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From Ambiguity to Precision: Carbon Dots
Bridge Traditional Charcoal Medicine and

Modern Nanomedicine
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Abstract

Traditional Chinese Medicine (TCM) provides rich pharmacological resources, among which charcoal med-
icine is a distinctive product of carbonization techniques. Renowned for its anti-inflammatory, hemostatic,
and antidiarrheal properties, charcoal medicine has faced developmental limitations because of its unclear
pharmacological mechanisms. The emergence of carbon dots (CDs), a nanomaterial with excellent biocom-
patibility and biochemical versatility, has provided novel perspectives in charcoal medicine. TCM-CDs,
derived from TCM precursors such as charcoal medicine, serve as a bridge between traditional practices and
modern nanomedicine. Combining high-temperature processing and advanced synthesis enables TCM-CDs
to retain therapeutic properties while gaining nanoscale features. These molecules have shown potential in
the treatment of neurological disorders, inflammation, and metabolic diseases, and in applications such as
biomedical imaging and diagnostics. However, challenges such as incomplete structural characterization,
inconsistent synthesis, and limited clinical validation remain. Future research should use advanced analytical
methods, artificial intelligence (AI), and standardized protocols to achieve scalable production and quality
control. Guided by TCM'’s holistic philosophy, multifunctional TCM-CDs have potential to enhance thera-
peutic effects. By bridging traditional practices and modern nanomedicine, TCM-CDs highlight the mod-
ernization of charcoal medicine, and may open avenues for innovation and advancement in TCM research.
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Traditional carbonization techniques have
been used in Traditional Chinese medicine
(TCM) processing for millennia, yet their
underlying material basis has remained
unclear, thus hindering the precise eluci-
dation of their mechanisms of action. The
emergence of TCM carbon dots (CDs) has
enabled the transformation of long-standing,
experience-based charcoal medicine into
quantifiable, characterizable, and designable
nanoscale systems, which offer new possibil-
ities for defining the material basis of TCM.
This perspective traces the historical roots of
charcoal medicine and discusses TCM-CD
formation mechanisms, synthesis strategies,
and applications to reveal how these nanos-
tructures can facilitate the transition of char-
coal medicine from ambiguity to precision
(Figure 1).

The ambiguity of
charcoal medicine:
history and limitations

TCM provides an enormous yet still par-
tially untapped reservoir of pharmacological
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resources. Originating from natural sources,
TCM encompasses a wide diversity of sub-
stances, including medicinal plants (roots,
rhizomes, leaves, flowers, pollen, fruits,
peels, and seeds), minerals, and animal-de-
rived materials [1-3]. Depending on the
physicochemical properties of each medi-
cine and its intended therapeutic purpose,
TCM formulas undergo various processing
techniques, such as soaking, steaming, and
carbonization, to modify bioactivity and
clinical effects [4, 5]. Charcoal medicine,
produced through controlled carbonization,
is a distinctive outcome of such processing
methods. The earliest record of this technique
dates back to the Fifty-Two Prescriptions
unearthed from the Mawangdui tombs,
which documented 31 charcoal-based prepa-
rations prescribed for conditions including
urinary retention, wounds, abscesses, and
epilepsy [6]. Over centuries of practice, more
than 200 TCM materials have undergone
carbonization, and approximately 70 are
currently in clinical use. Modern pharma-
cological investigations have demonstrated
that carbonization alters the chemical com-
position of TCM, thus leading to functional
transformations and expanded therapeutic
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Figure 1
and mechanistic studies.

potential. For example, whereas fresh ginger exhibits anticoag-
ulant activity, ginger charcoal displays an opposite hemostatic
effect [7]. Similarly, rhubarb, which is commonly prescribed
for fever and constipation, acquires new functions associ-
ated with hemostasis and wound healing after carbonization
through stir-frying [8].

