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Abstract 

Background: Gastric cancer (GC) progression is influenced through the dysregulation 
of the cell death and chronic inflammation, which together foster a tumor-promoting 
microenvironment and enhance cancer cell survival. Targeting these pathways could 
provide novel therapeutic strategies. In a previous study, we synthesized gold nanopar-
ticles (GNPs) using Bifidobacterium animalis subsp. lactis (BAL) and compound K (CK), 
leading to the creation of BAL-CK-GNPs. This study aims to investigate the anti-gastric 
cancer potential of BAL-CK-GNPs against three cancer cell lines, including A549, HT-29, 
and AGS cells. 

Results: Our findings demonstrated that BAL-CK-GNPs exerted the highest inhibitory 
effect  (IC50 = 43.72 μg/mL) on AGS cells. We confirmed their cellular uptake and pen-
etration using enhanced dark field microscopy and assessed apoptosis induction 
through Hoechst and PI staining. Apoptotic effects were further supported by mito-
chondrial disruption, visualized with Mito-tracker staining, and transmission electron 
microscopy, which revealed the cellular localization of BAL-CK-GNPs. Therefore, gene 
expression analysis revealed the upregulation of apoptotic markers, supporting apop-
tosis induction. Subsequent transcriptomics analysis identified significant changes 
in differentially expressed genes (DEGs), with BAL-CK-GNPs treatment suppressing 78 
and stimulating 146. Notably, these included glutathione metabolism pathways, as well 
as cell death pathways (ferroptosis and necroptosis) and inflammatory pathways (NF-
KB, IL-17, TNF, chemokines, and cytokines). Among these DEGs, eight key regulators 
(IFI35, DDX58, IFIT1, ISG15, EIF2AK2, IFIH1, FLT3LG, and IRF7) associated with cell death 
and inflammation were prominently affected, suggesting their roles in mediating 
the therapeutic effects of BAL-CK-GNPs.

Conclusions: Our findings suggest that BAL-CK-GNPs represent a promising therapeu-
tic strategy for GC, capable of inducing apoptosis, ferroptosis, necroptosis, and modu-
lating inflammation to inhibit GC cell growth.
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Introduction
Cancer is a highly complex and deadly disease that affects a large portion of the global 
population (Tran et al. 2022). Among the different types of cancer, gastric cancer (GC) 
is the fifth most common malignancy and is responsible for a substantial number of 
cancer-related deaths worldwide (Santos et al. 2024). Several factors, including chemical 
and microbial carcinogens, have been linked to the development and progression of GC 
(Das et  al. 2020). Microbial pathogens trigger chronic inflammation and produce tox-
ins that cause DNA damage, impair repair mechanisms, and disrupt cell signaling, ulti-
mately contributing to cancer progression (Khan 2015). Recent studies have highlighted 
that Escherichia coli is associated with colorectal cancer, Helicobacter pylori with GC 
and gallbladder cancer, and Chlamydia pneumoniae with lung cancer (Khan et al. 2016, 
2020; Wang et al. 2021). However, despite ongoing advancements in diagnostic methods, 
surgical treatments, and chemotherapy, many patients are still diagnosed at late stages, 
leading to a poor overall survival rate for gastric cancer (Guan et al. 2023). Moreover, 
chemotherapy and radiotherapy, though effective, are linked to severe side effects and 
resistance, highlighting the need for targeted therapies. Nanotechnology, particularly 
nanoparticles, has emerged as a promising approach for cancer treatment (Chehelgerdi 
et al. 2023).

