In 2022, as shown in Fig. 6¢, Su et al. also
prepared CDs derived from citric acid and metformin (Met-
CDs) by the hydrothermal method.*® Met-CDs have a stable
blue fluorescence emission center, which does not change
with the excitation wavelength, and demonstrate significant
PH sensitivity in acidic environments, favorable pH stability
and high temperature sensitivity in alkaline environments. In
addition, the use of diabetic cell models demonstrated that
Met-CDs inherited the functions of metformin in treating dia-
betes and reducing the production of reactive oxygen species
in diseased cells. Studies have shown that metformin exhibits
anticancer effects under low glucose conditions. The article
highlights that the effect of Met-CDs on A549 cells can be con-
trolled by regulating the content of glucose in the cellular
environment. When A549 cells are exposed to normal glucose,
Met-CDs can be used as fluorescence imaging agents to label
A549 cells, while when A549 cells are in a low glucose environ-
ment, Met-CDs can be used as an anticancer drug to inhibit
the growth of A549 cells. The exploration of the mechanism
shows that the mechanism of inhibition of tumor cell growth
by Met-CDs is similar to that of Met. This work verifies that
Met-CDs inherit the therapeutic ability of their raw materials
for diabetes management and have the potential to be used as
fluorescent probes and anticancer agents, and offer the poten-
tial for integrated disease diagnosis and treatment.

Metformin-derived CDs not only inherit the original mecha-
nism of raw material molecules to inhibit the growth of tumor
cells, but also develop additional more complex anti-cancer
mechanisms to achieve multi-faceted synergistic tumor sup-
pression. As shown in Fig. 6d, Bi et al. synthesized metformin
and methylene blue (MB) derived CDs (MMCDs) by a hydro-
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thermal method.** Under the irradiation of a light-emitting
diode (LED), MMCDs shows higher '0, production efficiency
and NO production efficiency. It is worth noting that 'O, can
further oxidize NO into peroxynitrite anions (ONOO™), which
have higher cytotoxicity toward cancer cells. Cell experiments
show that MMCDs can destroy the integrity of the lysosomal
membrane and kill nearly 80% of HepG2 cells under light
irradiation, while exhibiting minimal cytotoxicity in the dark.
In addition, the tumor volume and weight of mice with liver
cancer treated with MMCD-based photodynamic therapy
decreased significantly. Compared with metformin, MMCDs
show red fluorescence emission of 642 nm, and the ability of
lysosome imaging, as well as a more efficient photodynamic
effect. Yu et al synthesized MFCDs with independent blue
fluorescence emission at 465 nm using metformin and
2-dithiobenzoic acid (DTSA) as raw materials.®> The experi-
mental results indicate that a low dose of MFCDs is also
effective in the treatment of colorectal cancer, overcoming the
limitation that only ultrahigh doses of metformin have anti-
cancer effects while also reducing the side effects of liver and
kidney injury caused by a large number of drugs. It is sup-
posed that, compared with the raw material molecules, the
enhanced anti-tumor effect comes from the chelation of guani-
dine functional groups on the surface of MFCDs with excess
Cu”" in the serum of patients with colon cancer. As shown in
Fig. 7a, on the one hand, the chelation of MFCDs with Cu®*"
reduces the amount of copper and zinc superoxide dismutase
(Cu/Zn-SOD) activation. On the other hand, MFCDs convert
Cu** to Cu”, promoting the conversion of glutathione (GSH) to
oxidized glutathione disulfide (GSSG). The decrease of copper
and zinc superoxide dismutase (Cu/Zn-SOD) and glutathione
(GSH) levels led to a decrease in the antioxidant activity of car-
cinogenic cells and the scavenging ability of reactive oxygen
species (ROS). The increase of ROS in cells leads to DNA
damage and cell cycle arrest, and finally leads to tumor cell
death. This work once again illustrates the necessity of synthe-
sizing CDs from drug molecular materials to enhance their
anticancer activity. MGA-CDs derived from gallic acid and di-
methylbiguanide were prepared by Wu et al.; these can freely
pass through the blood-brain barrier and target mitochondria.*®
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Fig. 7 (a) The synthesis of MFCDs and the process of inhibiting color-
ectal cancer. Reproduced with permission from ref. 85. Copyright 2023
Elsevier. (b) Schematic illustration of the preparation of MTCDs and the
underlying mechanism of MTCDs for promoting lipid metabolism and
improving MAFLD. Reproduced with permission from ref. 87. Copyright
2024 Wiley Online Library.
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The fluorescence properties of CDs give MGA-CDs the ability
to image the mitochondria of glioblastoma cells. At the same
time, the imaging will also cause mitochondrial membrane
condensation and mitochondrial crest reduction, that is, the
typical iron death-like morphological changes. The study of
the mechanism shows that MGA-CDs may induce iron death
by downregulating the expression of specific genes involved in
the metabolic pathway of glycerol phospholipids. In short,
MGA-CDs exhibit a significant anti-primary brain cancer effect
and can be quickly cleared from the brain, making them a
promising option for the treatment of intracranial tumors.
This is a new attempt to explore metformin-derived CDs for
the treatment of intracranial tumors and for developing new
anti-cancer mechanisms.

