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Hepatocellular carcinoma (HCC), a lethal form of liver cancer within the gastrointestinal tract, demonstrates
dismal survival rates and challenging treatment prospects. Doxorubicin (DOX) continues to be extensively
employed as a chemotherapeutic drug for hepatocellular carcinoma in clinical practice. Nevertheless, its
lack of selective targeting leads to non-specific killing of normal healthy cells, thereby inducing severe
adverse reactions. Carbon dots (CDs) with biocompatibility and low toxicity have attracted much
attention in cancer treatment. We demonstrate an eco-friendly and straightforward synthesis of CDs
with superior biocompatibility via a hydrothermal method, utilizing Artemisia argyi as the carbon
precursor, and doxorubicin-loaded carbon dots (CDs—-DOX) provide a novel strategy for liver cancer
treatment. Compared with DOX, CDs—-DOX showed more significant anti-tumor advantages. CDs—-DOX
enhanced the relative abundance of A. muciniphila in the intestinal microbiota, reshape the homeostasis
of intestinal flora in mice, and significantly enhance the intestinal barrier function. The antitumor effects
of CDs-DOX against HCC regulation of pivotal genes and alteration of the tumor
microenvironment. In addition, CDs—DOX significantly reduce DOX heart and liver toxicity, reduce
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1 Introduction

Hepatocellular carcinoma (HCC) demonstrates a prevalence
ranking of sixth among all cancers and accounts for the third
highest mortality rate worldwide. During 2022, malignant
tumors affected 19.97 million individuals globally while claim-
ing 9.74 million lives. Approximately 865000 new cases of
hepatocellular carcinoma were estimated to occur globally each
year, along with 758 000 attributable deaths.! The early treat-
ment of HCC is surgical resection and liver transplantation,?
which may lead to a higher risk of recurrence and metastasis.?
Chemotherapeutic approaches have constituted a mainstay of
cancer treatment for about 100 years, retaining widespread
clinical application and effectiveness.? Evidence confirms that
combining chemotherapy with surgical intervention and radi-
ation therapy enhances progression-free survival in localized
cancer cases.’ Although a lot of research has been invested in
cancer, drug resistance is still the most serious factor hindering
effective treatment. Consequently, the development of novel,
efficient therapeutic approaches for HCC constitutes an
immediate research imperative.® Doxorubicin (DOX), a widely
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utilized chemotherapeutic drug with broad-spectrum antitumor
activity, plays a significant role in HCC management. DOX
remains the most widely utilized anthracycline anticancer
drug.” Anthracycline drugs have always been an important and
effective treatment for a variety of cancers. However, the clinical
application of these agents is challenged by severe adverse
effects and toxicity.® Hence, a major scientific challenge lies in
developing methods to alleviate DOX-related side effects and
improve its clinical utility.

To achieve this, researchers have developed many targeted
drug delivery systems using carriers including polymers, lipo-
somes, microspheres, and carbon dots. Carbon dots (CDs) have
emerged as a promising category of carbon-based nanocarriers
in drug delivery applications, distinguished by their exceptional
biocompatibility, minimal cytotoxicity, excellent aqueous di-
spersibility, and remarkable optical characteristics.’ The unique
properties of CDs enable their utilization in several cutting-edge
research areas, particularly in fluorescence imaging, biological
detection, nanomedicine, and light-driven catalytic reactions.
On this foundation, CDs synthesized with biologically active
constituents serving as precursor materials were developed for
biomedical applications. The donkey-hide gelatin-based carbon
nanomaterials exhibit potent erythropoiesis-promoting capa-
bilities by enhancing hematopoietic progenitor cell prolifera-
tion, inducing erythroid differentiation, promoting erythroblast
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maturation, and systematically activating the entire erythrocyte
production cascade.’ Carbon dots synthesized from honey-
suckle exhibit dual catalytic and pharmacological properties
that attenuate pulmonary inflammation through suppression of
the caspase-11/gasdermin D-mediated pyroptotic pathway.'
Among the numerous biomass materials, Chinese herbal
medicine hold more promise as active precursors for synthe-
sizing CDs due to their abundant active components and long
history of clinical application. Notably, Chinese herbal medi-
cine possesses a distinct advantage over Western pharmaceu-
ticals in its diverse array of bioactive components, offering
multi-target therapeutic potential.*> Artemisia argyi is a medic-
inal and edible Chinese herbal medicine, which has antibac-
terial and antiviral effects.”® Therefore, CDs made from
Artemisia argyi may have certain antibacterial, antiviral and anti-
inflammatory effects.

