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Abstract
Background  Myocardial ischemia-reperfusion injury (MIRI) represents a significant complication following 
myocardial infarction surgery, for which preventive strategies remain limited. The primary pathological characteristics 
of MIRI include oxidative stress and apoptosis.

Results  This study presents the synthesis of carbon dots derived from Ligusticum Chuanxiong (LC-CDs) through the 
application of the hydrothermal method. The LC-CDs show strong scavenging abilities for free radicals, effectively 
reducing oxidative stress and preventing apoptosis, which helps combat MIRI. The findings demonstrate that LC-CDs 
can effectively neutralize excessive ROS within cells, thereby alleviating oxidative stress, restoring mitochondrial 
function, and preventing DNA damage. Concurrently, LC-CDs suppress the polarization of M1-type macrophages 
and reduce the secretion of pro-inflammatory cytokines. Following the in situ administration of LC-CDs into the 
hearts of MIRI-model rats, a significant reduction in the necrotic area of the myocardium was observed, alongside 
the restoration of cardiac function, with no adverse reactions reported. Moreover, similar to the pharmacological 
effects of Ligusticum chuanxiong, LC-CDs can also inhibit apoptosis by protecting mitochondria and suppressing the 
expression of apoptotic proteins (Caspase3, Caspase9, and Bax).

Conclusions  The intervention strategy employing LC-CDs, which targets oxidative stress and apoptosis in MIRI, holds 
promise as a potential model for the clinical treatment of MIRI.
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Introduction
On a global scale, the incidence and mortality rates of 
myocardial infarction have been increasing year by year 
[1, 2]. Alarmingly, the frequency of myocardial infarc-
tion among people under 45 years old is rising steadily 
[3]. Clinically, reperfusion therapy achieved through per-
cutaneous coronary intervention is the most effective 
approach for treating myocardial infarction [4]. However, 
for the heart, the ischemia-reperfusion process may exac-
erbate myocardial injury, which is known as myocardial 
ischemia-reperfusion injury (MIRI) [5]. During myocar-
dial ischemia, due to the insufficient and untimely supply 
of oxygen and nutrients, myocardial cells mainly rely on 
anaerobic glycolysis to generate ATP [6]. In this process, 
a large amount of lactic acid accumulates, disrupting the 
normal function of the cell mitochondria. During the 
reperfusion phase, dysfunction of the respiratory chain 
fails to adapt to the returning oxygen supply, ultimately 
resulting in the excessive production of reactive oxygen 
species (ROS). At the same time, immune cells in the 
blood are activated during reperfusion. They penetrate 
the damaged walls of blood vessels, accumulate locally 
in the myocardium, and release numerous pro-inflam-
matory cytokines, which further exacerbate the damage 
to myocardial cells [7]. While reperfusion therapy is a 
critical intervention for mitigating myocardial infarction, 
there remains a deficiency in effective strategies for the 
prevention of myocardial ischemia-reperfusion injury 
(MIRI).

Traditional Chinese herbs have a long history of devel-
opment and extensive clinical experience in treating heart 
diseases. A variety of traditional Chinese medicines, such 
as Ligusticum Chuanxiong, Astragalus membranaceus, 
Cinnamomum cassia twig, etc., have been applied in the 
treatment of MIRI [8–10]. Among them, the research 
related to Ligusticum Chuanxiong has drawn significant 
attention. Studies have shown that Ligusticum chuanx-
iong can alleviate the ischemia-reperfusion (I/R) injury 
of myocardial cells and inhibit the apoptosis of rat myo-
cardial cells by down-regulating the expression levels of 
pro-apoptotic factors, including Caspase-3 [11]. Ligusti-
cum Chuanxiong is included in numerous formulas and 
patent medicines for treating heart diseases [9]. Stud-
ies have indicated that multiple active components in 
Ligusticum Chuanxiong, such as tetramethylpyrazine 
and chuanxiong lactone, play crucial roles in alleviating 
MIRI [12, 13]. Tetramethylpyrazine can reduce oxida-
tive stress during myocardial ischemia-reperfusion and 
mitigate apoptosis induced by reperfusion by activating 
the antioxidant function of HO-1 [14]. Simultaneously, it 
can also exert a cardioprotective function by regulating 
the PI3K/Akt/GSK-3β pathway [15]. Chuanxiong lactone 
plays an important role in enhancing thrombin activity, 
promoting vascular repair, and providing antithrombotic 

effects [16]. In the oxygen-glucose deprivation/reoxygen-
ation (OGD/R) model, chuanxiong lactone can attenu-
ate the nuclear translocation of the NF-κB pathway in 
cells and inhibit the TLR4/NF-κB pathway, thus reliev-
ing ischemia-reperfusion injury [17]. Nevertheless, the 
clinical application of Ligusticum Chuanxiong is limited 
by its poor water solubility and the challenges associated 
with extracting its active constituents. Furthermore, akin 
to other traditional Chinese medicinal herbs, Ligusticum 
Chuanxiong exhibits low oral bioavailability and signifi-
cant inter-individual variability in absorption and metab-
olism. These factors impede the attainment of consistent 
therapeutic outcomes in clinical settings and complicate 
the optimization of pharmacological regimens.

As a novel nanomaterial, carbon dots (CDs) derived 
from traditional Chinese herbs have been extensively 
studied in recent years [18–21]. They integrate the 
advantages of traditional Chinese herbs and modern nan-
otechnology, demonstrating great potential in the field of 
disease treatment research. Research indicates that CDs 
possess a relatively large π-π conjugated sp² plane, which 
endows them with excellent electrical conductivity and 
a unique geometric structure [22]. In the catalytic field, 
CDs have proven to exhibit good catalytic efficiency, 
demonstrating peroxidase-like (POD) [23, 24], catalase-
like (CAT) [25], and superoxide dismutase-like (SOD) 
activities [26, 27]. Consequently, they have found applica-
tions in the research of various diseases. Gao et al. dis-
covered that the catalytic activity of CDs stems from the 
oxygen-containing functional groups on their surface and 
the large sp² plane [27]. The abundant oxygen-containing 
functional groups on the surface of CDs also confer good 
water solubility to them [28]. Moreover, the surface states 
of CDs not only endow them with catalytic activity, but 
the surface polymers formed through polymerization, 
cross-linking, and carbonization also endow CDs with 
the molecular properties of the precursor materials [29]. 
Currently, extensive applied research on CDs derived 
from traditional Chinese herbs has been carried out in 
areas such as anti-inflammation [30], anti-tumor [31], 
and hemostasis [20].

In this study, we successfully synthesized LC-CDs using 
Ligusticum Chuanxiong as a carbon source precursor 
through the hydrothermal method. This approach sig-
nificantly addressed the low bioavailability of Ligusti-
cum Chuanxiong and the difficulties associated with its 
clinical application. LC-CDs exhibited strong ROS-scav-
enging capabilities, effectively reducing oxidative stress. 
They improved mitochondrial dysfunction caused by 
ischemia-reperfusion and inhibited the polarization of 
M1-type macrophages, thereby diminishing the inflam-
matory response and countering MIRI. In the rat model 
of MIRI, when LC-CDs were administered via local 
myocardial injection, they demonstrated remarkable 
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cardioprotective effects and exhibited excellent safety 
profiles. We used transcriptomics to explore the poten-
tial mechanisms through which LC-CDs treat MIRI. 
The results of this study demonstrate that LC-CD can 
significantly improve the pathological microenviron-
ment caused by MIRI by alleviating the oxidative stress 
response. Mechanistic studies indicate that LC-CD 
inherits the core pharmacological activities of Ligusticum 
chuanxiong. It can effectively inhibit the process of myo-
cardial cell apoptosis by suppressing the expression of 
key proteins related to apoptosis, such as Bax, Caspase-9, 
and Caspase-3, thereby reducing the degree of MIRI 
damage (Fig.  1). LC-CDs, synthesized from Ligusticum 
chuanxiong, feature a more precisely defined structure 
and catalytic mechanism. The uncomplicated one-step 
hydrothermal synthesis method not only simplifies the 

manufacturing process but also facilitates the scalable 
production of LC-CDs, making them suitable for indus-
trial applications. Compared with other nanomaterials, 
LC-CDs derive from biogenic sources, endowing them 
with enhanced biosecurity. These unique characteristics 
collectively endow LC-CDs with significant potential for 
treating MIRI, positioning them as a promising candidate 
for further translational research and clinical develop-
ment in this challenging medical field.

