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Abstract

Inflammatory bowel disease (IBD) is a chronic gastrointestinal disorder with a complex pathogenesis and limited therapeutic options.
Nanozymes, particularly carbon dots (CDs), offer a novel strategy for treating IBD owing to their enzyme-like catalytic activities and high
biocompatibility. Traditional Chinese medicine (TCM) involves the use of rich sources of bioactive compounds with anti-inflammatory
and antioxidant properties; however, the clinical application of these compounds is often hampered by their low solubility and bioavail-
ability. This review explored the effects of TCM-derived CD nanozymes (TCM-CDs) on enhancing IBD therapy. The classification,
green synthesis methods, and unique mechanisms of TCM-CDs, including reactive oxygen species scavenging, regulation of gut micro-
biota, and modulation of inflammatory signaling pathways, were summarized. Furthermore, the current limitations in material synthesis,
biological uncertainty, and clinical translation challenges were discussed; an Al-driven framework was developed for future precision de-
sign and personalized IBD treatment. TCM-CDs represent promising nanoplatforms that synergize the multitarget therapeutic advantages
of TCM with the catalytic versatility of nanozymes, offering new insights into next-generation IBD therapeutics.
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Introduction cocorticoids, immunosuppressants, and biologics, are not
completely effective and produce adverse side effects, ne-
cessitating the development of novel and effective thera-

peutic strategies [4].

Inflammatory bowel disease (IBD), including Crohn’s
disease and ulcerative colitis (UC), is a chronic nonspe-
cific intestinal inflammatory disorder. The incidence rate

of IBD is high in young and middle-aged populations. IBD
exhibit a protracted course and recurrent episodes, reduc-
ing patient quality of life and imposing a large burden on
societal healthcare resources [1]. The etiology of IBD re-
mains unclear; however, IBD likely results from interac-
tions among environmental factors, genetic susceptibility,
gut microbiota dysbiosis, and immune system abnormali-
ties. Currently, no cure exists for IBD; clinical treatments
primarily aim to control symptoms, alleviate inflammation,
and induce and maintain remission [2]. IBD are accompa-
nied by long-term risk factors such as malignancy and in-
fection [3]. However, traditional treatments, including glu-
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Nanozymes are nanomaterials ranging from 1 to 100
nm in size that exhibit enzyme-like catalytic properties
[5,6]. Among the numerous nanozymes, carbon dot (CD)
nanozymes have received considerable attention from the
academic community due to their structure and certain
performance characteristics [7]. The unique structure of
CDs leads to high enzyme-like catalytic activity, ensures
high biocompatibility, and enables their optical properties
to be tuned [8,9]. CDs can mimic the catalytically ac-
tive centers of various natural enzymes, demonstrating high
enzyme-like activity and catalyzing substrates under physi-
ological conditions [10—12]. CDs possess various enzyme-
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like activities, such as those of peroxidase (POD), oxidase
(OXD), superoxide dismutase (SOD), and catalase (CAT)
[13]. POD, OXD, and SOD play crucial roles in regulat-
ing intracellular reactive oxygen species (ROS) homeosta-
sis and catalyzing the generation of ROS, which are used in
antibacterial and anticancer therapies. SOD and CAT are re-
sponsible for decomposing and scavenging ROS, which are
thus suitable for anti-inflammatory and antioxidant treat-
ments (Fig. 1). In addition to their enzyme-like activity,
nanomaterials offer multiple other functions through var-
ious modifications such as alterations in size, shape, and
surface properties [14].

The convergence of developments in nanotechnology
and biomedicine has enabled progress in the research on the
application of CDs in disease diagnosis and treatment. CDs
particularly show potential for using in biosensing, cancer
therapy, antibacterial treatment, and antioxidant therapy.
Additionally, the theoretical foundations and technical sup-
port have been provided for the development of novel diag-
nostic and therapeutic strategies using CDs [15-19].

Previous metal-based nanozymes (such as iron, zinc,
manganese-based, and noble metal-doped varieties) have
also been shown to mimic the activity of natural en-
zymes, effectively scavenging ROS to alleviate oxida-
tive stress. Additionally, they reduce the release of pro-
inflammatory cytokines (e.g., Tumor Necrosis Factor-«
(TNF-), interleukin-6 (IL-6)) by inhibiting the NF-<B
signaling pathway and regulating the JAK/STAT pathway.
This dual-action mechanism simultaneously addresses two
core pathological issues in IBD—immune dysregulation
and oxidative stress—making them a highly promising new
therapeutic strategy beyond traditional anti-inflammatory
approaches, owing to their precisely targeted dual effects
[20].

Traditional Chinese medicines (TCMs) have been ex-
tensively clinically applied and are abundant in bioactive
components, showing potential for use in combating dis-
eases. On the other hand, isolation and purification of-
ten lead to the loss of active component activity, and the
bioavailability of monomers is frequently lower than that
of crude extracts. More importantly, traditional Chinese
medicine relies on the synergistic effects of thousands of
components at specific concentrations, making it difficult
to elucidate traditional dose-effect relationships [21]. How-
ever, the limitations of TCMs include low efficacy, solu-
bility of the active ingredients, and bioavailability, as well
as slow onset [22]. TCMs can be integrated with CDs as
a novel approach for addressing these challenges by in-
creasing the solubility, stability, and bioavailability of TCM
components and leveraging their enzyme-mimetic activities
to amplify the therapeutic effects of TCM [23].

In summary, the complex pathological network of
IBD necessitates multi-target intervention. While TCM
holds this potential, its application is limited by physico-
chemical properties. CDs offer novel approaches through
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catalytic therapy and precision delivery, yet their biolog-
ical activity often lacks disease specificity. Therefore,
the green synthesis of TCM-CDs by using TCM as a
carbon source holds promise for constructing a class of
“smart nanomedicine” that integrates the synergistic multi-
component effects of TCM with the catalytic and deliv-
ery advantages of CDs. This strategy aims to advance
IBD treatment from a “single-target” to a “systems regu-
lation” paradigm. This review aims to systematically eluci-
date the classification, green synthesis strategies, and multi-
mechanistic synergistic therapeutic effects of TCM-CDs,
conduct an in-depth analysis of their unique challenges,
and prospectively explore how Al-driven design may offer
novel pathways to address these challenges.

Classification and Synthesis Methods of CDs
Classifying CDs

CDs are primarily classified into four major categories
based on their core carbon structure, size, and surface chem-
ical characteristics: graphene quantum dots (GQDs), car-
bon quantum dots (CQDs), carbon nanodots (CNDs), and
carbonized polymer dots (CPDs) (Table 1). The differences
in the structural features and properties of these CD sub-
types must be understood for appropriately designing and
optimizing their application as nanozymes in targeted IBD
therapy.

GQDs

GQDs are nanoscale particles composed of single or
few-layer (typically 1-3 layers) graphene sheets, character-
istically ranging from 2 to 10 nm in size [24,25]. Their flu-
orescent properties primarily originate from the quantum
confinement and edge effects [26]. The band gap of GQDs
is tunable. The fluorescence emission of GQDs can be pre-
cisely adjusted from the ultraviolet to near-infrared region
by controlling their size (2-5 nm) and surface chemical
modifications, such as -OH and -COOH functional groups
[27,28]. Additionally, GQDs are highly photochemical sta-
ble [29].

