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Abstract 

Background: Liver and breast cancers are among the leading causes of cancer‑related 
deaths worldwide, prompting researchers to seek natural anticancer agents and reduce 
chemotherapy side effects. Red beetroot (Beta vulgaris Linnaeus), rich in polyphenols 
and powerful antioxidants, has shown potential in cancer prevention. This study aimed 
to evaluate the impact of red beetroot‑derived anthocyanin (Ant), Ant‑loaded chitosan 
nanoparticles (Ant NPs), cisplatin (Cis), Cis‑loaded chitosan (Cis NPs), and Cis + Ant‑
loaded chitosan NPs on human hepatoma HepG2 and breast adenocarcinoma MCF7 
cell lines.

Methods: NPs preparation was evaluated by zeta potential, FTIR, and SEM. The cyto‑
toxic, apoptotic, antioxidant, anti‑inflammatory, anti‑metastatic, and anti‑angiogenic 
effects were assessed by MTT assay, qPCR, AO/EB staining, and flow cytometry.

Results: Treatment with Ant, Ant NPs, Cis, Cis NPs, and Cis + Ant NPs caused cytotox‑
icity in HepG2 and MCF7 with best effect in Cis‑treated cells. The anticancer effects 
were attributed to mitochondrial‑dependent apoptosis (with high Bax and low Bcl2 
expression), chromatin disintegration, and cell cycle arrest in G2/M and S phases. All 
treatments inhibited migration by downregulating the migration‑related gene MMP9 
and upregulating the anti‑migratory gene TIMP1 and decreased the angiogenesis‑
related gene VEGF and the inflammatory gene TNFα with best results in Cis NPs‑treated 
cells. Interestingly, Ant, Ant NPs, and Cis + Ant NPs increased the antioxidant status 
(high GSH and upregulated expression of Nrf2 and OH-1) and decreased drug resist‑
ance‑related MAPK1 and MDR1 genes compared to Cis and Cis NPs‑treated cells.

Conclusions: Anthocyanin and cisplatin‑loaded chitosan nanoparticles effectively 
combat breast and liver cancers by inducing cancer cell apoptosis, enhancing antioxi‑
dant defenses, and reducing inflammation. They also inhibit tumor spread and blood 
vessel formation through downregulation of MMP9 and VEGF, highlighting their thera‑
peutic potential.
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Introduction
Despite extensive research and significant investments, cancer remains a complex and 
challenging disease that remains elusive to comprehensive understanding and effec-
tive treatment. Among Egypt’s most prevalent cancers are breast and liver cancers 
(Abdelkawy et al. 2020; Al-Muftah and Al-Ejeh 2023). Breast cancer is one of the most 
prevalent cancers globally, typically treated with surgery, radiation, chemotherapy, and 
hormonal therapy (Łukasiewicz et al. 2021; Siegel et al. 2020). While survival rates are 
relatively high for early stage breast cancer, advanced or metastatic cases still face lim-
ited treatment options and poorer outcomes, often due to drug resistance (Obidiro et al. 
2023). Liver cancer, particularly hepatocellular carcinoma (HCC), is more challenging 
to treat, with options like surgical resection, liver transplantation, ablation, and chemo-
therapy offering limited success, especially in advanced stages. The prognosis for liver 
cancer remains poor, as it is often diagnosed at a late stage, and many patients develop 
resistance to current therapies like sorafenib (Attia et al. 2022; Forner et al. 2018). Unfor-
tunately, the eradication of all cancer cells by these treatments exhibits poor effective-
ness due to toxicity and resistance (He and Shi 2014). Novel approaches are urgently 
needed for both cancers due to treatment resistance, side effects from conventional ther-
apies, and the need for more targeted, less toxic treatments that can improve long-term 
survival and quality of life for patients (Falzone et al. 2018). In recent decades, cancer 
treatment has advanced with the rise of targeted therapies (Anand et al. 2023; Attia et al. 
2022). Breast cancer treatment has seen notable improvements in recent years, with 
advances in targeted therapies (such as HER2 and PARP inhibitors) improving survival 
rates and prognosis for many patients (Masoud and Pagès, 2017).

HepG2 cell line, derived from human hepatocellular carcinoma, demonstrates epithe-
lial structure, exhibiting important liver-specific activities, such as generation of plasma 
proteins, bile acids, and drug metabolism. These cells were extensively used in liver can-
cer research; however, they do not possess the whole metabolic capacities of mature liver 
cells (Chen et al. 2021; Lv et al. 2022). MCF7 cell line, derived from human metastatic 
breast cancer, exhibits estrogen receptor positivity (ER +), is receptive to hormones, and 
well-suited for investigating breast malignancies influenced by estrogen and mecha-
nisms of anti-cancer chemotherapy. However, it is exclusively applicable to ER + breast 
cancer, therefore restricting its use to other subtypes of breast cancer (Zbiral et al. 2023). 
Both cell lines are crucial models for laboratory studies on liver and breast cancer, facili-
tating the development of drugs and enhancing our knowledge of cancer biology (Zedan 
et al. 2021).

Cisplatin (Cis), a platinum-based chemotherapy drug, has been used to treat vari-
ous cancers, including liver and breast cancers. It works by crosslinking DNA, leading 
to apoptosis in rapidly dividing cells. However, its clinical use is often limited by tox-
icity and drug resistance (Awad et  al. 2020). Cis is associated with severe side effects 
and toxicities, such as gastrointestinal issues like nausea, vomiting, and diarrhea, which 
can lead to malnutrition. It can also cause hemorrhagic complications, including gastro-
intestinal bleeding, and suppress the immune system, increasing the risk of infections. 
One of the most significant toxicities is nephrotoxicity, where Cis damages kidney cells, 
potentially leading to acute kidney injury and long-term renal dysfunction (Abass et al. 
2024; Zraik and Heß-Busch 2021). As an attempt to mitigate these side effects, scientists 
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have successfully reduced the therapeutic dosage of Cis and administered it in combi-
nation with other anti-cancer drugs (Romani 2022). In addition, some researchers have 
transformed Cis into its nanoparticle (NP) form (Cis-encapsulated polymeric NPs) to 
minimize its side effects and enhance therapeutic efficacy (Jeong et al. 2018; Joshy et al. 
2022).

