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Introduction: The anti-cancer properties of zinc oxide-doped carbon dots (CDs/ZnO) in inhibiting triple-negative breast cancer
(TNBC) progression merit more investigation.

Methods: With citric acid as the carbon source, urea applied as the nitrogen source, and zinc oxide (ZnO) used as a reactive dopant,
CDs/ZnO were synthesized by microwave heating in the current study, followed by the characterization and biocompatibility
assessments. Subsequently, the anti-cancer capabilities of CDs/ZnO against TNBC progression were evaluated by various biochemical
and molecular techniques, including viability, proliferation, migration, invasion, adhesion, clonogenicity, cell cycle distribution,
apoptosis, redox homeostasis, metabolome, and transcriptome assays of MDA-MB-231 cells. Additionally, the in vivo anti-cancer
potentials of CDs/ZnO against TNBC progression were analyzed using TNBC xenograft mouse models.

Results: The biocompatibility of CDs/ZnO was supported by the non-significant changes in the pathological and physiological
parameters in the CDs/ZnO treated mice, alongside a non-cytotoxic effect of CDs/ZnO on the proliferation of normal cells. Notably,
the CDs/ZnO treatments effectively decreased the viability, proliferation, migration, invasion, adhesion, and clonogenicity of MDA -
MB-231 cells. Furthermore, the CDs/ZnO treatments induced cell cycle arrest, apoptosis, redox imbalance, metabolome disturbances,
and transcriptomic alterations of MDA-MB-231 cells by regulating the MAPK signaling pathway. Additionally, the CDs/ZnO
treatments markedly suppressed the in vivo tumor growth in the TNBC xenograft mouse models.

Conclusion: In this study, we synthesized CDs/ZnO via microwave heating, using citric acid as the carbon source, urea as the
nitrogen source, and ZnO as a reactive dopant. We confirmed the biosafety and potent anti-cancer efficacy of CDs/ZnO in inhibiting
TNBC progression by disrupting malignant cell behaviors through modulation of the MAPK signaling pathway.
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Introduction

As a consequence of population growth and aging, the future incidence of breast cancer is projected to increase by 40%
to over 3 million newly diagnosed cases and 1 million estimated deaths annually by 2040, leading to the recent launch of
the Global Breast Cancer Initiative by the World Health Organization (WHO) in 2021." Incorporation of oncogenic driver
mutations, various non-genetic risk events (such as hereditary, high mammographic density, chest radiation, high body
mass index, menopausal hormone abuse, alcohol consumption, and inadequate physical activities) are contributing to the
rising rates of breast cancer.”® Although the survival rates of breast cancer patients have been improved by population-
based breast cancer screening programs and timely diagnostic alternatives, along with adequate implementations of
multidisciplinary precision preventives and individualised cancer medications, the absolute disease burdens caused by

local recurrences and invasive relapses remain high among women aged 30 to 60 globally.*
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As an aggressive breast cancer subtype, triple-negative breast cancers (TNBC), coined in the mid-2000s and
characterized by the expression absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2), accounts for approximately 15% to 20% of breast carcinomas.>® As an umbrella term
covering a heterogeneous variety of entities with marked genetic, transcriptional, immunomodulatory, histological, and
clinical diversities, TNBC comprises a panoply of aggressive clinical behaviors and vastly different responses to clinical
therapies.” Specifically, for these TNBC patients in the advanced-disease, the outcome remains disproportionately poor
with a median survival of less than 24 months, on the other hand, the median survival time for metastatic TNBC patients
is only 10.2 months to 13.3 months.®

Due to the lack of therapeutic targets, coupled with the absence of actionable biomarkers and molecular carcinoma
drivers, the treatments of TNBC have been mainly based on chemotherapy as the standard of care. Of note, these
neoadjuvant therapies, such as molecular-based precise therapies and immunotherapeutic interventions, have promisingly
emerged as new therapeutical approaches for modest improvements in the prognosis of metastatic TNBC patients.”
Nevertheless, less than 30% TNBC patients with achieve a complete response, and the acquired therapeutic resistance,
recurrence, and mortality rates remain higher in these TNBC patients.'® Hence, forthcoming research is warranted to
benefit the therapeutic dependencies of TNBC better.

Since the discovery of nanodiamonds in the 1980s, functionalized nanocarbon materials with different dimensions
have garnered multidisciplinary interest in applications ranging from electronics, photovoltaics, and optoelectronics to
sensing, targeted bioimaging, drug delivery, diagnostics, and personalized therapeutics owing to their superior physical,
chemical, optical, and electrocatalytic properties.'""'> Driven by their unique structure-based chemical, electrical, and
mechanical properties, nanocarbon materials have been employed as scaffolds for biological analytes of interest during
clinical healthcare applications.'®> More importantly, these nanocarbon-based theranostics and diagnostics for cancer are
emerging as noteworthy alternatives to clinical translations due to their qualities such as low intrinsic toxicity, peculiar
biodistribution, low cost for large-scale production, and versatile surface functionalization.'*

More specifically, carbon-based quantum dots (CQDs), including carbon dots (CDs), carbonized polymer dots (PDs),
and graphene quantum dots (GQDs), have aroused the great interest of researchers since their discovery in 2004."> The
highly desirable properties of CQDs, including biocompatibility, stability, controllable photoluminescence property,
definite chemical structures, easily modified chemical structure, and catalytic performance, promote the promising
application of CQDs in the field of tumor diagnosis and therapy strategies.lz’16 As the most widely researched type of
CQDs, CDs have been proven as zero-dimensional carbon-based nanomaterials with extraordinary physicochemical
properties and versatile applications.'® Compared with the other nanocarbon materials, CDs have illustrated advantages
in the structure and properties for their application in nanotheranostic strategies.'® In addition, the flexible surface chemistry
of CDs benefits the surface modification with other heteroatom, nanomaterials, and trace elements, enhancing the optical
and electronic properties of CDs and providing additional characteristics of CDs to achieve precise cancer therapy.' '

Recently, a wide range of zinc oxide-doped CDs (CDs/ZnO) with highly varying functionalities, including anti-
cancer, antioxidant, anti-bacterial, anti-diabetic, anti-fungal, electrochemical, and photo-electrochemical sensing, have
been effectively synthesized by using cost-effective and nontoxic green chemistry approaches.'” ' However, the
regulatory mechanism related to the anti-cancer potency of CDs/ZnO in interfacing with TNBC progression has not
been investigated to date. In the current study, we developed a simple, rapid, efficient, and environmentally friendly
synthesis method for CDs/ZnO, with the characterization and biocompatibility of CDs/ZnO further characterized by
TEM, XPS, in vitro cell culture model, and in vivo mouse model. In addition, the TNBC cell culture model and TNBC
xenograft mouse models were applied to confirm the inhibitory effect of CDs/ZnO treatments on TNBC progression,
providing a fundamental basis for the clinical applications of CDs/ZnO.