CQDs

CQDs are quasispherical nanoparticles consisting of
an sp2-hybridized carbon core and abundant surface func-
tional groups, typically less than 10 nm in size [30]. Their
fluorescence mechanism is mainly attributed to the syner-
gistic effect of surface state emission and quantum confine-
ment [31,32]. The synthesis conditions and surface mod-
ifications of CQDs were optimized to achieve the fluores-
cence quantum yield of CQDs of at least 80% [33].

CNDs

CNDs are nanoparticles composed of amorphous car-
bon, characterized by short-range order and long-range dis-
order in their structures [34,35]. Their fluorescence proper-
ties are primarily influenced by the surface chemical com-
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Fig. 1. Mechanisms through which TCM-CDs mimic the activity of enzymes. CDs can mimic the catalytic activities of various

natural enzymes, primarily including peroxidase (POD) and oxidase (OXD), which catalyze the generation of ROS for antibacterial and
anticancer therapies, and superoxide dismutase (SOD) and catalase (CAT), which are responsible for decomposing and scavenging ROS.
CDs are thus suitable for anti-inflammatory and antioxidant treatments. They retain the polysaccharides, flavonoids, and saponins from
the TCM-CDs carbon source, forming surface functional groups that exhibit enzyme-like activities. Created in BioRender. Huang, C.

(2026) https://BioRender.com/91c8h2d.

position, such as N and S heteroatom doping, and structural
defects, such as the sp/sp? carbon ratio [36]. CNDs typi-
cally exhibit broad-spectrum emission along with high pho-
tostability and biocompatibility; as such, CNDs are often
suitable for biological imaging applications [37-39].

CPDs

CPDs are nanoparticles consisting of a carbon core
and a large number of surface functional groups or polymer
chains. CPDs have structural characteristics that are inter-
mediate between those of CQDs and CNDs [40,41]. Their
fluorescence mechanism is mainly attributed to the effects
of molecular fluorophores and crosslink-enhanced emis-
sion [42]. CPDs typically exhibit excitation-wavelength-
dependent fluorescence characteristics and high fluores-
cence quantum yields, being highly dispersible in water
[43,44].

Synthesis Methods of CDs

Controlling the synthesis of CDs has been a central
scientific challenge since the discovery of CDs [45,46]. The
methods of preparing CDs are strongly influenced by the
reaction conditions, such as temperature, pressure, pH, and
reaction time, as well as the precursors used, such as small
organic molecules, natural products, and polymers) [47—
50]. These factors collectively determine the final struc-
ture and performance characteristics of CDs. CDs prepara-
tion methods can be categorized into two major approaches
based on the carbon source and synthesis strategy: top-
down and bottom-up methods [51,52].

Top-down synthesis primarily involves physically or
chemically exfoliating macroscopic carbon materials, such
as graphite and carbon nanotubes to produce CDs. These
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approaches typically involve strong oxidant treatment, elec-
trochemical exfoliation, and mechanical exfoliation, which
yield smaller CDs with well-defined structures. However,
the CDs yield achieved with these methods is low, and
the methods do not enable the control of the surface func-
tional groups [53—55]. In contrast, bottom-up synthesis
methods use small molecular carbon sources, such as cit-
ric acid and glucose, in molecular or ionic states as pre-
cursors, forming CDs through processes such as pyrolysis
and carbonization. The precursor selection and synthesis
route design of these methods are flexible, enabling precise
control over the size, surface chemistry, and optical prop-
erties of the CDs [56—59]. It is well-known that in tradi-
tional medicine, Donkey-Hide (Ejiao) possesses a blood-
enriching effect. The Donkey-Hide derived carbon dots
(G-CDs) synthesized via a top-down method effectively
retain the hematopoietic active peptide components inher-
ent to Ejiao itself [60]. The bottom-up synthesis method
for CDs is widely regarded as a green synthesis approach
primarily because it aligns more closely with the princi-
ples of green chemistry—specifically in terms of raw mate-
rial sources, reaction conditions, solvent use, and process
energy consumption—compared to traditional top-down
methods or other quantum dot synthesis techniques. Inter-
estingly, the bottom-up approach coincides with the prepa-
ration methods of “carbonized medicine” in traditional Chi-
nese medicine, thus giving rise to the development of TCM-
CDs. Bottom-up strategies have thus received attention
from researchers, driving rapid advancements in CD re-
search. CDs with diverse characteristics and application
potential have now been produced. The specific classifi-
cations of the top-down approaches for CDs are as follows

(Fig. 2).
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Table 1. Comparison of structural features, synthesis methods, and enzyme-like activities of different types of carbon dots

(CDs).

Type Full name Structural features Typical synthesis methods ~ Enzyme-

likeActivities&KeyProperties

GQDs  Graphene Quantum  Single or few-layer (1-3 layers) Top-down (e.g., elec- Exhibit a wide range of enzyme-

Dots graphene sheets. Size: 2-10 nm. Flu-  trochemical exfoliation, —mimicking activities including
orescence from quantum confinement oxidative cleavage of  Peroxidase (POD), Oxidase
and edge effects [24,25].  Tunable  graphite, CNTs) (OXD), Superoxide Dismutase
band gap via size and surface func- (SOD), Catalase (CAT). Valence
tional groups (-OH, -COOH) [27,28]. state and surface chemistry crucial
Excellent photostability and chemical for catalytic mechanisms.
stability [29].

CQDs  CarbonQuantum Dots  Quasi-spherical nanoparticles with an ~ Bottom-up (e.g., Hy- Commonly possess POD, OXD,
sp2 hybridized carbon core and abun-  drothermal/Solvothermal, SOD, Glucose Oxidase (GOx), Glu-
dant surface functional groups typically =~ Microwave-assisted, tathione Peroxidase (GPx), and
<10 nm [30]. Fluorescence from sur-  Pyrolysis from small CAT activities. High catalytic ver-
face state emission and quantum con-  molecules like citric acid,  satility and biocompatibility make
finement synergy [31,32]. High quan-  glucose) them suitable for therapeutic appli-
tum yield (up to 80%) [33]. cations.

CNDs  Carbon Nanodots Composed of amorphous carbon; short- ~ Varies (Bottom-up com-  Possess enzyme-like activities (e.g.,
range order and long-range disorder = mon) POD, OXD). Valued more for ex-
[34,35].  Fluorescence heavily influ- cellent photostability and biocom-
enced by surface chemical composition patibility, making them ideal for
(e.g., N, S doping) and structural de- bioimaging applications.
fects (sp3/sp2 carbon ratio) [36]. Ex-
hibit broad-spectrum emission [37-39].