This study utilized Artemisia argyi as a natural precursor
material to fabricate CDs, with DOX being incorporated as
a model chemotherapeutic to assess drug delivery enhancement
strategies for improved cancer treatment outcomes. The study
involved systematic evaluation of CDs properties through
physicochemical analyses and subsequent determination of
doxorubicin loading efficiency and release kinetics using
carbon nanospheres. In animal experiments, we constructed
a subcutaneous xenograft model of Hepal-6 and found that
CDs-DOX had tumor-targeted delivery and improved tumor
malignancy compared with free DOX. Notably, CDs-DOX stim-
ulated proliferation of A. muciniphila, a beneficial mucinolytic
gut microbe, demonstrating its capacity to concurrently restrain
tumor development and favorably influence mouse intestinal
microflora. Transcriptome sequencing showed that CDs-DOX
had significant systemic immunomodulatory effects. In addi-
tion, compared with DOX, HE staining of liver, heart, spleen,
lung and kidney showed that the heart and liver toxicity of CDs—
DOX was significantly reduced. In summary, CDs-DOX repre-
sents a potential approach to enhance the therapeutic outcome
for hepatocellular carcinoma (HCC), thus providing new
insights for anticancer therapy (Scheme 1).

2 Materials and methods

2.1. Material

Artemisia argyi in this experiment was obtained from Yangquan
City, Shanxi Province. DOX was sourced from Shanghai Baililai
Biotechnology (Chengdu, China). All experimental materials -
PBS, syringe filters, and 1 kDa cutoff dialysis membranes - were
commercially acquired from Sigma-Aldrich.

2.2. Characterization

Sample microstructure was analyzed by transmission electron
microscopy (JEM-2100F, JEOL Ltd, Japan) at 200 kV accelerating
voltage. X-ray diffraction analysis was performed on the CDs
with a Rigaku SmartLab 9 kW diffractometer to determine their
crystallographic properties. FT-IR spectral data were collected
using a Nicolet 6700 instrument (Thermo Fisher Scientific) with

a scanning range of 400-4000 cm '. A Thermo Scientific
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ESCALAB 250Xi XPS instrument was employed for surface
chemical analysis. A UV-2600 system was employed for
absorption spectroscopy, while fluorescence measurements
were conducted on an RF-6000 instrument (Japan).

2.3. Preparation of CDs

CDs were prepared via a hydrothermal approach using Artemisia
argyi as raw material. The detailed procedure was conducted as
follows: Dried and cleaned Artemisia argyi was ground with
a crusher for 5 minutes to obtain moxa floss. Subsequently,
0.7 g of the prepared moxa floss was blended with 20 mL of
distilled water. The resulting solution was transferred into the
inner core of a hydrothermal reactor and subjected to ultrasonic
oscillation at 37 °C for 10 minutes. Following sonication, the
inner core containing the solution was placed into the hydro-
thermal reactor, which was then maintained at 200 °C in an
oven for 3 h. Upon reaching room temperature via natural
cooling, the mixture was centrifuged at 10 000 rpm for 15 min,
and the clarified supernatant was filtered through 0.22 pm
membranes. Following filtration, CDs were obtained through
vacuum drying (100 °C, 8 h) of the processed solution.

2.4. DOX-loading and release

The drug carrying capacity of CDs was evaluated, according to
the mass ratio of DOX to CDs of 2: 1, 10 mg DOX and 5 mg CDs
were respectively weighed and added into neutral PBS solutions
with different volumes to prepare mixed solutions with different
concentrations; the mixed solution was stirred at 37 °C and
600 rpm for 1 hour, the mixtures were kept in a 4 °C fridge for
12 h. After full loading, the mixed solution was centrifuged at
4000 rpm for 10 min; the precipitate in the centrifuge tube was
repeatedly centrifuged and washed with neutral PBS solution
until the UV-Vis absorption spectrum of the supernatant had no
absorption peak at 490 nm, all the washing liquids were
collected and the absorbance of the mixed washing liquid at
490 nm was determined; the absorbance of mixed solution
was substituted into the standard curve, and then the mass
Mpox-loaded Of Unloaded DOX was obtained according to the
total volume of mixed washing solution; and the loading effi-
ciency (DL) and encapsulation efficiency (EE) of CDs can be
obtained according to the following formula.

MpPOX-loaded

DL = x 100% 1)

MpPOX-loaded + MCDs

EE = MpOX-loaded % 100% (2)
Mpox

2.5. Drug release

The optimal drug loading conditions (the mass ratio of CDs to
DOX is 1:2, and the concentration of DOX is 0.7 mg mL™")for
drug release testing, CDs-DOX was dispersed in 100 mL PBS
solutions with pH values of 4.0, 6.0 and 7.4 respectively, these
conditions were established to simulate three biologically
distinct environments: physiological milieu, interstitial fluid of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the fabrication process for CDs—DOX and their application in hepatocellular carcinoma (HCC) therapy.

tumor tissues, and cytoplasm of cancer cells, the dispersion was
loaded into a 1 kDa dialysis bag and immersed in PBS solutions
with three different pH values for the drug release assay; at
regular intervals, an appropriate amount of PBS solution was
sucked to determine its absorbance at the wavelength of 490 nm
until the PBS solution almost did not contained DOX, the drug
release rate (DR) at each time interval was determined using the
following eqn (3).