Recently, there has been an urgent need for new drugs with novel modes of action 
to decrease the serious side effects of cancer chemotherapy, and thus, the exploration 
of naturally derivative compounds has been considered for cancer treatment (El-Magd 
et al. 2017; Ghaffari et al. 2021). Multiple compounds obtained from natural sources are 
evaluated as novel possible anticancer agents (Lin et al. 2020; Mazalovska and Kouokam 
2020). These natural antioxidants, particularly polyphenols have potent anti-cancer 
and anti-inflammatory properties (Benchagra et al. 2021; Selim et al. 2019; Tawfic et al. 
2024). Anthocyanins (Ants), phytochemicals that give plants their purple or red color, 
are well-known phenolic compounds with exceptional antioxidant, anti-inflammatory, 
and anticancer potentials (Salehi et al. 2020; Tsai et al. 2023). They have been shown to 
suppress the growth of HepG2 cells by inducing cell cycle arrest and promoting apop-
tosis (Fan et al. 2022). They also exhibit strong cytotoxicity against MCF7 breast cancer 
cells by inhibiting the ERK1/2 signaling pathway and reducing oxidative stress (Rabelo 
et  al. 2023). However, Ants therapeutic uses are limited due to their instability, poor 
absorption, low bioavailability, and quick degradation after consumption (Shen et  al. 
2022). To overcome these shortcomings, scientists transformed Ants into its NP form 
(Gonçalves et  al. 2022). Indeed, Ant extract from haskap berries encapsulated in chi-
tosan NPs exhibited cytoprotective properties on human normal lung epithelial BEAS-
2B cells and improved Ant delivery to the lungs (Amararathna et al. 2022). Some studies 
investigated the anticancer potential of Ant encapsulated in NPs on human erythroleu-
kemic (Thibado et al. 2018) and melanoma cancer cells (Ghiman et al. 2021) and found 
potent cytotoxic effects. Moreover, combining Ants and Cis have shown synergis-
tic effects in both HepG2 and MCF7 cells, allowing for the co-delivery of both agents, 
reducing the required dose, and improving their therapeutic outcomes (Yang et al. 2020; 
Zhang et al. 2022). However, to the best of our knowledge, the impact of Ant/Cis-loaded 
chitosan NPs on breast or liver cancers has not been elucidated thus far.

Based on the previous information, it becomes evident that there is a scientific defi-
ciency in the studies that investigated the therapeutic impacts of Ant and Cis-loaded 
chitosan NPs together against breast and liver cancers. Therefore, we conducted this 
experiment to evaluate the therapeutic potential of this combination in breast and liver 
cancer cells.

Materials and methods
Cell lines, chemicals, and reagents

HepG2 and MCF7 cells were obtained from the National Cancer Institute in Cairo, 
Egypt. Cisplatin (CISPLATINE MYLAN, DCI #: 05G111), and ethanol were acquired 
from Baker Analysed (Fisher Scientific, Landsmeer). The chitosan was purchased from 
Fluka-Sigma Aldrich LLC (St. Louis, MO, USA). Tissue culture reagents included 
DMEM, trypsin, fetal bovine serum (FBS), l-glutamine, penicillin/streptomycin, dime-
thyl sulfoxide (DMSO), and MTT were obtained from Sigma and GIBCO (New York, 
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USA). The Gene JET RNA Purification Kit was purchased from Thermo Scientific, 
the Quantiscript Reverse Transcription Kit, and Quanti-Tect SYBR Green PCR Kit 
from Qiagen (Germany). Every other reagent and chemical were of the utmost purity 
attainable.

Extraction of anthocyanin

The red beetroot (Beta vulgaris L.) was purchased from a local market in Kafrelsheikh 
city, 0.25 kg was weighed, washed by running tap water, to remove any dust or foreign 
materials from its surface, cut into uniform pieces with a knife, and transported to a 
1000 mL beaker. An appropriate amount of 95% ethanol was added to the beaker, which 
was fully covered with foil to prevent alcohol volatilization and light exposure to prevent 
anthocyanin (Ant) breaking. The rotation was done under heating using a stirrer magnet 
at 65 °C for 3 h. After the color had changed to dark red, the extract was filtrated and 
evaporated in an oven at 40 °C for 48 h and the filtrate was stored at 4 °C until use for NP 
fabrication (Hanafy 2021). The beetroot extract was examined by UV–visible spectro-
photometer and FTIR. An equal volume of the beetroot extract and NaOH (1 mL: 1 mL) 
was heated for 10 min at 100 °C. The presence of Ant is indicated by a dark bluish-green 
color, while the formation of a yellow color signifies the presence of betacyanin (Parveen 
Zia 2021).

Quantification of total anthocyanin

The sulfur dioxide  (SO2) bleaching procedure was used to assess the concentration 
of total Ant (Fig. S1) (Guiné et al. 2018). In this approach, a stock solution of 5 mL of 
beetroot extract and 5  mL of ethanol acidified with 0.1% HCl was made, and the pH 
was adjusted to 0.6 with 0.5% HCl. From the stock solution, two flacon tubes (15 mL) 
were prepared as follows: tube 1 (t1) is composed of 2 mL of the stock solution mixed 
with 0.8 mL of water. Tube 2 (t2) is composed of 2 mL of the stock solution mixed with 
0.4 mL of  HNaSO4 solution (15% w/v). Following a 20-min incubation period in dark-
ness at room temperature, the absorbance was quantified at a wavelength of 520 nm. The 
total Ant was estimated using the following equation: Ant (mg Mv3G/g) = 875 × [absorb-
ance of tube 1 (abst1)–abst2], and  results were shown as malvidin equivalents, based 
on sample mass and extract volume to obtain an absorbance between 1.500 and 2.000 
(Guiné et al. 2019). The analyses were performed in triplicate for each sample.

Fabrication of anthocyanin nanoparticles

The Ant extract was dissolved in chitosan, citric acid was supplemented, the mixture was 
agitated for a duration of 30 min at ambient temperature, dialyzed against distilled  H2O, 
and kept at − 20 °C for 24 h before being used for lyophilization (Hanafy et al. 2023).

Fabrication of cisplatin nanoparticles

The process involved mixing Cis with polyacrylic acid, sonicating it, adding both chi-
tosan and citric acid, and dialyzing vs distilled  H2O. The assembly was kept at − 20 °C 
for 24 h before transferring to the lyophilization process. The ingredients were stored at 
− 20 °C until used. The process was repeated to remove unreacted materials and ensure 
the correct mixture was prepared (Sultan et al. 2022).
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Fabrication of cisplatin and anthocyanin nanoparticles

Cis and polyacrylic acid were mixed, sonicated, and then Ant extract, chitosan, and cit-
ric acid were added. The mixture was dialyzed vs distilled  H2O and stored at − 20 °C for 
24 h before transferring to the lyophilization process. The ingredients were then stored 
at − 20 °C until needed.

Construction of standard curve for calculating encapsulated cisplatin concentration

The linearity of Cis was determined by drawing a calibration curve to determine Cis 
NPs concentration. Cis NPs were centrifuged (10,000 rpm/30 min) and the supernatant 
was measured at 301 nm. The supernatant was utilized to determine Cis loading capac-
ity through a UV–visible spectrophotometer. The slope, intercept, and R2 values for Cis 
were 0.1235, 0.0002, and 0.999, respectively. Cis calibration curve (y = 0.1235x–0.0002; 
R2 = 0.999) in 5 mg/mL distilled water was prepared with a Cis concentration range of 
312.5 to 5000 μg/mL.

