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Abstract: Chinese herbal medicines and their extracts will produce nano-components of charcoal drugs after high-temperature
carbonization, and the process is similar to that of carbon dots (CDs). Chinese herbal medicine-derived CDs (CHM-CDs) are a new
carbon-based nanomaterial with a particle size of less than 10 nm discovered in charcoal drugs in recent years. CHM-CDs possess a range
of beneficial traits, such as minimal toxicity, strong water solubility, superior biocompatibility, and remarkable photoluminescence
capabilities. Additionally, they exhibit multifaceted pharmacological activity in the absence of drug loading. Over the past half-decade,
numerous publications have presented evidence suggesting that CHM-CDs exhibit a wide array of pharmacological effects. These
primarily encompass hemostatic capabilities, neuroprotection, anti-infective, antitumor, immunomodulatory effects and hypoglycemic
activity. Notably, they have been associated with circulatory system, digestive system, nervous system, immune system, endocrine
system, urinary system and skeletal system. This article systematically reviews the modern pharmacological effects and potential
mechanisms of CHM-CDs, offering insights into current challenges and proposing directions for future advancements. As such, it serves
as a vital reference for the clinical application of CHM-CDs.
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Introduction

Originally discovered by Scrivens in 2004, carbon dots (CDs) are zero-dimensional nanomaterials featuring a carbon frame-
work and a diameter of under 10 nanometers.' As an innovative form of carbon-based nanomaterials, CDs are distinguished by
their notable features, including strong photoluminescence,” excellent water solubility,> good biocompatibility,* tunable
chemical properties,” and photochemical stability.® They have sparked significant interest across multiple sectors, including
bioimaging,’ biosensing,® biological monitoring,” drug delivery'® and cancer therapy.'' With the continuous development of
nanomedicine, CDs are expected to become an important tool in future medical diagnosis and treatment.'? Therefore, in-depth
research into the biomedical properties of CDs and further improvements in their preparation and functionalization strategies
will provide more innovative solutions for the practical applications of nanomedicine.

In recent years, researchers have concentrated on refining the techniques for creating these materials and broadening their
range of uses, placing greater emphasis on the investigation of synthetic raw materials derived from both chemical and natural
substances. At present, chemically synthesized CDs have the advantages of fast preparation speed and high yield, their
potential toxicity and complex synthesis process remain the main limiting factors in their biomedical applications. In contrast,
biomass-based CDs show greater potential due to their low toxicity and high biocompatibility.'> Furthermore, by precisely
controlling the synthesis conditions, the physicochemical properties of the CDs can be adjusted to meet specific application
requirements. Researchers are turning their attention to green precursors with specific therapeutic properties after considering
the need for low toxicity and clinical safety application.'* Compared with chemically derived CDs, Chinese herbal medicine-
derived CDs (CHM-CDs) have the advantages of abundant raw material sources, simple preparation methods, good
biocompatibility, good water solubility, low toxicity, and low cost, and are an ideal CDs precursor material selection.'>'®
More notably, Chinese herbal medicine (CHM) is rich in a variety of active ingredients that make them a direct route to

heteroatoms.
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As illustrated in Figure 1, currently, hydrothermal method and pyrolysis method with the advantage of one-bond
synthesis are the main means of preparing CHM-CDs, which further broadens the application range of CHM-CDs.
Different process parameters change the chemical bond splitting mode of various chemical components in the original
CHM, which in turn leads to changes in the particle size, crystal structure and biological activity of the formed CHM-
CDs."” CHM-CDs eco-friendly synthesized from different precursors and under different conditions exhibit varying
characteristics, primarily in terms of size, charge, and chemical groups.'® Due to their high surface area and sp2 kernel
characteristics, CHM-CDs can be combined with various hydrophobic molecules through n-n* accumulation or electro-
static interaction, which further increases water solubility.'>*® Therefore, the poorly soluble CHM is carbonized to
extract its derived CHM-CDs, which can improve the physical properties such as poor water solubility while retaining
the original biological activity or reducing toxic side effects, and improve the bioavailability of CHM.

In this review, we systematically focused on discussing the modern pharmacological activities and mechanisms of
CHM-CDs. Due to the different content of active ingredients in Chinese herbal medicines, the CHM-CDs derived from
them also exhibits a variety of biological activities. The pharmacological activities and potential mechanisms of CHM-
CDs were discussed in terms of its effects on circulatory system, digestive system, nervous system, immune system,
endocrine system, urinary system and skeletal system. Finally, we discuss the prospects and challenges of CHM-CDs.

Precursor Sources of CHM-CDs

The precursor of CHM-CDs is derived from charcoal Chinese herbal medicine (C-CHM), a product of pyrolysis of natural
green CHM. C-CHM is a distinctive form of CHM exhibiting broad pharmacological effects, formulated through a similar
carbonization process applied to different base herbal medicine. It has a long history of wide clinical application. Its
applications span a wide array of common disorders in internal, external, gynecological, and pediatric medicine, including
but not limited to hemorrhage, trauma, carbuncles, stroke, rheumatic disorders, measles, eczema, menstrual disorders in
women, cough in children, convulsions, and food stagnation. Its unequivocal efficacy has been validated through generations
of clinical practice and is continually substantiated by contemporary pharmacological research.?'*

Records of the Medicinal Use of C-CHM

The earliest known utilization of C-CHM is recorded in the Fifty-Two Diseases Prescription, a seminal work from the
Qin and Han dynasties. As the most ancient extant medical prescription book, it carries a historical legacy surpassing two
thousand years. The Fifty-Two Diseases Prescription recorded 31 kinds of charcoal medicine, including human hair,
Fuligo Plantae, Velvet Antler, and Achyranthis Bidentatae Radix, which were mainly used to treat more than 10 kinds of
diseases such as wounds, abscesses, epilepsy, and urinary retention. The preparation technology of C-CHM began to be
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Figure | The flowchart for the synthesis process of CHM-CDs.
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used in the Han Dynasty, the record of “stir-fried charcoal retained nature” in Synopsis of the Golden Chamber is
considered to be the first quality standard for the preparation of C-CHM. During the Song and Yuan Dynasty, Miraculous
book of Ten Recipes recorded the famous hemostatic formula called Ten Ashes Formula for the treatment of hemoptysis
in consumptive disease. The theory of stir-fried carbon for hemostasis was preliminarily established and continues to be
extensively employed in contemporary clinical practice. The Ming and Qing dynasties offer a more comprehensive
documentation of C-CHM, during which the practical application and theory of stir-fried carbon for hemostasis were
further refined. As of 2024, the Pharmacopoeia of the People’s Republic of China has included 27 variations of C-CHM.
In conclusion, the application of C-CHM represents a significant innovation, with its precise therapeutic effects
contributing to its lasting relevancy. Nonetheless, due to the current deficiency in understanding the efficacious

substances and mechanisms underlying charcoal medicines, their utilization remains somewhat constrained.