DR = "ROXordessed 00, 3)

MpPOX-loaded

2.6. Animal experiments

Animal procedures were carried out following approval from the
Institutional Animal Ethics Committee at Shanxi University of
Traditional ~ Chinese = Medicine  (registered = number:
AWE202403287). The laboratory animal quality certificate was
provided by SPF (Beijing) Biotechnology Co., Ltd (license
number: SCXK (Beijing) 2024-0001). Male C57BL/6 mice, 4
weeks old, grew in a controlled environment without specific
pathogen (SPF) conditions. Animals were housed under
controlled conditions (22-24 °C) with a 12 h light/12 h dark
photoperiod.

2.7. Establishment and grouping of Hepal-6 mouse
subcutaneous tumor xenograft model

Five-week-old male C57BL/6 mice received subcutaneous
implantation of 1 x 10” Hepal-6 cells in the right hind limb.
Tumor growth was quantified by the ellipsoid volume formula V
= (L x W?)/2. After one week of tumor growth (50-100 mm?), the
mice were randomly assigned to six groups, as follows: PBS
(090501, China), CDs (6.3 mg kg™ '), CDs-DOX-L (4.65 mg kg™ 1),
CDs-DOX-M (9.3 mg kg™ '), CDs-DOX-H (18.6 mg kg™ ') and

© 2025 The Author(s). Published by the Royal Society of Chemistry

DOX (5.31 mg kg~ ') (D807083, China), eight mice in each group.
Treatment was administered via intraperitoneal route in three
doses with 3 days inter-dose intervals. Tumor dimensions and
weights were recorded every two days to evaluate growth
kinetics. Standardized necropsy procedures were performed
after cervical dislocation, with harvest of cardiac, hepatic,
splenic, pulmonary, renal, colonic, and tumor tissues, all fixed
in 4% PFA for histological processing (BL539A, China). Samples
were stained with H&E (BA4098, China) and immunohisto-
chemistry (PV-9000, China).

2.8. H&E staining

Following paraffin embedding, multiple organ tissues
including liver, heart, spleen, lungs, kidneys and tumor nodules
were precisely sectioned into 4-micron slices using computer-
controlled rotary microtomy (Leica RM2265 Germany). Tissue
sections underwent hematoxylin and eosin staining using
a H&E kit, followed by microscopic examination and digital
image acquisition to document histomorphological alterations
(Leica DM4B, Germany).**

2.9. Immunohistochemistry (IHC)

Initially, antigen retrieval of the liver tissue sections was per-
formed via high-pressure repair. Subsequently, the protocol
described in the IHC kit was implemented. After incubation
with primary antibody, secondary antibody and DAB color
development kit (ZLI-9018, China) were added in turn for color
reaction. Microscopic images of the sections were acquired
using a microscope. The primary antibodies included Ki-67
(122028, CST, USA, 1:200), Z0-1 (ab276131, Abcam, UK, 1:
250), Occludin (27260-1-AP, Proteintech, China, 1:1000).

RSC Adv, 2025, 15, 37645-37659 | 37647
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2.10. Periodic acid-schiff staining (PAS)

After tissue collection, murine colon samples were processed
into paraffin sections and stained for goblet cells employing
a PAS staining kit (R20526, China). Standardized staining
protocols provided with the commercial kit were rigorously
implemented. Post-staining microscopic analysis enabled
systematic assessment of goblet cell density and cytomorpho-
logical changes in the intestinal epithelium of colon and ileum
specimens (Leica DM2500, Germany), and images were
collected for analysis to evaluate the secretory function and
barrier function of intestinal mucosa.

2.11. Real - time PCR

Genomic DNA was extracted from murine fecal samples
employing a commercial DNA isolation kit (EX1752, China),
with subsequent quantification performed using a NanoDrop
spectrophotometric system (USA). For the real-time PCR setup,
DNA, double-distilled water (ddH,0), forward, and SuperReal
PreMIX Plus (WO229, China) were added to an 8-tube strip
reaction system, followed by quantitative analysis using a Bio-
Rad real-time PCR detection system (USA). The A. muciniphila
primers used were AM1 (5'-CAGCACGTGAAGGTGGGAC-3') and
AM2 (5-CCTTGCGGTTGGCTTCAGAT-3'). Quantitative data
were analyzed via the 274" algorithm. Primer sequences for
total bacteria and A. muciniphila were adapted from previously
published studies.”