Materials and Methods

Chemicals
Unless otherwise specified, the chemicals and supplementations utilized in the current study were procured from Sigma-
Aldrich (Shanghai, China) and Thermo Fisher (Shanghai, China).
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Synthesis and Characterization of CDs/ZnO

Following our previous work with minor modifications,** 3.0 g citric acid (C77920, Heowns, Tianjin, China) and 3.0 g
urea (U111897, Aladdin, Shanghai, China) were blended with varying amounts of ZnO (1.2 g, 1.4 g, 1.6 g, 1.8 g, or 2.0
g, 219221, Heowns, Tianjin, China), dissolved in 15.0 mL of H,O, and subjected to microwave heating (750 W, Midea,
China) for 10 min until the formation of yellow, foamy, and solid products. The upper layer of the substances was ground
in an agate mortar and allowed to cool to room temperature.

For the characterization of CDs/ZnO, Transmission electron microscopy (TEM) images were obtained using the
JEOL JEM-2100F Field Transmission Electron Microscope. X-ray diffraction (XRD) patterns were recorded by a Bruker
D8 Focus Diffraction System with Cu Ka radiation (A= 0.15406 nm). X-ray Photoelectron Spectroscopy (XPS) data were
collected from the Thermo Fisher Escalab 250Xi using Al monochromatic Ka radiation (hv = 1486.6 ¢V) with spot size
500 pm as the X-ray source. The binding energies were referenced to the C Is line at 284.8 eV from adventitious carbon.
UV spectra of the CDs/ZnO in water were surveyed by the OCEAN OPTICS, DH-2000-BAL. Photoluminescence (PL)
of both solid powder and the aqueous solution of CDs/ZnO was measured by an F-380 spectrophotometer, with the exit
and entrance slit set as 5 nm. The time-resolved photoluminescence (TRPL) spectra were recorded by a nanosecond
transient absorption emission spectrometer (NTAS) with an excitation wavelength A=355 nm.

In vitro Biocompatibility Evaluation of CDs/ZnO

For in vitro biocompatibility evaluation of CDs/ZnO, a normal human gastric epithelial cell line (GES-1), a normal
human ovarian granulosa line (KGN), and a normal human breast epithelial cell line (MCF 10A), were applied. KGN
(CL-0603) and MCF 10A (CL-0525) cells, validated by the short tandem repeat profiling, were obtained from the Procell
Life Science & Technology Co. Ltd., and cultured by their respective commercial culture medium (CM-0603 for KGN
cells and CM-0525 for MCF 10A cells, Procell, Wuhan, China). GES-1 cells were kindly gifted by Mrs. Hua Du from the
College of Life Science at Inner Mongolia University and cultured in a commercial culture medium (CM-0563, Procel,
Wuhan, China).

For the CDs/ZnO treatments, the culture medium of GES-1, KGN, and MCF 10A cells was supplemented with
varying concentrations of CDs/ZnO (20, 40, 80, and 160 pg/mL), and the cells were incubated for an additional 24 h, 48
h, and 72 h.?® In addition, the GES-1, KGN, and MCF 10A cell cultured with the same volume of corresponding culture
medium were set as the negative control (NC) group. Lastly, the viabilities of each group were detected at 24 h, 48 h, and
72 h post-treatment by a Countess II Automated Cell Counter.**

In vivo Biocompatibility Evaluation of CDs/ZnO

Twelve male Balb/c mice (6 weeks old) were used for the in vivo biocompatibility evaluation of CDs/ZnO and were
housed under humanely controlled conditions. Standard balanced rodent diets were provided and consumed ad libitum.
All animal-related experiments have been approved by the ethical standards of the Ethics Committee of Weifang
University and conducted in compliance with national guidelines for animal welfare.

For the in vivo biocompatibility evaluation, six Balb/c mice were orally administered 50 mg/kg body weight of CDs/
ZnO with the experimental group set as the CDs/ZnO group.”> As the NC group, six Balb/c mice were orally
administered an equal volume of saline solution. After daily treatments over 14 days, mice of both groups were weighed
and the blood sample of both groups was collected with the renal/liver functions analyzed by assessing the plasma levels
of alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (CRE)
by an automated chemistry analyzer. In addition, the blood levels of triglyceride (TG) and total cholesterol (TC) in both
groups were detected by commercial kits (A110-1-1 for TG, A111-1-1 for TC, Jiancheng, Nanjing, China).

Afterward, all mice were sacrificed by cervical dislocation, and the liver, kidney, and spleen tissues of both groups
were harvested and preserved in neutral buffered formalin solution (G2161, Solarbio, Beijing, China) overnight. After the
preparation of paraffin sections,?® the histological staining, including Hematoxylin and eosin (H&E) staining, Masson
trichrome staining, and Periodic acid Schiff (PAS) staining, was performed to verify the in vivo biocompatibility of
CDs/ZnO.
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Cytotoxicity Effect Assay of CDs/ZnO Treatment Against TNBC Progression

After thawing, a human TNBC cell line, MDA-MB-231 cells were cultured at 37°C with 5% CO, in a humidified
atmosphere by the culture medium of RPMI 1640 medium (01-100-1ACS, Biological Industries, Shanghai, China)
supplemented with 10% fetal bovine serum (FBS, C04001, VivaCell, Shanghai, China) and 100 units/mL of penicillin-
streptomycin antibiotics (P/S, 15070063, Thermo Fisher, Beijing, China).

Subsequently, the cytotoxicity effect of CDs/ZnO treatment against TNBC progression was analyzed by a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, MDA-MB-231 cells in the logarithmic
growth phase were seeded in 96 wells-culture plates at a density of 5000 per well and cultured for an additional 24 h. For
the CDs/ZnO treatments, the culture medium of MDA-MB-231 cells was individually supplemented with varying
concentrations of CDs/ZnO (20, 40, 80, and 160 pg/mL) with the MDA-MB-231 cells then incubated for another 24
h. In addition, MDA-MB-231 cells cultured by the culture medium supplemented with an equal volume of Dulbecco’s
phosphate-buffered saline (DPBS, 14190250, Thermo Fisher, Beijing, China) were set as the NC group. After drug
treatments for 24 h, the MDA-MB-231 cells of both groups were incubated with 10 pL of MTT solution (5 mg/mL,
C0009S, Beyotime, Shanghai, China) for 2 h. After the supplementation of 100 pL of dimethyl sulfoxide solution
(DMSO, CD4731, Coolaber, Beijing, China) to dissolve the purple crystal, the MDA-MB-231 cells of both groups were
incubated for an additional 2 h with the absorbance values at 570 nm measured by a microtiter plate reader. Subsequently,
the inhibiting rate (IR) of CDs/ZnO (20, 40, 80, and 160 ug/mL) treatment for 24 h on the viability of MDA-MB-231
cells was analyzed with the CDs/ZnO concentration applied for the following assessments optimized.