Breakthrough in CHM-CDs

Over the years, researchers have tried to elucidate the mechanism of enhancement or change of medicinal properties after
high-temperature carbonization of C-CHM from the perspective of small molecule compounds, which is roughly divided
into the following aspects: (1) the changes of calcium and magnesium ions play a hemostatic effect;** (2) the change of
the content of small molecules such as tannin and flavonoids is closely related to the change of their biological activity;**
(3) generation of activated carbon.”> These viewpoints are only applicable to the inference that a small number of CHM
produce medicinal effects after carbonization, and there is still a lack of unified and recognized basic research standards
for effective materials. Therefore, many researchers speculate that new substances may be formed during the process of
stir-frying charcoal, and the emergence of these substances provides a potential breakthrough for understanding their
“stir-fried charcoal retained nature” characteristics. High-temperature carbonization is the core step in forming the active
ingredients of charcoal medicine, which was detailed in the ancient text Lei Gongs Treatise on the Preparation of
Medicines. It describes the process of placing traditional Chinese medicinal materials in a sealed container and
processing them under high-temperature, oxygen-deficient conditions, with very strict control over temperature and
time, similar to the modern technique for preparing CDs. From the perspective of preparation craftsmanship, linking the
potential new substances that may appear during the preparation of charcoal medicine with the emerging nanomaterial
CDs offers an innovative viewpoint and scientific research method for exploring the key material basis behind the “stir-
fried charcoal retained nature” effect of traditional Chinese medicine. The integration of advanced technologies such as
nanomedicine with the natural products of traditional medicine offers a unique opportunity for the complementarity
between traditional and modern medical practices.”**’ The discovery of CHM-CDs is an innovative breakthrough in the
material basic research of C-CHM, which is no longer limited to the thinking constraints of the original small molecule
compounds as pharmacodynamic active ingredients, and solves the scientific problems of the basis of C-CHM from the
perspective of nanomaterials.

The clinical application of C-CHM has always been a focus of attention in the field of traditional Chinese medicine,
and carbonization is a key process for improving its pharmaceutical properties. The evolution of this preparation method
has transitioned from traditional methods to more scientifically validated methods, combining modern technology with
ancient wisdom. According to the existing research, the green synthetic CHM-CDs shows a wide range of pharmaco-
logical activities, with good water solubility, simple synthesis method, non-toxicity, environmentally friendly and low
cost. At present, international cooperation in the field of CHM-CDs is still in its infancy. Professor Zhao Yan’s team at
Beijing University of Chinese Medicine, where I worked during my doctoral studies, started and continued to study the
biological activity of CHM-CDs, and is also the author with the most paper output and citation times.'® The discovery of
CHM-CDs represents an innovative breakthrough in the study of the material basis of C-CHM, breaking free from the
restrictive thought that only small molecule compounds are the active components of pharmacological effects, and
providing a new perspective to answer the scientific puzzle of the material basis of C-CHM. The discovery and
development of CHM-CDs have opened up new avenues for clinical treatment and provided a promising direction for
the application of these ancient therapies in contemporary medicine.

International Journal of Nanomedicine 2025:20 https: 3047



Zhao et al

Pharmacological Effect of CHM-CDs

Previous studies*®*° have demonstrated that CHM-CDs serve as the fundamental material basis for the C-CHM activity.
Different types of CHM-CDs exhibit variations in their physicochemical properties and biological activities, and show
distinct therapeutic effects on specific diseases. As shown in Table 1 and Figure 2, current research indicates that CHM-
CDs hold significant potential in the treatment of diseases in the circulatory, digestive, nervous, immune, endocrine,
urinary and skeletal systems.*>*' This section aims to explore the pharmacological characteristics and mechanisms of

action of these CHM-CDs in order to optimize their clinical application and promote their translational use.

Impact on the Circulatory System

Hemostasis Effect

C-CHM, as a special processed Chinese medicine product under high temperature conditions, was first used in ancient
times to the treatment of hemoptysis. Currently, many scholars have confirmed that CHM-CDs were an effective material
basis for hemostatic effect in charcoal drugs, and their potential mechanisms have been preliminarily explored.®*>?
Coagulation and anticoagulation system, fibrinolysis and anti-fibrinolysis system have always been regarded as
a contradictory and mutually restrictive dynamic equilibrium system in blood.** Once the above balance is broken, the
body will have bleeding or thrombotic diseases. Among them, the process of hemostasis involves promoting vasocon-
striction, activating the coagulation system, inhibiting the activity of the fibrinolytic system, and promoting platelet (PLT)
aggregation.”> Due to the participation of various coagulation factors in the coagulation process, there are three pathways
to activate a series of coagulation factors in the stage before the formation of thrombin, namely the intrinsic coagulation
pathway, the extrinsic coagulation pathway and the common coagulation pathway.’® Activated partial thromboplastin
time (APTT) and prothrombin time (PT) are associated with intrinsic and extrinsic coagulation pathways, respectively,
while the common coagulation pathway and the activity of promoting the conversion of FIB to fibrin in plasma are
related with thrombin time (TT) and fibrinogen (FIB).

CDs derived from Pollen Typhae,’ Junci Medulla,*® Schizonepetae Herba,*® Schizonepetae Spica,*® Cirsium
Setosum,*' Cirsii Japonici,42 Selaginella Tamariscina,” Descurainiae Semen,** Phellodendri Cortex,* Scutellariae
Radix,*® Lotus Leaf,*” Dryopteridis Crassirhizomatis Rhizoma™ and egg yolk oil*® significantly shorten the bleeding
time of traumatic hemorrhagic animal models and have a significant hemostatic effect. In addition, the hemostatic effect
of Junci Medulla Carbonisata - based CDs on snake venom-induced hemorrhage model in mice is also outstanding.
There is a common trend for the reported mechanisms by which CHM-CDs exert hemostatic effects, namely, activation
of the fibrinogen system and promotion of platelet aggregation to exert hemostatic effects. However, the overall effects
are not completely consistent. Among them, the CDs derived from Junci Medulla,*® Schizonepetae Herba,* Cirsium
Setosum®' and Selaginella Tamariscina™ can reduce the PT value, indicating that they can stimulate the extrinsic
coagulation pathway to exert a hemostatic effect. The CDs in Pollen Typhae,”’ Scutellariae Radix*® and egg yolk oil*
can reduce the APTT wvalue, indicating that they can stimulate the endogenous coagulation pathway to achieve
hemostasis. More interestingly, the CDs derived from Schizonepetae Spica,*® Cirsii Japonici,** Phellodendri Cortex,*”
and Dryopteridis Crassirhizomatis Rhizoma*® had no significant effect on APTT and TT values, which may be related to
the properties of CDs prepared from different sources, such as surface charge, type of group.

Cardioprotective Effect

Acute myocardial infarction is a common cardiovascular disease, mainly caused by the rapid occlusion of the coronary
arteries leading to insufficient oxygen supply.”’® Dong et al®' reported that CDs derived from Curcumae Radix can
effectively alleviate symptoms of isoproterenol-induced myocardial infarction in rats, reducing the elevation of the ST
segment on electrocardiograms and the area of myocardial infarction. Additionally, CRC-CDs can increase the ejection
fraction and shorten the fractional shortening of the heart. Their mechanism of action may be related to enhancing the

antioxidant capacity of cardiac tissue and reducing apoptosis of cardiomyocytes.
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Table | Pharmacological Effects of Carbon Dots Derived from Chinese Herbal Medicine