CPDs  Carbonized Polymer Feature a carbon core with numer- Bottom-up (e.g., Exhibit similar nanozyme activi-

Dots ous surface functional groups or poly-  controlled pyroly- ties to CQDs (POD, OXD, etc.).
mer chains.  Structure is intermedi-  sis/carbonization of  The polymer-like structure and high
ate between CQDs and CNDs [40, polymers or molecular density of functional groups can be

41]. Fluorescence arises from molecu-
lar fluorophores and crosslink-enhanced
emission (CEE) effect [42]. Exhibit
excitation-dependent fluorescence, high

quantum yield, and good water dis-

precursors)

tailored for specific catalytic and

therapeutic functions.

persibility [43,44].

Hydrothermal/Solvothermal Methods

Hydrothermal and solvothermal methods are widely
used for synthesizing CDs. These two methods are pri-
marily distinguished by the reaction media used: water and
organic compounds are used as the solvents in hydrother-
mal and solvothermal methods, respectively [61,62]. Both
approaches involve the use of sealed autoclave systems
to facilitate carbonizing and functionalizing the precursors
under elevated temperature and pressure. These methods
offer several advantages, such as operational simplicity,
mild reaction conditions, and high reproducibility, enabling
the precise control over the size distribution; morphology
(spherical, sheets, etc.); and surface chemistry, such as the
types and densities of functional groups, of CDs [63,64].

The small-molecule precursors of CDs undergo com-
plex chemical transformations during the reaction process.
The initial dehydration and condensation reactions are fol-
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lowed by intermolecular crosslinking to form carbon chain
frameworks, culminating in carbonization at elevated tem-
peratures to yield CDs with specific structures [65,66]. This
process forms m—m*-conjugated systems and surface func-
tional group modifications, which are key in influencing the
optical properties and enzyme-like activities of the result-
ing CDs [67]. Huang et al. [68] used the TCM herb Bletilla
striata as a precursor to hydrothermally synthesize green-
fluorescent CDs (BS-CDs) with a uniform size distribution
(3.5 £ 0.6 nm). BS-CD treatment alleviated clinical symp-
toms and pathological damage in the colon of mice with ul-
cerative colitis in a dextran sulfate sodium (DSS)-induced
colitis mouse model. These effects were potentially medi-
ated by reduced levels of myeloperoxidase (MPO), TNF-«,
interleukin-1 beta (IL-15), and IL-6.
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Microwave-Assisted Synthesis

Microwave-assisted synthesis is a highly efficient and
rapid methodology for preparing CDs with advantages in-
cluding a shortened reaction time, high yield, low energy
consumption, and precise control over CDs characteristics
[69]. This technique involves the use of microwave irra-
diation to rapidly and uniformly heat the precursor mate-
rials, accelerating the carbonization and functionalization
processes, often synthesizing CDs within minutes [70]. The
dielectric heating effect generated by microwave radiation
enables selective molecular-level heating, facilitating the
formation of CDs with a uniform size distribution and ho-
mogeneous surface functional groups [71]. Jiang et al. [72]
used neutral red and levofloxacin as precursors to synthe-
size novel RNA-targeting red-emitting CDs (M-CDs) with
microwave assistance. The quantum yield of the resulting
M-CDs was 22.83%. The M-CDs demonstrated high RNA-
selective binding capability, producing strong red fluores-
cence enhancement. The M-CDs displayed ultrafast cellu-
lar uptake and internalization, within 5 s, providing a tool
for the real-time imaging of stress granule dynamics un-
der oxidative stress conditions. Li et al. [73] prepared
ginger-derived CDs (GCDs) using an aqueous ginger ex-
tract as a precursor and a microwave-assisted hydrothermal
method at 180 °C. The synthesized GCDs exhibited a nar-
row size distribution (average diameter: 2.3 nm), intense
blue photoluminescence, and high biocompatibility. The
GCDs showed suitability for in vitro bioimaging as well
as anti-inflammatory activity, accelerating wound healing
processes. GCDs have shown antimicrobial activity and po-
tential for sensor applications [74,75].

Thermal Decomposition

Thermal decomposition is another crucial technique
for synthesizing CDs. This method involves subjecting pre-
cursors to high-temperature treatment, typically 300-1000
°C, under an oxygen-free or inert atmosphere such as No
or Ar, facilitating pyrolysis and carbonization processes
[76,77]. Organic molecules undergo complex chemical re-
actions, including dehydration, decarboxylation, and arom-
atization, during thermal decomposition, forming nanos-
tructures with sp?/sp3-hybridized carbon cores and sur-
faces rich in oxygen- and nitrogen-containing functional
groups such as -COOH, -OH, and -NH5, [78]. Zhang et al.
[79] developed a sustainable green synthesis strategy using
rhubarb as a precursor to prepare rhubarb—CDs via high-
temperature pyrolysis (350 °C). These CDs had a uniform
size distribution, a surface rich in bioactive groups, and
multiple biological activities for treating UC. The Rhubarb-
derived Carbon Dots promote rapid hemostasis through in-
creasing platelet aggregation, producing anti-inflammatory
effects via inhibiting the nuclear factor-xB (NF-xB) signal-
ing pathway, protecting antioxidants through ROS scaveng-
ing, and effectively maintaining the barrier function of the
intestinal mucosa. Wang et al. [80] used kudzu root (P. lo-
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batae Radix, PLR) as a raw material to prepare novel CDs
via pyrolysis. These CDs reduced serum uric acid levels
by inhibiting xanthine barrier function activity, offering in-
sights into treating hyperuricemia.

TCM-CDs: Nanopharmaceutical Platforms
for Treating IBD

This section focuses on CDs derived from TCM based
on the above-described systematic classification of and
strategies for synthesizing CDs. This section describes the
screening of active ingredients from TCM prior to synthe-
sizing TCM-CDs, the synthesis process, and the therapeutic
mechanisms of TCM-CDs, such as potent ROS scavenging,
synergistically regulating the gut microbiota, and the mod-
ulation of inflammatory signaling pathways (Table 2).

Strategies for Designing CDs Derived from TCM

Although TCM-CDs possess SOD, CAT, and other
enzyme-mimetic activities, most TCM-CDs are in the early
stages of development. A specific method of design-
ing TCM-CDs is lacking. The catalytically active sites
in nanozymes have been precisely engineered via mod-
ulating the surface electronic structure, introducing het-
eroatom dopants, and tuning the edge defect density in
CDs. The enzyme-mimetic properties of CDs are gener-
ally created using pristine CDs, which intrinsically mimic
enzymes; CDs functionalized via heteroatom doping; or hy-
brid nanozymes constructed via integrating CDs with other
functional materials [7]. TCM precursors are intrinsically
rich in phenolic hydroxyls, quinones, alkaloids, and other
structural motifs that can be thermally converted into con-
jugated sp? domains, C—N/C=N linkages, or metal coordi-
nation sites during carbonization, providing natural tem-
plates for the in situ construction of catalytic centers. Fur-
thermore, multiple parameters—including charge, particle
size, and surface modification—are intimately involved in
the preparation methods of different nanoparticles. Conse-
quently, the design and fabrication process must carefully
consider the nanoparticles’ compatibility, stability, biolog-
ical activity, and safety [81].