Wound-Healing Assay

As previously reported, the potential effect of CDs/ZnO treatment on the migration capacity of TNBC cells was
confirmed by a wound-healing assay.>* For the assay, MDA-MB-231 cells were collected, re-plated in 6-well culture
plates, and cultured overnight. A wound across the cell monolayer was prepared by scratching the bottom of the 6-well
culture plate with a 200 pL plastic pipette, and the serum-free cell culture medium of MDA-MB-231 cells was
supplemented with either CDs/ZnO or DPBS solution. After a subsequent culture for 24 h, the wound closure of both
groups was microscopically imaged.

Invasion Assay

The potential effect of CDs/ZnO treatment on the invasion ability of TNBC cells was characterized by a Transwell
invasion assay. Accordingly, 2x10° MDA-MB-231 cells, suspended in the 200 pL of serum-free culture medium
containing either CDs/ZnO or DPBS solution, were re-plated into the upper Transwell chamber, while 600 pL of culture
medium was added to the lower compartment of the chamber, and the cells of both groups were cultured for 24 h. After
carefully removing the non-migrating MDA-MB-231 cells in the upper Transwell chamber with a swab, the lower
chambers were fixed in methanol, stained with 0.1% crystal violet solution (C0121, Beyotime, Shanghai, China) for 15
min, and then microscopically examined.**

Clonogenicity Assay

A clonogenicity assay was conducted to evaluate the effect of CDs/ZnO treatment against TNBC progression. Briefly,
1x10° MDA-MB-231 cells were collected, resuspended, re-plated in a 6-well culture plate, and cultured with the culture
medium supplemented with either CDs/ZnO or DPBS solution. The cells of both groups were cultured for 7 d with the
fresh culture medium changed daily. After fixation with 4% paraformaldehyde solution (P1110, Solarbio, Beijing, China),
the colonies of both groups were stained with 0.1% crystal violet solution, and the detailed colonies number of both
groups were microscopically examined.

Adhesion Assay

According to the departmental protocols, an adhesion assay was conducted to explore the potential effect of CDs/ZnO
treatment against TNBC progression via inhibiting the adhesion potential of breast cancer cells. A total of 5x10° MDA-
MB-231 cells treated by either CDs/ZnO or DPBS solution were collected, resuspended, and replated on fibronectin-
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coated 96-well culture plates. After culturing at 37 °C for 30 min, the plates were gently washed with DPBS solution to
remove non-adherent cells. The attached cells were then fixed with methanol and stained with 0.1% crystal violet
solution. The detailed number of adherent cells in both groups was microscopically photographed and recorded.”*

Cell Cycle Assay

For the cell cycle assay, MDA-MB-231 cells of both groups were collected, resuspended, and fixed with ice-cold 70%
ethanol at —20 °C overnight. Following the instructions provided by the manufacturer, the MDA-MB-231 cells of both
groups were stained by a cell cycle detection kit (CA1510, Solarbio, Beijing, China) with the cell cycle of each group
analyzed via flow cytometry (FACS).**

Apoptosis Assay

For apoptosis assay, MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution were collected, washed with
pre-chilled (4 °C) DPBS solution, and incubated with the FITC conjugated Annexin V solution (CA1020, Solarbio,
Beijing, China) at 37 °C for 5 min. After incubation of propidium iodide (PI) solution, FACS analysis was conducted
within 1 h.

Redox Homeostasis Assessment
The effect of CDs/ZnO treatment on the redox homeostasis of MDA-MB-231 cells was confirmed by assessing ROS
production, mitochondrial dysfunctions, and antioxidant enzyme activities.**

For assessing ROS production, MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution were incubated
with 10 pM dichlorofluorescein diacetate (DCFH-DA) solution (S0033, Beyotime, Shanghai, China) at 37 °C for 30 min.
Following DAPI (C0065, Solarbio, Beijing, China) counterstaining, the DCFH-DA staining of each group was examined
and recorded with the ROS production levels analyzed by the quantification of DCFH-DA staining intensity by Image J
software.

For assessing the mitochondrial dysfunctions, MitoTracker staining, and JC-1 staining were employed. For
MitoTracker staining, MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution were washed with DPBS
solution and incubated with 200 nM MitoTracker staining solution (C1049, Beyotime, Shanghai, China) at 37 °C for 30
min. After DAPI counterstaining, the MitoTracker staining was recorded with the MitoTracker staining intensity
analyzed by Image J software. For JC-1 staining, MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution
were washed with DPBS solution and incubated with 10 uM JC-1 staining solution (C2006, Beyotime, Shanghai, China)
at 37 °C for 20 min. Subsequently, the staining signals of J-aggregate (green staining intensity) and J-monomer (red
staining intensity) were recorded with the mitochondrial membrane potential (AWm) of each group analyzed by Image J
software.

Additionally, the assessment of SOD, GSH, CAT, ATP, MDA, and LDH activities or levels was applied by
commercial kits (S0109 for SOD, S0052 for GSH, S0051 for CAT, S0026 for ATP, S0131 for MDA, and C0018S for
LDH, Beyotime, Shanghai, China) to determine the effects of CDs/ZnO treatments on triggering the redox imbalance of
MDA-MB-231 cells.

Metabolomics Analysis
For metabolomics analysis, MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution were washed with pre-
chilled (4 °C) DPBS solution, collected via scraping, and immediately flash-frozen in liquid nitrogen. Afterward, the
metabolite extraction was conducted by standard procedures with a quadrupole time-of-flight mass spectrometer coupled
to hydrophilic interaction chromatography in Applied Protein Technology Co., Ltd (Shanghai, China).

After peak alignment, peak picking, and quantification, the raw data files were processed using Compound Discoverer
3.1 software. Subsequently, the peak intensities were normalized to the total spectral intensity, allowing the prediction of
molecular formula according to the results of additive ions, molecular ion peaks, and fragment ions. Then the identified
peaks were matched with the mzCloud, mzVault, and MassList databases to achieve accurate qualitative and relative
quantitative results. Differential metabolites between the CDs/ZnO and NC groups were identified based on the following

International Journal of Nanomedicine 2024:19 hetps: 13953



Wang et al

criteria: variable importance in projection >1, |log2 fold change|>1, and p<0.05. Kyoto Genes and Genomes (KEGG)
enrichment analyses were performed using Fisher’s exact test to explore the potential impact of differential metabolites.
Only pathways with p<0.05 were considered as significantly changed pathways.

Transcriptomics Analysis

To elucidate the comprehensive regulatory mechanism underlying the effect of CDs/ZnO treatments against TNBC
progression, RNA-Seq analysis of MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution was performed by
the Frasergen Biotechnology Company (Wuhan, China).>**

Accordingly, the total mRNA of MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution was extracted by
Trizol reagents (Invitrogen, Carlsbad, CA, USA). The quality of mRNA was evaluated and checked by RNase-free
agarose gel electrophoresis. Subsequently, the mRNA was enriched by Oligo (dT) beads, fragmented into short fragments
by fragmentation buffer, and reverse transcribed into cDNA. The resulting double-stranded cDNA fragments from both
groups were end-repaired, A base added, and ligated to the Illumina sequencing adapter. After purification of the ligation
reaction, PCR amplification was conducted with the cDNA library sequenced using the Illumina Novaseq 6000 platform.