Pharmacological Effects Chinese Herbal Synthetic Preparation Particle Size Potential Mechanisms
Medicine Methods Condition Distribution (nm)
Hemostasis Pollen Typhae Pyrolysis 350°C/1h 2.0-8.0 Reducing APTT, increasing FIB and PLT
Egg Yolk Oil Pyrolysis 260°C/lh Less than 10 Reducing APTT, increasing FIB and PLT
Junci Medulla Pyrolysis 350°C/1h 1.0-8.0 Reducing PT, increasing FIB and PLT
Selaginella Tamariscina Pyrolysis 350°C/1h 1.4-2.8 Reducing PT, increasing FIB and PLT
Descurainiae Semen Pyrolysis 350°C/1h 2.5-6.5 Reducing PT, increasing FIB and PLT
Cirsium Setosum Pyrolysis 350°C/1h 1.0-5.0 Reducing PT and increasing FIB
Schizonepetae Herba Pyrolysis 350°C/1h 0.84.0 Reducing PT and increasing FIB
Cirsii Japonici Pyrolysis 350°C/1h 2.0-11.0 Increasing FIB and PLT
Phellodendri Chinensis Pyrolysis 350°C/1h 1.2-4.8 Increasing FIB and PLT
Cortex
Scutellariae Radix Pyrolysis 350°C/0.5h 5.0-10.0 Regulating the levels of APTT and FIB
Dryopteridis Pyrolysis 300°C/1h 1.0-7.0 Increasing FIB and PLT
Crassirhizomatis
Rhizoma
Schizonepetae Spica Pyrolysis 350°C/lh 1.29-6.87 Increasing PLT
Lotus Leaf Pyrolysis 450°C/Ih 12.0-38.0 Reducing bleeding time
Cardioprotective Curcumae Radix Pyrolysis 360°C/lh 0.5-3.5 Reducing the apoptosis of cardiomyocytes
Anti-Frostbite Artemisia Argyi Pyrolysis 350°C/1h 6.0-10.0 Increasing the blood glucose levels
Hepatoprotective Vaccariae Semen Pyrolysis 350°C/1h 1.0-5.5 Decreasing the contents of ALT, AST, TBA and alp
Paeoniae Radix Alba Pyrolysis 350°C/1h 1.0-2.4 Decreasing the contents of ALT, AST, TBA and TBIL
Vaccaria Semen Pyrolysis 350°C/1h 1.0-5.5 Regulating TGF-B/Smad signaling pathway
Curcumae Radix Pyrolysis 350°C/1h 1.0-4.5 Decreasing the contents of ALT, AST, TBA and TBIL
Junci Medulla Pyrolysis 350°C/1h 1.0-8.0 Decreasing the contents of ALT, AST, ALP and TBIL
Platycodon Grandiflorum | Pyrolysis 350°C/1h 1.2-3.6 Decreasing the contents of ALT, AST, TBA, and TBIL
Salvia Miltiorrhiza Pyrolysis 300°C/1h 0.8-3.2 Decreasing the contents of ALT, AST, TBA, and TBIL
Gastroprotective Radix Sophorae Pyrolysis 350°C/1h 2.0-3.0 Decreasing the levels of NF-kB, TNF-a, IL-6, MDA and iNOS; Increasing the
Flavescentis contents of CAT, SOD, GSH-Px and GSH
Nelumbinis Rhizomatis Pyrolysis 350°C/1h 2.89 + 0.82 Decreasing the levels of TNF-a and
Nodus IL-6; Increasing the contents of CAT, GSH-Px and GSH
Glycyrrhizae Radix et Pyrolysis 375°C/1h 1.0-5.0 Decreasing the levels of MDA and NO; Increasing the contents of SOD
Rhizoma
Atractylodes Pyrolysis 350°C/1h 2.0-9.0 Regulating of the structure of intestinal flora
Macrocephala
Atractylodes Pyrolysis 350°C/70min 1.5-4.0 Regulating inflammatory signaling pathway of the NF-kB/NLRP3 axis
Macrocephala
Fuligo Plantae Burning - 1.4-3.2 Regulating of the structure of intestinal flora
Colon protective effect Coptidis Rhizoma Pyrolysis 350°C/1h 1.2-3.0 Enhancing the intestinal mucosal barrier function
Rhei Radix Rhizoma Pyrolysis 350°C/1h 1.44.5 Enhancing the intestinal mucosal barrier function
Platycladi Cacumen Pyrolysis 350°C/1h 48.95 + 8.59 Regulating the levels of TNF-o, IL-6 and IL-10
Rehmanniae Radix Pyrolysis 350°C/1h 0.8-3.2 Regulating the levels of TNF-q, IL-6 and IL-10

(Continued)
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Table | (Continued).

Pharmacological Effects Chinese Herbal Synthetic Preparation Particle Size Potential Mechanisms
Medicine Methods Condition Distribution (nm)
Inhibiting Cerebral Ischemia Crinis Carbonisatus Pyrolysis 350°C/1h 3.2-88 Reducing the levels of inflammation; Inhibiting the neuroexcitatory toxicity
Reperfusion Injury
Alleviating traumatic brain Semen pruni persicae Hydrothermal | 240°C/16h 2.0-5.0 Upregulate the levels of claudin-5 and ZO-|
injury and Carthamus
tinctorius L.
Antianxiety Cigarette Mainstream Burning - 1.0-6.0 Increasing the contents of NE; Reducing the levels of Glu and DA
Smoke
Os Draconis - - 1.0-5.0 Increasing the levels of 5-HT and NE; Decrease the contents of CRH, ATCH and
CORT
Chrysanthemum Pyrolysis 350°C/1h 1.4-4.0 Increasing the levels of 5-HT and NE; Decrease the contents of CRH, ATCH and
morifolium Ramat CORT
Analgesic Zingiberis Rhizoma Pyrolysis 350°C/1h 1.5-5.5 Mediating an opioid-like mechanism and the regulation of 5- HT levels
Terra Flava Usta Pyrolysis - 1.64.8 Increasing the pain tolerance time
Antivirus Glycyrrhizic Acid Hydrothermal | 180°C/7h Average size of | 1.4 | Regulating the expression level of DDX53 and NOS3 genes
Curcumin Hydrothermal | 180°C/2h 48 +0.8 Inhibiting elF4G translation and p38 kinase expression
Antibacterial Artemisia Argyi Burning - 2.0-5.0 Decreasing the activity of LPXC
Citric Acid and Hydrothermal | 180°C/24 h Less than 10 Broad-spectrum antibacterial activity
Curcumin
Onion Hydrothermal | 200°C/8 h 1.2-2.6 Decreasing volatile basic nitrogen value and total viable counts value
Antitumor Ginsenoside Re Hydrothermal | 200°C/I0h 2.8-5.6 Inhibiting the proliferation of cancer cells
Ginger Hydrothermal | 300°C/2h 43+08 Inhibiting tumor growth
Chlorogenic acid Hydrothermal | 230°C/2h 2.0-5.0 Activating a systemic antitumor immune response
Jujube Hydrothermal | Not shared Average size of 2.48 | Enhancing the phosphorylation level of STATS
Alleviating Sepsis Armeniacae Semen Pyrolysis 300°C/1h 1.5-5.5 Reducing inflammation levels and enhancing antioxidant capacity
Amarum
Descurainiae Semen Pyrolysis 350°C/1h 2.5-6.5 Reducing inflammation levels and enhancing antioxidant capacity
Mulberry Silkworm Pyrolysis 350°C/Ih 2.26-9.35 Inhibiting the levels of IL-6 and TNF-a
Cocoon
Lonicerae Japonicae Flos | Pyrolysis 350°C/1h 1.0-10.0 Reducing the levels of TNF-o, IL-1p, IL-6 and PGE2
Anti-psoriasis Phellodendri Chinensis Pyrolysis 400°C/I h 0.5-3.6 Regulating the M1/M2 macrophage polarization
Cortex
Hypoglycemic Jiaosanxian Pyrolysis - 4.4-6.4 Regulating blood sugar
Fructus Crataegi Pyrolysis 350°C/1h 1.3-5.6 Inhibiting the activity of sucrase and maltase
Regulating hormone levels Glycyrrhizae Radix et Pyrolysis 375°C/1h 1.77 £ 0.38 Increasing the level of estradiol