In addition to their anti-tumor effect, metformin-derived
CDs are also potential therapeutic agents for many other dis-
eases. As shown in Fig. 7b, Bi et al. developed novel functional
CDs, MTCDs, derived from metformin and tea polyphenols,
incorporating several effective groups such as biguanidine and
phenolic hydroxyl groups, which can reduce lipid deposition
and oxidative stress in the liver and play a role in treating non-
alcoholic fatty liver.”” MTCDs can emit blue-green fluo-
rescence, exhibit excellent lysosome targeting function, and
selectively image lysosomes in cells, as well as display good
biocompatibility and low biotoxicity. Mechanical studies have
further shown that the excellent ROS scavenging and anti-
oxidant ability of reductive groups such as guanidine and
hydroxyl groups on the MTCD surface protect lysosomes from
oxidative stress and activate AMP-activated protein kinase
signal transduction in hepatocytes, initiating the process of fat
phagocytosis to accelerate fat decomposition and lipid
consumption.

Guanidine drugs are usually used as antimicrobials, and
metformin is most commonly used in the treatment of dia-
betes. In recent years, it has also been found to have active
effects and therapeutic potential in a variety of cancers, but
large doses and high concentrations of drugs are needed. By
preparing guanidine compounds as CDs, it is possible to not
only retain the antibacterial and anti-tumor activity of the
raw materials but also improve their efficacy and introduce
new anti-tumor mechanisms, including targeting tumor over-
expression markers, inducing iron death, and utilizing
photodynamic therapy and so on. This approach forms a
synergistic therapeutic effect with the original treatment
mechanism, which can reduce the drug concentration and
minimize metabolic toxicity of the liver and kidneys.
Furthermore, the fluorescence properties of CDs can also
lighten tumor sites and subcellular locations, realize treat-
ment visualization, with the potential for integrating diagno-
sis and treatment.

2.4 CDs synthesized from other drugs

In addition, there are many other CDs derived from organic
drug molecules that can retain specific functional groups and
properties of their precursors, thereby enhancing their func-
tionality. For instance, CDs synthesized from anticancer drugs
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like doxorubicin or paclitaxel can be engineered to specifically
target cancer cells, potentially increasing the efficacy of cancer
treatments and reducing side effects.’*>*® Similarly, CDs
derived from antiviral drugs such as porphyrin can be utilized
in antiviral therapies, improving the delivery and effectiveness
of antiviral agents."?” Finally, carbon dots derived from anti-
osteoporosis drugs exhibit great application potential.

Osteoporosis (OP) is a serious metabolic bone disease
caused by bone homeostasis imbalance, which is characterized
by decreased bone mass, deterioration of bone microstructure
and increased risk of brittle fractures. Osteoporotic fractures,
especially hip and spinal fractures, can lead to severe pain, dis-
ability, and even death."*®'*° As society ages, the incidence of
age-related osteoporotic fractures is increasing, arousing wide-
spread concern. Osteoporosis results from the disruption of
bone homeostasis, which is co-regulated by osteoclast bone
resorption and osteoblast bone formation.'*® At present, the
prevention of osteoporotic fractures is mainly through the use
of drugs such as bisphosphonates, teriparatide, and raloxifene.
Bisphosphonates (BPs) are one of the most powerful drugs for
the treatment of bone and calcium metabolism-related dis-
eases. Their activity is based on their unique chemical struc-
ture, called the P-C-P skeleton structure, which has a strong
affinity for calcium ions in hydroxyapatite (HAP) on the bone
surface.’*! Alendronate (ALEN) is one of the most effective and
widely studied drugs among bisphosphonates. It works by
inhibiting the formation of osteoclasts by blocking ATP syn-
thesis. However, it has a long treatment cycle and slow meta-
bolic process, which may lead to atypical long bone fractures
and bisphosphonate-related jaw necrosis (BRONJ)."*> Because
of the unique rich surface groups and excellent biocompatibil-
ity of CDs, the development of alendronate-derived CDs as a
new drug for the treatment of osteoporosis may be an effective
way to reduce side effects.

In 2023, Peng et al. synthesized highly efficient Alen-CDs with
enhanced anti-osteoporosis properties via a one-step hydro-
thermal method using alendronate as the sole raw material.®® As
shown in Fig. 8a, the surface of Alen-CDs contains amino
hydroxyl and phosphate groups inherited from alendronate,
thereby retaining the inherent anti-osteoporosis properties of
alendronate, and the richer hydroxyl and amino groups improve
the problem of low bioavailability of prodrugs due to poor water