Materials and methods
Materials
Ligusticum Chuanxiong was purchased from China 
National Traditional Chinese Medicine Co., Ltd. Nitro-
tetrazolium blue chloride (NBT), riboflavin, L-Methio-
nine, 3,3’,5,5’- Tetramethylbenzidine (TMB), FeSO4 (AR), 

Fig. 1  Preparation of Ligusticum Chuanxiong-derived CDs and the mechanism of alleviating MIRI. LC-CDs were prepared via a one-step hydrothermal 
method. LC-CDs possess the ability to scavenge multiple types of free radicals. LC-CDs alleviate MIRI ultimately by alleviating oxidative stress, inhibiting 
cellular inflammation, and restoring mitochondrial function. LC-CDs play a significant role in alleviating apoptosis in MIRI
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K2S2O8, and 1,1–Diphenyl–2–picrylhydrazyl (DPPH) 
were purchased from McLean. H2O2 (30% in water) was 
obtained from Beijing Chemical Works. PBS (1×, pH 
7.2–7.4) Purchased from Adamas-beta®. The specific 
medium for Raw264.7 cells was purchased from New Cell 
& Molecular Biotech Co. Cy5.5-amino was purchased 
from Xi’an Ruixi Biotechnology Co., Ltd. Goat Anti-Rat 
IgG/SAlexa Fluor 488 was purchased from Beijing Solar-
bio Science & Technology Co. Caspase-3 Rabbit pAb 
(A11319), Caspase-9 Rabbit mAb (A18676), Bax Rab-
bit mAb (A19684), 2X Universal SYBR Green Fast qPCR 
Mix (RK21203) and ABScript II Reverse Transcriptase 
(RK21400) were purchased from ABclonal.

Drug screening and network pharmacology process
The retrieval operation is performed in the prescription 
database of Huabing Data ​(​​​h​t​t​p​:​/​/​w​w​w​.​h​u​a​b​e​i​n​g​.​c​o​m​​​​​
) using “Myocardial Ischemia-Reperfusion” as the key-
word. Through this search, relevant traditional Chinese 
medicine prescriptions are retrieved, and the drugs con-
tained in these prescriptions are systematically sorted 
out, thereby screening out the drugs with the highest 
usage frequencies.

The comprehensive excavation of all the active ingredi-
ents of Ligusticum Chuanxiong is carried out by utilizing 
the Traditional Chinese Medicine Systems Pharmacology 
Database and Analysis Platform (TCMSP, ​h​t​t​p​​:​/​/​​l​s​p​.​​n​w​​s​
u​a​​f​.​e​​d​u​.​c​​n​/​​t​c​m​s​p​.​p​h​p). Given the large number of active 
ingredients, screening criteria are set based on pharma-
cokinetic parameters. Specifically, an oral bioavailability 
(OB) of not less than 30% and a drug-likeness (DL) of 
not less than 0.18 are used as the standards for screening 
active ingredients. The active ingredients that meet these 
criteria will be the objects of subsequent research. Addi-
tionally, the active ingredients used for the quality con-
trol of Ligusticum Chuanxiong medicinal materials in the 
Chinese Pharmacopoeia are also encompassed.

With the aid of the gene card retrieval tool, the gene 
targets related to “Myocardial Ischemia-Reperfusion” 
are searched by entering the keyword. Meanwhile, using 
the same keyword “Myocardial Ischemia-Reperfusion”, 
relevant targets of myocardial ischemia-reperfusion are 
searched. Subsequently, the intersection of the active 
ingredient targets of Ligusticum Chuanxiong and the 
disease targets is obtained and presented in the form of 
a Venn diagram.

The potential targets of Ligusticum Chuanxiong for 
treating myocardial ischemia-reperfusion are input into 
the STRING database platform (https://string-db.org), 
with the species restricted to “Homo sapiens”, and the 
corresponding predicted targets are obtained and stored 
as a TXT file. Subsequently, by using Cytoscape 3.9.1 
software, the PPI graph is optimized in terms of network-
ing and visualization according to established conditions. 

By clicking on the Network Analyzer plugin in the soft-
ware, network analysis is conducted, including the analy-
sis of topological values such as betweenness centrality, 
degree centrality, and closeness centrality. On this basis, 
the top 40 targets ranked by degree value are selected for 
in-depth analysis.

The Metascape database is applied to conduct GO 
(Gene Ontology) analysis operations on the 40 key tar-
gets at the intersection of Ligusticum Chuanxiong 
and myocardial ischemia-reperfusion that have been 
screened out.

Synthesis of LC-CDs by hydrothermal method
LC-CDs are synthesized through a simple one-step 
hydrothermal process. The specific procedure involves 
dispersing 200  mg of ground Ligusticum Chuanxiong 
powder in 20 mL of deionized water. After 1 h, the result-
ing solution is moved to a high-pressure sealed reac-
tor and heated at 170 °C for 12 h [32]. The post-reaction 
solution appears black-brown. The solution is passed 
through a 0.22  μm filter and dialyzed using a 1000 Da 
dialysis bag for three days, yielding LC-CDs with uniform 
particle size.

Antioxidant capacity testing of LC-CDs
Superoxide Radical Scavenging Test: Prepare a 0.05  M 
phosphate buffer solution, a 130 mM methionine solu-
tion, a 750 µM nitroblue tetrazolium solution, a 100 µM 
EDTA-Na₂ solution, and a 20 µM riboflavin solution. 
These solutions are mixed in equal proportions, and 
solutions of LC-CDs at different concentration gradients 
are added. Under the close irradiation of an LED lamp, 
the solution changes color under the combined action 
of superoxide anions and LC-CDs. The scavenging rate 
of superoxide anions is detected and calculated using a 
microplate reader at 560 nm. Hydroxyl Radical Scaveng-
ing Test: A Fenton reaction system is constructed using 
10 µM ferrous ions and 50 µM H₂O₂ to generate hydroxyl 
radicals. 0.3 mM TMB is used as a chromogenic agent 
to detect the content of hydroxyl radicals in this system. 
LC-CDs at different concentration gradients are prepared 
to react with the Fenton system. After the reaction, the 
scavenging efficiency of hydroxyl radicals is detected and 
calculated using a microplate reader at 652 nm. Electron 
paramagnetic resonance (EPR) spectra were measured 
on a CIQTEK EPR200M with continuous-wave X-band 
frequency.

Sub-organelle co-localization of LC-CDs with cells
Raw264.7 cells were co-incubated with LC-CDs at a 
concentration of 5  µg/mL for 3  h. Upon completion 
of the incubation, Lyso-tracker and Mito-tracker were 
employed to specifically stain lysosomes and mitochon-
dria within the cells, respectively. Subsequently, cell slides 

http://www.huabeing.com
http://lsp.nwsuaf.edu.cn/tcmsp.php
http://lsp.nwsuaf.edu.cn/tcmsp.php
https://string-db.org
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were prepared, and the co-localization of LC-CDs with 
mitochondria and lysosomes was meticulously observed 
using a laser confocal microscope.

Antioxidant capacity evaluation of LC-CDs at the cellular 
level
Oxidative stress injury systems were constructed using 
Raw264.7 and H9C2 cells as cell models. H₂O₂ was 
selected as the inducer. For Raw264.7 cells, the induction 
concentration was determined to be 600 µM, while for 
H9C2 cells, the induction concentration was set at 150 
µM. LC-CDs at concentrations of 5  µg/mL and 10  µg/
mL were separately incubated with the two types of cells 
mentioned above. After the incubation, DCFH and DHE 
fluorescent dyes were utilized to detect the oxidative 
stress levels of the cells. The treated cells were collected 
for laser confocal fluorescence imaging and flow cytom-
etry experiments to quantitatively analyze the changes in 
the intracellular redox state.

Anti-inflammatory capacity evaluation of LC-CDs at the 
cellular level
LPS at a concentration of 500 ng/mL was adopted as the 
inducer to trigger the inflammatory response in Raw264.7 
cells. LC-CDs at concentrations of 5  µg/mL and 10  µg/
mL were co-incubated with the cells for 6 h to inhibit the 
inflammatory process. The real-time fluorescence qPCR 
technique was applied to evaluate the mRNA expression 
levels of pro-inflammatory cytokines (such as TNF-α, 
IL-1β, and IL-6) to measure the anti-inflammatory effect 
of LC-CDs.

Myocardial ischemia-reperfusion model
After anesthetization, the rats were secured supine on the 
operating table. The skin was incised between the 3rd and 
4th intercostal spaces along the left sternal border. Blunt 
dissection of the intercostal muscles was performed to 
open the thoracic cavity, fully exposing the heart. A 7 − 0 
silk thread was used to ligate the left anterior descending 
branch of the coronary artery. After ligation for 45 min, 
the slipknot of the ligature was loosened to restore the 
blood flow in the coronary artery. Thus, the rat model of 
MIRI was successfully constructed and could be used for 
subsequent related research.