Rhizoma
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Nephroprotective

Treating gouty arthritis

Antiallergic
Anti-Diarrhea
Antioxidant

Phellodendri Chinensis
Cortex

Astragali Radix

Pollen Typhae
Puerariae Lobatae Radix
Aurantii Fructus
Immaturus
Scutellariae Radix
Granati Pericarpium
Black Soya Beans
Red Cabbage
Gynostemma

Pyrolysis

Pyrolysis
Pyrolysis
Pyrolysis
Pyrolysis

Pyrolysis
Pyrolysis
Pyrolysis
Hydrothermal
Pyrolysis

350°C/1h

350°C/1h
400°C/Ih
300°C/1h
350°C/1h

350°C/1h
350°C/1h
200°C/4h
220°C/36h
400°C/4h

2.84 + 0.89

0.9-3.3
4.85 + 2.06
3.0-10.0
1.1-4.4

2.0-9.0
1.2-2.3
5.16 + 0.30
2.0-6.0
249 + 043

Decreasing the levels of SCR, BUN, UTP and MALB

Regulating Akt/Mdm2/p53 signaling pathway

Reducing inflammatory responses and oxidative stress levels
Inhibiting the activity of XOD

Reducing the levels of IL-1B, TNF-o and XOD

Reducing the levels of histamine and inflammatory factors
Decreasing degree of diarrhea

The electron transfer between the N-CDs and the free radical
Scavenging free radicals

Promoting the expression levels of antioxidant genes mRNA
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Figure 2 Schematic of the main pharmacological effects for CHM-CDs.

Anti-Frostbite Effect

Frostbite caused by cold environments can cause varying degrees of damage to cells and tissues, but there is a lack of
corresponding interventions.>* Kong et al>® reported that AAFC-CDs can significantly improve stiffness in frostbitten
mice. In multiple experiments simulating the refreezing and rewarming cycle of ice baths, AAFC-CDs effectively
reduced tissue damage and ecar frostbite caused by cold, and showed the ability to improve the body’s tolerance to
frostbite and alleviated the stiffness caused by frostbite. Further research found that AAFC-CDs may reduce the
concentration of inflammatory factors and provide energy to the body under frostbite conditions by reducing the increase
in blood sugar caused by frostbite.

Impact on the Digestive System

Hepatoprotective Effect

The liver is a key hub of many physiological processes, and plays many important roles in metabolism, detoxification,
and hematopoietic production.’® Liver injury is defined as acute liver dysfunction caused by viral infection, hepatotoxi-
city, toxic substances, or hepatic ischemia-reperfusion.”®> Alcoholic liver injury is mainly the result of oxidative stress,
inflammatory mediators and nutritional imbalance directly or indirectly induced by ethanol and its derivatives
metabolism.’® Zhao et al’’ reported that CDs derived from Vaccariae Semen alleviated the abnormal contents of ALT,
AST, TBA and ALP in alcohol-induced liver injury mice. Carbon tetrachloride (CCI4) can induce lipid peroxidation by
activating liver microparticle somatic pigment P450 to produce free radicals and covalently bind to macromolecules in
liver cells.’® It has been reported that CDs derived from Paeoniae Radix Alba,” Vaccaria Semen®® and Curcumae
Radix®' improved the abnormal condition of ALT, AST, TBA and TBIL in CCl4-induced liver fibrosis mice, and the
mechanism of its anti-liver fibrosis may be related to reducing inflammation and regulating TGF-f/Smad signaling
pathway. Moreover, Junci Medulla-based CDs (JMC-CDs)*® can inhibit the increase of ALT, AST, ALP and TBIL
induced by snake venom in the process of liver injury induced by snake venom. Platycodon Grandiflorum-based CDs®*
and Salvia Miltiorrhiza-based CDs®® can suppress the abnormal levels of ALT, AST, TBA, and TBIL in the serum of
mice with hyperbilirubinemia, effectively alleviating liver damage caused by hyperbilirubinemia. These results lay the
foundation for the development of CHM-CDs as a new type of hepatoprotective drug and also provide experimental

evidence for the clinical nanomedicine treatment of liver injury diseases.
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Gastroprotective Effect

The pathogenesis of gastric ulcer is mainly the imbalance between the defense mechanism of gastric mucosa and external
invasive factors, including gastric acid, pepsin, infection, genetics, constitution, environment, diet, lifestyle, and
neuropsychiatric factors.* It has been reported®>®’ that CDs derived from Radix Sophorae Flavescentis, Nelumbinis
Rhizomatis Nodus and Glycyrrhizae Radix et Rhizoma (GRR-CDs) had a certain protective effect on the acute gastric
ulcer model of alcohol-induced rats, which can inhibit the inflammatory response of gastric tissue by reducing the level
of NF-kB and the concentration of tumor necrosis factor (TNF-0) and interleukin (IL)-6, while the aforementioned
CHM-CDs increased the activity levels of catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-
Px), GSH and reduce the contents of malondialdehyde (MDA), nitric oxide (NO) and inducible nitric oxide synthase
(iNOS) to relieve symptoms of alcohol-induced oxidative stress levels. In addition, Lu et al®®*7® reported that CDs
derived from Atractylodes Macrocephala and Fuligo Plantae have anti-stress and anti-alcoholic gastric ulcers effects,
with an inhibition rate ranging from 60% to 90%. Therefore, the aforementioned CHM-CDs not only alleviated abnormal
levels of inflammatory factors and oxidative stress, but also reduced excessive neuroendocrine responses caused by stress
and alcohol, regulated energy metabolism and intestinal flora structure, which improved the damage of gastric ulcers to
the body. In summary, the intrinsic mechanism of CHM-CDs in the treatment of gastric ulcer disease is mainly related to
the regulation of NF-«kB signaling pathway, the improvement of the anti-inflammatory and antioxidant effects of the ROS
system, and the regulation of the structure of intestinal flora, which provides an experimental basis for the clinical
application of CHM-CDs in the treatment of gastric ulcer.

Colon Protective Effect

Ulcerative colitis (UC) is a chronic and nonspecific intestinal inflammation involving the colon, rectum, and submucosa,
with clinical manifestations such as tenesmus, mucopurulent bloody stools, abdominal pain, and diarrhea.”" In recent
years, relevant studies have indicated that CDs derived from Coptidis Rhizoma’ and Rhei Radix Rhizoma’ have
a significant alleviating effect on dextran sodium sulphate-induced ulcerative colitis in mice. The mechanism of action
may be related to enhancing the intestinal mucosal barrier function, improving inflammatory levels, and regulating the
composition of the gut microbiota. Bai and Chen et al’*’® reported that CDs derived from Platycladi Cacumen and
Rehmanniae Radix effectively relieved the symptoms of UC in rats caused by 2,4,6-trinitrobenzenesulfonic acid, and
improve the degree of blood in the stool and diarrhea. Moreover, the aforementioned CHM-CDs decreased the levels of
TNF-0, IL-6 and MPO, and increased the contents of IL-10, which indicated that CHM-CDs can regulate the balance
between pro-inflammatory and anti-inflammatory factors to improve symptoms of UC. These results imply that CHM-
CDs have the potential to become nanomedicines for the treatment of bowel diseases.