Determination of loading capacity and encapsulation efficiency (EE)

For Cis, we used this equation: EE (%) = (Cis total concentration–free Cis concentration 
(supernatant)/Cis total concentration) × 100. The concentration of Cis in the capsule was 
calculated after calculating the specific EE of Cis. For Ant, we utilized this equation: EE 
(%) = (Ant total amount (mg)–Ant amount in the supernatant/Ant total amount) × 100 
(Venancio et al. 2017). Ant concentration inside the capsule was determined by calculat-
ing the total Ant in the extract and supernatant produced after centrifugation of the Ant 
NPs. The Ant total amount and the amount in the supernatant after encapsulation were 
calculated by using  SO2 bleaching.

Characterization of Ant, Cis and their NPs

To characterize the shape of the synthesized NPs, we used scanning electron micros-
copy (SEM) using 5 kV-accelerating potential electron beams (JEOL, JSM-IT 100) and 
SEM/JSM 5000 program. To detect surface molecule structures, we utilized the Fourier 
Transform Infrared Spectrometer (FTIR, JASCO, JAPAN, model no. AUP1200343) in 
the 500–4000   cm1 range using the KBr pellet method. At least three scans were per-
formed on various parts of the samples, and representative spectra were analyzed. We 
also measured the absorbance of samples at wavelengths between 200 and 800 nm using 
a Shimadzu UV–visible spectrophotometer (UV-1800, Shimadzu Corporation, Japan). 
Photon correlation spectroscopy was used to determine the electrophoretic mobility of 
samples using a Zeta Nano Sizer (Zetasizer Nano ZS, Malvern Panalytical, United King-
dom), and data were collected at room temperature (approximately 25 °C).

Cell culture

The frozen HepG2 and MCF7 cell lines were thawed, transferred to a sterile falcon con-
taining DMEM, and centrifuged. The cell pellet was suspended in the culture medium 
and cultured at 37 °C for 3 days under 5%  CO2, and 95% air. Culture renewal was done at 
80–90% confluence for 5 days and the cells were then cultured at the desired dilution in 
new flasks.
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Cell viability by MTT assay

The MTT assay is based on the ability of metabolically active cells to reduce yellow tetra-
zolium salt into purple formazan crystals. This reduction occurs in the mitochondria of 
living cells, and the amount of formazan produced is directly proportional to the num-
ber of viable cells (Ghasemi et  al. 2023). In a complete media [DMEM, 10% FBS, and 
1% antibiotic (GIBCO, New York, USA)], cells (10,000 cells/well) were cultured (37 °C, 
5% CO2) for 24 h. After reaching 70–80% confluence, cells were treated with Cis, Ant, 
Cis NPs, Ant NPs, and Cis + Ant NPs at doses of 0, 3.125, 6.25, 12.5, 25, 50, and 100 μg/
mL and incubated for 1 day. Following the addition of 20 μL of MTT solution (5 mg/
mL), the cells were incubated for a further 4 h. Following formazan crystal dissolution in 
100 μL DMSO, absorbance was measured at 570 nm. The  IC50 was determined from the 
sigmoidal dose–response curve generated using GraphPad Prism. Percent cell viability 
was calculated using the following formula: cell viability (%) = [(OD of treated cells–OD 
of blank)/(OD of control cells–OD of blank)] × 100. Control (untreated) cells were con-
sidered 100% viable, and the percent viability of treated cells was calculated relative to 
the control. Each experiment was performed in triplicate to ensure reproducibility.

Acridine orange and ethidium bromide double staining

Acridine orange (AO) and ethidium bromide (EB) double staining is a fluorescence-
based method used to differentiate live, apoptotic, and necrotic cells. AO is a cell-per-
meable dye that stains both live and dead cells, emitting green fluorescence when bound 
to double-stranded DNA in viable cells. EB is only permeable to dead cells with compro-
mised membranes and binds to DNA, emitting red fluorescence. The combination allows 
for distinguishing viable cells (green), early apoptotic cells (yellow-green with condensed 
or fragmented chromatin), and necrotic or late apoptotic cells (red) (Kari et al. 2022). 
Cells were typically seeded at a density of 1 ×  105 cells/mL into a 6-well plate or 24-well 
plate. This ensures sufficient cell number for microscopic examination. Following treat-
ment of cancer cells with Cis, Ant, and NPs of Cis or/and Ant at concentrations equal to 
their  IC50 for 24 h, the cells were fixed with 4% paraformaldehyde, stained with 10 μL of 
1 mg/mL AO and EB mixture per well (double staining approach), and images were cap-
tured using fluorescence microscopy (Nikon’s Eclipse Ti2, Japan) at 20 × magnification.

Gene expression analysis by qPCR

Quantitative PCR (qPCR) was used to quantify gene expression levels. Total RNA was 
isolated from MCF7 and HepG2 cells using a commercially available RNA isolation kit, 
the RNA concentration and purity were measured using a spectrophotometer. RNA 
was reverse transcribed into complementary DNA (cDNA) using a reverse transcrip-
tion kit. A reaction mix was prepared that included the cDNA template, gene-specific 
primers (Table S1), a fluorescent dye SYBR Green Kit. The qPCR thermal cycling condi-
tions included initial denaturation at 95 °C (for 10 min), followed by 40 cycles of dena-
turation at 95 °C (for 15 s) and annealing/extension at 60 °C (for 40 s). Gene expression 
levels were quantified using the  2−ΔΔCt method. A stable housekeeping GAPDH gene 
was used as an internal control to normalize the expression levels of the target gene. 
The fold change was calculated relative to the control group. A fold change > 1 indicates 
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upregulation, while a fold change < 1 indicates downregulation of the gene in the treated 
sample compared to the control (Attia et al. 2022; Selim et al. 2019).

Detection of the cell cycle by flow cytometry

HepG2 and MCF7 were seeded in 6-well plates at a density of 1 ×  105 cells per well, 
ensuring adequate cell growth before treatment. The cells were treated with  IC50 value 
of Cis, Ant extract, and/or their NPs. After 24 h treatment, cells were trypsinized using 
0.25% trypsin–EDTA, collected, and centrifuged at 500 rpm for 5 min. Cells were then 
washed twice with cold PBS to remove excess media. Cells were fixed by resuspending 
them in 70% ice-cold ethanol and incubating for 24 h at − 20 °C. This step preserves the 
cells and permeabilizes the membrane, allowing propidium iodide (PI) to enter. After 
fixation, cells were washed twice with PBS to remove ethanol. Cells were resuspended in 
500 µL of PI staining solution, which contains; 50 µg/mL PI for DNA staining, 100 µg/
mL RNase A (to degrade RNA and ensure that only DNA is stained), and 0.1% Triton 
X-100 to help permeabilize the cells. The cells were incubated in the PI staining solution 
at 37 °C for 30–60 min in the dark to allow proper staining of nuclear DNA. After incu-
bation, the cells were ready for analysis using FACScan (BD Biosciences, One Becton 
Drive Franklin Lakes, NJ, USA) and FlowJo V.10 (BD Biosciences). About 10,000 events 
were collected per sample to ensure statistical relevance for cell cycle analysis.