2.12. 16 s rRNA sequencing

After 7 days of intervention, the feces of each group of mice were
collected. Shanghai Pasenuo Biotechnology Co., Ltd was
commissioned to sequence and analyze the microbial diversity
of mouse feces. Microbial community analysis was conducted
using the Gene Cloud platform to assess o-diversity indices and
intergroup taxonomic variations, with graphical representa-
tions generated to illustrate gut microbiota composition across
treatment cohorts.

2.13. Transcriptome sequencing

After the experiment was concluded, the tumor tissues were
promptly removed. In accordance with the requirements, the
tumor tissue samples from each group were sent to Shanghai
Personal Biotechnology Co., Ltd. The company carried out
procedures such as RNA extraction and library construction on
the samples, followed by transcriptome sequencing. Subse-
quently, differential gene expression analysis, enrichment
analysis, and clustering analysis were performed on the
samples. These analyses were aimed at gaining in-depth
insights into the changes in the gene expression profiles of
tumor tissues after PBS and CDs-DOX-L treatment, and at
exploring the underlying molecular mechanisms.

2.14. AST, ALT, BUN, CRE detection

The serum and plasma of mice were extracted for AST (C010-2-1,
China), ALT (C009-2-1, China), BUN (C013-2-1, China), CRE
(C013-2-1, China) detection. According to the instructions of the
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kit, the 96-well microplate was loaded with three sample types:
standard references, blank controls, and experimental serum
samples. The enzymatic activities of AST and ALT, along with
serum concentrations of BUN and CRE, were quantified using
standardized computational algorithms by using the enzyme
calibration to measure the OD value at the specified nanometers.

2.15. Statistical analysis

Statistical evaluations were conducted employing GraphPad
Prism 9.0 software. One-way ANOVA followed by Tukey's
multiple comparison test was used for multigroup analyses.
Quantitative data are shown as mean =+ SD, with p-values below
0.05 considered significant.

3 Experimental result

3.1. Preparation and characterization of CDs and CDs-DOX

In the experiments, a simple hydrothermal approach was used
to CDs from Artemisia argyi. TEM characterization revealed
monodisperse CDs with near-spherical nanostructures, exhib-
iting a narrow size distribution centered at 2 nm (Fig. 1A and B).
Such an ultrasmall size means that CDs could be well absorbed
and metabolized by living organisms. The HRTEM analysis
clearly demonstrated the presence of well-defined crystalline
structures in CDs, exhibiting a lattice spacing of 0.51 nm
(Fig. 1C). The XRD further revealed that CDs exhibited a broad
peak at 24°, which was ascribed to the (002) plane of the
graphite structure (Fig. 1D). The FT-IR profile in Fig. 1E di-
splayed characteristic vibrational modes of CDs, where the
prominent absorption band centered at 3335 cm ™' was indic-
ative of the stretching vibrations of O-H and N-H groups. The
absorption peak at 2950 cm ' corresponds to C-H bond
stretching vibrations. The characteristic bands observed at 1673
and 1400 cm™' represent asymmetric and symmetric COO™
stretching modes, respectively.’® The peak at 1200 cm ™" is
characteristic of C-N stretching vibrations.”” A stretching
vibration absorption band of C-O was also observed at
1095 cm™'. FT-IR analysis of the prepared CDs confirmed the
existence of hydroxy, carboxyl/carbonyl and nitrogen functional
moieties. Fluorescence emission spectra of the CD solution
were acquired across a range of excitation wavelengths (340-390
nm) (Fig. 1F). The CDs exhibited excitation-dependent emission
characteristics, which was in line with previous research.’® A
systematic red-shift in emission maxima was observed with
increasing excitation wavelength from 340 to 390 nm. This
phenomenon, as previously documented, was a typical trait of
CDs."?° As displayed in Fig. 1G, the XPS full spectrum of CDs
exhibited three major peaks assigned to Cls, N1s and Ols,
confirming carbon, oxygen and nitrogen as the primary
elemental components. The C1s spectrum showed four peaks at
287.6, 286.2, 285.5, 284.7 and 284.1 eV, which corresponded to
C=0, C-N, C-0O, C-C/C-H and C=C respectively.”* The N1s
spectrum showed two peaks at 400.0 and 399.3 eV, which
assigned to N—-(C); and C=C-N groups.?*** In the O1s spectrum,
the two peaks at 532.5 and 533.5 eV were assigned to C-OH/C-
O-C and C=O, respectively. The combined XPS and FTIR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analyses validated that CDs possessed multiple surface func-
tional groups, including hydroxyl, carboxyl and nitrogen moie-
ties, a feature contributing to their superior hydrophilic
properties.