(@) (b)
‘Bone Affinity

ﬁ? Blocompatibiity

Carbonization

Alen-CDs ( Photoluminescence

Absorbability 4 i 1
iﬁg

Fig. 8 (a) The synthesis process and multiple biomedical application of
Alen-CDs. Reproduced with permission from ref. 88. Copyright 2023
Elsevier. (b) Schematic illustration of the synthesis and osteoporosis
treatment using ALEN-CDs. Reproduced with permission from ref. 89.
Copyright 2024 Elsevier.
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solubility, resulting in better calcium deposition and bone regen-
eration efficacy compared to the precursors at the same concen-
tration. Even at the same drug concentration, it has lower cyto-
toxicity than the raw material, indicating improved biocompat-
ibility. Moreover, Alen-CDs emit bright blue fluorescence, and
being endowed with fluorescence properties, they can address
the limitation of tracking drug distribution in living bodies and
selectively illuminate the nuclear region of cells. Under continu-
ous exposure, they remain stable and do not cause cell morpho-
logical changes, which proves their application potential as a cell
imaging reagents. Drug-derived Alen-CDs are excellent candi-
dates for promoting osteoblast differentiation and can monitor
the fluorescence of drug distribution during the period of treat-
ment of osteoporosis. While Peng’s work explored the potency of
alendronate-derived CDs in enhancing efficacy, Xu’s work
focused on the efficacy of CDs in reducing the side effects of
bisphosphonate-related jaw necrosis (BRON]J). As shown in
Fig. 8b, Xu et al. synthesized ALEN-CDs from alendronate and
PEG (as a passivator) via a microwave-assisted method, which
shows bright blue fluorescence emission and cell imaging
ability, but unlike the work of Peng, ALEN-CDs can selectively
illuminate the cytoplasm rather than the nucleus.®® Compared
with ALEN alone, ALEN-CDs synthesized with alendronate and
the PEG passivator reduced the time-dependent cumulative tox-
icity to cells, significantly reduced bone loss in ovariectomized
mice (OVX), significantly alleviated the inflammatory reaction on
the dental fossa bone surface in a mouse model after tooth
extraction and promoted wound healing after tooth extraction in
mice. This immunomodulatory mechanism is believed to
induce a change in macrophage polarization from the pro-
inflammatory M1 phenotype to the anti-inflammatory M2 phe-
notype by regulating mitochondrial oxidative phosphorylation.
The synthesized ALEN-CDs not only retained the bone targeting
and inhibitory effect on osteoclast formation, but also increased
the postoperative immunomodulatory effect and effectively
avoided bisphosphonate-associated jaw necrosis (BRONJ).

The above work shows that converting alendronate sodium,
which is used to treat osteoporosis, to carbon nanodots by poly-
meric carbonization can not only preserve the ability of the drug
itself to promote bone regeneration but also increase the water
solubility of the drug and improve the absorption rate and utiliz-
ation rate of the drug, ultimately boosting the therapeutic effect.
Besides, CDs can also lower the side effects of alendronate and
reduce the possibility of increased cell accumulation toxicity and
related jaw necrosis over time. Owing to the unique advantages
in clinical treatment brought about by a variety of performance
improvements, we can also explore the utilization potentiality of
the above CDs in the treatment of Paget’s disease, osteolytic
myeloma and malignant hypercalcemia, conditions where alen-
dronate has a potential therapeutic effect.

3. Summary and discussion

CDs prepared through the bottom-up synthesis routes have a
general character that the functional groups of precursors
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often remain on the surfaces of CDs. And thus, organic drug
derived CDs usually inherit the therapeutic effects of the orig-
inal drugs and even exhibit new functions. These drug-derived
CDs always have the fluorescence properties of CDs, so the dis-
tribution of drugs in the body can be monitored by imaging
during the treatment. Such drug-derived CDs can also enhance
the directional release and targeting of drugs to the lesions,
enhance the selectivity of diseased cells, reduce damage to
normal cells and tissues, and reduce the side effects of drugs.
Compared with the drug itself, the drug-derived CDs may
introduce new therapeutic mechanisms, such as synergistic
sterilization, binding by electrostatic gravity, breaking the bac-
terial cell membrane, multi-faceted anti-cancer action, iron
death, photodynamically induced excessive ROS production
and other ways to enhance the therapeutic efficacy of killing
tumor cells. All these are new surprises brought by drug-
derived CDs, which proves the unique potential of CDs as a
new class of nanodrugs. What’s more, the fluorescence
imaging ability of drug-derived CDs is also helpful to under-
stand the pathogenesis and treatment mechanism of specific
diseases as well as the morphological changes of cells.

However, the structures of many drug-derived CDs are
unclear at present, and the exploration of their new properties
are insufficient by far. To establish a clear structure-activity
relationship, many positive contrast experiments between the
drug precursors and the CDs should be carried out using the
same disease model both in vivo and in vitro, and the thera-
peutic mechanisms of CDs should be studied in depth. In
comparison with the CDs derived from traditional Chinese
medicine, CDs made from organic drug molecules have more
easily traceable structural sources and therapeutic mecha-
nisms because the active components and the therapeutic
sites of these drugs have been established before. The short-
comings of these traditional drugs, such as poor water solubi-
lity and toxic side effects, can be overcome by CDs.
Furthermore, the luminescent drug-derived CDs can illumi-
nate cells, tissues, lesions and tumors, which help monitor the
therapeutic processes and disclose disease development.
These special merits are enough to drive researchers to
prepare more and more drug-derived CDs and investigate their
applications in the future.
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