Although charcoal medicine has been extensively applied
in clinical practice within TCM, several factors continue to
hinder its modernization. First, the evaluation criteria for
charcoal medicine have remained ambiguous for millennia.
Quality has traditionally been judged by external appear-
ance, color, and texture, through an empirical approach that
lacks standardized preparation and quality control proto-
cols [9]. Second, historical records often provide inconsist-
ent or even contradictory descriptions. Some texts define
the desired endpoint as complete blackening, whereas
others emphasize moderate carbonization, warning that
“overheating produces dead ash with no medicinal value.”
Third, the pharmacological efficacy and material basis of
charcoal medicine remain poorly understood [10]. This
reliance on experiential knowledge and qualitative descrip-
tions has substantially hindered systematic exploration of
its bioactivity and industrial scalability. To overcome these
limitations, modern preparation and characterization tech-
nologies are urgently needed to clarify its chemical and
biological foundations. Against this backdrop, the emer-
gence of CDs offers a novel conceptual and technological
framework for reinterpreting and advancing research on
charcoal medicine.

In summary, despite its long history and clinical relevance,
charcoal medicine remains constrained by ambiguous qual-
ity standards, poorly defined material compositions, and an
unclear mechanistic basis. These limitations underscore the
need for modern analytical and technological frameworks to
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By bridging ancient charcoal medicine with modern nanomedicine, carbon dots offer a scientific foundation for TCM modernization

provide a foundation for introducing CDs as a means of rein-
terpreting and advancing charcoal medicine research.

The rise of carbon dots: rapid
development and challenges

CDs are a class of zero-dimensional carbon-based nanoma-
terials with particle sizes smaller than 10 nm. CDs were first
reported by Xu et al. [11] in 2004 during the arc-discharge
synthesis of single-walled carbon nanotubes. They typically
consist of an amorphous carbon core composed of mixed
sp*/sp® hybridized carbon atoms, surrounded by a shell
enriched with diverse functional groups or polymer chains
[12]. According to differences in their carbon core structure,
surface chemistry, and physicochemical properties, CDs can
be further categorized into carbon quantum dots, graphene
quantum dots, carbon nanodots, and carbonized polymer
dots [13, 14]. CDs exhibit unique optical properties, as well
as excellent bioimaging and biosensing capabilities [15, 16].
Their size-dependent drug delivery and targeting potential
further position them as promising candidates for precision
therapeutics and real-time diagnostics.

However, the structural characterization of this emerg-
ing class of nanomaterials remains incomplete; therefore,
the relationships between CDs’ complex compositions and
biological functions remain poorly defined. The diversity of
synthesis methods and the lack of standardized fabrication
protocols further contribute to variability in performance.
Moreover, early studies frequently used chemical organic
precursors such as citric acid, methanol, and aniline [17-20].
Because the related reactions can generate toxic byprod-
ucts during synthesis, concerns regarding sustainability and
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biosafety ultimately limited their biomedical application.
In recent years, the pursuit of environmentally friendly and
renewable alternatives has driven rapid progress in the devel-
opment of green CDs [21, 22]. Notably, TCM has emerged
as a distinctive natural carbon source that combines struc-
tural diversity with intrinsic pharmacological potential.

The rapid expansion of CD research highlights substan-
tial biomedical promise, as well as persistent challenges in
structural definition, standardization, and biosafety. These
considerations have stimulated growing interest in green and
biologically derived precursors, and provided a clear ration-
ale for the development of TCM-derived CDs.

The emergence of TCM-CDs:
a promising paradigm for
nanomedicine

Charcoal medicine and CDs share comparable carbonization
temperatures (approximately 250°C) and a carbon-centered
composition, and both retain the pharmacological activities
of their source materials [23]. Consequently, CDs are con-
sidered active nanostructures that form spontaneously dur-
ing the high-temperature preparation of charcoal medicine
and therefore represent a nanoscale extension of TCM [24].
Since their first synthesis from medicinal precursors in 2013,
TCM-CDs have gained attention for their low toxicity, high
biocompatibility, and pharmacological properties inherited
from their precursors [25]. This research trend has contin-
ued to grow over the past decade. To date, 107 TCM pre-
cursors have been converted into TCM-CDs. Herbs account
for the majority and are followed by animal-derived sources,
whereas minerals appear primarily as doped elements within
the structures.