The raw RNA-Seq data was filtered for the bioinformatics analyses with the low-quality reads trimmed by the fastp
software (Version 0.18.0). The clean reads were aligned to the reference genomic sequence with the transcript expression
calculated by the RSEM software and the differentially expressed genes (DEGs) analyzed by the DESeq2 software. The
genes with the parameter of false discovery rate (FDR)<0.05 and absolute fold change (FC) > 2 were considered DEGs.
All DEGs were then analyzed by gene ontology (GO) analysis and KEGG enrichment analysis.?’

Western Blot

Western blot was utilized to determine the effect of CDs/ZnO treatment on disturbing the expression levels of epithelial-
mesenchymal transition (EMT) and apoptosis-related proteins.*® Moreover, the metabolomics and transcriptomic results
of the significantly enriched signaling pathways in the MDA-MB-231 cells treated with either CDs/ZnO or DPBS
solution were also validated by Western blot.

Total proteins from the MDA-MB-231 cells treated with either CDs/ZnO or DPBS solution were extracted by a RIPA
lysis buffer (DE101, Transgen, Beijing, China), incubated at 90 °C for 5 min, and then centrifuged at 12,000 x g for 20
min. After quantification by a BCA assay kit (PC0020, Solarbio, Beijing, China), equal amounts of proteins (35 pg) from
both groups were resolved on sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) gels by a commercial kit (P1200,
Solarbio, Beijing, China) and transferred to the polyvinylidene fluoride membranes (PVDE, PVH00010, Millipore,
Beijing, China) with 1xTris-glycine buffer (G2145, Servicebio, Wuhan, China). After rinsing the membranes with
Tris-HCI solution supplemented with 0.1% Tween-20 (TBST) for triplicate, the PVDF membrane was incubated with
the 10% non-fat milk solution for 1 h, and incubated with the various primary antibodies at 4 °C overnight. After rinsing
3 times with TBST, these membranes were incubated with the secondary antibodies at room temperature for 1 h. Lastly,
the immunoblotted bands were visualized with the enhanced chemiluminescence solution (ECL, W1001, Promega,
Beijing, China) in the ChampChemi system. The antibodies utilized in this study are listed in Supplementary Table 1.

In vivo Anti-Cancer Efficacy Assessment

For in vivo anti-tumor efficacy assessment, 5x10° 4T1 cells were suspended in a volume of 100 pL of DPBS solution and
subcutaneously injected into the right fourth mammary gland fat pad of the female Balb/c mice (6 weeks old) using a 0.5
mL insulin syringe. Once the tumor volume reached approximately 100 mm?, the Balb/c mice were randomly divided
into two experimental groups: NC and CDs/ZnO. Every two days, six mice received subcutaneous injections of 50 mg/kg
body weight of CDs/ZnO with the experimental group set as the CDs/ZnO group,” and the NC group was subcuta-
neously injected with the same volume of normal saline. All mice were sacrificed on day 15, and the tumors of both

groups were collected, weighed, and measured with the tumor volume calculated as tumor = (length x width?)/2.
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Histopathological Analysis of Xenograft Tissues

After fixation and the preparation of paraffin sections, the immunohistochemistry (IHC) staining and Terminal
Deoxynucleotidyl Transferase dUTP Nick End Labelling (Tunel) staining of xenograft tissues were employed to assess
the in vivo anti-cancer efficacy of CDs/ZnO against the TNBC progression.*’

After dewaxing, rehydration, and antigen retrieval, the paraffin-embedded sections of each group, were incubated
with 10% bovine albumin solution (BSA, SW3015, Solarbio, Beijing, China) at room temperature for 30 min.
Subsequently, the sections were incubated with the primary antibodies at 4 °C overnight. Following this, the sections
were washed with PBS solution and incubated with the corresponding HRP-labeled secondary antibodies at 25 °C for 30
min. After the incubation with the 3.3'-diaminobenzidine tetrahydrochloride (DAB) solution (DA1010, Solarbio, Beijing,
China) at room temperature for 1 min, the immunostained sections were re-stained with hematoxylin solution for 3 min,
sealed with neutral balsam (G8590, Solarbio, Beijing, China), and examined under a light microscope. Lastly, the
positive staining intensities of each group were quantified and calculated by ImageJ software. The antibodies utilized in
this study are listed in Supplementary Table 1.

For Tunel staining, the paraffin-embedded sections of each group were prepared. After deparaffinization and
rehydration, the paraffin-embedded sections were washed with PBS solution and incubated with 20 pg/mL of
Proteinase K solution (40306ES60, YEASAN, Shanghai, China) at room temperature for 5 min. Following a 30-minute
incubation with equilibration buffer at room temperature, the sections were incubated with Terminal Deoxynucleotidyl
Transferase (TdT) reaction solution at 37 °C for 60 min, followed by the incubation of TMR-5-dUTP Labeling Mix/TdT
enzyme buffer (G1502, Servicebio, Wuhan, China) at room temperature for 30 min. Subsequently, the sections were
incubated with the DAPI staining solution for 7 min. After section sealing and morphometric analyses of Tunel positive
signals in each group, the apoptosis rates of each group were calculated by Image J software.

Statistical Analysis

In the present study, all data are presented as mean + standard deviation (SD). For all tests, P values less than 0.05 were
considered statistically significant. All statistical analyses were conducted by the Statistical Package for the Social
Sciences software (SPSS, IBM, Version 19.0).

Results

Characteristics of CDs/ZnO
As shown in Supplementary Figure 1A, the synthesized CDs/ZnO exhibited yellow, foam, and solid appearances. When

evaluating the fluorescence intensities of CDs/ZnO under 355 nm ultraviolet light, it was observed that the luminescence signals
in the 1.2 g and 1.4 g ZnO-doped groups were weaker compared to those in the 1.6 g, 1.8 g, and 2.0 g ZnO-doped groups
(Supplementary Figure 1B). Consequently, the 1.2 g and 1.4 g ZnO-doped groups were excluded from subsequent assays.

Figure 1A illustrates the XPS results for the 1.6 g, 1.8 g, and 2.0 g ZnO-doped groups, which exhibited similar
spectral characteristics. Notably, the peak position and intensity of Zn-2p in those groups were nearly indistinguishable
(Figure 1B), which closely aligned with our previous finding.”* As shown in Table 1, the highest zinc content (5.16%)
and oxygen content (39.25%) were detected in the 1.6 g ZnO-doped group, surpassing the levels found in the 1.8 g and
2.0 g ZnO-doped groups. Furthermore, the nitrogen content in the 1.6 ZnO-doped group (29.26%) was higher than that in
the 1.8 g ZnO-doped group, indicating a greater presence of active groups on the surface of CDs/ZnO.