Evaluation of reduced glutathione (GSH)

Cells were collected after 24 h of treatment and the levels of GSH were determined calo-
rimetrically using a commercial kit (Bio-Diagnostics Co, Egypt) according to the manu-
facturer’s instructions. The results are expressed as a percentage of the control, with the 
control level set at 100%.

Statistical analysis

The statistical method applied in our study was one-way ANOVA followed by Tuk-
ey’s post hoc test to identify whether differences between treatments were significant 
(P < 0.05) or not (P > 0.05). Data were expressed as mean ± SEM. Graph Pad Prism 8 soft-
ware was used in statistical analysis.

Results
Characterization of Ant, Cis, and their NPs

Ant spectra mainly depend on pH and their absorbance values were evaluated at the 
peak wavelength of 512 nm (Stavenga et al. 2020). SEM examination revealed that Ant 
NPs are spherical and were separately distributed (Fig. S2A). The UV–visible spectro-
photometer of Ant displayed three peaks at 265, 482, and 539  nm (Fig.  1A), and Ant 
NPs showed three peaks at 267, 478, and 540 nm (Fig. 1A, Fig. S2B). After heating the 
mixture of 1 mL of the Ant and 1 mL of NaOH for 5 min at 100 °C, the resulting blu-
ish-green color indicates the presence of Ant (Fig. S2C–E) as mentioned by Parveen 
Zia (2021). The UV–visible spectrophotometer for the free Cis obtained a peak around 
301 nm, while in Cis NPs no real peak appeared (Fig. 1B). On the other hand, Cis + Ant 
NPs showed peaks at 268, 468, and 538 nm (Fig. 1C).
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The FT‐IR spectrum of Ant and Ant NPs was recorded between 4000   cm−1 and 
400  cm−1 at 0.1   cm−1 resolution (Fig. 1D). The results agreed with previously reported 
work (Sivanukkalai Jeyaram 2020). The intense broadband at 3410   cm−1 in the FT‐IR 
spectrum of Ant was assigned to –OH stretching vibrations which also appeared in Ant 
NPs at 3425   cm−1. The aliphatic C–H stretching bands occurred between 2900   cm−1 
and 3000   cm−1 in Ant and Ant NPs FT‐IR. While the C=N stretching band appeared 
in Ant and Ant NPs at 1650  cm−1 and 1625  cm−1, respectively. The bands at 1385  cm−1 
and 1387   cm−1 were attributed to the bending of –OH groups. The last weak band at 
1055  cm−1 and 1052  cm−1 was attributed to C–H bending (Jeyaram and Geethakrishnan 
2020). FTIR results showed Cis preserved its chemical structure in NPs (Fig. 1E). Plati-
num and ammonium bonds appeared at 665   cm−1 and 638   cm−1 in Cis and Cis NPs, 
respectively. In addition to the presence of tensional trembles of ammonium groups that 
emerged in 3450   cm−1 (Cis) and 3415   cm−1 (Cis NPs) (Babaei et  al. 2019). In a spec-
trum of Cis + Ant NPs, stretching vibrations of –OH appeared at 3408  cm−1. While the 
band located at 1633  cm−1 revealed the presence of Cis, and the band that appeared at 
1388  cm−1 indicated the presence of Ant (Fig. 1F).

The dynamic light scatters (DLS) detected mean zeta potential values of Ant NPs, 
Cis NPs, and Cis + Ant NPs were 50.41, 51.4, and 41.2  mV, respectively (Fig.  2A–C). 
DLS of the Zeta sizer indicated that the mean diameter of the Ant NPs (Fig. 2D), Cis 
NPs (Fig.  2E), and Cis + Ant NPs (Fig.  2F) was 183.5  nm, 143.5  nm, and 154.7  nm, 
respectively.

Cis NPs were prepared via ion-complex formation between carboxylic acid of 
poly acrylic acid (PAA) copolymer and Cis (Fig. S2F). Cis was added to an aqueous 

Fig. 1 Characterization of Ant, Cis, and their NPs by UV–Vis absorption and FT‑IR spectra. A UV–Vis absorption 
spectra of Ant extract and Ant NPs. B UV–Vis absorption spectra of Cis and free Cis NPs. C UV–Vis. UV–Vis 
absorption spectra of Ant extract, free Cis, and Ant + Cis NPs. D FT‑IR spectra of the Ant extract and Ant NPs. E 
FT‑IR spectra of Cis and Cis NPs. F FT‑IR spectra of the Ant extract, Cis and Ant + Cis NPs
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solution of PAA copolymer and stirred until a transparent aqueous solution was 
obtained. This means no aggregation appeared during the interaction of PAA and 
Cis. After sonication of PAA–Cis mixture, a mixture of chitosan, Ant extract, and 
citric acid was added with further stirring and sonication. The mixture underwent 
dialysis for 24 h to remove impurities, and the final product was lyophilized for 5 
days, yielding stable Cis + Ant NPs (Fig. S3).

Determination of encapsulation efficiency and concentration of Cis and Ant inside capsules

The concentration of free Cis (in the supernatant) was 0.01097 mg/mL as calculated 
from this equation: Cis concentration (mg/mL) = (slope ×  absorbance) + intercept, 
where the absorbance of the supernatant at 301  nm was 0.092. The encapsulation 
efficiency (EE) of Cis was 99.63% based on this equation EE (%) = (Cis total con-
centration–free Cis concentration (supernatant)/Cis total concentration) × 100 
(Fig. 3A–C). The concentration of Cis in the capsule was estimated to be 0.10 mg/
mL as we used a total of 6 mg Cis in a total volume of 60 mL and EE of Cis was 99%.

The total Ant in the extract was 103.25 mg per 100 g of fresh weight of red beetroot 
using a 27.900 molar extinction coefficient as calculated from this equation: Ant (mg 
Mv3G/g) = 875 × (abst1–abst2), where abst1 equals 1.8 and abst2 equals 1.692. In the 
supernatant, the Ant amount was 39.375 mg as abst1 equals 0.16 and abst2 equals 
0.115. The amount of encapsulated Ant equals 63.875 mg as estimated by subtract-
ing the amount of the total Ant in the supernatant from the extract (Fig. 3D, E). The 
percentage encapsulation for Ant NPs was calculated using the following formula: 
encapsulation efficiency (%) = (encapsulated Ant/total Ant in the extract) × 100, 
where encapsulated Ant = 63.875 mg and total Ant in the extract = 103.25 mg. So, 
encapsulation efficiency = (63.875/103.25) × 100 = 61.87%.