Synthesis methods

To understand the formation mechanisms of TCM-CDs, the
preparation conditions of traditional charcoal medicine ver-
sus modern CDs must be compared. Traditionally, charcoal
medicine is produced through the decomposition of herbal
materials under high temperature and limited oxygen. This
process generally involves two main approaches: stir-frying
carbonization and calcination carbonization. The former is
commonly applied to rthizomatous herbs such as Rheum pal-
matum and Zingiber officinale, whereas the latter is used for
loose or lightweight materials and solid drugs unsuitable for
stir-frying, such as Nelumbinis Folium and Crinis.

Modern TCM-CDs synthesis methods include high-
temperature pyrolysis, hydrothermal, solvothermal, and
microwave techniques. All provide high-temperature envi-
ronments conducive to carbonization, but they differ in their
energy input and reaction control; therefore, they are suitable
for various synthesis scenarios. Because high-temperature
pyrolysis applies stronger heat for rapid decomposition, it is
suitable for thermally stable or structurally dense precursors
[26, 27]. The hydrothermal method uses water as the solvent

for mild, prolonged carbonization, thus decreasing toxicity and
improving uniformity [28, 29]. The solvothermal method uses
various non-aqueous solvents to enhance solubility and control
surface chemistry; however, concerns regarding solvent tox-
icity, cost, and post-treatment may restrict its large-scale bio-
medical application. The microwave approach transfers energy
efficiently through electromagnetic waves, thereby complet-
ing carbonization within minutes and markedly improving
synthesis efficiency. Nevertheless, challenges in reaction
homogeneity and scale-up remain to be addressed [30].

Formation mechanisms

The carbonization pathway for preparing CDs from conven-
tional small-molecule precursors is relatively simple and
compositionally uniform, and generally involves dehydra-
tion and condensation followed by carbon core formation.
However, the incorporation of heteroatoms and the con-
struction of surface functional groups require further manual
adjustment during synthesis. In contrast, TCM-CDs benefit
from the unique compositions of their precursors, including
polysaccharides, flavonoids, alkaloids, and various natural
bioactive molecules. Because of the pronounced differences
in thermal stability, structural heterogeneity, and reactivity
among these molecules, the formation mechanisms during
pyrolysis follow a stepwise reconstruction process.

After the evaporation of water from TCM, the first stage
predominantly involves the thermal decomposition of poly-
saccharides, alkaloids, and flavonoids at relatively low tem-
peratures (approximately 100-200°C) [31]. Polysaccharides
undergo hydrolysis into monosaccharides, which are further
transformed into furan derivatives. Alkaloids, depending on
their varying sensitivity to high temperatures, may partially
decompose, and some retain aromatic heterocyclic struc-
tures. Flavonoids (C-C,-C,) undergo demethylation, thereby
preserving the active phenolic hydroxyl groups essential for
pharmacological activity [32]. Subsequently, during the
polymerization stage (approximately 200-300°C), covalent
cross-linking between molecules, through aldol condensa-
tion and etherification reactions, leads to the formation of
polycyclic aromatic frameworks. These frameworks consti-
tute the core TCM-CD structure. In the carbonization stage
(above 300°C), elevated temperatures promote structural
ordering within the carbon core and drive the aggregation of
smaller carbon domains into larger ones. Amorphous carbon
gradually restructures into sp?/sp® hybridized graphite-like
domains, thereby further optimizing the internal structure
[33]. Meanwhile, thermally stable natural active molecules
such as saponins and polyphenols remain attached to the sur-
faces or embedded within the CDs through physical adsorp-
tion, m-7 stacking, or metal coordination; consequently, their
intrinsic antioxidant and antimicrobial activities are pre-
served [24, 34]. In the surface functionalization stage, com-
ponents that are incompletely deoxygenated or deaminated
during carbonization are anchored to the defect sites on the
surfaces of TCM-CDs and form stable surface functional
groups [12]. These functional groups enhance the water sol-
ubility of TCM-CDs and contribute to their excellent phar-
macological activity.
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Across the four stages of decomposition, polymerization,
carbonization, and surface functionalization, TCM-CDs
preserve a portion of TCM biological activity while acquir-
ing new physicochemical characteristics through structural
reconstruction [35]. This evolution enhances their potential
biomedical applications.

Applications

Overall, the therapeutic value of TCM-CDs involves two
complementary dimensions. First, they inherit the dis-
ease-targeting pharmacological activities of their herbal
precursors. Second, their unique optical features and nano-
zyme-like properties further enable modern biomedical
applications that traditional TCM alone cannot achieve
(Figure 2).