When excited at 367 nm (Fig. 2A), CDs, DOX, and CDs-DOX
exhibited distinct photoluminescence (PL) intensities. Specifi-
cally, CDs emitted a strong PL signal, while the fluorescence
quenching of CDs-DOX was obvious, which further showed that
there may be -7 conjugation between CDs and DOX. Mean-
while, CDs-DOX exhibited a blue shift relative to DOX, con-
firming the complexation.** As depicted in the UV-Vis absorption
spectra of Fig. 2B, DOX had maximum peak at 490 nm. When
DOX was loaded on CDs, the absorption peak of DOX at 490 nm
shifted to the short wavelength direction, further validating their
successful formation. As a typical spectral behavior of CDs-DOX
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systems, this blue-shift has been extensively described in earlier
reports.* In Fig. 2C, the FT-IR spectra of CDs, DOX, and CDs-
DOX are displayed in superposition. For the CDs, the absorption
peaks indicate the presence of hydroxy, carboxyl/carbonyl and
nitrogen functional groups. These functional groups endow CDs
with hydrophilicity. Notably, the abundance of such functional
groups highlights the structural flexibility of CDs, which is crit-
ical for DOX conjugation via electrostatic interactions. It could be
seen from the FT-IR spectrum that CDs-DOX exhibited an
additional characteristic peak of DOX compared with CDs, which
further validated the successful formation of CDs-DOX. In this
study, the drug-loading efficiency of DOX and in vitro release
profile were systematically analyzed. Under the optimized
conditions, it was found that the drug encapsulation efficiency
(EE) was approximately 66.4%. Meanwhile, the drug loading
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efficiency (DL) reached about 57.1% in Fig. 2D. The drug release
performance of CDs-DOX in different pH PBS solutions was
evaluated. The pH values of 4.0, 6.0, and 7.4 simulated the lyso-
somal environment within tumor cells, the endosomal environ-
ment, and normal physiological conditions, respectively. The
release rate curves of CDs-DOX at different pH values are shown
in Fig. 2E. Evidently, CDs-DOX demonstrated a significantly
higher release rate in an acidic medium at pH 4.0 compared to
PH 6.0 and 7.4. At pH 4.0, the cumulative release of CDs-DOX
reached 56.55% after 56 h. However, at pH 7.4, it only reached
6.81%, indicating that the release rate of CDs-DOX was obviously
pH-dependent, which proved that CDs-DOX could maintain
a stable state in body fluids, and then slowly release the drug after
DOX is transported into lysosomes in tumor cells. The pH-
dependent of CDs-DOX was presumably attributed to the
following: There were a large number of functional groups on the
surface of CDs, such as hydroxy, carboxyl/carbonyl and nitrogen
functional groups. These functional groups make CDs hydro-
philic, and their protonated or deprotonated states change under
different pH conditions. For example, in acidic environments
(such as pH 5.0 in cancer cells), the degree of protonation of
functional groups increases, affecting the stability of CD-DOX
complexes; in neutral environments (such as normal physiolog-
ical environment pH 7.4), the state of functional groups is
different, and the complex is relatively more stable, resulting in
decreased DOX release."” Therefore, CDs can transport DOX into
tumor cells and enable sustained drug release.

3.2. CDs-DOX-L inhibited the growth of HCC

The subcutaneous transplantation tumor model of Hepa1-6 was
constructed, and 1 x 10’ Hepal-6 cells were inoculated

37650 | RSC Adv, 2025, 15, 37645-37659

subcutaneously into the right hind limb of C57BL/6 mice
(Fig. 3A). After 7 days tumor establishment, randomized
grouping included PBS, CDs, CDs-DOX-L, CDs-DOX-M, CDs-
DOX-H and DOX controls. There was no difference in body
weight between the groups (Fig. 3B). The tumor growth in the
PBS and CDs group was rapid, the tumor volume growth in the
CDs-DOX-L, CDs-DOX-M, CDs-DOX-H and DOX groups was
slowed down (Fig. 3C) (P < 0.05), and a significant suppression
of tumor progression was observed. The tumor volume of the
CDs-DOX-L group (21.91 mm® =+ 3.256 mm?®) was smaller than
that of the PBS group (103.4 mm® + 112.1 mm?®) and the CDs
group (326.5 mm® + 195.3 mm?®), indicating that CDs-DOX-L
inhibited tumor growth. In addition, the tumor volume of the
CDs-DOX-L (21.91 mm® + 3.256 mm?®) was 0.26 times that of
the DOX group (85.16 mm?® + 47.11 mm?®), indicating that the
CDs-DOX-L group could better inhibit tumor growth (Fig. 3D).
The results of this study showed that the anti-tumor effect of
CDs-DOX did not show a dose-dependent relationship. The
results of tumor weight showed that there was no difference
between CDs-DOX-L, CDs-DOX-M, and CDs-DOX-H indicating
no dose dependence, but there was a difference compared with
CDs, indicating that CDs-DOX-L, CDs-DOX-M, and CDs-DOX-
H could reduce the tumor weight (Fig. 3E). From the H&E
staining of the tumor mass (Fig. 3F), it can be seen that the PBS
and CDs group showed dense arrangement of tumor cells,
abnormal morphology, and active tumor growth. The H&E
staining of the CDs-DOX-L, CDs-DOX-M, and CDs-DOX-H
groups showed relatively sparse arrangement of tumor cells
and reduced morphological abnormalities. H&E staining of the
DOX group showed that the tumor cells were relatively irregular.
The expression level of Ki-67 is directly related to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The CDs-DOX demonstrated dual functionality by significantly suppressing Ki-67 proliferative marker expression and impeding
subcutaneous tumor progression in murine models. (A) The schematic diagram describes the subcutaneous xenograft model of Hepal-6 mice.