CDs are primarily composed of carbon, hydrogen, and
oxygen; hetero-elements such as sulfur, nitrogen, and phos-
phorus are frequently incorporated into these CDs to mod-
ulate their properties. Moreover, metal-containing CDs,
such as Fe-, Cu-, or Ni-doped CDs, are commonly synthe-
sized to enhance their intrinsic catalytic activity. Conse-
quently, the type of precursor substrate can be deliberately
varied during the design phase to achieve heteroatom dop-
ing, enabling the precise control of the elemental compo-
sition of the resulting CDs [82]. Cui et al. [83] synthe-
sized iodine—copper—zinc ternary-doped carbon dots (Cu,
Zn, I-CDs) by introducing metal ions during carbonization.
These dots exhibited simultaneous CAT-, SOD-, and glu-
tathione peroxidase-mimetic activities, enabling the scav-
enging of overproduced ROS for UC therapy. Additionally
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Fig. 2. Classification and synthesis of TCM-CDs. Bottom-up (e.g., hydrothermal/solvothermal, microwave-assisted synthesis, pyrol-

ysis) methods use TCMs as carbon sources, undergoing carbonization and functionalization under specific conditions to produce CDs

with defined size, surface chemistry, and bioactivities.Created in BioRender.Huang, C. (2026) https://BioRender.com/gmqallg.

I doping endowed Cu, Zn, and I-CDs with enhanced triple-
antioxidant nanozyme activity compared with that of Cu,
Zn-CDs. Gao et al. [84] used Scutellaria barbata (SB) and
Herba Hedyotis diffusae (HHD) as precursors to fabricate
SB-HHD-CDs via a one-step hydrothermal method. These
CDs are less expensive, free from selenium and metals, and
do not have the intrinsic cytotoxicity associated with con-
ventionally doped CDs. The antioxidant performance of
these CDs was comparable to or superior to that of their
counterparts, notably exhibiting robust SOD-mimetic activ-
ity. Nie et al. [85] engineered dynamic ROS nanoregulators
derived from TCM-CDs by tailoring their surface states for
the on-demand treatment of inflammation or infection erad-
ication. Three distinct CDs were synthesized: honeysuckle-
, dandelion-, and taxus leaf-derived CDs (HOCDs, DACDs,
and TACDs, respectively). The HOCDs selectively scav-
enged harmful ROS, TACD generated bactericidal ROS
upon photodynamic activation, and DACDs exhibited anti-
inflammatory and antimicrobial effects, acting as a dynamic
modulator of infectious chronic inflammatory conditions.

In summary, CDs with enzyme-mimetic activities can
be developed on demand through flexibly manipulating het-
eroatom doping, using TCM precursors as natural tem-
plates, and precisely regulating surface chemistry.

Screening and Advantages of TCMs as Carbon Sources

The active ingredients in TCMs with the potential for
treating IBD must be precisely screened to serve as carbon
sources. This strategy can reveal the mechanism through
which TCM-CDs act in treating IBD, which can guide the
development of efficient targeted CD nanomedicines for
IBD [86]. The screening process must be specifically de-
signed based on the core pathological features of IBD, such
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as chronic inflammation, oxidative stress, and intestinal
barrier damage [87]. TCM:s are rich in specific bioactive
molecules such as polyphenols, alkaloids, and flavonoids,
and are thus suitable carbon sources. The screening crite-
ria should focus on the inherent potent anti-inflammatory
and antioxidant properties of candidate TCM components
[88]. The possible synergistic effects of the conversion of
TCMs into CDs must be prospectively evaluated, for ex-
ample, increasing the solubility and bioavailability of the
original drug, endowing or enhancing nanozyme activity,
and strengthening the targeting ability. These evaluations
are required to ensure that the final TCM-CDs accurately
intervene in the complex pathological network of IBD.

Tanshinone IIA is a bioactive compound extracted
from Salvia miltiorrhiza (Danshen) has been highlighted in
in-depth studies of TCMs for treating IBD [89]. Tanshi-
none ITA exerts therapeutic effects via modulating the NF-
kB signaling pathway, effectively alleviating IBD symp-
toms, demonstrating substantial potential as a therapeutic
agent for managing IBD. The traditional Chinese herb, Cop-
tis chinensis (Chinese gold thread), has similarly attracted
attention. Berberine is a classic isoquinoline alkaloid de-
rived from this plant, has emerged as a research hotspot.
Zhu et al. [90] leveraged the distinctive pharmacologi-
cal properties of berberine to effectively treat UC through
modulating the IL-6/signal transducer and activator of tran-
scription 3 (STAT3)/NF-«B signaling pathway, providing
novel perspectives and methodologies for IBD therapeu-
tics. Curcumin is a natural polyphenolic compound derived
from the rhizomes of Curcuma longa (turmeric) of the Zin-
giberaceae family. Curcumin has important pharmacolog-
ical properties, including anti-inflammatory, antioxidant,
and antiproliferative activities. Curcumin has shown ther-
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apeutic potential in managing IBD [91]. Mechanistically,
curcumin targets multiple proinflammatory signaling path-
ways through suppressing the expression of key inflamma-
tory mediators such as cyclooxygenase-2 (COX-2), lipoxy-
genase (LOX), TNF-q, interferon-y (IFN-v), and NF-xB.
This modulation effectively blocks inflammatory cascades,
attenuating intestinal mucosal damage, inhibiting inflam-
matory cell infiltration, reducing the colon weight-to-length
ratio, and increasing survival rates [92,93]. The chemical
stability and natural availability of curcumin confer distinct
advantages over conventional synthetic anti-inflammatory
agents, such as lower production costs and fewer adverse
effects during long-term administration [94].

Active ingredients, such as berberine and curcumin,
along with their derivatives and structural features, are
likely retained or transformed during carbonization, endow-
ing the resulting CDs with biological activities highly rele-
vant for treating IBD. Gambogic acid is a natural anti-tumor
compound, but its clinical translation is limited due to poor
water solubility, significant toxic side effects, and low tar-
geting ability. To overcome these limitations, Qiu et al.
[95] developed M@GaGaNPs, achieving the dual effects of
precision therapy and immune activation. This constitutes
an innate advantage of TCM-CDs over ordinary or chemi-
cally synthesized CDs.

Green TCM-CD Preparation Strategies

Herbal CDs are primarily synthesized via top-down
approaches, including hydrothermal and solvothermal,
microwave-assisted, and pyrolytic methods. The core ob-
jectives of these methods for preparing TCM-CDs, regard-
less of the approach used, are maximizing the retention
or transformation of active groups/structures derived from
TCMs such as phenolic hydroxyl groups, quinone struc-
tures, and nitrogen-containing heterocycles; and produc-
ing nanozyme activity via regulating temperature, time, and
precursor treatment.