Gold nanoparticles (GNPs) are gaining interest in cancer therapy due to their high sur-
face area, biocompatibility, optical properties, and ease of modification. These features 
make them ideal for drug delivery, imaging, and therapeutic applications (Kumalasari 
et al. 2024). Compound K (CK), a metabolite of ginsenosides from Panax ginseng, shows 
promise in cancer therapy with anti-inflammatory, antioxidant, and anticancer proper-
ties. However, its clinical use is limited by poor water solubility and low bioavailability, 
affecting absorption and therapeutic effectiveness (Kim et al. 2024; Puja et al. 2022). To 
address these limitations, GNPs offer a promising solution. Recently, many research-
ers have developed GNPs as anti-cancer agents (Mary et al. 2024; Mi et al. 2022; Sakore 
et al. 2024). By loading CK onto GNPs, the compound’s solubility and stability can be 
enhanced, enabling its targeted delivery to cancer cells and improving its therapeutic 
effects (Kim et al. 2024). Among various methods of synthesizing GNPs, biological syn-
thesis using microorganisms such as bacteria, fungi, and algae is particularly advanta-
geous due to its eco-friendly and cost-effective nature (Dhandapani et al. 2021). Recent 
studies highlight Bifidobacterium species for eco-friendly GNP biosynthesis, producing 
biocompatible nanomaterials with therapeutic potential. As a common gut bacterium, 
it also offers probiotic health benefits while enabling sustainable nanoparticle produc-
tion (Santhosh et  al. 2022). Utilizing Bifidobacterium animalis subsp. lactis (BAL) for 
BAL-CK-GNP development offers a novel strategy to enhance CK delivery and efficacy, 
especially in GC treatment.

Programmed cell death (PCD) pathways, including apoptosis, ferroptosis, and necrop-
tosis, along with inflammation, critically influence GC progression and therapy resist-
ance (Tong et  al. 2022; Wang et  al. 2024). Apoptosis is a non-inflammatory process 
that removes damaged or malignant cells through intrinsic (mitochondrial) or extrin-
sic (death receptor) pathways. These pathways are activated by internal stresses, such as 
DNA damage, or by external signals (Newton et al. 2024; Pistritto et al. 2016). However, 
GC cells frequently evade apoptosis, enabling uncontrolled proliferation and therapeutic 
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resistance, underscoring its targeting in treatment strategies (Lei et al. 2022; Peng et al. 
2022). Non-apoptotic pathways such as ferroptosis and necroptosis offer alternative 
therapeutic avenues, particularly for apoptosis-resistant tumors (Tong et  al. 2022). In 
addition, ferroptosis, an iron-dependent process driven by lipid peroxide accumulation 
and reactive oxygen species (ROS), disrupts cell membranes, rendering iron-rich cancer 
cells vulnerable (Jin et  al. 2024). On the other hand, necroptosis, a regulated necrotic 
pathway activated when apoptosis is blocked, releases pro-inflammatory damage-asso-
ciated molecular patterns (DAMPs), linking it to inflammation and tumor suppression 
(Gong et  al. 2019; Sprooten et  al. 2020). Another important factor is inflammation, 
which plays a critical role in cancer progression by fostering a tumor-friendly environ-
ment that promotes cell proliferation, angiogenesis, and metastasis case of GC (Wang 
et al. 2024). Inflammatory signaling pathways, including those mediated by pro-inflam-
matory cytokines, such as NF-kB, TNF, and IL-17, help establish a tumor-promoting 
microenvironment (Aguilar-Cazares et  al. 2019; Wessler et  al. 2017). Targeting both 
PCD pathways and inflammatory mechanisms could thus improve therapeutic outcomes 
in GC (Aguilar-Cazares et al. 2019).

This study explores the molecular mechanisms underlying the anticancer effects of 
BAL-CK-GNPs in GC AGS cells. We focus on genes linked to cell death, including apop-
tosis, ferroptosis, necroptosis, and inflammation. The findings aim to clarify how BAL-
CK-GNPs affect GC cell survival and death. These insights could guide the development 
of targeted therapeutic strategies for enhanced GC treatment efficacy.

Materials and methods
Materials

MRS (de Man, Rogosa, and Sharpe) broth and agar were purchased from BD Sciences 
(Seoul, Republic of Korea). A special grade of L-cysteine hydrochloride monohydrate 
(C3H7NO2S•HCl, 99.0%) was purchased from Samchun Chemicals (Seoul, Republic of 
Korea). Analytical grade hydrogen tetrachloroaurate (III) hydrate (gold salt) and hydro-
chloric acid (HCl, ACS reagent, 37%) were purchased from Sigma-Aldrich Chemicals 
(St. Louis, MO, USA). Soluble 3-(4,5-dimethyl-thiazol-2yl)−2,5-diphenyl tetrazolium 
bromide (MTT) was purchased from Life Technologies (Eugene, OR, USA). Sodium 
chloride (NaCl, ≥ 99.50%) and sodium hydroxide (NaOH, ≥ 98%) were purchased from 
Samchun Chemicals and Metals Co., Ltd, respectively. CK (≥ 95%) was acquired from 
the ginseng bank at Kyung Hee University (Yongin, Republic of Korea). Fetal bovine 
serum (FBS) and penicillin–streptomycin were sourced from GenDEPOT (Barker, TX). 
All other chemicals and standards used in this study were of analytical grade and were 
used as received.