(B) Changes of tumor volume in mice. (C) Changes in body weight of

mice. (D) Tumor volume map of mice. (E) Tumor weight map of mice. (F)

Tumor histopathology was observed by H&E staining (scale: 50 um). (G) The positive expression of Ki-67 in mouse tumor cells was detected by
immunohistochemical staining (scale: 50 um). (H) Ki-67 quantitative analysis (¥*P < 0.05, ns P > 0.05, n = 3).

proliferation and expansion rate of tumor cells. Specifically, Ki-
67 labeling index served as a reliable indicator of tumor
aggressiveness, with higher indices predicting more rapid
cellular proliferation.>® IHC staining was conducted to quantify
Ki-67-positive cells in tumor sections, providing a standardized

© 2025 The Author(s). Published by the Royal Society of Chemistry

measure of cellular proliferation. From the immunohisto-
chemical staining of the tumor mass, the significant down-
regulation of Ki-67 expression in the CDs-DOX-L group
compared to CDs and DOX groups provides compelling
evidence for its tumor growth-inhibiting properties (Fig. 3G and
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H). This result is consistent with the data of tumor volume
measurement, which further supports that CDs-DOX can
inhibit tumor growth. And CDs-DOX-L has the best anti-tumor
effect.

3.3. CDs-DOX-L increased the content of A. muciniphila

Previous studies have demonstrated the microbiota-modulating
effects of Artemisia argyi in murine models. Building upon
these findings, we utilized this medicinal herb as the precursor
material for CDs synthesis.>® To elucidate the microbiota-
modulating effects of different treatments, fecal samples from
PBS, CDs, and CDs-DOX-L-treated mice were subjected to 16 s
rRNA gene sequencing analysis. The saturation of rarefaction
curves with increasing sequencing depth indicated adequate
coverage of microbial diversity in the samples. This feature
indicates that the current sequencing depth is sufficient and the
obtained data has high reliability (Fig. 4A).>” Beta diversity anal-
ysis via PCoA revealed significant separation of intestinal
microbiota profiles between treatment groups. Statistical analysis
revealed significant intergroup variations, indicating that distinct
therapeutic approaches exerted differential impacts on murine
gut microbiota composition (Fig. 4B). A comprehensive evalua-
tion of microbial diversity was conducted using established
ecological indices, this study estimated a variety of alpha diversity
indices, including Chao1, Goods-coverage, Simpson ‘s Index and
Shannon-Wiener Index (Fig. 4C). The Simpson diversity index
represents a widely employed ecological metric for quantifying
microbial community heterogeneity within biological specimens.
Comparative analysis showed marked differences in Simpson
index values among treatment groups, reflecting substantial
heterogeneity in microbial community structures. (P < 0.05).

At the same time, the phylum level diagram (Fig. 4D) and
genus level diagram (Fig. 4E) were drawn, and the results clearly
showed that there were some differences in the flora structure
of each sample. The relative abundance ratio of Firmicutes
versus Bacteroidetes (F/B) was computed to evaluate treatment-
induced alterations in intestinal microbial architecture.
Compared with PBS group and CDs group, the F/B ratio of CDs—
DOX-L group increased, indicating that CDs-DOX-L changed
the intestinal flora of mice. Heatmap analysis of species
composition revealed distinct clustering patterns, highlighting
potential microbial biomarkers characteristic of each treatment
group. It was found that the content of A. muciniphila in PBS,
CDs and CDs-DOX-L groups increased gradually, and the
number of CDs-DOX-L group was the highest (Fig. 4F). As
a probiotic bacterium, A. muciniphila contributes to intestinal
homeostasis through its ability to modulate mucus barrier
dynamics and maintain microbial community stability.>**
Experimental data demonstrate that the CDs-DOX-L formula-
tion exhibits dual therapeutic benefits: potent antitumor effi-
cacy coupled with favorable modulation of gut microbial
communities. This study further extracted the fecal DNA of
mice in PBS, CDs, and CDs-DOX-L groups, and performed PCR
detection of A. muciniphila. Consistent with the results of 16 s r
RNA sequencing, CDs-DOX-L has a good ability to reshape the
composition of intestinal flora in tumor-bearing mice (Fig. 4G),

37652 | RSC Adv, 2025, 15, 37645-37659
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which further confirmed the reliability of the research
conclusions.