Biosafety assessment in vitro
In vitro Biosafety Assessment at the Cellular Level. 
In vitro, biosafety assessments were conducted using 
Raw264.7 and H9C2 cell lines. LC-CDs solutions with 
concentration gradients of 0  µg/mL, 5  µg/mL, 10  µg/
mL, 20 µg/mL, 30 µg/mL, 40 µg/mL, 50 µg/mL, 100 µg/
mL, and 200 µg/mL were prepared and separately incu-
bated with these two types of cells for 12  h and 24  h. 
Subsequently, a cell culture medium containing 20  µg/

mL MTT was added to the cells, and the incubation was 
continued for another 4  h. Following incubation, the 
formazan product was dissolved in dimethyl sulfoxide 
(DMSO). Absorbance values from each well were quanti-
fied using a microplate reader to determine cell viability, 
thus assessing the effect of LC-CDs on cellular health.

Biosafety assessment in vivo
The in vivo biosafety experiment was conducted on a rat 
model. LC-CDs were administered to rats via local myo-
cardial injection. After three consecutive days of obser-
vation, the major organs of the rats, including the heart, 
liver, spleen, lung, and kidney, as well as blood samples, 
were collected. The major organs were subjected to H&E 
staining for pathological section preparation. Tissue 
morphology was examined microscopically to evaluate 
potential damage. Meanwhile, blood biochemical index 
analysis and blood routine tests were performed on the 
blood samples to evaluate the impact of LC-CDs on the 
overall physiological functions of the rats.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 7 software. Statistical comparisons were made 
using one-way ANOVA and a t-test. Statistical compari-
sons were made. Statistical significance was indicated as 
*p < 0.05, **p < 0.01, ***p < 0.001. ****p < 0.0001.

Results and discussion
The relationship between ligusticum chuanxiong and MIRI
MIRI is one of the most severe complications following 
surgical operations for myocardial infarction in clinical 
practice [33]. An in-depth analysis of the relationship 
between MIRI and oxidative stress, as well as its spe-
cific pathogenesis, is crucial for enhancing clinical treat-
ment and improving patient prognosis. To thoroughly 
explore the pathogenesis of MIRI, this study obtained 
high-throughput sequencing expression profile data from 
the Gene Expression Omnibus (GEO) and conducted 
research using the Gene Set Enrichment Analysis (GSEA) 
method. The gene expression datasets of the hearts 
from the control group and MIRI-modeled rats (GEO 
acc + ession number: GSE240847) were utilized in this 
study. GSEA results showed that DEGs were significantly 
enriched in apoptosis-related signaling pathways within 
the Gene Ontology (GO) gene set (Fig. 2A). Meanwhile, 
the research findings also demonstrated that the patho-
genesis of MIRI is closely linked to multiple redox-related 
pathways (Fig.  2B, C, and Fig. S1). This study further 
examined several genes associated with apoptosis, specif-
ically Caspase9, Caspase3, Bax, and PAK1, by analyzing 
their expression levels. The results indicated that these 
genes were upregulated in the MIRI rat model, confirm-
ing the activation of the apoptosis pathway. This finding 
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Fig. 2  The relationship between Ligusticum Chuanxiong and MIRI. (A-C) GSEA of differentially expressed genes between the Control group and MIRI 
rats (GEO accession no. 240847). (D-G) Comparison of the gene expression levels of the apoptosis signaling pathway among different groups (Casp3, 
Casp9, Bax, and PAK1). (H) The top five drugs in terms of frequency. (I) Venn diagram of the intersection of the targets of the active ingredients of Ligus-
ticum Chuanxiong and disease-related targets. (J) Protein-protein interaction network of 40 key targets. (K) GO pathway enrichment analysis. Statistical 
comparisons were made using one-way ANOVA and t-test. Statistical significance was indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed 
as mean ± SD (n = 3)
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establishes a strong correlation between MIRI and apop-
tosis (Fig. 2D-G).

Ligusticum Chuanxiong has a long history of use in 
treating heart diseases.8 In current clinical practice, it is 
often used as an adjuvant drug for the treatment of MIRI. 
However, the intrinsic relationship between Ligusticum 
Chuanxiong and MIRI remains unclear. This research 
explored the link between Ligusticum Chuanxiong and 
MIRI through drug screening and network pharmacol-
ogy. Firstly, through drug screening, Ligusticum Chuanx-
iong was identified as a key traditional Chinese medicine 
for the treatment of MIRI. Using “myocardial ischemia-
reperfusion” as the keyword, relevant Traditional Chi-
nese medicine prescriptions were retrieved from the 
prescription database of Huabing Data ​(​​​h​t​t​p​:​/​/​w​w​w​.​h​
u​a​b​e​i​n​g​.​c​o​m​​​​​)​, and the drugs in the prescriptions were 
sorted and analyzed. The results showed that Ligusticum 
Chuanxiong and Astragali membranaceus were the drugs 
with the highest frequency of use (Fig. 2H). Subsequently, 
all the active ingredients of Ligusticum Chuanxiong were 
mined using the Traditional Chinese Medicine Systems 
Pharmacology Database and Analysis Platform (TCMSP, 
​h​t​t​p​​s​:​/​​/​t​c​m​​s​p​​-​e​.​​c​o​m​​/​t​c​m​​s​p​​.​p​h​p). Given the numerous 
active ingredients of Ligusticum Chuanxiong, screening 
conditions were set based on pharmacokinetic param-
eters. Oral bioavailability (OB) ≥ 30% and drug-likeness 
(DL) ≥ 0.18 were set as the screening criteria. Finally, 10 
active ingredients were selected as the research objects 
(Table S1). These 10 active ingredients were uploaded 
to the Swiss Target Prediction platform for target analy-
sis, yielding 672 potential targets. At the same time, 
2036 targets related to myocardial ischemia-reperfusion 
were obtained from the Gene Cards database. The over-
lap between Ligusticum Chuanxiong’s predicted targets 
and myocardial ischemia-reperfusion targets was ana-
lyzed, resulting in 218 shared targets (Fig. 2I). These 218 
mapped targets were uploaded to the STRING database 
to generate the TSV file of the PPI network, subsequently 
analyzed using Cytoscape 3.10.1. In Cytoscape, targets 
with high dispersion were removed, and the “Network 
Analyzer” function was used to evaluate the topological 
characteristics of the results. The top 40 targets with the 
highest degree values were selected as key targets. Visu-
alization was performed on the 40 key targets obtained 
by screening to construct and analyze the protein-pro-
tein interaction network (Fig. 2J). Finally, the 40 key tar-
gets were uploaded to the Metascape database for Gene 
Ontology (GO) pathway enrichment analysis. The find-
ings revealed that Ligusticum Chuanxiong’s connection 
to MIRI is strongly linked to oxidative stress and apopto-
sis signaling pathways (Fig. 2K). In conclusion, we believe 
that Ligusticum Chuanxiong is a promising drug for 
reducing MIRI by targeting oxidative stress and apoptosis 
pathways.

Synthesis and characterization of LC-CDs
The difficulties in isolating the active constituents of 
Ligusticum Chuanxiong, coupled with its limited oral 
bioavailability and additional constraints, have impeded 
its application in clinical practice. To effectively address 
this issue, LC-CDs were successfully synthesized using 
a simple one-step hydrothermal method. The fresh Chi-
nese herbal medicine Ligusticum chuanxiong was dried 
and ground into powder. Subsequently, LC-CDs were 
successfully obtained through a simple one-step hydro-
thermal synthesis method. During multiple synthesis 
processes, the yields of LC-CDs were relatively similar, 
approximately 10%. The transmission electron micros-
copy (TEM) image of LC-CDs is presented in Fig.  3A. 
The image demonstrates that LC-CDs possess excellent 
dispersibility and exhibit a morphology that is approxi-
mately quasi-spherical. The inset in Fig. 3A is the statisti-
cal result of the particle sizes of LC-CDs. This suggests 
that LC-CDs exhibit a narrow size distribution, with an 
average diameter of around 2.4 ± 0.03 nm (Fig. 3A). The 
extremely small particle size of LC-CDs indicates that it 
has a high specific surface area, which enables LC-CDs to 
expose more active sites and thus fully exert their func-
tions. To further investigate the microscopic structural 
characteristics of LC-CDs, a high-resolution transmis-
sion electron microscope (HRTEM) was used to meticu-
lously examine their lattice. After precise measurement, 
the lattice spacing of LC-CDs was found to be 0.21 nm, 
which corresponds to the (100) crystal plane of graphite, 
strongly demonstrating that LC-CDs possess a graphite-
like phase structure (Fig. 3B). When CDs possess graphi-
tized lattices with a spacing of 0.21  nm, their atomic 
arrangement exhibits a highly ordered π-π conjugate 
system. This structural feature provides an ideal condi-
tion for the formation of delocalized large π bonds. In 
the catalytic process, the presence of delocalized large π 
bonds significantly enhances the delocalization degree of 
the electron cloud, not only reducing the electron trans-
fer resistance of the system but also effectively promot-
ing the directional migration of electrons between the 
active sites and reactants, thus remarkably improving 
the electron transfer efficiency and overall performance 
of the catalytic reaction. The fluorescence property is one 
of the key properties of CDs. This research thoroughly 
investigated the fluorescence behavior of LC-CDs under 
varying excitation wavelengths. As shown in Fig.  3C 
under multiple excitation wavelengths, the optimal 
emission wavelengths of LC-CDs were predominantly 
concentrated around 450  nm. Further, by detecting the 
fluorescence decay curve of LC-CDs and through pre-
cise calculation, its fluorescence lifetime was obtained as 
3.56 ns (Fig. 3D). In a dark environment, when LC-CDs 
were irradiated with ultraviolet light, it could be observed 
that they emitted blue-green fluorescence (Fig. S2). The 