HOCDs and DACDs are rich in phenolic hydroxyl
groups and exhibit ROS-scavenging capacities. The sur-
faces of DACDs and TACDs contain C—N/C=N bonds;
DACDs and TACDs possess a band structure that favors
absorption in the red region and facilitates Os*~ genera-
tion during light-induced sterilization [85]. Patel ef al. [96]
used banana peel waste as a raw material to synthesize ba-
nana peel carbon dots (BCDs) via a hydrothermal method.
Deionized water and ethanol were mixed in a 1:1 ratio,
and the reaction was conducted at 200 °C for 24 h. Cur-
cumin was combined with the BCDs: the hydroxyl peaks
of the BCDs were stretched, the C=C bonds extended, and
the olefin double bonds conjugated with aromatic rings,
resulting in stronger antibacterial and antioxidant activi-
ties. Architha ef al. [97] synthesized CQDs from Oci-
mum basilicum (Mexican mint) using a microwave-assisted
method. FT-IR spectroscopy confirmed the presence of var-
ious functional groups, such as -OH, -CH, C=0, and C-O,
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in the CQDs. CDs were successfully prepared via the high-
temperature calcination of Artemisia argyi leaves in a muf-
fle furnace, with -OH, C=N, and C=0 groups present on
the CD surfaces. These CDs produced antifrostbite effects,
potentially achieved by reducing the concentrations of IL-
15 and TNF-a. Although these CDs were easy to prepare,
the preparation process potentially negatively impacted the
pharmacological activities of the TCMs [98]. Deng et al.
[91] compared honeysuckle CDs synthesized via carboniza-
tion and hydrothermal methods. Both CDs had surface
groups including -OH, -NH,, and -COOH. However, the
honeysuckle CDs synthesized via the hydrothermal method
(Hy-CDs) were rich in -NHy on the surface, exhibiting
stronger SOD enzyme activity and lower TNF-a, IL-18,
and IL-6 levels.

Unique Mechanisms of Traditional Chinese
Medicine-Derived Carbon Dots in IBD
Treatment

Intrinsic Antioxidant Activity and ROS Scavenging

The reactive ROS-mediated disruption of redox home-
ostasis in small intestinal epithelial cells can be thera-
peutically targeted using nanozymes via ROS scavenging,
achieving IBD remission [99] (Fig. 3). CDs combined
with TCMs enhance the pharmacological activity of small
TCM molecules and retain the functional groups relevant
to disease treatment, such as the hydroxyl, carboxyl, car-
bonyl, and amino groups [23]. Yang et al. [100] used
Lophatherum gracile (bamboo leaf) as the carbon precur-
sor to synthesize highly stable CDs using a green strat-
egy. These nanostructures retained the phenolic hydroxyl
groups (-OH) from the natural precursor, which exhibited
potent antioxidant activity. The CDs efficiently neutral-
ized hydroxyl radicals (*OH) and superoxide anions (O2* ™)
through electron transfer mechanisms, thereby ameliorat-
ing oxidative stress-induced damage. Notably, Lonicera
japonica (honeysuckle)-derived CDs mitigated cellular in-
flammation via eliminating ROS, as evidenced in pul-
monary injury and lung ischemia—reperfusion models [91].
Based on the pathological characteristics of IBD, stimulus-
responsive drug delivery nanoplatforms can be utilized, in
combination with Al-driven design, to develop carrier ma-
terials that are responsive to ROS, thereby achieving tar-
geted drug release [101].

Synergistic Regulation of Intestinal Flora

Another pathological hallmark of IBD is gut dysbio-
sis, in which the intestinal microbiota plays a pivotal role in
disease progression. Natural polysaccharides derived from
TCMs are fermented by gut microbiota, maintaining intesti-
nal flora homeostasis by promoting the proliferation of pro-
biotics and inhibiting the growth of harmful bacteria [102].
Simultaneously, they improve microbial metabolism and
repair mucosal barrier function, offering unique advantages
for IBD treatment. The TCMs used for treating IBD con-
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tain components such as polyphenols and alkaloids, which
produce antibacterial and anti-inflammatory effects. The
unstable and poorly water-soluble active ingredients can be
converted into CDs to achieve a synergistic effect for treat-
ing IBD. Curcumin-derived CDs are a novel class of antimi-
crobial agents that demonstrate broad-spectrum antibacte-
rial activity in animal models at elevated minimum bacteri-
cidal concentrations. These CDs effectively inhibit Gram-
positive and Gram-negative bacilli while exhibiting suit-
able physicochemical properties, including aqueous solu-
bility, biocompatibility, low cytotoxicity, and intrinsic fluo-
rescence, for medical application [103,104]. Berberine is an
active component of the traditional Chinese medicine Cop-
tis chinensis that exhibits antibacterial, anti-inflammatory,
and antioxidant properties. The increased intestinal micro-
bial abundance and community diversity of mice treated
with roasted Coptis chinensis CDs were higher than those
of mice treated with DSS, indicating that the roasted Cop-
tis chinensis CDs regulated the flora of mice with DSS-
induced colitis [105].

Targeted Regulation of Inflammatory Signaling Pathways

The pathological progression of IBD is closely as-
sociated with the aberrant activation of critical signal-
ing pathways, such as the NF-xB and NLRP3 pathways.
Herbal-derived CD nanozymes reduce the inflammation in
multiple targets through modulating these pathways. For
instance, Sophora flavescence-derived CDs ameliorated
ethanol-induced gastric mucosal injury via downregulat-
ing NF-xB signaling, thereby reducing the levels of down-
stream proinflammatory cytokines such as TNF-« and IL-6
[106]. Furthermore, Berberine-derived Carbon Dots (Ber-
CDs) exhibit a two regulatory mechanism in 5-fluorouracil-
induced colitis models: suppressing NLRP3 inflamma-
some assembly to block pathway activation and rebalanc-
ing macrophage polarization. These processes indicate a
negative correlation between proinflammatory IL-1/5 and
anti-inflammatory interleukin-10 (IL-10) levels, confirm-
ing their bidirectional modulation capability within inflam-
matory microenvironments [107]. In a Lipopolysaccharide
(LPS)-induced acute inflammation mouse model, carbon
dots derived from purple sweet potato-derived carbon dots
(CPP-CDs) demonstrated excellent performance by inhibit-
ing the TLR4/NF-xB pathway and regulating the NLRP3
inflammasome, thereby exerting anti-inflammatory effects
[108].

The Therapeutic Network of Multi-Mechanistic Synergistic
Effects

The aforementioned three major therapeutic mecha-
nisms of TCM-CDs do not function in isolation; instead,
they constitute an organic, synergistic, and mutually re-
inforcing therapeutic network (Fig. 3). Taking sepsis as
an example, researchers have proposed and validated the
“multi-target synergistic therapy” strategy—given that sep-
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sis involves cytokine storms, oxidative stress outbursts, and
multi-organ dysfunction, single-target drugs often exhibit
limited efficacy. In contrast, a nanodelivery system in-
tegrating antibacterial, anti-inflammatory, and antioxidant
functions has demonstrated significant therapeutic advan-
tages [109]. This concept offers important insights for the
treatment of IBD: IBD is likewise a complex disease driven
by the interplay of gut microbiota dysbiosis, immune dys-
regulation, and oxidative damage. As a novel type of nano-
material that integrates medicine and excipient, TCM-CDs
inherently possess multiple activities—antibacterial, anti-
inflammatory, and antioxidant—and are thus expected to
play a key role within this “triple-action” therapeutic frame-
work.