Impact on the Nervous System

Inhibiting Cerebral Ischemia Reperfusion Injury

Ischemia-reperfusion injury includes primary injury caused by ischemia and secondary injury caused by
reperfusion.”® Once the brain undergoes ischemia/reperfusion, the tissue cells may undergo calcium overload,
oxidative stress, endoplasmic reticulum stress, apoptosis, autophagy, and other reactions, which will affect the normal
physiological structure and function of brain tissue.”” The breakdown of the blood-brain barrier (BBB) is a key event
in the development of ischemic stroke. The pathology caused by ischemic stroke increases the permeability of the
BBB and further leads to brain swelling.”® Zhang et al’® isolated a novel type of CDs derived from Crinis
Carbonisatus (CrCi-CDs) and utilized a rat model of middle cerebral artery occlusion (MCAO) to verify the
neuroprotective effect of the CrCi-CDs. The results showed that CrCi-CDs could significantly reduce ischemic injury
volume and BBB permeability in MCAO rats, improve neurological deficits, reduce the levels of tumor necrosis
factor TNF-a and IL-6, and inhibit the excitatory neurotransmitter aspartate and glutamate (Glu), increase serotonin
(5-HT) levels, suggesting that the underlying mechanisms may be related to anti-inflammatory effects and inhibition
of neuroexcitatory toxicity.
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Alleviating Traumatic Brain Injury

Traumatic brain injury is a central nervous system disorder caused by external forces acting on the brain, and its
secondary injuries involve a complex cascade of reactions such as damage to the BBB, edema, and inflammation.*® The
integrity of the BBB is closely related to tight junction proteins, among which claudins and ZO-1 are considered markers
for judging the integrity of the BBB.®' Luo et al®** reported that CDs synthesized hydrothermally from Semen Pruni
Persicae and Carthamus Tinctorius L. could improve the recovery of neurological function after traumatic brain injury in
mice, reduce the permeability of the blood-brain barrier, brain edema, and neuronal damage, and upregulate the
expression levels of claudin-5 and ZO-1 in brain tissue. The aforementioned results indicate that the CDs mentioned
have significant therapeutic effects in promoting the repair of the BBB.

Antianxiety Effect

Anxiety disorder is a kind of nervous disease mainly characterized by anxiety. It is manifested by persistent anxiety,
tension, panic, and restlessness, accompanied by autonomic nervous disorder, muscle tension and motor restlessness.®?
Interestingly, the results of elevated plus maze test and open field test showed that CDs derived from cigarette main-
stream smoke had obvious anxiolytic and certain sedative effects on mice.*® The underlying mechanism may be that
CHM-CDs decreased the levels of Glu in the brain and promoted the production of norepinephrine (NE), as well as
decreased the contents of dopamine (DA) in serum of mice, which provides new avenues for the development of anti-
anxiety drugs. In addition, Chen and Cui et al*>**® confirmed that CDs from Os Draconis and Chrysanthemum morifolium
Ramat increased the central activity time of the open field test in mice, showed more frequent activity in the light
compartment and the open arms in light/dark box test and elevated plus maze test, and shorted the feeding latency of
mice in the novelty-suppressed feeding test, which may be associated with a significant increase in serum levels of 5-HT
and NE as well as a decrease in concentrations of corticotropin-releasing hormone (CRH), adrenocorticotropin (ATCH)
and corticosterone (CORT).

Analgesic Effect

After the body is stimulated by pain, it will release a variety of endogenous opioid peptides, mainly enkephalin and -
endorphin, which combine with the corresponding receptors to produce analgesic effect.®’ Pain control involves the
interaction between various regulatory systems, including not only endogenous opioid peptides, but also the release of
5-HT, PGE2, bradykinin and other neurotransmitters related to the pain control system.®® It was reported that CDs
derived from Zingiberis Rhizome® (ZR-CDs) and Terra Flava Usta®® could increase the pain tolerance time of mice to
thermal stimulation and reduce the number of writhing caused by chemical components such as acetic acid. ZR-CDs can
increase the levels of enkephalin and p-endorphin in serum of mice and contribute to the increase of enkephalin level in
brain tissue during heat stimulation analgesia, which indicates that the regulation of brain opioid peptide system is
involved in ZR-CDs-induced analgesia. In addition, ZR-CDs increased the level of 5-HT in the brain and decreased the
level of 5-HT in the serum, suggesting that the dual regulatory effect of 5-HT in the CNS versus the periphery induced by
ZR-CDs treatment may be related to the activation of different 5S-HT receptor subtypes. The exploration of the analgesic
mechanism of CHM-CDs currently only involves research at the level of opioid peptides and neurotransmitters such as
5-HT, and further systematic research at the molecular level is still required.

Impact on the Immune System

Antivirus Effect

Research on highly effective antiviral drugs is crucial to prevent infection transmission and reduce losses. CHM-CDs
have the polyvalent property of high surface-to-volume ratio and can allow the attachment of multiple ligands, which
makes them well able to interfere with virus attachment and prevent the virus from entering cell.”’** Tong et al®
reported that CDs derived from glycyrrhizic acid synthesized by hydrothermal method has a large surface area and
contact site, which can inhibit the invasion and replication of porcine reproductive and respiratory syndrome virus,
stimulate the antiviral innate immune response, and alleviate the accumulation of intracellular reactive oxygen species
caused by PRRSV infection. The mechanism may be related to stimulating cells to regulate the expression of host
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limiting factors directly related to PRRSV proliferation such as DDX53 and NOS3 genes. Lin et al®* reported that CDs
derived from curcumin could effectively block enterovirus 71 (EV71) attached to the cell membrane of human
rhabdomyosarcoma cells and inhibit the generation of ROS and PGE2 in the RD cells induced by EV71 by scavenging
free radicals. The mechanism may be related to inhibiting the translation of EV71 and EV71-induced eukaryotic
translation initiation factor 4 gamma (elF4G) and reducing the expression level of phosphorylated p38 kinase.
Meanwhile, in vivo animal experiments further demonstrated that the CHM-CDs can significantly reduce mouse
mortality and protect newborn mice from virus-induced hind limb paralysis. Therefore, CHM-CDs showed remarkable
antiviral activity and multi-site inhibition mechanism, which provided research direction and scientific basis for
alternative treatment of viral infection.

Antibacterial Effect

Wang et al®® reported that CDs derived from Artemisia Argyi (AAFC-CDs) can selectively inactivate gram-
negative bacteria and play a certain antibacterial role. AAFC-CDs had a strong inhibitory effect on a variety of
gram-negative bacteria and even some drug-resistant gram-negative bacteria, and the anti-gram-negative bacteria
efficiency can reach 100% at a concentration of 150 mg/mL, but the killing effect on gram-positive bacteria was
poor. In terms of its antibacterial mechanism, AAFC-CDs inhibited the activity of UDP-3-O-(acyl)-
N-acetylglucosamine deacylase (LpxC), which was related to cell wall synthesis of Gram-negative bacteria.
Moreover, AAFC-CDs also influenced the a-helical structure of LpxC. It was speculated that AAFC-CDs may
affect the activity of LpxC by changing the secondary structure of LpxC. The above results make it possible for
AAFC-CDs to become a nano antibiotic with specific bactericidal properties, which is of great significance for the
development of natural biomass antibacterial nanomaterials and the treatment of gram-negative bacterial infec-

tions. Lu et al’®

reported that CDs synthesized by hydrothermal method using citric acid and curcumin as raw
materials had sterilization rates of 100% and 80% against gram-negative bacteria (Escherichia coli and
Pseudomonas aeruginosa) and gram-positive bacteria (Staphylococcus aureus and Pseudomonas aeruginosa),
respectively, and inhibited the biofilm formation of gram-negative bacteria and gram-positive bacteria, which
indicated that the CHM-CDs had good broad-spectrum antibacterial activity and antibacterial film activity.
Additionally, the CDs extracted from onions’’ significantly reduced the drip loss, total volatile basic nitrogen
values, and total viable bacterial counts in Atlantic mackerel, extending its shelf life by two days. This indicates

the potential of the CHM-CDs as a bacteriostatic agent for aquatic products.