3.4. CDs-DOX-L improved intestinal barrier

Following characterization of microbiota alterations, intestinal
histopathological evaluation was conducted through H&E and
PAS staining to assess drug-induced morphological changes
and mucosal barrier integrity. The results of H&E staining
showed that the colon tissue structure of mice in each group
was intact, and no obvious pathological damage was observed,
indicating that no significant detrimental impact on intestinal
architecture was observed in drug-treated mice (Fig. 5A). PAS
staining revealed a marked increase in goblet cell density within
colonic tissues of the CDs-DOX-L treatment group (Fig. 5B). The
increase in the number of goblet cells is usually regarded as an
important indicator of the improvement of intestinal barrier
function.*” ZO-1, belonging to the MAGUK protein family, plays
a pivotal role in cellular organization by serving as a scaffold
that binds and stabilizes transmembrane proteins. It connects
tight junction complexes to cortical actin, maintaining epithe-
lial junction stability.** Merging evidence indicates that reduced
Z0-1 expression correlates with enhanced tumor dissemination
and metastatic progression.** As a critical tight junction
component, Occludin serves as a primary regulator of intestinal
barrier dysfunction in various pathological conditions.** The
CDs-DOX-L group exhibited upregulated ZO-1 and Occludin
expression, indicating improved intestinal barrier integrity
(Fig. 5C and D).***”

3.5.
cells

CDs-DOX-L regulated genes and pathways in tumor

After sample processing, RNA sequencing bioinformatics anal-
ysis was performed to preliminarily explore the related biolog-
ical changes after CDs-DOX-L treatment. Pearson correlation
coefficients were calculated to evaluate the association between
continuous variables and assess similarity in gene expression
profiles across samples. A stronger positive correlation (closer
to 1) reflects greater similarity in expression patterns. As shown
in the figure, the correlation between samples is higher, and the
heat map shows that there is a positive correlation between all
samples (Fig. 6A). Principal component analysis uncovered
markedly differentiated transcriptomic profiles across study
groups (Fig. 6B). The overall distribution of DEG can be inferred
from the volcanic map. Comparative analysis of DEGs demon-
strated significant variations in gene expression patterns when
comparing CDs and CDs-DOX-L groups. A total of 135 genes
(Jlog 2FC = > 1 and P < 0.05) were detected, including 63 up-
regulated and 72 down-regulated genes. After CDs-DOX-L
treatment, 135 genes were up-regulated, indicating a signifi-
cant regulatory effect on cell gene expression.*®

In the volcano map, we found that the following genes are
closely related to HCC (Fig. 6C). ISG15 is a novel prognostic
marker for predicting 5 year overall survival in patients with
HBV-related HCC. The overexpression of ISG15 is associated
with clinicopathological features and poor prognosis of
patients.*” The article proposes that patients with higher NPAS2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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expression have a poor prognosis.*” Based on the predicted
target genes, their molecular functions were further analyzed.
SAMD12 may play an alternating role in postoperative effects
and tumor size, which may lead to carcinogenesis.** The
experiment confirmed the cancer-promoting function of RSPO3
and its regulation on immune infiltration.”” Ces enzymes
(Ces1d, Ces1f, Ces3b), which are important regulators of VLDL
lipid packaging and assembly in the endoplasmic reticulum
(ER) of the liver, reduce their expression will lead to reduced
liver lipid clearance.*® The significant up-regulation (Ces1d) or
down-regulation (ISG15, NPAS2, SAMD12, RSPO3) of these genes
exert anti-tumor immune effects, thereby inhibiting the occur-
rence and development of cancer.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Functional annotation of genes with significant changes in
CDs-DOX-L was performed by GO and KEGG pathway enrich-
ment analysis (Fig. 6D and E). GO term analysis found that CDs—
DOX treatment may enhance the anti-tumor immune response
by participating in NK cell-mediated killing and triggering
inflammatory cell death. KEGG enrichment analysis showed
that CDs-DOX may activate chemokine-mediated immune cell
recruitment, synergistic anti-tumor effect of Wnt/calcium
signaling pathway, regulate tumor microenvironment and
metabolic recombination, and form a multi-level immune-
enhancing anti-tumor mechanism. Cluster analysis was
employed to identify distinct expression patterns of differen-
tially expressed genes (DEGs) across experimental conditions