http://www.huabeing.com
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above-mentioned phenomena fully indicate that the CDs 
derived from Ligusticum Chuanxiong have been success-
fully synthesized. Raman spectroscopy was used to accu-
rately measure the degree of graphitization and surface 
defects in LC-CDs. In the Raman spectrum, the D peak 
around 1300 cm⁻¹ reflects the defect state of the carbon 
lattice, while the G peak near 1580 cm⁻¹ corresponds to 
the sp² hybridized carbon’s in-plane vibrational mode, 
indicating the graphitization level of LC-CDs. Raman 
spectroscopy revealed the coexistence of D and G peaks 
in the LC-CDs spectrum, with an ID/IG ratio of 0.91 
(Fig. 3E). This result indicates that LC-CDs not only have 
a relatively high graphitization degree but also have a 
large number of defect sites on their surface. These sur-
face defects and the π-π planar structure conducive to 
rapid electron transfer are highly likely to endow LC-
CDs with remarkable catalytic properties. The ultravio-
let absorption spectroscopy analysis results showed that 
LC-CDs exhibited a relatively broad absorption band 
in the wavelength range of 200–600  nm (Fig.  3F). This 
phenomenon is mainly attributed to the π-π* transition 
and n-π* transition existing in the carbon-dot struc-
ture. Among them, the π-π* transition originates from 
the presence of the sp²-hybridized structure in the car-
bon core. Under ultraviolet light irradiation, π-bonded 

electrons are excited from the π orbital to the π* orbital 
[34]. The n-π transition arises from surface functional 
groups like -NH₂, -OH, and -COOH, enabling non-bond-
ing electrons to transition to the π orbital upon photon 
absorption. These functional groups also provide a mate-
rial basis for LC-CDs to exert their functions. The X-ray 
diffraction (XRD) experiment further characterized the 
crystal structure of LC-CDs. The XRD pattern showed 
that LC-CDs have a relatively broad diffraction peak 
at 21.4°, which could be attributed to the (002) plane of 
graphite. Through calculation, the d-spacing correspond-
ing to this diffraction peak was approximately 0.42  nm 
(Fig. 3G). Subsequently, Fourier-transform infrared spec-
troscopy (FT-IR) and X-ray photoelectron spectroscopy 
(XPS) were used to further and meticulously character-
ize the surface structure of LC-CDs. In the FT-IR spec-
trum, the broad absorption peak at 3375  cm⁻¹ could be 
attributed to the stretching vibration of-OH/-NH; the 
absorption peak at 2950  cm⁻¹ originated from the sym-
metric and asymmetric stretching vibrations of methyl 
and methylene groups (C-H) in saturated hydrocarbons; 
the absorption peak at 1661  cm⁻¹ corresponded to the 
absorption peak of the C = C double bond in the con-
jugated system or the stretching vibration of the C = N 
bond; the absorption peak at 1180  cm⁻¹ was caused by 

Fig. 3  Synthesis and characterization of LC-CDs. (A) TEM and size distribution histogram of LC-CDs. (B) HR-TEM of Ca-CDs. (C) Emission spectra of LC-CDs 
under different excitations. (D) Fluorescence lifetime of LC-CDs. (E) Raman spectrum and (F) UV-vis spectrum of LC-CDs. (G) XRD spectrum and (H) FT-IR 
spectrum of LC-CDs. (I) XPS survey spectra of LC-CDs. (J-L) High-resolution XPS spectra of C 1s, O 1s, and N 1s for LC-CDs
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the stretching vibration of the C-O bond (Fig. 3H). These 
peaks confirm that LC-CDs possess abundant surface 
functional groups. The XPS analysis showed that LC-
CDs are mainly composed of three elements: C, N, and 
O. Among them, the C1s peak had the highest intensity, 
with a corresponding content of 73.01%; the contents of 
O1s and N1s are 19.87% and 7.12%, respectively (Fig. 3I). 
Further, the XPS spectrum was subjected to peak-fitting 
processing for different elements. In the C1s spectrum, 
the peak at 248.4  eV corresponded to the C = C bond, 
the peak at 286.3 eV corresponded to the C-N bond, and 
the peak at 287.9  eV corresponded to the C = O; in the 
O1s spectrum, the peak at 531.1 eV corresponded to the 
C = O, and the peak at 532.8 eV corresponded to the C-O; 
in the N1s spectrum, the peaks at 398.9  eV, 400.07  eV, 
and 400.93  eV represented pyridinic-N, pyrrolic-N, and 
graphitic-N respectively. The detailed analysis results 
showed that in the C1s spectrum, the content of C = C 
was the highest, reaching 67.21%, and the contents of 
C-N and C = O were 17.17% and 15.62% respectively; in 
the O1s spectrum, the contents of C = O and C-O were 
63.07% and 36.93% respectively; in the N1s spectrum, the 
contents of pyridinic-N, pyrrolic-N, and graphitic-N were 
57.78%, 27.69%, and 14.53% respectively (Fig. 3J-L). The 
characterization results of XPS conclusively confirm that 
the chemical groups contained in Ligusticum chuanx-
iong are retained on the surface of LC-CDs. These groups 
constitute the material basis for LC-CDs to exert their 
pharmacological activities, providing crucial structural 
support for the realization of their biological functions. 
In conclusion, our thorough and systematic structural 
characterization of LC-CDs has confirmed their success-
ful synthesis. The abundance of surface functional groups 
on LC-CDs enables potential pharmacological and cata-
lytic functionalities. This finding greatly motivates us to 
further explore the potential applications of LC-CDs in 
relevant fields.

Free radical scavenging evaluation of LC-CDs
Within the carbon core structure, carbon atoms are 
arranged in a closely packed manner [35]. This highly 
ordered arrangement pattern can significantly reduce the 
energy gap width between carbon atoms [36]. Accord-
ing to the band theory, the reduction of the energy gap 
width implies a decrease in the energy required for elec-
tron transition [36]. Valence band electrons can be read-
ily promoted through the absorption of modest energy 
inputs to traverse the forbidden energy gap and populate 
the conduction band. This electronic transition mecha-
nism facilitates a marked increase in charge carrier den-
sity, as the delocalized electrons in the conduction band 
exhibit substantially enhanced mobility. The resultant 
elevation in free carrier population directly correlates 
with improved charge transport characteristics, thereby 