Fig. 2 Characterization of Ant, Cis, and their NPs using Zeta potential and DLS. A Zeta potential of Ant NPs. 
B Zeta potential of Cis NPs. C Zeta potential of Ant + Cis NPs. D DLS of the Zeta sizer of Ant NPs. E DLS of the 
Zeta sizer of Cis NPs. F DLS of the Zeta sizer of Ant + Cis NPs
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Effect of treatments on the viability of MCF7 and HepG2 cells

MTT assay results revealed that Ant had less cytotoxic effects on MCF7 and HepG2 with 
 IC50 values of 7.17 ± 0.86 and 32.62 ± 1.51 μg/mL, respectively, than Cis with lower  IC50 
values of 4.08 ± 0.61 and 2.52 ± 0.40 μg/mL, respectively (Fig. 4, Fig. S4). However, the 
Ant NPs showed higher  IC50 values of 57.12 ± 1.76 and 61.21 ± 1.79 μg/mL, and the Cis 
NPs showed  IC50 values of 21.26 ± 1.33 and 18.18 ± 1.26 μg/mL on MCF7 and HepG2, 
respectively. Encapsulation of Ant and Cis into one capsule (Cis + Ant NPs) resulted in 
 IC50 values of 20.59 ± 1.31 and 33.30 ± 1.52 μg/mL on MCF7 and HepG2, respectively. 
Conversely, when treated with empty NPs, MCF7 and HepG2 cells showed very high 
 IC50 values of 316.8 ± 5.80 and 372.5 ± 6.49  μg/mL on MCF7 and HepG2, respectively 
(Fig. 4, Fig. S4). Comparing the  IC50 values of all treated groups in MCF7 and HepG2 
cells, we found significantly decreased cytotoxicity when each drug was delivered in NP 
form (Fig. S5). The combined nanoparticle formulation (Cis + Ant NPs) exhibited sig-
nificantly greater cytotoxic effects compared to individual nanoparticle treatments in 
HepG2 cells and demonstrated higher cytotoxicity than Ant NPs alone in MCF7 cells 
(Fig. S5).

Ant, Cis, and their NPs induced apoptosis in MCF7 and HepG2 cells

The morphological changes (chromatin condensation or disintegration) and orange-
colored nuclei of MCF7 and HepG2 stained with AO/EB revealed the potential of Ant, 
Cis, and their NPs to trigger apoptosis in cancer cells compared to the viable control cells 
which have a normal green nucleus (Fig. 5A). This apoptotic effect was confirmed on a 
molecular basis (in the treated cells with Ant, Ant NPs, Cis, Cis NPs, and Cis + Ant NPs) 
as evidenced by significant overexpression of Bax (1.64 ± 0.19, 3.01 ± 0.21, 3.51 ± 0.08, 
5.90 ± 0.16, and 7.84 ± 0.28 fold change, respectively, in MCF7 and 1.92 ± 0.06, 
2.30 ± 0.07, 3.10 ± 0.04, 3.46 ± 0.04, and 4.82 ± 0.06 fold change, respectively, in HepG2), 

Fig. 3 Determination of encapsulation efficiency and concentration of Cis and Ant inside capsules. A 
UV–Vis. Absorption spectra of the different Cis concentrations ranging from 312.5 to 5000 μg/mL. B UV–Vis. 
Absorption spectra of pure Cis and the supernatant of Cis NPs after centrifugation. C Standard curve of Cis. D 
UV–Vis. Absorption spectra of the Ant with distilled water (D.W.) vs Ant with HNaSO4, in the extract. E UV–Vis. 
Absorption spectra of the supernatant of Ant NPs after centrifugation
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Fig. 4 Sigmoidal curve for MTT assay displays  IC50 values and the inhibition % of Cis, Cis NPs, Ant extract, 
Ant NPs, Cis + Ant NPs, and empty NPs on MCF7 and HepG2 cells. Each data point shows an average of three 
independent experiments (n = 3). Data were presented as mean ± SEM
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Fig. 5 Ant, Cis, and their NPs triggered apoptosis in HepG2 and MCF7 cells. A Fluorescence microscopy 
displays the morphology of HepG2 and MCF7 stained with acridine orange/ ethidium bromide. Insets 
represent higher magnification of some selected cells. Scale bars = 20 µm, control (Cnt). B qPCR results show 
differential expression of the apoptotic gene Bax, the anti‑apoptotic gene Bcl2, and their ration (Bax/Bcl2) 
in MCF7 and HepG2 cells. Values are given as mean ± SEM (n = 3/group). Various letters [a (highest value)–f 
(lowest value)] denote significant differences at P < 0.05. All groups were compared to each other
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higher Bax/Bcl2 ratio and significant down-expression of the Bcl2 gene (0.77 ± 0.03, 
0.68 ± 0.05, 0.61 ± 0.05, 0.35 ± 0.05, and 0.27 ± 0.03 fold change, respectively, in MCF7 
and 0.82 ± 0.06, 0.60 ± 0.05, 0.41 ± 0.07, 0.25 ± 0.03, and 0.14 ± 0.02 fold change, respec-
tively, in HepG2) relative to the control (Fig. 5B). The Cis + Ant NPs exhibited the high-
est apoptosis (as indicated by highest Bax, Bax/Bcl2 ratio, and lowest Bcl2 expression) 
followed by Cis NPs, Cis, Ant NPs, and Ant.

Effect of treatments on the cell cycle of cancer cells

Data obtained from flow cytometry indicated a cell cycle arrest in the G2/M phase of 
MCF7 and HepG2 cells as indicated by a significantly higher percentage of cells in this 
phase following treatment of MCF7 with Ant, Ant NPs, Cis, Cis NPs, and Cis + Ant NPs 
(15.5 ± 0.61, 17.5 ± 1.00, 12.32 ± 0.83, 12.24 ± 0.53, and 15.80 ± 0.90%, respectively) and 
HepG2 with Ant, Ant NPs, Cis NPs (29.84 ± 1.12, 27.50 ± 1.31, and 39.42 ± 1.72%, respec-
tively), than the control (2.02 ± 0.06% in MCF7 and 17.7 ± 0.80% in HepG2) (Fig. 6). In 
contrast, no significant results observed in HepG2 treated with Cis and Cis + Ant NPs 
(7.11 ± 0.70 and 12.93 ± 1.07%, respectively). Another cell cycle arrest was noticed in the 
S phase of the two cells except in HepG2 cells treated with Cis and Cis + Ant NPs. Cells 
accumulated in the Sub G0/G1 phase revealed apoptosis. As shown in Fig. 6, all treat-
ments induced apoptosis (as indicated by cell number in the subG0/G1 phase) in MCF7 
cells, while only Cis and Cis + Ant NPs triggered apoptosis in HepG2 cells (Fig. 6).