Specifically, the potent ROS-scavenging ability of
TCM-CDs directly mitigates oxidative stress-induced dam-
age to intestinal epithelial cells, laying the foundation for
intestinal barrier repair. At the same time, this creates
a microenvironment less conducive to the growth of pro-
inflammatory microbiota. Additionally, an imbalance in
the relative levels of pathogenic and beneficial bacteria may
also contribute to the persistence of IBD [110]. There-
fore, modulating the gut microbiota through direct antibac-
terial effects or by promoting the growth of beneficial bac-
teria not only competitively inhibits pathogens, but also—
through their metabolites (such as short-chain fatty acids)—
further strengthens intestinal barrier function and directly
exerts anti-inflammatory effects, thereby assisting in the
regulation of immune responses [101]. Ultimately, the in-
hibition of key inflammatory pathways such as NF-xB and
JAK/STAT curbs the inflammatory cascade at its signaling
source, reducing inflammatory cell infiltration and cytokine
storms. This, in turn, helps restore intestinal homeosta-
sis and normal redox balance. For example, Cimicifuga
Carbon Dots (CR-CDs) synthesized via pyrolysis exhibit
SOD- and CAT-like enzyme activities. They not only effec-
tively scavenge reactive oxygen species but also inhibit the
levels of TNF-« and IL-6, activate the Nrf2/HO-1 antiox-
idant signaling pathway, and balance the gut microbiota—
suppressing pathogenic bacteria while increasing beneficial
bacteria [111]. This “antioxidant-microbiota-modulating-
anti-inflammatory” triple-action synergy enables TCM-
CDs to more comprehensively intervene in the complex
pathological cycle of IBD, underscoring their significant
advantage over single-target drugs.

Limitations and Future Challenges of
TCM-CDs in Treating IBD

Despite the environmental sustainability, cost-
effectiveness, and therapeutic efficacy of TCM-CDs,
TCM-CDs face challenges in terms of long-term toxicity,
the lack of knowledge of their metabolic pathways, and
clinical translation.
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Table 2. TCM-CDs: from herbal precursors to multi-target nanotherapeutics for IBD.

TCM active in-

gredient

Original bioactivity

CDs preparation & Struc-

tural features

retained/enhanced functions after

carbonization

core mechanisms for IBD therapy

Structure-function retention & Stability mechanism

Tanshinone IIA
(from Salvia

miltiorrhiza)

Berberine (from

Coptis chinensis)

Curcumin (from

Curcuma longa)

Polyphenols

(e.g., from
Taraxacum
mongolicum,
Lonicera japon-

ica)

Alkaloids/N-
containing
compounds (e.g.,
from Sophora
flavescens, Cop-

tis chinensis)

Exerts anti-inflammatory
effects by modulating the
NF-«B signaling pathway,
alleviating IBD symptoms
[89].

Antibacterial, anti-
inflammatory, antioxidant.
Treats UC by modulating
the  IL-6/STAT3/NF-«B
pathway [90,105].

Anti-inflammatory,

antioxidant, anti-
Exhibits
therapeutic potential by

proliferative.

inhibiting multiple targets
like COX-2, LOX, TNF-
a, IFN-y, NF-xB [92-94].

Antioxidant, anti-
inflammatory.
Antibacterial, anti-
inflammatory,  regulates
signaling pathways.

Specific preparation
method not detailed in the
text. The CD structure is
anticipated to retain the
quinone active center.

Carbonized from roasted
Coptis chinensis. The
resulting CDs  (SCR-
CDs) are rich in surface
nitrogen-containing func-

tional groups [105].

Complexed with banana
peel CDs (BCDs). Post-
carbonization, its phenolic
hydroxyl groups and C=C
bonds are retained and ex-
tended, with an enhanced

conjugate system [96].

Synthesized via hydrother-
CDs sur-
face is rich in -OH, -
COOH and other func-
tional groups (e.g., Hy-
CDs are rich in -NH2) [85,
91].

Synthesized via solvother-

mal method.

mal method, etc. C-
N/C=N structures are
formed on the CD surface
[85].

Retains the ability to modulate the
NF-xB pathway and may enhance
its stability and bioavailability via

the nano-form.

1. Significantly regulates gut mi-
crobiota: Increases microbial abun-
dance and diversity.

2. Enhances anti-inflammatory ac-
tivity: Achieves bidirectional anti-
inflammatory effects by modulat-
ing inflammatory pathways (e.g.,
NLRP3) and macrophage polariza-
tion [105,107].

1. Significantly enhances water sol-
ubility, stability, and bioavailabil-
ity.

2. Gains potent broad-spectrum an-
tibacterial activity (against Gram-
positive and Gram-negative bacte-
ria).

3. Antioxidant capacity is enhanced
[96,103,104].

Potent ROS scavenging ability: Re-
tains and enhances the precursor’s
antioxidant activity, and may pos-
sess enzyme-like activities such as
SOD [91].

Gains enzyme-like catalytic func-
tions: Modulates the band structure,
enabling the generation of Oz~
under light for sterilization, or mim-
icking enzymes like SOD to scav-
enge ROS [85].

Inhibits the NF-«kB inflammatory
signaling pathway, reducing intesti-

nal inflammation [89].

1. Corrects DSS-induced gut
dysbiosis [105].

2. Inhibits NLRP3 inflammasome
activation, balances macrophage
phenotypes, and reduces pro-
inflammatory cytokines like IL-13
[107].

1. Modulates gut microbiota via di-
rect bactericidal effects.

2. Efficiently scavenges ROS, alle-
viating oxidative stress.

3. Multi-target inhibition of inflam-
matory pathways.

Directly neutralizes free radicals
like -OH and Oz, ameliorates ox-
idative stress damage, and protects
intestinal epithelial cells [91,100].

1. Photocatalytic sterilization mod-
ulates flora.
2. Scavenges ROS via enzyme-like

activities such as SOD.

The quinone structure serves as a key pharmacophore
and electron transporter. Its stability within the carbon
core post-carbonization is the structural basis for the

retained anti-inflammatory activity.

The nitrogen-containing heterocycle structure of the
isoquinoline alkaloid is transformed into stable C-
N/C=N structures post-carbonization. These struc-
tures are not only the basis for antibacterial and anti-
inflammatory activities but may also form enzyme-
like catalytic centers, conferring new biological func-

tions.

Phenolic hydroxyl groups (-OH) and the olefin-
aromatic conjugate system are key to curcumin’s an-
tioxidant activity. Under mild carbonization condi-
tions (e.g., hydrothermal method), these groups are
stably retained on the CD surface or within the struc-
ture, which is the fundamental reason for the retention

and enhancement of its function.

Phenolic hydroxyl groups (-OH) possess high stabil-
ity and are the direct active sites for ROS scavenging
by CDs. Their abundant retention during carboniza-
tion is the most direct manifestation of the “structure-
function” relationship. The hydrothermal method bet-

ter preserves active groups like -NHg [91].