As described in Supplementary Figure 2, the PL emission spectra of CDs/ZnO displayed similar shapes across all

groups, with a distinct dividing line around 400 nm. Additionally, the solid-state fluorescence spectroscopy results,
depicted in Supplementary Figure 3, demonstrated a positive connection between the upregulated fluorescence emission

intensity in the 1.6 g and 1.8 g ZnO-doped groups and the increased excitation wavelength. Conversely, the fluorescence
emission spectra of the 2.0 g ZnO-doped group exhibited distinct bimodal emissions, which markedly differed from our
previous study.”? Given these findings, the 1.6 g ZnO-doped group was selected for the subsequent experiments.

As demonstrated in Figure 1C and D, the TEM images clearly illustrated the morphology of spherical CDs/ZnO and foamed
CDs/ZnO. Compared to the result of our previous study,” the morphology of CDs/ZnO remained unchanged after the
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1.8 g, and 2.0 g ZnO-doped groups. (C) TEM morphological of CDs/ZnO. (D) Enlarged TEM morphology of CDs/ZnO.

optimization of the synthesis pathway. Since the pore structure was not disrupted by the solvents, the distribution of CDs within
the CDs/ZnO was sparser. Additionally, the fluorescence lifetime (t) of the CDs/ZnO was analyzed using the fluorescence decay
curve, and the results confirmed the average lifetime of CDs/ZnO was approximately 0.64 ns (Supplementary Figure 4).

Biocompatibility Assessment of CDs/ZnO
After the CDs/ZnO treatment, the biocompatibility of CDs/ZnO was corroborated by the in vitro culture models of GES-
1, KGN, and MCF 10A cells. Compared with the NC group, the absence of impaired viabilities of GES-1 (Figure 2A—C),
KGN (Figure 2D-F), and MCF 10A (Figure 2G-I) cells in the CDs/ZnO groups emphasizes the commendable
biocompatibility of CDs/ZnO prepared in the present study.

As depicted in Figure 3, the evaluation of blood parameters confirmed the non-significant correlations between the
CDs/ZnO treatments and the mouse renal/liver functions, evidenced by the non-discernible differences found in the levels
of AST (Figure 3A, P>0.05), ALT (Figure 3B, P>0.05), BUN (Figure 3C, P>0.05), CRE (Figure 3D, P>0.05), TG
(Figure 3E, P>0.05), and TC (Figure 3F, P>0.05) between the NC and CDs/ZnO groups. After the histological staining of
H&E staining (Figure 3G), Masson trichrome staining (Figure 3H), and PAS staining (Figure 3I), no pathological
damages were found to the liver, kidney, and spleen tissues of the CDs/ZnO group. These insights effectively reflect the
exceptional biocompatibility of CDs/ZnO.

Table | Element Content in CDs/ZnO

Element (%) Carbon Nitrogen Oxygen Zinc
1.6 g ZnO-doped group 26.32 29.26 39.25 5.16
1.8 g ZnO-doped group 29.9 27.79 37.18 5.13
2.0 g ZnO-doped group 338 32.29 30.20 3.71
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Figure 2 In vitro biocompatibility assessment of CDs/ZnO. (A) Viability of GES-1 cells treated with CDs/ZnO after 24 h. (B) Viability of GES-| cells treated with CDs/ZnO
after 48 h. (C) Viability of GES-1 cells treated with CDs/ZnO after 72 h. (D) Viability of KGN cells treated with CDs/ZnO after 24 h. (E) Viability of KGN cells treated with
CDs/ZnO after 48 h. (F) Viability of KGN cells treated with CDs/ZnO after 72 h. (G) Viability of MCF |0A cells treated with CDs/ZnO after 24 h. (H) Viability of MCF 10A
cells treated with CDs/ZnO after 48 h. (I) Viability of MCF |0A cells treated with CDs/ZnO after 72 h. ns represents P>0.05.

Effect of CDs/ZnO Treatments on Inhibiting the Malignant Behaviors of MDA-MB-23 |
Cells

The theranostics effects of CDs/ZnO treatments on the malignant TNBC progression were assessed by analyzing the
viability, proliferation, migration, invasion, adhesion, clonogenicity, cell cycle distribution, apoptosis, and EMT progres-
sion of MDA-MB-231 cells.

MTT assay results indicated that the 24 h of incubation of CDs/ZnO gradually decreased the viabilities of MDA-MB-
231 cells in a dose-dependent manner (Supplementary Figure 5, P<0.05) when compared to the NC group, implying the

anti-tumor effect of CDs/ZnO treatments on MDA-MB-231 cells by its anti-proliferative mechanisms. Considering the
statistical differences in the cell viability among the experimental groups, an optimal concentration of 80 pg/mL CDs/
ZnO was selected as the optimal group for the following assessments.

Next, the results of the wound-healing assessment unveiled that the anti-migration effect of CDs/ZnO treatments
significantly inhibited the scratch closure potentials of MDA-MB-231 compared with those of the NC group (Figure 4A
and B, P<0.05). Simultaneously, the visual results of invasion and clonogenicity assessments promisingly indicated that
the CDs/ZnO treatments not only decreased the number of migrated MDA-MB-231 cells (Figure 4C and D, P<0.05) but
also restrained the number of immobilized MDA-MB-231 cells compared to the NC group (Figure 4E and F, P<0.05).
Notably, greatly diminished number of adhesion (Figure 4G and H, P<0.05), altered cell cycle arrest (Figure 41 and J),
and disturbed expression patterns of EMT-related proteins including E-cadherin, Vimentin, and SLUG (Figure 4M and N,
P<0.05), were found in the CDs/ZnO treated MDA-MB-231 cells, in turns collectively supporting the idea that the CDs/
ZnO exerts excellently anti-metastatic performances on MDA-MB-231 cells.

Importantly, in line with these above results related to the anti-metastatic effect of CDs/ZnO treatments, the
proapoptotic effect of CDs/ZnO treatments on the MDA-MB-231 cells was subsequently confirmed by the consistent
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Figure 4 Effect of CDs/ZnO treatments on inhibiting the malignant behaviors of MDA-MB-231 cells. (A) Representative result of cell migration. (B) Quantitative result of
cell migration. (C) Representative result of cell invasion. (D) Quantitative result of cell invasion assay. (E) Representative result of clonogenicity assay. (F) Quantitative result
of clonogenicity assay. (G) Representative result of cell adhesion. (H) Quantitative result of cell adhesion assay. (I) Cell cycle distribution. (J) Percentage of cells in each cell
cycle phase. (K) Representative FACS result of Annexin V/PI staining. (L) Apoptosis rate. (M) Representative expression result of EMT-related proteins. (N) Relative
expression levels of ETM-related proteins. * represents P<0.05, with ** representing P<0.01, *** representing P<0.001, and **** representing P<0.0001.

differences in the Annexin V staining signals (Figure 4K and L, P<0.05) and expression patterns of BAX, BCL-2, and
Caspase 3 (Figure 4M and N, P<0.05) between the NC and CDs/ZnO groups, initially emphasizing the depressed effect
of CDs/ZnO treatments on perturbing the malignant TNBC progression by instigating the cellular apoptosis.