Antitumor Effect

Yao et al’® used ginsenoside Re as raw material to prepare a new kind of photoluminescent Re-CDs by one-step
hydrothermal synthesis method. The research results showed that, compared with ginsenoside Re, Re-CDs had stronger
inhibitory effect on the proliferation of cancer cells (A375, HepG2 and MCF-7) and lower toxicity to normal cells (293T,
L-02, MCF-10A and Human normal skin fibroblasts). Its anticancer activity is mainly related to increasing the level of
ROS and inhibiting tumor cell proliferation and induction of apoptosis through caspase-mediated pathways, which has
good antitumor activity. The Ginger-based CDs (GI-CDs) synthesized by Li et al’® using ginger as raw material showed
anti-tumor effects. The in vitro activity study found that GI-CDs induced intracellular the levels of ROS by up-regulating
the expression of p53 gene and produced obvious cytotoxicity to HepG2 cells at high concentrations. Meanwhile, in vivo
studies have also found that GI-CDs can be retained at the tumor site through the enhanced permeability and retention
effect of solid tumors, which can inhibit tumor growth and exhibit obvious anti-liver cancer activity. According to Yao
et al,'® CDs derived from the natural product chlorogenic acid can recruit immune cells to activate a systemic antitumor

immune response, significantly inhibiting tumor growth in HepG2 tumor-bearing mice. Additionally, Xu et al'®!

reported
that CDs synthesized using jujube as raw materials could promote the proliferation of red blood cells by modulating
hypoxia response and enhancing the phosphorylation level of STATS, and have no significant impact on the proliferation
and metastasis of tumors, indicating the great potential of the CHM-CDs in the treatment of cancer-related anemia.
Hence, the satisfactory antitumor activity of CHM-CDs is of great significance for tumor prevention and targeted therapy,

and is worthy of further study.
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Alleviating Sepsis

Sepsis is a systemic inflammatory response syndrome caused by bacteria and other pathogenic microorganisms invading
the body and propagating and releasing toxins in the blood, tissues, and organs, which can lead to acute organ
dysfunction in severe cases.'”® Zhao et al'®'** reported that CDs from Armeniacae Semen Amarum and Descurainiae
Semen were able to alleviate symptoms of lipopolysaccharide (LPS)-induced lung injury, accompanied by a demonstrated
reduction of the levels of IL-6, IL-1p, TNF-a, MDA and myeloperoxidase (MPO) and increasing the contents of IL-10,
SOD and GSH, suggesting that CHM-CDs may work by reducing inflammation levels and enhancing antioxidant
capacity. LPS-induced systemic inflammatory response is usually accompanied by fever or hypothermia.'®> Wu et al'®
showed that CDs from Lonicerae japonicae Flos can reduce the levels of TNF-a, IL-1f and IL-6 in serum to a certain
extent to regulate the abnormal temperature. The mechanism may be to further block the production of prostaglandin E2
(PGE2) to control the increase in body temperature, or to reduce the production of TNF-a as an endogenous cooling
factor to alleviate the symptoms of hypothermia, which acts as a bidirectional regulator of LPS-induced hypothermia or
febrile symptoms.

Improving Psoriasis

Psoriasis is an autoimmune-mediated chronic skin inflammation characterized by well-circumscribed red plaques and
adhering silvery-white scales.'®” The histopathologic features of psoriasis are abnormal thickening of the epidermis,
downward extension of the reticulum ridge, and accumulation of neutrophils.'®® Psoriasis relies on the release of
mediators from immune cells such as T cells, macrophages, mast cells and granulocytes to coordinate its pre-
cutaneous pathological changes.'® It is reported that PCC-CDs'' can effectively improve the appearance, psoriasis
area and severity index scores, and histopathological morphology of dorsal skin tissue and right ear in imiquimod-
induced psoriasis model mice, which may be related to inhibition of M1 polarization and relative promotion of M2
polarization in macrophages.

Impact on the Endocrine System

Hypoglycemic Effect

The experimental results of hyperglycemia model''""''? showed that CDs derived from Jiaosanxian and Fructus Crataegi
(CFC-CDs) have the effect of regulating blood sugar, which can regulate blood sugar to normal level after
90-120 minutes without causing hypoglycemia. CFC-CDs had a significant inhibitory effect on sucrase and maltase in
the small intestine of mice. During the experiment, the median inhibition concentration (ICsq) of sucrase was 0.73 mg/
mL, and the ICs, of maltase was 0.26 mg/mL. These results indicated that small doses of CFC-CDs can be effective, and
the inhibitory effect on maltase was stronger. The inhibitory mode of CFC-CDs against sucrase and maltase may be
a partially noncompetitive type. Noncompetitive inhibitors bind to the enzyme/substrate complex and affect the
disassembly of the enzyme/substrate to form a product.''® Part of the non-competitive inhibitor is thought to be released
from the enzyme during the breakdown of the enzyme/substrate complex into products. This may be related to the
intrinsic properties of CDs, which lead to their different interactions with enzymes. These findings suggest that CHM-
CDs have potential value as hypoglycemic agents.

Regulating Hormone Levels

Menopausal syndrome refers to a range of physiological and psychological symptoms caused by the gradual decline of
ovarian function and the decrease in estrogen levels in women as they enter menopause, such as hot flashes, night sweats,
emotional fluctuations, sleep disturbances, vaginal dryness, and loss of sexual desire. Zhang et al''* reported that GRR-
CDs can increase the level of estradiol in serum of ovariectomized female mice to a certain extent, reduce the levels of
follicle stimulating hormone and luteinizing hormone, suggesting that CHM-CDs can alleviate menopausal syndrome by
regulating hormone levels.
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Impact on the Urinary System

Nephroprotective Effect

It has been reported' ' that snake venom may harm kidney physiology directly through nephrotoxic components or by activating
or modulating immune and inflammatory mediators, involving related biomedical indicators including serum creatinine (SCR),
blood urea nitrogen (BUN), urine total protein (UTP), and microproteinuria (MALB), IL-1p, IL-10, monocyte chemoattractant
protein-1 (MCP-1) and PLT. Zhang et al''® reported that CDs derived from Phellodendri Chinensis Cortex (PCC-CDs) greatly
improved the direct cytotoxic response and inflammatory response of mouse kidneys caused by snake venom. From the results,
PCC-CDs alleviated the increase of SCR, BUN, UTP and MALB levels caused by snake venom and promoted the recovery of
PLT, which can improve the symptoms of urine and serum biochemical indexes and PLT reduction induced by snake venom

related to kidney dysfunction to a certain extent. Dong et al''’

reported that CDs derived from Astragali Radix have a significant
alleviating effect on aristolochic acid-induced acute kidney injury, the mechanism of which may be related to the regulation of
1'"® reported that CDs derived from

Pollen Typhae demonstrated significant activity in improving the levels of BUN and CRE, urine volume, and renal histopatho-

Akt/Mdm2/p53 signaling pathway to enhance anti-apoptotic ability. Additionally, Wang et a

logical morphology in rats with thabdomyolysis-induced acute kidney injury. The mechanism may be related to the reduction of
inflammatory responses and oxidative stress levels. The results suggest that CHM-CDs have potential applications as an adjunct
in the treatment of acute kidney injury diseases caused by snake venom.