Guided by TCM theory, researchers have drawn inspi-
ration from traditional medical practices to design diverse
TCM-CDs with disease-specific functions (Figure 1).
Inspired by the calming and sedative effects of Os Draconis,
Chen et al. [36] have developed TCM-CDs capable of
modulating 5-HT, NE, and the HPA axis, thereby restoring
neuroendocrine balance in neurological disorders. In inflam-
matory diseases, Carthamus tinctorius and Angelica sinensis
are a classic herbal pair known to promote blood circula-
tion and remove stasis Qiang et al. [37] using these herbs as
carbon sources, have synthesized TCM-CDs that suppress
pro-inflammatory cytokines such as IL-1p and TNF-a., and
downregulate the NF-kB and MAPK pathways. These find-
ings have provided molecular evidence that TCM-CDs can
retain the anti-inflammatory effects of their parent herbs.

Carthamus
tinctorius

Angelica
sinensis

Traditional

W Os Draconis

Inheritance <

Crataegus pinnatifida

Be

a

hepatic l
steatosis

icrobiota

Figure 2 Applications of TCM-CDs.

Moreover, in the field of metabolic disorders, Lin et al. [38]
have prepared Crataegus pinnatifida-derived TCM-CDs that
markedly ameliorate insulin resistance, prevent hepatic ste-
atosis, and modulate the gut microbiota in mice fed a high-
fat diet. The preparation therefore effectively inherited the
traditional effects of Crataegus in digesting stagnation and
lowering lipids.

TCM-CDs, given their superior optical properties, abun-
dant surface functional groups, and nanozyme-like activity,
have applications extending beyond traditional pharmaco-
logical uses (Figure 1). For bioimaging applications, Yuan et
al. [39] have prepared green TCM-CDs from Poria cocos that
exhibit multicolor fluorescence and enable clear cytoplasmic
imaging under different excitation wavelengths. Their low
toxicity, high stability, and low cost make them promising
materials for future biomedical imaging. Building on their
biosensing responsiveness, Zhang et al. [40] have synthe-
sized boron-doped CDs derived from herbal residues. The
rich surface functional groups endow the CDs with strong
coordination capacity and high selectivity toward Fe**, thus
leading to fluorescence quenching. Beyond bioimaging and
biosensing, TCM-CDs have also demonstrated remarkable
antioxidant and reactive oxygen species (ROS) scavenging
abilities. Various examples, such as Gardenia fructus and
Curcuma zedoaria—derived TCM-CDs, have shown excel-
lent free-radical elimination both in vitro and in vivo [41, 42].
Mechanistically, their activity is likely to be associated with
the carbon-based nanozyme behavior of CDs. Gao et al. [43]
have designed CDs with nanozyme activity by introducing
surface -OH, —COOH, and C=0O groups onto graphite-de-
rived carbon frameworks. These engineered CDs exhibit
SOD-like catalytic behavior and mitochondrial targeting
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ability, and effectively scavenge reactive oxygen species
and repair oxidative damage in cells. Notably, their surface
chemistry and intrinsic antioxidant activity closely resemble
those of TCM-CDs, thereby underscoring the similar mech-
anistic basis between systems. Designing TCM-CDs with
enhanced antioxidant and targeted nanozyme activity may
therefore provide a key direction for future research and a
foundation for their precise functional development.

The evolution toward precision:
future directions of TCM-CDs

The continued advancement of TCM-CDs will rely on syner-
gistic progress in technological innovation, safety validation,
mechanistic elucidation, system standardization, and integra-
tion with TCM theory. Together, these efforts have potential
to transform the field of TCM-CDs from empirical explora-
tion into a precise and controllable form of nanomedicine.

Technological innovation

With rapid advancements, the integration of artificial intel-
ligence (AI) into the full workflow of TCM-CD preparation
is becoming increasingly feasible. Al may aid in precursor
design by mining the TCM literature to extract information
on herb properties and carbonization practices, while also
enabling real-time optimization of synthesis parameters to
improve yield and batch consistency. By linking physico-
chemical characteristics with pharmacological outcomes,
Al has potential to facilitate data-driven structure—function
analysis and support the development of more systematic
and automated research pipelines.