Effect of treatments on the expression of drug‑resistance‑, metastasis‑, angiogenesis‑, 

and inflammation‑related genes

To determine whether Ant, Cis and their NPs can affect the expression of drug-resist-
ance-related genes MAPK1 and MDR1 (Emran et al. 2022), qPCR was applied on cDNA 
prepared from RNA isolated from MCF7 and HepG2. Interestingly, Cis-treated MCF7 
and HepG2 cells displayed the highest significant expression of MDR1 (1.41 ± 0.09 
and 1.54 ± 0.037-fold change, respectively) and MAPK1 (1.45 ± 0.08, and 1.80 ± 0.06-
fold change, respectively) even more than the control group. On the other hand, Ant, 
Ant NPs, and Cis + Ant NPs treated cells showed significantly reduced expression of 
MDR1 (0.23 ± 0.02, 0.07 ± 0.01, and 0.32 ± 0.02-fold change in MCF7, and 0.70 ± 0.04, 
0.44 ± 0.03, and 0.36 ± 0.03-fold change in HepG2, respectively) and MAPK1 (0.55 ± 0.06, 
0.39 ± 0.03, and 0.25 ± 0.02-fold change in MCF7 and 0.72 ± 0.03, 0.54 ± 0.04, and 
0.32 ± 0.03-fold change in HepG2, respectively) compared to the Cis and control groups 
(Fig. 7).

Treatments with Ant, Ant NPs, Cis, Cis NPs, and Cis + Ant NPs also inhibited MCF7 
and HepG2 migration and metastasis as indicated by significant downregulation of the 
metastasis-related gene MMP9 (0.55 ± 0.06, 0.27 ± 0.02, 0.61 ± 0.06, 0.35 ± 0.03, and 
0.20 ± 0.01-fold change in MCF7 and 0.55 ± 0.06, 0.38 ± 0.03, 0.90 ± 0.06,0.41 ± 0.05, 
and 0.16 ± 0.02-fold change in HepG2, respectively) and significant upregulation of 
the anti-metastatic gene TIMP1 (4.63 ± 0.06, 8.63 ± 0.06, 3.18 ± 0.04, 10.41 ± 0.07, 
and 12.47 ± 0.06-fold change in MCF7 and fold change, and 8.82 ± 0.07, 7.94 ± 0.06, 
3.48 ± 0.09, 5.17 ± 0.06, and 14.42 ± 0.05-fold change in HepG2, respectively) compared 
to the control cells (Fig. 7).
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Fig. 6 Effect of treatments on cell cycle of MCF7 and HepG2 cells. A Cell cycle graphs as evaluated by flow 
cytometry (X‑axis: PI fluorescence reflecting DNA content, and Y‑axis: cell count). B Percentage of cells in 
subG0/G1, G0/G1, S, and G2/M phase. Values are expressed as mean ± SEM, n = 3. Various letters [a (highest 
value)–f (lowest value)] denote significant differences at P < 0.05. All groups were compared to each other
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The expression levels of angiogenesis-related gene (VEGF) in MCF7 and HepG2 cell 
lines were significantly down-regulated in cells-treated with Ant, Ant NPs, Cis, Cis NPs, 
and Cis + Ant NPs (0.33 ± 0.02, 0.20 ± 0.01, 0.54 ± 0.04, 0.31 ± 0.02, and 0.14 ± 0.01-fold 

Fig. 6 continued

Fig. 7 Real‑time quantitative PCR analysis of the gene expression in MCF7 and HepG2 cells. Fold changes 
was calculated for MAPK1, MDR1, MMP9, TIMP1, Nrf2, HO-1, VEGF, and TNFα genes. Values are given as 
mean ± SEM (n = 3/group). Various letters [a (highest value)–f (lowest value)] denote significant differences at 
P < 0.05. All groups were compared to each other
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change, in MCF7 and 0.63 ± 0.04, 0.35 ± 0.03, 0.71 ± 0.05, 0.43 ± 0.05, and 0.20 ± 0.01-fold 
change, in HepG2, respectively) relative to the control cells (Fig. 7). However, the inflam-
mation-related gene (TNFα) was significantly higher in Cis-treated cells (2.31 ± 0.05-fold 
change in MCF7 and 1.31 ± 0.03-fold change in HepG2) compared to all other groups. 
These elevated expression levels were significantly decreased in HepG2 cells treated 
with Ant, Ant NPs, Cis NPs, and Cis + Ant NPs (0.71 ± 0.03, 0.50 ± 0.02, 0.84 ± 0.06, and 
0.19 ± 0.01-fold change, respectively) and in MCF7 cells treated with Ant, Ant NPs, and 
Cis + Ant NPs (0.49 ± 0.02, 0.93 ± 0.05, and 0.59 ± 0.05-fold change, respectively) (Fig. 7).

Effect of treatments on the antioxidant status

It is well-known that the anti-cancer potential of Cis is accompanied by high oxidative 
stress and low antioxidant activities. In parallel, we also found significantly reduced lev-
els of GSH and expression of antioxidant-related genes (Nfr2 and HO-1) in cells treated 
with Cis (69 ± 2.3%, 0.25 ± 0.02, and 0.06 ± 0.01 fold change in MCF7 and 53 ± 2.5%, 
0.48 ± 0.04, and 0.36 ± 0.04 fold change in HepG2, respectively) and Cis NPs (82 ± 2.7%, 
0.06 ± 0.01, 0.16 ± 0.01 fold change in MCF7 and 0.69 ± 0.06, and 0.52 ± 0.04 fold change 
in HepG2, respectively), compared to the other groups (Fig. 8). Interestingly, Ant, Ant 
NPs and Cis + Ant NPs all significantly increased GSH levels (127.00 ± 5.17, 132.62 ± 5.58, 
and 118.09 ± 3.66% in MCF7 and 116.50 ± 4.66, 125.77 ± 3.93, 111.29 ± 3.41% in HepG2, 
respectively), Nfr2 expression (3.81 ± 0.05, 5.74 ± 0.07, and 2.43 ± 0.05 fold change in 
MCF7 and 2.58 ± 0.07, 3.41 ± 0.06, and 3.94 ± 0.09 fold change in HepG2, respectively), 
and HO-1 expression (2.89 ± 0.06, 3.36 ± 0.079, and 1.34 ± 0.08 fold change in MCF7 and 
1.69 ± 0.07, 2.07 ± 0.05, and 2.17 ± 0.08 fold change, in HepG2, respectively), when com-
pared to other groups (Fig. 8).