Nitrogen-containing precursors form stable C-N/C=N
structures during carbonization. This structure effec-
tively modulates the band structure of the CDs, form-
ing the electronic basis for their oxidase (OXD)-like

or antioxidant enzyme (SOD)-like activity.

TCM, Traditional Chinese medicine; CDs, carbon dots; IBD, inflammatory bowel disease; DSS, dextran sulfate sodium; NLRP3, NOD-Like Receptor Pyrin Domain-Containing Protein 3; UC, Ulcerative colitis; SCR-

CDs, Roasted Coptis chinensis Carbon Dots; reactive oxygen species; SOD, Superoxide Dismutase.
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Defects in Material Synthesis: Structural Heterogeneity

TCM-CDs can be synthesized using various methods.
The different temperatures, synthesis durations, and pre-
treatment procedures of the methods result in differences
in the surface groups on the synthesized CDs, leading to
variations in enzymatic activity. Preparing TCM-based
nanozymes requires the careful selection of active ingre-
dients and the removal of excess impurities and nonessen-
tial components because TCMs contain multiple compo-
nents. Moreover, during TCM-based nanozyme synthesis,
the physicochemical properties must be optimized to ensure
high enzymatic activity, long-term stability, and the ex-
pected pharmacological effects [112]. In addition to the is-
sues of structural heterogeneity and uncontrollable enzyme-
like activity, the low retention rate of active ingredients
must be addressed. Green synthesis methods mainly in-
volve synthesizing CDs at high temperatures. However,
strict monitoring and control are required to ensure the
activity of the raw TCM materials is retained after high-
temperature treatment, and studies are needed to determine
whether byproducts are generated during the process. This
provides an opportunity for the intervention of Al. By lever-
aging machine learning to uncover hidden patterns within
high-throughput data, it holds the potential to achieve the
rational design and performance prediction of TCM-CDs.

Biological Uncertainty: Unclear Metabolism

TCM has attracted attention from researchers owing
to the potential for using TCM in areas such as antiox-
idant therapy, inflammation regulation, and neuroprotec-
tion, which is attributed to the ROS-scavenging ability of
many TCMs [113]. However, the metabolic behavior of
TCMs, which is a key factor affecting their practical appli-
cation, also requires in-depth study. The metabolic kinet-
ics of nanozymes not only directly determine their pharma-
cokinetic characteristics, including in vivo half-life, tissue-
specific distribution, and clearance rate, but also the bio-
compatibility and toxicity of intermediates or decompo-
sition products potentially generated during metabolism,
which are core parameters for evaluating the long-term
safety of the materials [114]. Similarly, challenges re-
main in optimizing drug loading and release, as well as
in addressing regulatory issues [115].Therefore, the in vivo
metabolic fates and the biological effects of the toxic
metabolites of TCMs must be systematically evaluated to
promote the clinical translation of TCM-CDs.

Barriers to Clinical Translation: Gap between Animals
and Humans

The primary route of administering nanoparticles is in-
travenous injection, which enables systemic delivery. Al-
though this approach may provide immediate symptom re-
lief in certain situations, in the context of chronic disecase
treatment, it is necessary to consider both the dosage per ad-
ministration and the dosing interval in order to achieve op-
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timal therapeutic outcomes [116]. Appropriate administra-
tion methods, such as gavage or voluntary ingestion for oral
administration and intraperitoneal or intravenous routes for
injection, must be identified for each TCM-CDs treatment
to maximize efficacy and ensure high biosafety. Differ-
ent administration strategies may strongly affect the biodis-
tribution, metabolic behavior, and toxicity of nanozymes.
Therefore, the administration route must be optimized by
combining the material properties, target indications, and
in vivo metabolic kinetics. This research will not only help
to increase the efficacy and safety of TCM-CDs but also
promote the clinical translation of TCM-CDs by increas-
ing the predictability of the use of TCM-CDs. The findings
will serve as an important link in realizing the transition
from experimental research to clinical application [117].
In addition, the yield of TCM-CDs is relatively low. For
example, the yield of Ligusticum chuanxiong carbon dots
was relatively similar, at approximately 10%, regardless of
the synthesis method [118]. Although synthesizing TCM-
CDs is relatively simple, the preparation process has strict
requirements on experimental equipment, reaction condi-
tions, and subsequent characterization and detection tech-
nologies. In addition, the required subsequent processing
procedures, such as purification steps, may lead to a sub-
stantial increase in overall cost.

Future Outlook: Design Integrating
Artificial Intelligence

Integrating Al with TCM-CDs is driving a paradigm
shift in IBD management, enabling the development of pre-
cise and personalized therapeutic strategies and promoting
the translation of these nanozymes from the laboratory to
the clinic.

Precise AI-Driven Molecular Design

Although TCM-CDs show potential for treating IBD,
further development is facing the above-mentioned chal-
lenges. Al technology has provided a tool to solve these
problems and avoid traditional R&D paradigms (Fig. 4).
The key problem with TCM-CDs is their black-box charac-
teristics: the precursor components are complex, and the
synthesis involves numerous parameters. The structure—
activity relationships of TCM-CDs remain unclear. Al
technologies, particularly machine learning and deep learn-
ing, can be used to efficiently process complex high-
dimensional and nonlinear data. Machine learning is a
subdiscipline of Al in which computer algorithms use sta-
tistical models to learn associations, for example, within
provided datasets such as Dragon Dictation, SPAM detec-
tion, and Netflix recommendation systems, thereby show-
ing predictive capabilities [119]. Deep learning is a promi-
nent area in the current ML field, with the core being the
deep neural network. The DNN draws on the connection
patterns of neurons in the human brain and the logic of
information transmission. DNNs used multilayered pro-
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Fig. 3. Schematic illustration of the multi-mechanism synergistic action of TCM-CDs in IBD therapy. This figure comprehensively

illustrates the multi-mechanism synergistic therapeutic effects of TCM-CDs against IBD. The graphic sequentially depicts, from left to

right: the pathological intestinal microenvironment in IBD, the oral delivery and targeting process of TCM-CDs, and their multifaceted

therapeutic actions at the disease site. TCM-CDs alleviate oxidative stress by scavenging ROS via SOD/CAT-mimetic activities, correct

dysbiosis by modulating gut microbial balance, and reduce immune-inflammatory responses by inhibiting key signaling pathways such
as NF-kB/NLRP3, thereby synergistically promoting the repair of the intestinal mucosal barrier. Created in BioRender. Huang, C. (2026)

https://BioRender.com/jo53w2u.

cessing to automatically extract key information from data
such as identifying edges in images or capturing semantic
meaning from text. Deep learning does not need manually
predesigned features and can accurately interpret data, as-
sisting with complex tasks such as image recognition and
language comprehension [120]. Through high-throughput
techniques and Al, the specific design and optimization of
lipid nanoparticles (LNPs) have been achieved, address-
ing the time-consuming and labor-intensive nature of tra-
ditional approaches [121].