Effect of CDs/ZnO Treatments on Inducing the Redox Imbalance of MDA-MB-231 Cells
Compared with the NC group, microscopic observation of enhanced DCFH-DA staining intensity in the CDs/ZnO group
emphasized the elevated ROS levels generated in the CDs/ZnO treated MDA-MB-231 cells (Figure SA and B, P<0.05).
Additionally, the presence of diminished MitoTracker staining intensity (Figure 5C and D, P<0.05) and altered A¥Ym
potential (JC-1 ratio, Figure SE and F, P<0.05) in the CDs/ZnO group effectively reflected the mitochondrial dysfunc-
tions in the CDs/ZnO treated MDA-MB-231 cells.

Furthermore, the oxidative stress-related damages induced by the CDs/ZnO treatments were determined by assessing
the biochemical content including SOD, GSH, CAT, MDA, LDH, and ATP in MDA-MB-231 cells. Our results indicated
that the levels and activities of SOD (Figure 5G, P<0.05), GSH (Figure 5H, P<0.05), CAT (Figure 51, P<0.05), and ATP
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Figure 5 Effect of CDs/ZnO treatments on inducing the redox imbalance of MDA-MB-231 cells. (A) Representative result of DCFH-DA staining. (B) Quantitative result of
DCFH-DA staining. (C) Representative result of MitoTracker staining. (D) Quantitative result of MitoTracker staining. (E) Representative result of JC-1 staining. (F)
Quantitative result of JC-1 staining. (G) SOD level. (H) GSH level. (I) CAT activity. (J) MDA activity. (K) LDH activity. (L) ATP level. (M) Representative expression result of
redox homeostasis-related proteins. (N) Relative expression levels of redox homeostasis-related proteins. * represents P<0.05, with ** representing P<0.01, ***
representing P<0.001, and **** representing P<0.0001.

(Figure 5L, P<0.05) were significantly reduced upon exposure to CDs/ZnO treatments. It is worth mentioning that the
MDA (Figure 5J, P<0.05) and LDH level (Figure 5K, P<0.05) in the CDs/ZnO group were remarkably promoted in
comparison with that of the NC group. And the altered expression levels of redox homeostasis-related proteins between
the NC and CDs/ZnO groups (Figure 5SM and N, P<0.05) compellingly confirmed that the CDs/ZnO treatments
effectively induced the oxidants generation, then collectively reaffirming the therapeutic effect of CDs/ZnO treatments
against TNBC progression by disrupting the redox homeostasis of TNBC cells, thus shifting it towards cytotoxic

oxidation.
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Effect of CDs/ZnO Treatments on Inducing the Metabolome Disturbances of MDA-
MB-231 Cells

On the basis of prototype results, a multivariate analysis comparing the different metabolites of MDA-MB-231 cells
between the NC and CDs/ZnO groups was performed to elucidate the potential effects of CDs/ZnO treatment on inducing
the metabolome disturbances of MDA-MB-231 cells.

As illustrated in Figure 6A—C, the score plots from the PCA and PLS-DA models clearly demonstrated notable
differences between the NC and CDs/ZnO groups in both positive and negative ion modes, suggesting significant
metabolic differences in the MDA-MB-231 cells between the NC and CDs/ZnO groups.

In addition, a total of 267 significantly different metabolites were identified in the positive ion modes (n = 176,
Figure 6D and F) and negative ion modes (n = 149, Figure 6E and G) between the NC and CDs/ZnO groups.
Subsequently, metabolic pathway enrichment analysis was performed for the differential metabolites in positive and
negative ion modes. The results confirmed that the significantly different metabolites between the NC and CDs/ZnO
groups were mainly enriched in the pathways such as MAPK signaling pathway, choline metabolism in cancer,
necroptosis, FoxO signaling pathway, citrate cycle, glutamatergic synapse, metabolic pathways, glutathione metabolism,
HIF-1 signaling pathway, and oxidative phosphorylation (Figure 6H).

Effect of CDs/ZnO Treatments on Triggering the Transcriptome Alterations of MDA-
MB-231 Cells

To uncover the molecular features underlying the therapeutic effect of CDs/ZnO treatments against TNBC progression,
the transcriptome characteristics of MDA-MB-231 cells upon CDs/ZnO exposure were analyzed. The results confirmed a
total of 128,903 transcripts were mined in the MDA-MB-231 cells between the NC and CDs/ZnO groups. As visualized
in Figure 7A, the volcano plot showed that 1210 DEGs were statistically identified in both NC and CDs/ZnO groups,
comprising 382 upregulated DEGs and 828 downregulated DEGs in the CDs/ZnO group when compared to the NC
group (P<0.05). As expected, the heat map, shown in Figure 7B, confirmed that the MDA-MB-231 cells treated with
CDs/ZnO had a distinct hierarchical clustering of genes compared to the NC group.

Conventionally, the functional enrichment analyses of GO were performed to determine the overall functional
implications of these identified DEGs in the CDs/ZnO-treated MDA-MB-231 cells. In terms of biological processes
(BP, Figure 7C), these identified DEGs were predominantly involved in the subcategories of cell adhesion, cell migration,
and negative regulation of growth, which was significantly consistent with the pronounced functional phenotypes in the
MDA-MB-231 cells upon CDs/ZnO exposure. Additionally, these identified DEGs were significantly implicated in
cellular component (CC) terms such as cytoskeleton, extracellular matrix, and focal adhesion (Figure 7C). Regarding
molecular function (MF), these DEGs were associated with growth factor activity, metalloendopeptidase activity, and
fibronectin binding (Figure 7C). Importantly, KEGG pathways associated with estrogen signaling pathway, small cell
lung cancer, basal cell carcinoma, hippo signaling pathway, MAPK signaling pathway, NF « B pathway, and cytokine-
cytokine receptor interaction were significantly enriched in the CDs/ZnO-treated MDA-MB-231 cells (Figure 7D).

Additionally, quantitative assessments of the Western blot of MAPK signaling pathways-related proteins were performed
to validate the data accuracy of the metabolome and transcriptome. As expected, the expression results of MAPK signaling
pathways-related proteins in the CDs/ZnO-treated MDA-MB-231 cells, depicted in Supplementary Figure 6A and B,
corresponded well with these former studies, in turn confirming the result reliability of the metabolome and transcriptome.

In vivo Anti-Cancer Effect of CDs/ZnO Treatments Against TNBC Progression
Encouraged by the above therapeutic effects of CDs/ZnO treatment against TNBC progression, the anti-tumor effect of
CDs/ZnO treatment against TNBC progression was confirmed by the in vivo models. As expected, the CDs/ZnO
treatment significantly inhibited the in vivo tumor growth (Figure 8A), as evidenced by the notable differences in the
tumor volume (Figure 8B, P<0.05) and weight (Figure 8C, P<0.05) between the NC and CDs/ZnO groups.