Safety and clinical translation

To advance the safety and clinical translation of TCM-CDs,
strict standardization of quality control will be essential,
including parameters such as particle size, surface chemis-
try, and purity. Variations in the quality of TCM precursors
caused by geography, species, and harvest period must also
be addressed. Scalable and reproducible production pro-
cesses, such as SOPs, validated purification methods, and
large-scale manufacturing techniques, must be established.
Moreover, challenges including production costs, equipment
requirements, and batch-to-batch consistency remain to be
resolved.

Comprehensive toxicological studies should be con-
ducted, including acute toxicity, chronic toxicity, immu-
notoxicity, genotoxicity, and biodistribution assessments
of representative batches. Stability and shelf-life investiga-
tions, and the development of reference standards, will also
be crucial. To strengthen quality control, chemical and bio-
logical multi-marker fingerprinting methods should be used
for batch release and consistency testing. Early engagement
with regulatory authorities to clarify non-clinical research

requirements and clinical trial designs will be critical. In
addition, multidisciplinary teams of experts in natural prod-
uct chemistry, nanomaterials, analytical techniques, toxicol-
ogy, and regulatory affairs should be assembled to ensure
the safety, efficacy, and compliance of TCM-CDs. Key chal-
lenges such as toxicity, safety, reproducibility, and scalable
production must be addressed to facilitate the clinical and
commercial application of TCM-CDs.

Mechanistic elucidation

The structural complexity of TCM-CDs is closely associated
with their pharmacological activity and optical properties.
Subtle variations in synthesis conditions, such as temperature
or reaction time, can markedly alter particle size, heteroatom
content, and surface functional groups. However, the conven-
tional characterization tools currently applied to TCM-CDs
(e.g., TEM, AFM, XPS, and FT-IR) lack the resolution to
capture these fine structural differences. To better understand
the relationships between structure and function, advanced
techniques such as HPLC-MS and ultra-high field NMR are
necessary. For example, high-resolution mass spectrometry
(e.g., HPLC-MS) could be used to identify residual or recon-
structed small-molecule species and heteroatom-containing
fragments formed during charcoal processing, whereas in
situ spectroscopic techniques might help track the evolution
of functional groups and carbon domains in real time.

System standardization

Variations in growth regions, soil composition, and climate
conditions lead to notable differences in TCM precursors.
Accurate evaluation of precursor quality is therefore essen-
tial for reproducible downstream synthesis. In the prepara-
tion of traditional charcoal medicine, core parameters such
as temperature and duration have long been overlooked or
have been vaguely described, although these conditions
strongly influence the physicochemical features and thera-
peutic efficacy of the final product. Standardized synthesis
protocols developed in CDs research have the potential to
inform the modernization of charcoal medicine processing
by linking processing parameters with material properties
and therapeutic effects.

Theoretical integration

Holism, a foundational principle of TCM, governs not only
the dynamic interactions between humans and nature or
among internal organ systems but also the underlying ration-
ale for herbal combinations. In clinical practice, single-drug
prescriptions are rarely used; instead, therapeutic effects are
optimized through complementary herbal pairings. Guided
by this theory, the interplay among various TCM-CDs and
their formulations, according to the classical TCM princi-
ple of Jun—Chen—Zuo-Shi (sovereign—minister—assistant—
courier), may offer a new paradigm for understanding the
material basis of TCM. Such an approach might also enable
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new directions in the design and application of multifunc-
tional TCM-CDs.

Conclusion

From traditional charcoal medicine to structurally character-
izable nanomaterials, the development of TCM-CDs is a key
step in bridging traditional practices with modern nanomed-
icine. This transition reflects a shift from empirical process-
ing toward mechanism-informed and designable nanoscale
systems.

In the future, advances in analytical techniques, standard-
ization strategies, and data-driven approaches may further
enable precise structure—function understanding and clinical
translation of TCM-CDs. Overall, TCM-CDs offer a prom-
ising framework for modernizing and systematizing charcoal
medicine, by providing a material and conceptual basis for the
quantifiable understanding and nanoscale innovation of TCM.
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