RSC Adv, 2025, 15, 37645-37659 | 37653
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Fig. 6 Transcriptome sequencing analysis of PBS, CDs and CDs-DOX-L groups. (A) Gene expression profile similarity between samples was
quantified using Pearson correlation coefficients, where values approaching 1 indicate higher degrees of transcriptional pattern concordance. (B)
In the PCA plot, distinct sample groups are differentiated by both geometric shapes and color coding. (C) Volcano map of DEGs. The gene of red
dots was up-regulated, the gene of blue dots was down-regulated, and the gene difference of gray dots was not significant. (D) GO enrichment
analysis. (E) KEGG enrichment analysis. (F) Cluster analysis (*P < 0.05, n = 3).

(Fig. 6F). CDs-DOX-L inhibits the expression of HCC-related
genes and exerts anti-tumor effects by regulating up-regulated
genes (Cesid) and down-regulated genes (ISG15, NPAS2,
SAMD12, RSPO3) and immune-related pathways.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.6. CDs-DOX reduced the heart and liver toxicity

H&E staining was used to detect the internal organs of HCC
mice treated with different drugs (Fig. 7A-E). To evaluate drug
toxicity in vivo, we collected the heart, liver, spleen, lungs, and
kidneys from mice and prepared them for histological analysis.
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The anthracycline antibiotic DOX represents a widely utilized
chemotherapeutic drug with activity against multiple cancer
types. While DOX is clinically effective, its utility is constrained
by progressive cardiac damage. The toxic effects of DOX lead to
muscle cell damage, eventually leading to pathological cardio-
myopathy.**** Myocardial injury was found in DOX heart tissue
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sections, and no obvious injury was found in other groups
(Fig. 7A). In addition, studies indicate that DOX induces hepa-
totoxicity*®*” while the liver tissue of the CDs-DOX was less
damaged, reducing the toxic and side effects of DOX (Fig. 7B).
The CDs-DOX exhibits markedly lower toxicity profiles in both
heart and liver tissues, compared to DOX. A marked increase in
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Fig. 7 CDs-DOX reduced the hepatotoxicity of the drug. (A-E) HEE staining (scale: 50 pm) was used to observe the histopathology of heart,
liver, spleen, lung and kidney in mice. (F) Detection of AST, ALT, BUN and CRE in serum of mice. (¥*P < 0.05, ns P > 0.05, n = 3).
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AST levels was observed in DOX-treated mice relative to PBS
controls (P < 0.05), confirming DOX hepatotoxic potential.
Comparative analysis revealed statistically significant differ-
ences between CDs-DOX and DOX treatment groups (P < 0.05),
and the AST value of the CDs-DOX was significantly reduced,
which strongly proved that the CDs-DOX can effectively reduce
the toxic effects of DOX on the liver of mice. CDs-DOX-L had
significantly less liver damage, suggesting that it could more
effectively reduce liver side effects, compared with CDs-DOX-M
and CDs-DOX-H. Similarly, the analysis results of ALT indica-
tors further confirmed that the CDs-DOX had a significant
improvement effect on DOX-induced liver toxicity (Fig. 7F). In
addition, through the evaluation of BUN and CRE indicators,
statistical analysis revealed no treatment effect relative to
controls (P > 0.05) (Fig. 7F). The above experiments fully proved
that CDs-DOX reduced drug heart and liver toxicity and
provided an important basis for clinical safe medication.

4 Conclusion

In conclusion, this study demonstrates for the first time that
hydrothermal treatment of Artemisia argyi represents an effi-
cient approach for synthesizing carbon dots. The CDs displayed
a uniform quasi-spherical shape (~2 nm diameter) with surface
hydroxyl, carboxyl, and methyl groups, contributing to their
excellent hydrophilicity. Successful fabrication of the CDs-DOX
was confirmed by PL, UV-Vis, and FT-IR spectroscopy, which
showed significant variations compared to pristine CDs. The
CDs-DOX show minimal drug release in pH 6.0 and pH 7.4,
while release drugs rapidly and quantitatively in acidic envi-
ronment (pH 4.0), which exhibited pH-dependent DOX release
properties. The results of animal experiments showed that CDs-
DOX-L reduced the expression of Ki-67 and effectively inhibited
tumor growth. In addition, CDs-DOX-L significantly increased
the content of A. muciniphila, optimized the structure of intes-
tinal flora in mice, and improved the intestinal barrier. Trans-
criptomic profiling revealed critical regulatory genes and
oncogenic pathways implicated in hepatocellular carcinoma
therapeutics. It is worth noting that CDs-DOX significantly
reduces the heart and liver toxicity of DOX and provides a safer
and more efficient innovative solution for tumor treatment.
These research results show that CDs-DOX has better clinical
transformation application prospects.
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