To illustrate that CDs/ZnO attenuates TNBC progression, the expression levels of KI-67 and VEGF were also
examined, as well as the cell apoptosis assessment by Tunel staining. The results showed that the expression levels of KI-
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Figure 6 Effect of CDs/ZnO treatments on inducing the metabolome disturbances of MDA-MB-231 cells. (A) PCA score plot. (B) Score plot of PLS-DA. (C) Permutation
plot of PLS-DA. (D) Volcano plots of differential metabolites in positive ion mode. (E) Volcano plots of differential metabolites in negative ion mode. (F) Heat map of
differential metabolites in positive ion mode. (G) Heat map of differential metabolites in negative ion mode. (H) KEGG pathway enrichment analysis.

67 (Figure 8D and E, P<0.05) and VEGF (Figure 8F and G, P<0.05) were significantly reduced after CDs/ZnO treatment.
Combined with the differences in the Tunel staining ratio between the NC and CDs/ZnO groups (Figure 8H and I,
P<0.05), these results suggested that the CDs/ZnO treatment effectively inhibited the malignant TNBC progression.
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Figure 7 Effect of CDs/ZnO treatments on triggering the transcriptome alterations of MDA-MB-231 cells. (A) Volcano plots of DEGs. (B) Heat map of DEGs. (C) GO
analysis. (D) KEGG pathway enrichment analysis.

Discussion
As an essential trace element to meet the cellular demands of bioenergetic, synthetic, and catabolic equilibrium, zinc is
primarily acquired from the diet, absorbed in the intestine, and distributed to various target organs throughout the body.*°
As a key constituent or cofactor of more than 300 mammalian proteins, zinc plays crucial roles in numerous physiolo-
gical processes, including enzyme function, gene expression, antioxidant defense, glycolipid metabolism, DNA meta-
bolism, signal transduction, immune functions, cellular proliferation, meiotic maturation, apoptosis, and many other
physiological procedures.’'*? Additionally, a plethora of extensive studies have substantiated that, in response to
extracellular stimuli, zinc functions not only as an intracellular signaling molecule to facilitate the transduction of
signaling cascades but also as an intracellular secondary messenger for cell-to-cell communications, in turn influencing
the proliferation, differentiation, and apoptosis of mammalian cells.*?

Regardless of the delicately precise regulation mechanism involving a network of proteins, the imbalanced metabo-
lism of intracellular zinc, including altered absorption, trafficking, utilization, storage, and expulsion, has been linked to
various pathologies, such as immunodeficiency, cachexia, atrophy, diabetes, diarrhea, colitis, and neurodegenerative
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Figure 8 In vivo anti-cancer effect of CDs/ZnO treatments against TNBC progression. (A) Representative morphology of xenograft tissues. (B) Quantitative result of
tumor volume. (C) Quantitative result of tumor weight. (D) Representative IHC staining result of KI-67. (E) Quantitative IHC staining result of KI-67. (F) Representative
IHC staining result of VEGF. (G) Quantitative IHC staining result of VEGF. (H) Representative result of Tunel staining. (I) Quantitative result of Tunel staining. * represents
P<0.05, with ** representing P<0.01, and **** representing P<0.0001.
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diseases.***?> Numerous studies over the past decades have highlighted the positive relationships between altered serum
zinc levels and the progression of diseases, such as epilepsy, obesity, multiple sclerosis, heart failure, gestational diabetes,
and carcinogenesis.”* According to these pharmaceutical studies revealing zinc deficiency as a risk factor for cancer
development, the dietary restoration of zinc has been proposed as an alternative approach for cancer treatment.>® It is of
interest that the administration of zinc compounds, such as zinc chloride, zinc gluconate, zinc acetate, or zinc sulfate,
effectively inhibited the malignant progression of osteosarcoma, breast, prostate, liver, gastric, and colon cancers by
inhibiting angiogenesis, cell proliferation, and cell invasion or by inducing chemosensitivity, apoptosis, and cell cycle
arrest.**>° Concurrently, the zinc-L-carnosine, zinc-curcumin, or zinc-dictyophora indusiata polysaccharide complexes,
showed effective anti-proliferative activities across a group of human cancer cell lines.**>’

In addition, the recent developments of zinc-related nanotechnology have garnered scientific attention and benefited
the pharmaceutical applications of zinc-based nanoparticles.>® During the past decades, evidence has accumulated that
ZnO nanoparticles (ZnO-NPs), with high desulfurization accuracy, high tumor specificity, outstanding desulfurization
ability, well biocompatibility, and less toxicity, show promising apoptosis-inducing effects in numerous cancers.”’
Besides the possibility of using ZnO-NPs alone as innovative anti-tumor agents, the drug delivery system based on
polyethylene glycol and ZnO-NPs triggered the apoptosis of breast cancer cells.*®** Additionally, the combined NPs
based on thymoquinone and ZnO-NPs inhibited the proliferation of cancer cells,*® highlighting the potential clinical
application potentials of ZnO-NPs. However, the possible effect of CDs/ZnO against TNBC progression remains more
detailed studies. As hypothesized, the combined results in the current study effectively confirmed that the in vitro CDs/
ZnO treatments promisingly decreased the viability, proliferation, migration, invasion, adhesion, and clonogenicity of
MDA-MB-231 cells, but also induced the cell cycle arrest, redox imbalance, apoptosis, disturbed metabolome, and
transcriptomic alterations of MDA-MB-231 cells. Moreover, the in vivo experiments confirmed the excellent anti-cancer
effect of CDs/ZnO treatments.

As metal-free, quasi-spherical, and zero-dimensional nanoparticles with dimensions less than 10 nm, CDs have been
considered the superior carbon members of the carbon nanomaterial family in recent years.*' Due to their biological
compatibility, excellent electrical conductivity, low toxicity, high productivity, light stability, dispersibility, sustainability,
and economic benefits for synthesis, CDs have shown great potential in biomedical applications such as anti-cancer,
antioxidant, biosensing, drug delivery, bioimaging, anti-microbial, photoluminescence, osteogenesis, and bioimaging,
etc.*>* Besides these above advantages, the properties and processability of CDs were effectively regulated when
functionalized with special ligands such as ions, polymers, organic molecules, proteins, and DNA by chemical doping
and surface modification strategies.*'** Intriguingly, extensive studies have confirmed that non-metal doping with
dopants like boron, chloride, fluorine, iodine, nitrogen, phosphorus, selenium, silicon, sulfur, and tellurium, and metal
doping with copper, cobalt, europium, gadolinium, hafnium, iron, lanthanide, manganese, nickel, silver, and zinc,
effectively regulate the intrinsic structure and surface state of CDs, and simultaneously, change the physical and optical
properties of multifunctional CDs.*** These previous publications have confirmed that the effective introductions of
CDs in ZnO not only benefit the photoelectrocatalytic efficacy of CDs/ZnO but also offer excellent promises for the
sensitive detection of cancer cells and cancer cell-based drug delivery systems.*®™*® In contrast, the biosafety challenges
remain with other nanomaterials, such as the leakage of calcium from calcium carbonate nanomaterials in body fluids,
cardiac toxicity induced by iron oxide NPs, and the inflammatory effects of selenium nanoparticles, which complicate the
accurate assessment of their biosafety.*”>° Additionally, copper-based nanomaterials face limitations, including high
cost, inadequate mechanical strength, and difficulties with substrate coating, which hinder their broader application from
the laboratory to clinical use and commercialization in medical facilities today.’'* In comparison, ZnO exhibits
excellent biocompatibility and a high toxicity threshold, reducing the risks for genetic disorders, liver dysfunction,
renal failure, and neurological deficits typically associated with the excessive accumulation and toxicity of other trace
elements, such as calcium, copper, iron, selenium, etc.>3 3