significantly enhancing the carbon-core material’s con-
ductivity performance. The excellent electron-transfer 
properties of CDs can endow them with good catalytic 
activity. The research by Gao et al. has demonstrated 
that CDs derived from activated carbon possess ultra-
high SOD activity [26]. Through surface-group capping 
experiments and numerous studies, it has been shown 
that the SOD activity of CDs stems from the combination 
of hydroxyl and carboxyl groups with superoxide anions, 
as well as the electron transfer carried out by carbonyl 
groups conjugated with the π-system. In our previous 
research, we also verified that CDs derived from Hon-
eysuckle (Hy-CDs) exhibit strong SOD activity. In that 
research, we verified that the SOD activity of Hy-CDs 
is chiefly derived from a substantial quantity of amino 
groups on their surface. Building on this foundation, we 
systematically investigated the catalytic properties of LC-
CDs. First, we examined the ability of LC-CDs to scav-
enge ·O₂⁻. A generation system of ·O₂⁻ was constructed 
using riboflavin and methionine. Upon light exposure, 
riboflavin absorbs photon energy, undergoes excitation, 
and donates electrons to methionine, self-oxidizing to 
generate a semiquinone radical. The semiquinone radi-
cal reacts with molecular oxygen to generate ·O₂⁻. The 
·O₂⁻ generated in the system oxidizes nitroblue tetrazo-
lium chloride (NBT) to blue-violet NBT formazan, which 
has a strong absorption at 560 nm (Fig. 4A). This system 
can be used to detect the scavenging effect of LC-CDs on 
·O₂⁻. We first tested the kinetics of LC-CDs in scaveng-
ing ·O₂⁻ using this system. The UV absorption of solu-
tions containing different concentrations of LC-CDs at 
560  nm was continuously monitored within 520s. The 
results showed that as time elapsed, the absorption of 
the system solution without LC-CDs at 560  nm gradu-
ally increased, indicating that a large amount of ·O₂⁻ was 
generated in the solution. However, after adding LC-CDs, 
the UV absorption of the solution decreased significantly, 
suggesting that LC-CDs can remarkably inhibit the gen-
eration of ·O₂⁻ (Fig. 4B). Especially as the concentration 
of LC-CDs attained 60 µg/mL, the absorption of the solu-
tion at 560 nm hardly changed. Subsequent UV-Vis spec-
tral analysis (500–800 nm) of the post-reaction solution 
revealed absorption characteristics that closely mirrored 
the time-dependent kinetic behavior observed in the 
chemical reaction (Fig.  4C). The final statistical results 
showed that as the concentration of LC-CDs increased, 
their ability to scavenge ·O₂⁻ gradually enhanced. As the 
concentration of LC-CDs attained 60  µg/mL, the scav-
enging rate of ·O₂⁻ nearly reached 100% (Fig. 4D). These 
results indicate that LC-CDs possess strong SOD-like 
enzyme activity. Immediately after, we examined the 
ability of LC-CDs to scavenge hydroxyl radicals (·OH). 
·OH is a key element causing and aggravating the physi-
ological imbalance in the human body. We simulated the 
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generation of ·OH using the Fenton reaction between Fe²⁺ 
and H₂O₂. In this system, 3,3’,5,5’-tetramethylbenzidine 
(TMB) was used as a chromogenic substance (Fig.  4E). 
After being oxidized to oxTMB, the solution turns 
green and can be detected at 652  nm by a microplate 
reader. Consistent kinetic detection outcomes indicated 
that with the progressive increase in the concentration 
of LC-CDs, the oxidation rate of TMB in the solution 
exhibited a gradual deceleration. This finding corrobo-
rated the fact that LC-CDs possess a definite capacity for 
scavenging·OH (Fig.  4F). Further, we detected the UV 
absorption spectrum of reaction systems with different 
LC-CDs concentrations in the range of 500–800 nm. The 
data revealed that when the concentration of LC-CDs 
reached 500 µg/mL, TMB was hardly oxidized (Fig. 4G). 

The statistical results showed that high-concentration 
LC-CDs can achieve a scavenging rate of nearly 80% for 
·OH (Fig. 4H).

Thereafter, we evaluated the scavenging effect of 
LC-CDs on nitrogen-containing radicals. 1,1-Diphe-
nyl-2-picrylhydrazyl radical (DPPH·) is a typical nitro-
gen-containing radical. The lone-pair electrons of DPPH· 
have strong absorption in the visible light region (515–
520 nm), making the solution purple (Fig. 4I). The kinetic 
results showed that the scavenging effect of LC-CDs on 
DPPH· is concentration-dependent. As time increased, 
LC-CDs at different concentrations all demonstrated 
scavenging efficiency for DPPH· (Fig. 4J). The UV absorp-
tion spectrum results showed that as the concentration of 
LC-CDs reached 100  µg/mL, the solution almost faded, 

Fig. 4  Free radical scavenging evaluation of LC-CDs. (A) Schematic diagram of superoxide radical scavenging system. (B) Kinetic curves of ·O₂⁻ scavenged 
by LC-CDs. (C) UV absorption spectra of ·O₂⁻ scavenged by LC-CDs. (D) The scavenging rate of ·O₂⁻ by LC-CDs. (E) Schematic diagram of ·OH scavenging 
system. (F) Kinetic curves of ·OH scavenged by LC-CDs. (G) UV absorption spectra of ·OH scavenged by LC-CDs. (H) The scavenging rate of ·OH by LC-CDs. 
(I) Schematic diagram of DPPH· scavenging system. (J) Kinetic curves of DPPH· scavenged by LC-CDs. (K) UV absorption spectra of DPPH· scavenged by 
LC-CDs. (L) The scavenging rate of DPPH· by LC-CDs. (M) Schematic diagram of the scavenging of three types of free radicals by LC-CDs. (N-P) EPR Spectra 
Detect the Scavenging of ·O₂⁻, ·OH, and DPPH· by LC-CDs. Data are expressed as mean ± SD (n = 3)
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indicating that DPPH· in the solution had been com-
pletely scavenged (Fig.  4K). The statistical results also 
confirmed that as the concentration of LC-CDs reached 
100  µg/mL, the scavenging rate for DPPH· could reach 
approximately 80% (Fig. 4L). Next, we used electron para-
magnetic resonance (EPR) technology to further detect 
the scavenging effect of LC-CDs on ·O₂⁻, ·OH, and DPPH· 
(Fig. 4N-P). The qualitative results indicated that LC-CDs 
have a good scavenging effect on these three radicals, and 
it is concentration-dependent. All the above-mentioned 
results suggest that LC-CDs possess strong antioxidant 
capacity (Fig. 4M). Given the typical pathological feature 
of ROS burst during myocardial ischemia-reperfusion, 
the antioxidant properties of LC-CDs are expected to 
show potential application value in the prophylaxis and 
management strategies for this disease.

Sub-organelle co-localization and antioxidant properties 
of LC-CDs in cells
Upon myocardial ischemia-reperfusion, the restora-
tion of nutrient and oxygen supply, however, exacerbates 
the generation of ROS [37]. The instantaneous burst of 
ROS disrupts the redox homeostasis in the local cardiac 
region, thereby causing damage to myocardial cells and 
further inducing inflammatory responses [38]. In this 
process, the interaction between inflammation and ROS 
jointly aggravates the MIRI. To thoroughly investigate the 
repair efficacy of LC-CDs on MIRI, this study system-
atically examined the antioxidant and anti-inflammatory 
capacities of LC-CDs at the cellular level. Firstly, the 
commonly used immune cell model, Raw264.7 cells, was 
selected to explore the localization of LC-CDs within sub-
cellular organelles. The burst of ROS usually originates 
from mitochondria. In the mitochondrial respiratory 
chain, when electrons fail to transfer smoothly to coen-
zyme Q, they will leak out and directly react with molec-
ular oxygen, generating a large amount of ·O₂⁻, ultimately 
leading to redox imbalance [39]. Because of this, this 
study first evaluated the colocalization of LC-CDs with 
mitochondria. In order to achieve direct visualization 
of liquid-phase LC-CDs using fluorescence microscopy, 
this study employed a chemical modification method to 
attach the fluorescent dye Cy5.5-amino to the surface of 
LC-CDs. After incubation treatment, the fluorescence 
emitted by mitochondria and LC-CDs could be clearly 
observed under a confocal laser scanning microscope. 
Through the image merging operation, a large number 
of overlapping regions between them were presented 
(Fig.  5A). Fluorescence colocalization analysis showed 
that the Pearson correlation coefficient of colocalization 
between mitochondria and LC-CDs was as high as 0.98 
(Fig. S3A, B). This result fully confirms that LC-CDs are 
highly localized in mitochondria, and this localization 
characteristic facilitates their efficient scavenging of ROS. 

Subsequently, we evaluated the colocalization of LC-CDs 
with lysosomes. The results indicated that LC-CDs exhib-
ited a certain degree of colocalization with lysosomes, 
but compared with mitochondria, the colocalization 
effect was relatively weaker (Fig.  5B). Through analysis, 
the colocalization coefficient of LC-CDs with lysosomes 
was 0.79 (Fig. S3C, D). The above results suggest that LC-
CDs are more likely to localize in mitochondria and rela-
tively easy to escape from lysosomes. Subsequently, this 
study employed flow cytometry to evaluate the uptake 
of LC-CDs by Raw264.7 and H9C2 cells. It was found 
that after 1-hour incubation, the uptake rate of LC-CDs 
by Raw264.7 cells could reach 64.10%, and that by H9C2 
cells could reach 36.80% (Fig. 5C, D). As the incubation 
time prolonged, the uptake of LC-CDs by both cell types 
increased significantly. Next, an OGD/R model was con-
structed at the cellular level in this study to simulate the 
oxidative stress induced by ischemia-reperfusion. The 
2’,7’-dichlorodihydrofluorescein (DCFH) probe was uti-
lized to monitor the intracellular ROS level. When the 
intracellular oxygen pressure increased, DCFH was oxi-
dized to DCF, which emits strong green fluorescence. 
The results showed that oxidative stress was success-
fully induced in H9C2 cells under OGD/R treatment. 
However, after treatment with LC-CDs, the fluorescence 
intensity of DCF was significantly weakened (Fig.  5E). 
Meanwhile, dihydroethidium (DHE) was applied to spe-
cifically assess the concentration of ·O₂⁻ in cells, and the 
results demonstrated that LC-CDs could also signifi-
cantly scavenge ·O₂⁻ induced by OGD/R (Fig.  5F). The 
flow cytometry results strongly confirmed that LC-CDs 
possess remarkable antioxidant ability in the OGD/R 
model (Fig. 5G, H). Furthermore, this study used H₂O₂ to 
induce Raw264.7 cells to construct a secondary oxidative 
stress cell model. Similarly, DCFH and DHE were used to 
detect the levels of ROS and ·O₂⁻ in Raw264.7 cells. The 
findings demonstrated that in treatment with LC-CDs, 
the levels of ROS and ·O₂⁻ in Raw264.7 cells decreased 
significantly (Fig. 5I, J). The results from flow cytometry 
further quantified the ability of LC-CDs to scavenge ROS 
within cells. The flow cytometry results showed that LC-
CDs could even reduce the level of ·O₂⁻ to that of the 
control group (Fig. 5K, L). Similarly, the results obtained 
from fluorescence statistics of fluorescent images also 
support the above conclusion (Fig.  5M-P). The above 
series of results fully confirm that LC-CDs also possess 
strong antioxidant ability at the cellular level.