Treating Gouty Arthritis

Gout is a pathological state of purine nucleotide metabolism characterized by elevated uric acid levels, monosodium
urate crystal deposition, and uric acid-induced periarticular inflammatory responses.''” Wang et al'?*'?! reported that
CDs derived from Puerariae Lobatae Radix and Aurantii Fructus Immaturus exhibited good anti-gout effects in a rat
model of hyperuricemia and gouty arthritis, accompanied by a reduction in uric acid levels and joint inflammation, and
relief of joint swelling. The CHM-CDs mentioned above downregulated the levels of uric acid by inhibiting the activity
of xanthine oxidase (XOD), and their ability to inhibit the activity of XOD was further verified by in vitro experiments,
which may be related to the effect of nano-components on the catalytic site of the enzyme. In addition, The CHM-CDs
also ameliorated inflammatory responses by reducing the levels of IL-1B and TNF-a in rats with monosodium urate
crystal-induced inflammation. The existing research is only a preliminary evaluation of the anti-hyperuricemia and anti-
inflammatory effects of the aforementioned CHM-CDs, and the further mechanism and biological activity of their
pharmacological effects remain to be further explored. The anti-hyperuric acid activity exhibited by the CHM-CDs
makes it promising to be an effective drug for clinical prevention and treatment of gouty arthritis.

Impact on the Skeletal System

Radioactive skeletal damage is one of the common side effects of radiotherapy for head and neck malignancies. As a severe
complication that may arise following radiotherapy, osteoradionecrosis can lead patients to experience symptoms such as
swelling, pain, exposure of the jawbone, and pathological mandibular fractures.'** Guo et al'** reported that CDs derived from
Lycium barbarum can effectively alleviate bone damage caused by radiation, mediating the injury and senescence of bone
marrow mesenchymal stem cells induced by radiation, and regulating the balance between osteogenesis and adipogenesis. The
mechanism may involve the CDs increasing the N6-methyladenosine levels in irradiated bone marrow mesenchymal stem
cells by enhancing methyltransferase-like 3, thereby inhibiting senescence and reducing radiation-induced bone damage.

Others

Kong et al reported that CDs derived from Scutellariae Radix Carbonisatac'** reduced c48/80-induced mast cell
degranulation in RBL-2H3 cells, and down-regulated cytokine expression, suggesting that this CHM-CDs have
significant anti-allergic effects. Zhao et al'®® reported that CDs derived from Granati Pericarpium had obvious
therapeutic effects on diarrhea index, diarrhea latency and intestinal transit function of diarrhea model mice, which
was enough to reduce diarrhea index and diarrhea latency time, and had an antagonistic effect on small intestinal
hypermotility caused by senna decoction. However, the current antidiarrheal effect of CHM-CDs only focuses on the
effect evaluation, and the in-depth mechanism research still needs to be further explored.
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Oxidative stress refers to the imbalance between oxidation and antioxidant systems in the body, which produces a large
number of reactive oxygen species (ROS) intermediates.'*® ROS plays a vital role in regulating various physiological functions
of the biological organism.'*” Jia et al'*® reported that CDs derived from Black Soya Beans (N-CDs) were responsive to
2.2-diphenyl-1-picrylhydrazyl (DPPH) and superoxide anion radicals, showing certain antioxidant capacity. It was found that the
scavenging rate of DPPH and superoxide anion radical upregulated with the increase of the concentration of N-CDs, which was
mainly related to the electron transfer between the carboxyl, amino and hydroxyl active groups on the surface of N-CDs and the
free radical. Sharma et al'*® reported that CDs synthesized from Red Cabbage as a precursor carbon source had clearance rates of
61%, 56% and 91% for DPPH, hydroxyl, and potassium permanganate radicals, respectively, indicating that exhibited good
antioxidant activity. Wei et al'*° reported that CDs derived from Gynostemma mitigated oxidative damage in zebrafish caused by
H,0,. The study found that CHM-CDs reduced the contents of ROS and MDA, and promoted the expression levels of associated
antioxidant genes mRNA (glutamate cysteine ligase catalytic subunit, glutathione s-transferase P1, quinone oxidoreductase-1,
Cu/Zn-superoxide dismutase), which further reduces oxidative stress levels.

Discussion

In recent years, CDs have become one of the important directions in the field of traditional Chinese medicine research
due to their unique optical properties, good biocompatibility, and broad application prospects. CHM-CDs and CHM
differ significantly in terms of material form, structure, preparation methods, functions, and application areas. While
CHM primarily serves as a therapeutic tool in traditional medicine, CHM-CDs are nano-sized materials extracted from
herbs using modern technologies. CHM-CDs possess unique physicochemical properties, which extend their potential
applications in fields such as biomedicine, imaging, and drug delivery.'® It is worth noting that the properties of CDs are
influenced by the source herb, and thus different CHM-CDs exhibit significant differences in morphology, optical
performance, surface functional groups, and chemical composition.'*'In terms of morphology, the shape and size of
CHM-CDs are typically affected by the properties of the raw materials and the conditions of the synthesis process (such
as temperature, reaction time, pH, etc)., leading to different structures for different CHM-CDs.'® Regarding optical
properties, the fluorescence performance of CDs is generally determined by their molecular structure and the types of
surface functional groups. CHM-CDs may exhibit variations in emission wavelength, quantum yield, and fluorescence
stability.'” As for surface functional groups, the types and distribution of these groups on CHM-CDs are usually closely
related to the components of the herbs. For example, herbs rich in polyphenols (such as Lycium barbarum)'**may
produce CDs with a high content of hydrophilic groups like hydroxyl and carboxyl groups, making them more stable in
water. On the other hand, herbs abundant in amino acids (such as Crinis Carbonisatus)’’ may lead to CDs with more
amino groups on their surfaces. Furthermore, the natural chemical substances contained in different CHM, such as
flavonoids, saponins, polysaccharides, essential oils, and amino acids, are retained during the synthesis process of CDs,
which in turn influences their chemical properties, structural characteristics, and functional performance.

As a novel carbon-based nanomaterial, CHM-CDs have been shown to have multifaceted pharmacological activities,
including hemostatic capabilities, neuroprotection, anti-infective, antitumor, immunomodulatory effects and hypoglyce-
mic activity (Table 1 and Figure 2). As far as existing research reports are concerned, CHM-CDs derived from the same
CHM may have multifaceted pharmacological activities. For instance, JMC-CDs have been found to possess both
hemostatic and hepatoprotective effects.>® PCC-CDs not only demonstrated a hemostatic effect and the capacity to
mitigate kidney damage induced by snake venom, but also were found to ameliorate imiquimod-mediated psoriasis-like
inflammation in murine models by regulating M 1/M2 macrophage polarization.**''%!'® AAFC-CDs have exhibited anti-
frostbite and selective antibacterial effect.”**> These findings are derived from the current experimental research, and it
can be postulated that that: (1) the confirmed CHM-CDs may have additional pharmacological activities yet to be
discovered; (2) Other CHMs that have not yet been studied may also possess unique pharmacological activities, and (3)
CHM-CDs derived from the same CHM may harbor additional pharmacological effects. To validate these postulates
necessitates further comprehensive investigation by researchers.