Al models can be trained by establishing a large
database containing the chemical components of TCM pre-
cursors, synthesis process parameters (temperature, time,
pH, etc.), structural characteristics of CDs (size, functional
groups, and doping elements), and in vitro and in vivo
efficacy and toxicity data. The ultimate goal is reverse
efficacy-oriented design: the desired therapeutic effects,
such as targeted inhibition of NLRP3, efficient scavenging
of ROS, could be input to the Al model, which could recom-
mend the optimal TCM precursors and synthesis schemes.
This scheme could markedly shorten the research and de-
velopment cycle and reduce trial-and-error costs. Liu et al.
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[122] proposed an Al-driven inverse design approach for a
drug delivery platform that spans from molecular chaper-
one screening to hierarchical supramolecular construction,
achieving the co-assembly of baicalin and tranexamic acid.

TCM is profound and extensive, and the precursors
derived from Chinese herbs are highly complex. However,
based on existing clinical experience in traditional Chi-
nese medicine and ancient texts, the theory of “monarch-
minister-assistant-guide” enables multi-herb synergy to op-
timize therapeutic efficacy. By leveraging Al to mine liter-
ature data and optimize synthesis parameters in real time,
new directions emerge for the design of multifunctional
TCM compound formulas, enhancing both therapeutic out-
comes and product consistency [123].

Enabling Clinical Precision Therapy

Combining Al and TCM-CDs will hopefully guide
the development of personalized precision medicine for pa-
tients. The proposed Al-driven endo-histo-omics frame-
work and the core concept of intestinal barrier repair, in-
tegrating clinical, endoscopic, histological and molecular
data, could improve IBD management, enabling accurate

www.ecmjournal.org


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v058a09
https://BioRender.com/jo53w2u

European Cells and Materials Vol.58 2026 (pages 102—118) DOI: 10.22203/eCM.v058a09

Expected treatment

Al-Driven Design-Analysis-

effect Validation Cycle Final Goal
e ROS Input Output
—\ )
clearance omEn
ot ene ompoun:
* Inhibition g oetatase » Optimal
Of Parameters TCM &
(e.g.
emperature, precursor,
NLRP3: :Imep] ' —e A' » |+ Best — >
COX-2, ® S synthests
TNF-a ) Data [ (S protocol N\
« InVitro / In
|FN-Y; V:%m Machine Experimental Personalized
NF-kB et Learning / Deep Validation TCM-CDs
| Learning | Nanomedicine

Fig. 4. Workflow of artificial intelligence (Al)-assisted design of TCM-CDs. This framework involves a closed-loop optimization

process where Al powers the rational design of TCM-CDs. Data on TCM precursors, synthesis parameters, CD structural properties, and

in vitro and in vivo efficacy and toxicity are incorporated into a central database, from which machine learning and deep learning models
decipher complex structure—activity relationships. This process enables reverse efficacy-oriented design. The experimental results and
new data are fed back into the Al system, creating an iterative cycle for continuous refinement and enhancing nanozyme performance.
Created in BioRender. Huang, C. (2026) https://BioRender.com/jsdmgjy.

patient stratification and outcome prediction [124]. Fu-
ture studies should focus on developing multifunctional CD
nanozyme platforms. These platforms could be integrated
with Al and multiomics technologies and a collaborative
big data approach could be adopted to advance toward pre-
cision medicine for IBD [125]. Simultaneously, integrating
intestinal organoid technology to model IBD pathology, in
combination with organ-on-a-chip platforms, will enhance
the reliability of preclinical studies and reduce reliance on
animal experiments. By using Al as a bridge, TCM-CDs
can be better aligned with clinical applications, thereby pro-
moting the further advancement of TCM-CDs [126].

Conclusions

TCM-CDs provide promising therapeutic platforms
for treating IBD. TCM-CDs effectively address the core
pathological features of IBD, including oxidative stress,
gut dysbiosis, and chronic inflammation, by leveraging the
bioactivities of TCM components and the versatile catalytic
functions of CDs. Green synthetic approaches enable the
retention and enhancement of bioactive functional groups
of TCMs, endowing TCM-CDs with superior antioxidant,
antibacterial, and anti-inflammatory properties than tradi-
tional treatments.

However, the adoption of TCM-CDs faces several
challenges, including structural heterogeneity, low active
ingredient retention, unpredictable metabolic behaviors,
and difficulties in clinical translation such as administration
route optimization and industrialization costs. Future ef-
forts should focus on standardizing the synthesis protocols,
identifying the in vivo metabolic pathways through which
TCM-CDs function, and conducting well-designed preclin-
ical and clinical studies.
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Al could be applied to overcome these barriers. Al-
driven molecular design and multiomics-based patient strat-
ification have potential for developing precision therapy,
enabling the reverse design of TCM-CDs with tailored ther-
apeutic effects and minimal side effects.

In summary, TCM-CDs not only bridge the gap be-
tween traditional medicine and modern nanotechnology but
also open new avenues for the development of safe, effec-
tive, and personalized nanomedicines for IBD.
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5-FU, 5-Fluorouracil; AI, Artificial Intelligence;
BCDs, Banana Peel Carbon Dots; Ber-CDs, Berberine-
derived Carbon Dots; BS-CDs, Bletilla striata Carbon
Dots; CAT, Catalase; CDs, Carbon Dots; CNDs, Carbon
Nanodots; COX-2, Cyclooxygenase-2; CPDs, Carbonized
Polymer Dots; CPP-CDs, purple sweet potato derived car-
bon dots; CQDs, Carbon Quantum Dots; CR-CDs, Cimi-
cifuga Carbon Dots; Cu,Zn,I-CDs, lodine—copper—zinc
ternary-doped carbon dots ; DACD, Dandelion-derived;
DL, Deep Learning; DNN, Deep Neural Network; DSS,
Dextran Sulfate Sodium; G-CDs, Donkey-Hide Gelatin
derived carbon dots; GCD, Ginger-derived Carbon Dots;
GOx, Glucose Oxidase; GPx, Glutathione Peroxidase;
GQDs, Graphene Quantum Dots; HHD, Herba Hedyotis
diffusae; HOCD, Honeysuckle-derived Carbon Dots; Hy-
CDs, Lonicera japonica-derived Carbon Dots; IBD, In-
flammatory Bowel Disease; IFN-y, Interferon-y; IL, In-
terleukin; IL-10, interleukin-10; IL-1p, interleukin-1 beta;
IL-6, interleukin-6; LC-CDs, Ligusticum chuanxiong Car-
bon Dots; LNPs, lipid nanoparticles; LOX, Lipoxyge-
nase; LPS, Lipopolysaccharide; M-CDs, RNA-targeting
red-emitting Carbon Dots; ML, Machine Learning; MPO,
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myeloperoxidase; M@GaGaNPs, GA/Ga3T nanoparticles;
NF-kB, Nuclear Factor Kappa-B; NLRP3, NOD-Like Re-
ceptor Pyrin Domain-Containing Protein 3; OXD, Oxi-
dase; PLR, P. lobatae Radix; POD, Peroxidase; ROS, Re-
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