Discussion
Cis is a standard chemotherapy when used alone or in combination with other anti-can-
cer drugs (Romani 2022). Cis is indeed used in the treatment of several cancers, but its 
use in breast cancer is more limited and not typically considered a first-line treatment in 
many countries, including the UK (Hamaya et al. 2023). First-line treatments for breast 
cancer generally include hormonal therapies, targeted therapies (like trastuzumab for 
HER2-positive cancers), and anthracycline or taxane-based chemotherapy. However, Cis 
may be used in triple-negative breast cancer as platinum-based drugs have shown effi-
cacy in these subtypes due to their DNA-damaging mechanism (Dasari and Tchounwou 
2014; Elserafi et al. 2018). Cis is used more commonly in treating liver cancer, though 
often in specific procedures such as trans-arterial chemoembolization (TACE) which 
involves the localized delivery of Cis directly to the tumor through the hepatic artery, 
followed by embolization to block blood flow to the cancer (Aramaki et al. 2021). The 
benefits of Cis treatment must be weighed against the risk of severe side effects. In a 
recent development, Cis nanoparticles (NPs) were created to address the limitations of 
the drug, aiming to reduce severe side effects, low selectivity for cancer cells and improve 
treatment effectiveness (Jeong et al. 2018; Joshy et al. 2022). NPs can target tumors more 
effectively and reduce the off-target effects that lead to toxicity, such as nephrotoxicity, 
which is a significant issue with Cis, ototoxicity (hearing loss), neurotoxicity, and gas-
trointestinal disturbances (Ali et al. 2022; Duan et al. 2016). In addition, it often leads to 
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drug resistance in cancer cells, reducing its effectiveness over time. In procedures like 
TACE, NP formulations could enhance the localized delivery of Cis, potentially increas-
ing the drug’s efficacy while minimizing systemic side effects (Metkar et al. 2023). NPs 
can provide a controlled release of Cis, which may allow for sustained therapeutic con-
centrations over time, further improving the treatment’s impact (Costoya et  al. 2022). 
On the other hand, Ants, particularly those derived from beetroot, can also prevent the 
viability of cancer cells (Li et al. 2021; Saber et al. 2023).

The MTT assay data revealed that treatment with Ant, Ant NPs, Cis, Cis NPs, and 
Cis + Ant NPs led to a significant dose-dependent cytotoxic effect on MCF7 and HepG2 
with best effect for Cis. Unlike Cis, Ant and Ant NPs have demonstrated moderate-
to-good cytotoxic activity towards HepG2 and MCF7 cells. On the other hand, when 
considering the drug concentration inside the capsule, nanocapsules in which the drug 

Fig. 8 Effect of treatments on antioxidant status as revealed by determination of GSH levels and Nrf2, HO-1 
gene expression in MCF7 and HepG2 cells. Values are given as mean ± SEM (n = 3/group). Various letters [a 
(highest value)–e (lowest value)] denote significant differences at P < 0.05. All groups were compared to each 
other
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concentration was around 10 times lower, demonstrated a little anti-cancer effect. This 
can explain why Ant NPs and/or Cis NPs showed lower cytotoxic potential (as revealed 
by higher  IC50 values) on MCF7 and HepG2 cells than their non-capsulated forms 
(Ant and Cis). Given that the drug concentration in the NPs is 10 times lower than the 
free drug dose, the observed  IC50 values for the nanoformulated drugs must be inter-
preted carefully. Ant NPs and Cis NPs demonstrated significantly higher  IC50 values in 
MCF7 and HepG2 (57.12 ± 1.78, 61.21 ± 1.79 μg/mL for Ant NPs and 21.26 ± 1.33 and 
18.18 ± 1.26 μg/mL for Cis NPs, respectively). At first glance, this suggests a large reduc-
tion in cytotoxic potency but considering the 10 times lower concentration inside the 
NPs, these values are quite comparable. If the drug concentration inside the NPs were 
equivalent to the free drug, the adjusted  IC50 values might approach 5.70, 6.12 μg/mL 
for Ant NPs and 2.13, 1.82 μg/mL for Cis NPs, respectively, which are lower than that 
of the free Ant and Cis  IC50 values. The combined NPs formulation had  IC50 values of 
20.59 ± 1.31  μg/mL for MCF7 and 33.30 ± 1.52  μg/mL for HepG2. Adjusting for the 
lower drug concentrations, the effective  IC50 values may approximate 2.06  μg/mL for 
MCF7 and 1.33 μg/mL for HepG2.

The cytotoxic impact of all treatments on the two cancer cell lines could be caused by 
apoptosis as evidenced by the morphological changes (chromatin condensation or dis-
integration and orange-colored nuclei of MCF7 and HepG2 stained with AO/EB), and 
the molecular changes (significant upregulation of the Bax gene and downregulation 
of the Bcl2 gene). Cells treated with Cis + Ant NPs showed the greatest expression of 
Bax and the lowest expression of Bcl2, indicating maximum apoptosis and validating the 
impact of combined treatment with Ant and Cis. This also suggests that Ant’s apoptosis-
dependent cytotoxic potential is not specific to any one kind of cancer cell and is present 
in two different (liver and breast) cancer cell lines. Consistent with our findings, earlier 
in vitro research revealed that Ant and its primary metabolites triggered apoptosis in a 
large variety of cancers including liver HepG2, breast MDA-MB-453 (Li et al. 2016), leu-
kemia U937 (Lee et al. 2009), prostate LNCaP, PC-3 (Reddivari et al. 2007), gastric ade-
nocarcinoma (Shih et al. 2005), uterine carcinoma HeLa S3, colon CaCo-2 and HCT116 
(Katsube et al. 2003; Lazzè et al. 2004), and leukemia HL60 (Katsube et al. 2003) cancer 
cells. The majority of these studies, including ours, indicated that the apoptosis-depend-
ent cytotoxic effect of Ant correlated with the elevation of Bax and the lowering of Bcl2 
(Fang et al. 2018).

Since apoptosis is closely linked to cell cycle control, all treatments are being inves-
tigated for their ability to affect the cell cycle and the results showed that Ant, Cis, and 
their NPs could suppress MCF7 and HepG2 proliferation by inducing cell cycle arrest 
mainly in G2/M and S phases. This arrest could be due to the targeting of some impor-
tant molecules involved in the cell cycle. In support, Ant showed significant antican-
cer effects by targeting molecules that regulate the cell cycle. Specifically, they inhibited 
cyclin D1 and cyclin E, which are crucial for progressing the cell cycle from the G1 to 
S phase, thereby preventing the proliferation of cancer cells. Studies have shown that 
Ant increases the expression of CDK inhibitors like p21 and p27, which further halt cell 
cycle progression, leading to cell cycle arrest in cancer cells (Dharmawansa et al. 2020; 
Lin et al. 2017). These effects make Ants promising candidates for cancer prevention and 
therapy (Hudlikar et al. 2020). We found that the arrest was prominent in cells treated 
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with Cis NPs and Cis + Ant NPs comparable to that of free Cis, suggesting that encapsu-
lated Cis + Ant can be efficiently utilized as a substitute for Cis chemotherapy.

One major challenge in using Cis is the development of drug resistance by cancer cells. 
We also found elevated expression of drug resistance-related MDR1 and MAPK1 in 
MCF7 and HepG2 cells treated with Cis. To overcome this deleterious effect, research-
ers have explored using Cis NPs alone or combined with other anti-cancer drugs (Jeong 
et al. 2018; Joshy et al. 2022; Lin et al. 2017; Romani 2022). Similarly, we also reported 
a significantly reduced expression in the two genes following treatment with Ant NPs, 
Cis NPs, and Cis + Ant NPs. Cyanidin, a secondary Ant metabolite, has been shown to 
increase the effectiveness of chemotherapy in highly resistant breast cancer cells (MDA-
MB-453). This effect is believed to be due to cyanidin’s ability to inactivate signaling 
pathways (p-Akt and p-MAPK) that can promote cancer cell survival (Li et al. 2016).