In 2024, Dong et al designed the nano heterostructures of gold nanorods inherent to ZnO with CDs doping
(Au@ZnO@CDs), and they found that the functionalized modification of Au@ZnO@CDs by hyaluronic acid exhibited
excellent photothermal therapy (PDT) efficacy of TNBC progression.’® However, the potential effect of CDs/ZnO alone
on the treatment of TNBC progression requires more detailed investigations to confirm and expand the clinical
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application potentials of CDs/ZnO. In the present study, CDs/ZnO were synthesized with citric acid applied as the carbon
source, urea applied as the nitrogen source, and ZnO used as a reactive dopant. We found that the CDs/ZnO treatments
effectively decreased the viability, proliferation, migration, invasion, adhesion, and clonogenicity of MDA-MB-231 cells
but also induced the cell cycle arrest, apoptosis, disturbed metabolome, and transcriptomic alterations of MDA-MB-231
cells. Combined with the enhanced apoptosis, decreased proliferation, and suppressed angiogenesis potentials of 4T1
cells, these results promisingly confirm the excellent anti-cancer potency of CDs/ZnO against TNBC progression by
disrupting the malignant behaviors of breast cancer cells.

In addition, we found significant redox imbalances in the CDs/ZnO-treated MDA-MB-231 cells, as evidenced by the
significant differences in the ROS production, mitochondrial functions, antioxidant enzyme activities, and protein
expressions of NRF2, KEAP1, and HO-1 between the NC and CDs/ZnO groups. As described as the chemical species
formed upon the incomplete reduction of oxygen, ROS mainly includes superoxide anion, singlet oxygen, hydrogen

peroxide, and hydroxyl radical.”’

ROS acts as a second messenger in the regulation of various physiological functions in
mammalian cells, comparatively, the ROS disequilibrium beyond the cellular tolerability thresholds leads to oxidative
stress, which is implicated in the incidences of consequent diseases such as aging, carcinogenesis, atherosclerosis,
infection, inflammation, reproductive failure, and neurodegenerative disease.”®®® Consistent with our former
publication,” mounting evidences has also confirmed the therapeutic target applications of overproduction of ROS
against TNBC progression via multiple signal transduction pathways such as initiating the breakage of the DNA double-
strand, triggering mitochondrial DNA mutation, inducing impairment of mitochondrial electron transport system (ETS),
enhancing lipid peroxidation, decreasing ATP production, boosting iron ferritinophagy, and promoting cell apoptosis.®'*®*
Considering the key role of ROS in carcinogenesis, these ROS-related therapeutic modalities, such as chemodynamic
therapy, controlled drug release therapy, photodynamic therapy, sono-dynamic therapy, and radiotherapy, have been
preliminarily developed.’”** Along with the development of these aforementioned therapeutic paradigms, numerous
ROS-based cancer nanoplatforms have also been fabricated.’” Partly consistent with these former publications revealing
the anti-cancer effect of ZnO-based NPs treatments on promoting the ROS production level in the acute myeloid

67-69 7071 prostate cancer cells,”®

leukemia cells,64 epithelial carcinoma cells %06 lung cancer cells, colon cancer cells,
diffuse large B-cell lymphoma cells,” epidermoid cancer cells,”® breast cancer cells,”* gastric cancer cells,””"’® bone
cancer cells,”” melanoma cells,”®’® hepatocellular cancer cells,** and laryngeal cancer cells,®' elevated ROS production
levels in the CDs/ZnO-treated MDA-MB-231 cells were found in the present study, in turns suggesting the promising
therapeutic application of CDs/ZnO against TNBC progression via promoting ROS productions.

Lastly, the disturbed metabolome and transcriptome alterations in the CDs/ZnO-treated MDA-MB-231 cells con-
firmed the anti-cancer effect of CDs/ZnO treatments against TNBC progression was positively related to the regulation of
the MAPK signaling pathway. As highly conserved tertiary kinase cascades, the MAPK signaling pathway consists of
three sequentially acting kinases, the upstream kinase MAPK kinase kinase (MAPKKK), the intermediate kinase MAPK
kinase (MAPKK), and the downstream kinase MAPK.** The multiple intracellular and extracellular stressors, such as
growth factors, inflammatory cues, cytokine stimulation, genotoxic damage, environmental factors, and oxidative stress,
stimulate MAPKKK, which in turn activate corresponding MAPKK and MAPK, and further regulate biological
processes including oncogenic transformation, proliferation, differentiation, apoptosis, angiogenesis, senescence, metas-
tasis, and metabolism.**** Consequently, various protein kinases in the MAPK signaling pathway have been confirmed
as predictive biomarkers for multiple cancers.* In addition, these MAPK pathway-related therapeutics, such as
binimetinib, cobimetinib, donafenib tosylate, pirfenidone, selumetinib sulfate, trametinib, and tivozanib have already
been approved for clinical cancer treatment.®?

Additionally, these former studies have solidly confirmed the positive connections between zinc homeostasis and the
regulation of MAPK signaling pathway.**® For example, Zhang et al found that the intracellular liberation and
accumulation of zinc contributed to the ATP depletion, mitochondrial membrane depolarization, and the activation of
the MAPK signaling pathway, resulting in caspase-dependent apoptosis.*® The increases in the intracellular zinc levels
induce the activation of the MAPK signaling pathway, which was responsible for the demise of rat bone marrow
mesenchymal stem cells (rBMSCs),®” neuronal cells,®*® Hep-2 cells,® and mouse Sertoli cells.”® Although the detailed
regulation effect of CDs/ZnO treatments on the activation of the MAPK signaling pathway needs more exploration, we
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hope the present study warrants more studies to analyze the regulation mechanism related to the anti-cancer potency of
CDs/ZnO treatments against the malignant TNBC progression.

Conclusion

In this study, CDs/ZnO were successfully synthesized using citric acid as the carbon source, urea as the nitrogen source,
and ZnO as a reactive dopant through microwave heating. The results demonstrate that CDs/ZnO exhibits favorable
biosafety profiles and potent anti-cancer efficacy, particularly in inhibiting TNBC progression. By disrupting malignant
behaviors of TNBC cells through modulation of the MAPK signaling pathway, the synthesized CDs/ZnO in the present
study show promising potential for broader medical applications in cancer treatment.
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