Cytoprotective effect of LC-CDs
Multiple studies have demonstrated that macrophages 
are prone to polarize into M1-type macrophages under 
the stimulation of ROS. M1-type macrophages secrete 
a large amount of pro-inflammatory cytokines, which 
exacerbate the degree of damage following myocardial 
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ischemia-reperfusion [40–42]. In this study, lipopolysac-
charide (LPS) was employed to induce Raw264.7 cells to 
construct an M1-type macrophage model, and the cell-
surface marker CD86 was selected to identify M1-type 
macrophages. The results of immunofluorescence 

detection showed that after treatment with LPS, LC-CDs 
at different concentrations could significantly inhibit the 
over-expression of CD86 on the surface of macrophages, 
and this result was also confirmed by flow cytometry 
experiments (Fig.  6A, B). Moreover, the large number 

Fig. 5  Sub-organelle co-localization and antioxidant properties of LC-CDs in cells. (A) Fluorescence colocalization of LC-CDs with mitochondria. (B) 
Fluorescence colocalization of LC-CDs with lysosomes. (C and D) Flow cytometric analysis of the uptake of LC-CDs by Raw264.7 cells and H9C2 cells at 
different times. (E and F) Fluorescence images of different groups of H9C2 cells incubated with DCFH and DHE. (G and H) Flow analysis results of different 
groups of H9C2 cells incubated with DCFH and DHE. (I and J) Fluorescence images of different groups of Raw264.7 cells incubated with DCFH and DHE. 
(K and L) Flow analysis results of different groups of Raw264.7 cells incubated with DCFH and DHE. (M and N) MFI statistics after incubation of DCFH 
and DHE with H9C2 cells in different groups. (O and P) MFI statistics after incubation of DCFH and DHE with Raw264.7 cells in different groups. LC-CDs 1: 
inducer + 5 µg/mL LCCDs; LC-CDs 2: inducer + 10 µg/mL LC-CDs. Statistical comparisons were made using one-way ANOVA and a t-test. Statistical signifi-
cance was indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed as mean ± SD (n = 3)
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of inflammatory cytokines secreted by M1-type macro-
phages aggravates the pathological process of myocardial 
ischemia-reperfusion. Based on this, this study evaluated 
the effect of LC-CDs on the release of pro-inflammatory 

cytokines (such as TNF-α, IL-1β, and IL-6) by Raw264.7 
cells at the gene-expression level. The results of real-time 
fluorescence qPCR indicated that, under the stimula-
tion of LPS, the expression of TNF-α, IL-1β, and IL-6 in 

Fig. 6  Evaluation of the cytoprotective effect of LC-CDs. (A) Fluorescent images of Raw264.7 cells labeled with CD86 in different treatment groups. (B) 
Flow cytometry results of Raw264.7 cells labeled with CD86 in different treatment groups. (C-E) qPCR analysis of pro-inflammatory cytokines (TNF-α, 
IL-1β, and IL-6) in different treatment groups. (F) Cell viability of different treatment groups. (G) Fluorescent images of JC-1 probe staining in different 
treatment groups (JC-1 agg: red; JC-1 mon: green). (H) Fluorescent images of γ-H2AX labeling in different treatment groups. (I) Flow cytometry results of 
Raw264.7 cells stained with Annexin V FITC/PI in different treatment groups. (J and K) MFI statistics of JC-1 probe staining in different treatment groups. 
(L) MFI statistics of γ-H2AX labeling in different treatment groups. LC-CDs 1: inducer + 5 µg/mL LC-CDs; LC-CDs 2: inducer + 10 µg/mL LC-CDs. Statistical 
comparisons were made using one-way ANOVA and a t-test. Statistical significance was indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed 
as mean ± SD (n = 3)
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Raw264.7 cells was significantly upregulated; while sub-
sequent treatment with varying concentrations of LC-
CDs resulted in a dose-dependent suppression of these 
inflammatory markers (Fig.  6C-E). This fully demon-
strates that LC-CDs can significantly inhibit the occur-
rence of the immune response of Raw264.7 cells under 
stimulated conditions. The oxidative damage caused by 
myocardial ischemia-reperfusion is usually irreversible. 
Given that the antioxidant and anti-inflammatory effects 
of LC-CDs have been evaluated previously, it is hypoth-
esized that LC-CDs possess a certain ability to resist oxi-
dative damage. The different concentrations of H₂O₂ were 
used to induce oxidative stress in cells, thereby triggering 
cell death. The results of the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay showed 
that LC-CDs at a concentration of 10 µg/mL could effec-
tively reverse the cell death induced by H₂O₂ (Fig.  6F). 
During ischemia-reperfusion injury, ROS overproduction 
targets unsaturated fatty acids within the mitochondrial 
membrane, causing structural and functional damage 
that impairs ion and metabolite transport [43]. In this 
study, the JC-1 fluorescent probe was employed to eval-
uate changes in mitochondrial membrane potential in 
H9C2 cells following H₂O₂ stimulation. It was found that 
after H₂O₂ stimulation, the JC-1 aggregates decreased 
significantly, and the JC-1 monomers increased, indi-
cating that oxidative stress damaged the mitochondrial 
membrane and severely disrupted mitochondrial func-
tion (Fig.  6G). However, after treatment with LC-CDs 
at different concentrations, the mitochondrial mem-
brane potential underwent a notable restoration, and the 
results of fluorescence statistical analysis also supported 
this conclusion (Fig. 6J, K). During ischemia-reperfusion 
injury, a reduction in mitochondrial membrane potential 
triggers cytochrome C translocation into the cytoplasm, 
leading to the activation of apoptosis-related proteins. 
LC-CDs protect the energy-metabolism core structure of 
myocardial cells and effectively prevent the occurrence 
of apoptosis by maintaining the mitochondrial mem-
brane potential under oxidative stress. After myocardial 
ischemia-reperfusion, the intense oxidative stress imbal-
ance and inflammatory response can lead to severe DNA 
damage [44]. In particular, ROS can react with DNA 
bases and deoxyribose, causing damage to bases, glyco-
syl groups, and chains, ultimately leading to severe cell 
apoptosis and myocardial fibrosis. Immunofluorescence 
staining was used to detect the protective effect of LC-
CDs on DNA damage induced by H₂O₂, with γ-H2AX 
as a marker of DNA damage. The findings revealed that 
LC-CDs at different concentrations suppressed γ-H2AX 
expression, suggesting their ability to mitigate oxida-
tive stress-induced DNA damage in cells (Fig. 6H, L). In 
addition, the Annexin V/propidium iodide (PI) staining 
method was applied to identify early and late apoptosis 

of cells. During early apoptosis, cell membrane integrity 
is compromised, leading to the translocation of phospha-
tidylserine from the inner to the outer membrane sur-
face. Annexin V can bind to phosphatidylserine (PS) on 
the outer side of the cell membrane, enabling the identi-
fication of early-apoptotic cells by flow cytometry. Flow 
cytometry analysis revealed that LC-CDs effectively sup-
pressed H₂O₂-induced early apoptosis. As the concen-
tration of LC-CDs attained 10  µg/mL, it could almost 
completely inhibit the early apoptosis of cells (Fig. 6I). In 
conclusion, the above-mentioned research results indi-
cate that LC-CDs have a protective effect against mito-
chondrial damage, DNA damage, and cell apoptosis 
caused by oxidative stress. These effects are crucial dur-
ing the process of MIRI, implying that LC-CDs may have 
a promising application prospect in the therapy for MIRI.