Another significant disadvantage of using Cis for chemotherapy is that it induces oxi-
dative stress, not just in cancer cells, but also in healthy cells throughout the body (Abass 
et  al. 2024; Zraik and Heß-Busch 2021). In support, our results revealed that cancer 
cells treated with Cis and Cis NPs showed a considerable increase in oxidative stress as 
evidenced by reduced GSH levels and downregulation of the antioxidant-related Nrf2 
and HO-1 genes. Similar Cis effects on cancer cells were reported by other researchers 
(Babaei et al. 2019; Hussain et al. 2021). In contrast, treatment with Ant, Ant NPs, and 
Cis + Ant NPs significantly increased GSH levels and upregulated the expression of the 
two antioxidant genes. These increases were not only greater than those observed in Cis 
and Cis NPs groups but also surpassed the levels seen in control cells. Similarly, Nrf2 
and HO-1 activation in the endothelial cells are significantly influenced by Ant extracted 
from grape pomace (Herrera-Bravo et al. 2022). Because Ants can counteract the harm-
ful effects of oxidative stress on cancer cells, they are being recognized for their possible 
anticancer benefits. For example, in a clinical trial with healthy people, red mixed berry 
juice rich in Ants helped protect their DNA from damage and boosted the antioxidant 
status as indicated by higher levels of GSH (Weisel et al. 2006). A different clinical trial 
showed that daily intake of fruits enriched with Ants was associated with a decrease 
in breast cancer recurrence, possibly due to its ability to suppress oxidative stress trig-
gered by cancer cell (Butalla et al. 2012). Cis stimulates cancer cell death by augmenting 
reactive oxygen species (ROS) and diminishing antioxidant defenses, causing damage 
to healthy cells as well. In contrast, Ant, particularly in the form of nanoparticles (Ant 
NPs), greatly enhanced  GSH levels, reinstating antioxidant defenses and mitigating oxi-
dative stress (Fang et al. 2020). Cis NPs also showed a slightly higher antioxidant status 
than Cis, indicating the improvement of chemotherapy performance through encapsu-
lation (Zhu et al. 2019). The combination of Cis + Ant NPs demonstrated encouraging 
outcomes, achieving a balance between efficient targeting of cancer cells and minimal 
effects on normal cells (Qi et al. 2017). Ant NPs may defend against damage caused by 
Cis while maintaining its anticancer effectiveness (Amararathna et al. 2022). This under-
scores the possibility of using natural antioxidants, such as Ant, in conjunction with 
chemotherapy encapsulation to improve treatment results and minimize adverse effects.

Metastasis and multi-organ dysfunction may be responsible for the majority of cancer-
related deaths. Thus, a key advantage of powerful anticancer medications is their ability 
to prevent cancer cells from metastasis. In the present study, treatment with Ant, Cis, 



Page 20 of 24Awad et al. Cancer Nanotechnology           (2024) 15:57 

and their NPs was found to effectively block the migration and metastasis of MCF7 and 
HepG2 cells. This effect was linked to a significant decrease in MMP9, a gene involved 
in metastasis, and a significant increase in TIMP1, a gene that suppresses metastasis. 
Again, the combination of Cis NPs with Ant NPs showed the strongest effect compared 
to treatment with either agent alone. These results agreed with previous studies which 
revealed that black rice-derived Ants can hinder the migration and metastasis of a large 
variety of breast and liver cancer cells, at least partly, by blocking MMP2 and MMP9 and 
by activating TIMP1 (Chen et al. 2015; Hui et al. 2010). Moreover, the Ant secondary 
metabolites, malvidin 3-glucoside and delphinidin 3-glucoside (D3G), also inhibit colon 
cancer HCT-116 cells via the inactivation of MMP2 and MMP9 (Shin et al. 2011).

According to scientific research, effective cancer drugs have the ability to reduce 
inflammation and prevent the formation of new blood vessels. Our results showed inhi-
bition of angiogenesis (as revealed by decreased VEGF) in all treated MCF7 and HepG2. 
These treatments also reduced inflammation (as marked by lower TNFα expression) 
except in Cis-treated cells. The best anti-angiogenic and anti-inflammatory effect was 
noticed in the Cis + Ant NPs treated cells. Our findings align with previous research, 
which suggests that Ants exert their anti-cancer effects by reducing levels of TNFα and 
VEGF (Lin et al. 2017; Pan et al. 2010). Ants extracted from cocoplum induced a cyto-
toxic effect on colorectal HT-29 cancer cells and this effect is mediated by the inhibition 
of IL1β, TNFα, IL6, and NFκB cytokines (Venancio et  al. 2017). Berries-derived Ants 
exhibit promising anticancer properties by suppressing the activity of inflammatory 
signaling pathways (MAPK, NF-κB, COX-2, TNF-α, IL-6, and VEGF), which promote 
inflammation and cancer cell growth (Huang et al. 2006; Pan et al. 2010).

There are some limitations of our study. While this study demonstrates promising 
results in cell lines, further in vivo studies using animal models are necessary to assess 
the efficacy and safety of this approach in a whole organism. The study mainly focused 
on gene expression changes associated with various anti-cancer effects. Additional pro-
tein detection methods, such as Western blotting (WB), would strengthen the findings 
by confirming protein level changes for key molecules. Another limitation of this study 
is the lack of functional assays, such as transwell migration and wound scratch assays, 
which would provide direct evidence of the effects on cell migration and invasion. Future 
studies should include these functional assays to corroborate our findings.

Conclusions
Our study demonstrates the promising potential of combining anthocyanins with 
cisplatin-loaded chitosan nanoparticles for breast (MCF7) and liver (HepG2) cancer 
treatment. This novel approach appears to exert its anti-cancer effects through mul-
tiple mechanisms, including inducing apoptosis (high Bax, DNA fragmentation, and 
low Bcl2), cell cycle arrest (in G2/M, and S phases), and inhibition of drug resistance 
(low MAPK1 and MDR1), metastasis (low MMP9 and high TIMP1), oxidative stress 
(high NrF2 and HO-1), inflammation (low TNFα), and angiogenesis (low VEGF), as 
shown in Fig.  9. These findings provide encouraging evidence for the development 
of novel therapeutic strategies for breast and liver cancers by harnessing the syner-
gistic effects of anthocyanins and cisplatin. Future research will pave the way for the 
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safe and effective translation of this approach into clinical practice. This includes pre-
clinical studies in animal models to assess the efficacy and safety of this approach. 
In addition, further investigation into the optimal dosing regimen and potential side 
effects of this combination therapy is crucial.
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