In addition, preliminary studies have been made on the mechanism underlying the pharmacological effects of CHM-
CDs. The mechanism of hemostatic effect of CHM-CDs may be related to both endogenous and exogenous coagulation
pathways. CHM-CDs have been found to regulate signaling pathways and cytokines to offer organ tissue protection.
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They can also inhibit neuroexcitatory toxicity and increase levels of 5-HT and NE, to thereby playing a neuroprotective
and analgesic role. Additionally, CHM-CDs regulate a multi-site inhibition mechanism to generate antiviral and
antibacterial effects. They regulate inflammatory cytokine levels to produce anti-inflammatory effects, and exhibit
immunomodulatory effects by inhibiting macrophage M1 polarization and relatively promoting M2 polarization. CHM-
CDs inhibited the activity of sucrase and maltase to regulate blood sugar levels, indicating that CHM-CDs have the
potential to be developed as drugs to treat a wide range of diseases. Nevertheless, in vivo studies on CHM-CDs mostly
focus on efficacy results, with in-depth exploration of their pharmacodynamic mechanisms being a focal point of future
research. Therefore, researchers still need to continue to conduct in-depth research to verify the specific pathways and
targets of CHM-CDs in treating individual diseases, as well as to analyze the correlation between the pharmacological
effects of CHM-CDs and the implicated signaling pathways and specific targets.

CHM-CDs, as an emerging therapeutic modality, offer numerous advantages over conventional Western pharmaceu-
ticals, including their natural origin, excellent biocompatibility, multifunctionality, and eco-friendly attributes. Since
CHM-CDs are derived from CHM, they typically demonstrate favorable biocompatibility, allowing for safe metabolism
and clearance from the body, thereby minimizing the risk of immune responses.””*° In contrast, certain conventional
Western drugs, particularly synthetic chemical agents, may provoke immune reactions or long-term toxicological side
effects. Furthermore, the environmentally sustainable synthesis of CHM-CDs does not rely on harmful chemical reagents
or heavy metal catalysts, aligning with green chemistry principles. In comparison, the manufacturing processes of some
Western pharmaceuticals may involve high energy consumption or the use of hazardous chemicals. Additionally, CHM-
CDs are derived from abundant and easily accessible resources, resulting in a relatively cost-efficient production process.
In comparison to some high-cost Western drugs, CHM-CDs present a more favorable cost-benefit ratio.

Nevertheless, although CHM-CDs have demonstrated promising efficacy in vitro and in animal models, their clinical
effectiveness and long-term safety still require comprehensive validation. Furthermore, while the synthesis of CHM-CDs is
relatively straightforward, scaling up production to a high-quality standard remains a significant challenge. The consistency in
stability and potency across different batches of CHM-CDs needs to be thoroughly assessed. Additionally, as water-soluble
nanomaterials, the stability of CHM-CDs in acidic and enzymatic conditions, along with the potential for further degradation
upon interaction with the human body, warrants further investigation. Biocompatibility is another critical concern, as adverse
effects and improper accumulation of the drug may disrupt normal physiological processes. Therefore, a more in-depth
evaluation of their biocompatibility is essential. At present, the clinical research and application of CHM-CDs are in the
nascent stages, with promising pharmacological activity across several domains. Consequently, the development of safe,
stable, and efficacious CHM-CDs remains an urgent priority.

The precursors of CHM-CDs are diverse and include a variety of herbs, each with unique properties that can
contribute to the characteristics of the resultant CHM-CDs. The selection of appropriate precursors is crucial for the
synthesis of CHM-CDs with specific physicochemical properties and bioactivities. The exploration of different pre-
cursors facilitates the expansion of the application spectrum of CHM-CDs and the development of new carbon-based
nanomaterials with potential applicability across diverse fields, including biomedicine. At present, to improve the
preparation efficiency and quality of CHM-CDs, it is imperative to optimize the existing preparation methods, including
the improvement of high-temperature carbonization and hydrothermal synthesis, the two main preparation methods for
CHM-CDs. Adjusting various process parameters can directly alter the chemical bond cleavage patterns of various
chemical components in the original traditional Chinese medicine, thereby affecting the particle size, crystal structure,
and bioactivity of CHM-CDs. However, the preparation process of CHM-CDs faces several challenges, mainly includ-
ing: (1) quality control during the carbonization production process; (2) lack of definitive quality inspection criteria post
CHM carbonization; (3) the need for upgrading and optimization existing equipment, which otherwise leads to incon-
sistent structural and pharmacological performance of CHM-CDs. Therefore, how to determine the optimal processing
process, pursue quantitative indicators, and upgrade and optimize equipment remains the focus of subsequent in-depth
research. Firstly, future investigations should prioritize refining the synthesis methodologies and exploring more
advanced, efficient, and controlled approaches to ensure the stability and reproducibility of CHM-CDs. In addition,
establishing strict quality standards and testing systems is essential to regularly verify different batches of CHM-CDs to
ensure their safety and effectiveness in clinical applications. Additionally, the development of diverse dosage forms, such
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as controlled-release formulations, injectable preparations, and transdermal systems, should be pursued to further
enhance the clinical translation and application of CHM-CDs.

The safety and side effects of drugs are always key issues in clinical applications, especially in the research of novel
materials like CHM-CDs. It is foreseeable that the application of CHM-CDs in biomedicine depends on ensuring their
biological safety. In addition to cytotoxicity and hematotoxicity, attention should also be paid to the metabolic process
and deposition of CHM-CDs in the body, especially their long-term toxicity. Currently, most research primarily focuses
on the impact of CHM-CDs on cell viability, while studies on allergic reactions, cellular oxidative damage, and DNA
damage are relatively few. Furthermore, the interaction between CHM-CDs and the immune system, as well as their
in vivo toxicity, long-term toxicity, and distribution within the body, still require further investigation. Specifically,
whether they can be effectively metabolized and excreted by organs such as the kidneys and liver remain to be explored.
Therefore, future research should strengthen systematic evaluations of the cytotoxicity, immune responses, metabolic
processes, and long-term toxicity of CHM-CDs, and establish a more comprehensive safety assessment system to provide
scientific evidence for clinical applications.

In summary, CHM-CDs, as nanoscale pharmaceutical entities, possess considerable developmental value. Future
investigations ought to delve into the optimization of the preparation process, the elucidation of pharmacodynamic
mechanisms, the determination of clinical indications, and the exploration of novel dosage forms. Such research efforts
will lay the foundation for their potential application in the management of complex pathologies, including but not

limited to neoplasms, cerebrovascular accidents, and gout.

Conclusion

Within the domain of carbon nanomaterials, CDs have risen to prominence as a superior option for applications in
biomedicine. With a commitment to the principles of green chemistry, CHM-CDs have garnered significant attention.
Their synthesis primarily employs methods such as pyrolysis and hydrothermal synthesis, utilizing precursors like
C-CHM, extracts, and small molecule compounds derived from CHM. This review article encapsulates the recent
findings on the pharmacological activities of CHM-CDs and explores their underlying mechanisms, which encompass
hemostatic capabilities, neuroprotection, anti-infective, antitumor, immunomodulatory effects and hypoglycemic activity.
Notably, they have been associated with circulatory system, digestive system, nervous system, immune system, endocrine
system, urinary system and skeletal system. Nonetheless, forthcoming research still confronts challenges in both the

fundamental understanding and practical application of these materials.
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oxidase; UC, Ulcerative colitis; ROS, reactive oxygen species; N-CDs, CDs derived from Black Soya Beans; DPPH,
2.2-diphenyl-1-picrylhydrazyl; ZR-CDs, CDs derived from Zingiberis Rhizome; CFC-CDs, CDs derived from Fructus
Crataegi; 1Cs, the median inhibition concentration; EV71, enterovirus 71; eIF4G, eukaryotic translation initiation factor
4 gamma; AAFC-CDs, CDs derived from Artemisia Argyi; LpxC, UDP-3-O-(acyl)-N-acetylglucosamine deacylase.
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