The therapeutic effect of LC-CDs on the MIRI model
Given the remarkable anti-oxidative damage and anti-
inflammatory effects of LC-CDs at the cellular level, this 
investigation set up a rat model of myocardial ischemia-
reperfusion to assess the therapeutic efficacy of LC-CDs 
at the animal level. The model was constructed through 
surgery (Fig. 7A). Specifically, blood flow in the left ante-
rior descending coronary artery was occluded, followed 
by restoration after 45  min to simulate the myocardial 
ischemia-reperfusion process. Meanwhile, in situ admin-
istration was performed on the rat heart. Three days 
after administration, the rats underwent transthoracic 
echocardiography and were then euthanized. To ensure 
the stability of the model, the electrocardiogram (ECG) 
of the rats was continuously monitored during the study. 
During the myocardial ischemia phase, the membrane 
potential of the ischemic myocardial cells decreases, cre-
ating a potential difference from the normal myocardium. 
This led to the generation of an injury current, causing 
the ST-segment elevation in the electrocardiogram leads. 
Therefore, ST-segment elevation is the most prominent 
electrocardiogram feature of myocardial ischemia. Dur-
ing the 45-minute myocardial ischemia period, the ST 
segment of the rat heart electrocardiogram was signifi-
cantly elevated (Fig. 7B). The instant the blood flow was 
restored, the ST segment decreased, which fully demon-
strated the successful construction of the rat myocardial 
ischemia-reperfusion model. In the treatment phase, this 
study selected two concentrations of LC-CDs (1  mg/kg 
and 5  mg/kg) to treat the rats to evaluate their efficacy. 
LC-CDs were administered to rats via local myocardial 
injection. When myocardial injury occurs, the cell mem-
brane permeability increases, and creatine kinase (CK) 
and lactate dehydrogenase (LDH) are released into the 
blood. The levels of CK and LDH in the blood are cru-
cial indicators for evaluating cardiac function. Based on 
this, the study collected the serum of treated rats at the 
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Fig. 7 (See legend on next page.)
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identical time point for blood biochemical analysis. The 
results showed that myocardial injury led to a marked 
elevation in the levels of CK and LDH in the blood of the 
MIRI group rats. After treatment with different concen-
trations of LC-CDs, these two indicators significantly 
decreased, indicating that the cardiac function of the 
treated rats was improved (Fig.  7C, D). To analyze the 
infarct area of the rat heart after treatment, this study 
employed the TTC (2,3,5-triphenyltetrazolium chloride) 
and Evans blue staining methods. TTC can be reduced to 
red triphenylformazan (TPF) by dehydrogenases in liv-
ing tissues, while dead cells cannot reduce TTC and thus 
appear white. Evans blue can stain the normally perfused 
areas of the rat heart tissue blue, and the non-stained 
areas are the at-risk areas of blood supply. In the at-risk 
areas, the parts stained white by TTC are the infarct 
areas. The staining results of different sections of the rat 
heart in the MIRI group showed that the rat heart had 
severe infarction, and almost all of the at-risk areas were 
infarcted (Fig.  7E). After treatment with LC-CDs, the 
infarct area in the at-risk areas decreased. After treatment 
with a high concentration of LC-CDs, the infarct area 
in the at-risk areas almost returned to normal (Fig. 7E). 
Given the outstanding therapeutic efficacy of LC-CDs, 
this study employed paraffin-embedded tissue sectioning 
and hematoxylin-eosin (H&E) staining to assess inflam-
matory cell infiltration in rat cardiac tissue. The results 
showed that in the infarct area of the MIRI group, a large 
number of inflammatory cell infiltrations and tissue dam-
age were visible (Fig. 7F). This damage to the myocardial 
microenvironment was irreversible. After treatment with 
different concentrations of LC-CDs, the inflammatory 
infiltration in the infarct area was significantly reduced. 
Meanwhile, LC-CDs also reduced the blood cell leakage 
caused by ischemia-reperfusion. To evaluate the impact 
of LC-CDs on the physiological function of the rat heart, 
before euthanizing the rats, transthoracic echocardiog-
raphy was used to measure the cardiac function param-
eters of rats in different groups, including left ventricular 
ejection fraction (LVEF), left ventricular fractional short-
ening (LVFS) (Fig. 7G). As depicted in Fig. 7H, in com-
parison with the healthy group (LVEF: 93.45% ± 4.29), the 
echocardiogram of the MIRI group rats showed weak-
ened left ventricular anterior wall motion (LVEF: 39.99% 
± 2.5%), indicating that the myocardial injury caused by 
myocardial ischemia-reperfusion might lead to cardiac 
systolic dysfunction. Fortunately, after in situ injection 

of LC-CDs, the left ventricular anterior wall motion of 
the rat heart was significantly restored. The LVFS of the 
low-concentration treatment group reached 72.22% ± 
10%, and that of the high-concentration treatment group 
was 76.62% ± 8.41%. At the same time, the LVFS of the 
MIRI group significantly decreased (16.01% ± 7.15%). 
After treatment with LC-CDs, the LVFS also signifi-
cantly recovered, and the high-concentration treatment 
group could reach 46.62% ± 8.60% (Fig. 7I). These results 
fully demonstrated that LC-CDs could repair the myo-
cardial injury caused by myocardial ischemia and thus 
restore cardiac function. The oxidative stress state in the 
local area of the heart was further verified by the DHE 
probe. After ischemia-reperfusion, a vast amount of ROS 
bursts occurred at the damaged site of the heart. After 
treatment with LC-CDs, the ROS level was significantly 
reduced, greatly alleviating the oxidative damage to myo-
cardial cells (Fig. 7J). Oxidative damage is often accompa-
nied by immune infiltration. The previous H&E staining 
results have proven that LC-CDs can inhibit immune cell 
infiltration. Further, by labeling the surface marker CD86 
of M1-type macrophages, the changes in M1-type mac-
rophages in the infarct area of the heart were observed. 
The data indicated a notable rise in CD86 expression in 
the MIRI group, whereas LC-CDs treatment led to its 
reduction, suggesting a decline in M1-type macrophage 
levels within the cardiac tissue following LC-CDs admin-
istration (Fig. 7K). The flow cytometry results of M1 and 
M2 labeling of myocardial cells in different treatment 
groups show that after treatment with LC-CDs, it can not 
only reduce the M1 polarization of macrophages but also 
promote the M2 polarization of macrophages (Fig. S4). 
In addition, immunofluorescence was used to detect the 
expression levels of pro-inflammatory cytokines (TNF-α, 
IL-1β, and IL-6) in the heart tissue after different treat-
ments. The findings revealed elevated expression levels 
of these three pro-inflammatory cytokines in the MIRI 
group, with varying degrees of upregulation. In contrast, 
the LC-CDs treatment group markedly decreased the 
levels of these pro-inflammatory cytokines, contribut-
ing to the stabilization of the cardiac immune microen-
vironment (Fig. S5B-D). The fluorescence statistical data 
also supported this conclusion (Fig.  7L-N). The qPCR 
results of the myocardial tissues also demonstrated the 
anti-inflammatory effectiveness of LC-CDs (Fig. S6). 
Meanwhile, immunofluorescence of γ-H2AX was also 
used to detect the DNA damage of myocardial cells (Fig. 

(See figure on previous page.)
Fig. 7  The therapeutic effect of LC-CDs on MIRI. (A) Schematic diagram of the experimental procedure. (B) Electrocardiogram during the establishment 
of rat MIRI mode. (C and D) Contents of CK and LDH in the blood of rats in different treatment groups. (E) Evans blue/TTC staining of heart sections from 
rats in different treatment groups. (F) H&E pathological section staining of the hearts of rats in different treatment groups. (G) Transthoracic echocardiog-
raphy of rats in different treatment groups. (H and I) LVEF and LVFS of the hearts of rats in different treatment groups. (J and K) DHE and CD86 immuno-
fluorescence staining of the hearts of rats in different treatment groups. (L-O) Statistics of fluorescence intensity of immunofluorescence staining (TNF-α, 
IL-1β, IL-6, and γ-H2AX). LC-CDs 1: MIRI + 1 mg/kg LC-CDs; LC-CDs 2: MIRI + 5 mg/kg LC-CDs. Statistical comparisons were made using one-way ANOVA 
and t-test. Statistical significance was indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Data are expressed as mean ± SD (n = 3)



Page 17 of 21Guo et al. Journal of Nanobiotechnology          (2025) 23:391 

S5A). As expected, in the myocardial infarct area, the 
myocardial cells in the MIRI group had extensive DNA 
damage, while LC-CDs significantly inhibited this dam-
age (Fig.  7O). In conclusion, LC-CDs markedly allevi-
ate cardiac dysfunction induced by myocardial ischemia 
and shield myocardial cells against oxidative stress-
induced injury. At the same time, it can inhibit immune 
cell infiltration, lower the synthesis of pro-inflammatory 
cytokines, and ultimately achieve rapid repair after myo-
cardial ischemia-reperfusion.

RNA sequencing to explore biological mechanisms of 
LC-CDs
To deeply explore the specific mechanisms underlying 
the treatment of MIRI by LC-CDs, this study conducted 
RNA sequencing (RNA-seq) analysis on the treated 
rat hearts. The results of principal component analysis 
(PCA) clearly presented the differences among the three 
treatment groups: the Control group, the MIRI group, 
and the LC-CDs treatment group. Among them, the 
MIRI group exhibited the most pronounced differences 
in gene expression compared to the other two groups, 
whereas the heart tissue treated with LC-CDs displayed 
a profile closer to the control group (Fig. 8A). The gene-
expression heatmap further revealed that there were 
significant gene-expression differences among the three 
treatment groups (Fig. 8B). Although there were also cer-
tain gene-expression differences among the three samples 
within each group, considering that this difference might 
be attributed to the natural inter-individual variations, 
it had no substantial impact on the final results. Subse-
quently, the gene-expression profiles of rat hearts treated 
with LC-CDs were compared with those of the MIRI 
group. The volcano plot revealed a substantial number of 
genes with differential expression across the two sample 
groups (Fig. 8C). After treatment with LC-CDs, a total of 
1058 genes were upregulated, and 894 genes were down-
regulated. The results of gene ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analyses for these differentially expressed genes are 
presented as follows. In the GO analysis, biological pro-
cesses were the key focus. The results revealed that dif-
ferentially expressed genes were notably associated with 
biological processes including immune and inflamma-
tory responses, blood pressure regulation, blood vessel 
development, and superoxide anion production (Fig. 8D). 
This suggests that LC-CDs primarily modulate disease 
progression during MIRI repair by targeting pathways 
involved in immune regulation and superoxide radical 
production. In the KEGG enrichment analysis, the spe-
cific signaling pathways affected by LC-CDs were identi-
fied, including ECM-receptor interaction, IL-17 signaling 
pathway, NOD-like receptor signaling pathway, MAPK 
signaling pathway, NF-kappa B signaling pathway, TNF 

signaling pathway, JAK-STAT signaling pathway, and 
HIF-1 signaling pathway (Fig.  8E). Next, to further ver-
ify the effect of LC-CDs on the aforementioned signal-
ing pathways, we carried out a more in-depth statistical 
analysis of the key downstream genes within these sig-
naling pathways. The results showed that after treatment 
with LC-CDs, the expression levels of the key genes in 
these pathways all returned to the same state as those of 
the control group. This result strongly indicates that LC-
CDs can effectively regulate the relevant signaling path-
ways (Fig. S7). In addition, gene-set enrichment analysis 
(GSEA) provided a comprehensive assessment of differ-
ential gene expression at the gene-set level. The GSEA 
results showed that two pathways, oxidative phosphory-
lation and Negative regulation of the apoptosis process, 
underwent significant changes after LC-CDs treatment 
(Fig.  8F, G). This discovery aligns with the outcomes of 
previous network-pharmacology analyses regarding the 
mechanisms by which Ligusticum Chuanxiong affects 
MIRI. Furthermore, western blotting results demon-
strated that LC-CDs inhibited apoptosis through down-
regulation of key proteins, including Caspase3, Caspase9, 
and Bax (Fig. 8H).

Biosafety evaluation of LC-CDs
The biosafety of ultrasmall carbon nanoparticles has 
always been a focus in the research field. This study first 
investigated the effects of LC-CDs on Raw264.7 cells and 
H9C2 cells at the cellular level. Encouragingly, even when 
the concentration of LC-CDs reached 200  µg/mL, the 
MTT assay results showed that after 24-hour co-incu-
bation with Raw264.7 cells, the cell viability remained 
greater than 80% (Fig.  9A). Similarly, in the H9C2 cell 
experiment, H9C2 cells also maintained good cell viabil-
ity after co-incubation with LC-CDs (Fig.  9B). Regard-
ing blood safety, it was evaluated through a hemolysis 
experiment. After co-incubating different concentrations 
of LC-CDs with blood cells for 4  h, no abnormal phe-
nomena were observed in the blood cells, indicating that 
LC-CDs had good safety in the blood (Fig. 9C). To assess 
the in vivo safety of LC-CDs in animals, LC-CDs were 
injected in situ into the rat hearts. After three consecu-
tive days of observation, the drug-administered group 
exhibited a normal growth trend in body weight com-
pared to the healthy group (Fig.  9D). Pathological sec-
tions of the main organs of rats, including the heart, liver, 
spleen, lungs, and kidneys, were prepared and observed 
by H&E staining. The findings indicated that the heart 
tissue and other major organs in the drug-administered 
group exhibited no significant pathological alterations, 
confirming that LC-CDs did not induce severe damage 
to these organs (Fig.  9E, F). Furthermore, the effects of 
LC-CDs on the functions of the main organs were evalu-
ated through blood biochemical and blood routine tests. 
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Analysis of blood biochemical indicators showed no sig-
nificant differences in levels of Total Protein, Alanine 
Aminotransferase, and other markers between the drug-
administered group and the control or healthy groups, 
suggesting that LC-CDs did not significantly affect liver 
function (Fig. 9G). The Albumin and Globulin indicators 
also showed no differences, suggesting that LC-CDs did 
not trigger an immune response in rats. The normal Glu-
cose and Urea indicators indicated that the blood-glucose 
level and kidney function of the drug-administered group 
of rats were not impaired (Fig.  9G). The blood-routine 
indicators showed that there were no obvious differences 

in the blood conditions between the LC-CDs-treated 
group of rats and the healthy rats (Fig. 9H). In summary, 
the above results fully demonstrate that LC-CDs possess 
excellent biosafety.

Conclusion
In the present investigation, LC-CDs were successfully 
fabricated via a one-step hydrothermal approach, utiliz-
ing the Chinese herbal medicine Ligusticum Chuanx-
iong as a carbon-material precursor. A thorough 
assessment of their therapeutic potential for MIRI was 
subsequently conducted. LC-CDs, owing to their robust 

Fig. 8  RNA sequencing to explore biological mechanisms of LC-CDs. (A) PCA analysis of the Control, MIRI, and MIRI + LC-CDs groups. (B) Heat map of 
genes in different treatments. (C) Volcano plots of all genes in the MIRI + LC-CDs group and the MIRI group. The blue dots represented the upregulated 
differently expressed genes, the yellow dots were downregulated differently expressed genes, and the grey dots were non-differentially expressed genes. 
(D) GO enrichment of differential genes in MIRI + LC-CDs and MIRI groups. (E) KEGG enrichment of differential genes in MIRI + LC-CDs and MIRI groups. (F 
and G) GSEA enrichment analysis of differentially expressed genes (oxidative phosphorylation and Negative regulation of apoptosis process). (H) Expres-
sion of key proteins in the apoptosis pathway (Caspase3, Caspase9, and Bax)
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ROS scavenging capacity, efficiently alleviate the oxida-
tive stress burden within cells and significantly curtail 
oxidative cellular damage. Systematic analyses employ-
ing network pharmacology and transcriptomics revealed 
congruent mechanisms of action between LC-CDs and 
Ligusticum Chuanxiong. Both entities were found to mit-
igate MIRI by suppressing the cellular apoptotic pathway. 
Specifically, LC-CDs demonstrated remarkable efficacy in 
attenuating MIRI, promoting cardiac function recovery 
by alleviating oxidative stress and inhibiting apoptosis. 
The synthesis of LC-CDs represents an innovative solu-
tion, effectively circumventing the challenges associated 
with the clinical application of Ligusticum Chuanxiong, 
including its suboptimal bioavailability and the arduous 
process of active ingredient extraction. Moreover, given 
that Ligusticum chuanxiong has a clinical application 

history spanning thousands of years, the raw materials 
of LC-CDs possess superior biosecurity when compared 
to those of other carbon-based or metal-based nano-
materials. This study innovatively combines the unique 
advantages of traditional Chinese medicine with mod-
ern nanotechnology, and LC-CDs are obtained through a 
simple and efficient synthesis method. This novel mate-
rial is anticipated to offer a valuable example for clinical 
MIRI treatment strategies and pave the way for further 
advancements in this field.
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Fig. 9  Biosafety evaluation of LC-CDs. (A) Cell viability of different concentrations of LC-CDs incubated with Raw264.7 for 12 h and 24 h. (B) Cell viability 
of different concentrations of LC-CDs incubated with H9C2 for 12 h and 24 h. (C) Hemolysis test. (D)Changes in body weight of rats in different treatment 
groups (n = 3 mice). (E) H&E staining of major organs for biosafety in healthy groups of mice. (F) H&E staining of major organs for biosafety in the LC-CDs 
groups of mice. (G) Blood biochemistry analysis results of the above mice. (H) Complete blood panel analysis results of LC-CDs-treated mice. Statistical 
comparisons were made using one-way ANOVA and t-test. “ns” represents “no statistically significant difference”. Data are expressed as mean ± SD (n = 3)
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