Synthesis and characterization of BAL‑CK‑GNPs

The synthesis of ginsenoside CK-loaded GNP followed our published protocol (Kim et al. 
2024), cultivation of BAL was subcultured in MRS broth, collection of fresh biomasses, 
and synthesis of GNPs with CK. After ultrasonication and centrifugation, BAL-CK-
GNPs were collected and resuspended in sterile water. In a previous study, we detailed 
a comprehensive procedure for preparing, synthesizing, and characterizing BAL-CK-
GNPs (Kim et  al. 2024). Various instrumental techniques were employed, as reported 
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previously, including ultraviolet–visible, high-resolution transmission electron micros-
copy, elemental mapping, X-ray diffraction, selected area diffraction, energy-dispersive 
X-ray, dynamic light scattering, photoluminescence, and Fourier-transform infrared.

Quantification of drug release and loading efficiency of CK‑loaded BAL‑CK‑GNPs

Briefly, 1  mg of air-dried drug-loaded BAL-CK-GNPs was suspended in a DMSO–
MeOH (1:4, v/v) mixture and sonicated overnight for complete drug release. The 
supernatant was filtered, and the released CK was quantified using a liquid chromatog-
raphy–mass spectrometry (LC–MS) system, consisting of a Thermo Vanquish UHPLC 
coupled with a Thermo TSQ Altis triple quadrupole mass spectrometer. Chromato-
graphic separation was performed using a 2.1 mm × 100 mm, 1.7 µm column, with 0.1% 
formic acid in distilled water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) 
as the mobile phases. The injection volume for each sample was 3 µL, with UV detection 
at 203 nm. Drug release (I) and loading efficiency (II) were calculated using the following 
formulas:

where y is the peak response, x is the drug concentration, a is the slope, and b is the 
intercept:

Cell lines and culture environment

Human gastric adenocarcinoma cells (AGS; P23–30), human colon cancer cells (HT29; 
P5–11), and human lung cancer cells (A549; P8–19) were obtained from the Korean Cell 
Line Bank (Seoul, Republic of Korea). All cells were maintained and grown in RPMI-
1640 with 10% FBS and 1% penicillin–streptomycin supplement. The cells incubation 
was conducted at 37 ℃ in a 5%  CO2 humidified environment, maintaining optimal cul-
ture conditions essential for cell growth and viability. After 80% confluence of cells used 
for the experiments.

Cell viability assessment of BAL‑CK‑GNPs

To test the cytotoxicity of BAL-CK-GNPs in various cancer cell lines (AGS, HT29, and 
A549), we used the MTT reduction assay. The cells were seeded onto 96-well plates at 
a density of 2 ×  105 cells/mL and incubated overnight. Then, cells were treated with 20, 
40, 60, and 80 µg/mL of BAL-CK-GNPs, while the control group cells were only exposed 
to the medium. After 24 h of treatment, cytotoxicity was assessed by adding 100 µL of 
MTT solution (0.5 mg/mL) to each well and incubating for 3 h at 37 ℃ in 5%  CO2. Sub-
sequently, 100 µL of DMSO was added to dissolve the formazan crystals formed. The 
absorbance was then measured at 570 nm using a microplate reader,  SpectraMax® ABS 
plus machine (San Jose, CA, USA). MTT experiments were conducted in triplicate 
across three independent runs (n = 3) to ensure accuracy and consistency, with cytotoxic 
effects calculated relative to untreated control cells. The inhibitory concentration  (IC50) 
and data were analyzed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA).

(I)Drug release calculation : y = ax + b

(II)Drug loading efficiency(%) =

(

Total amount of drug released from NPs

Yield of NPs

)

× 100
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Transmission electron microscopy (TEM) analysis

AGS cell lines at density of 1 ×  105 cells/mL were incubated in 60 mm culture dishes 
for 24 h at 37 °C with 5% CO2. After 24 h, the cells were treated with BAL-CK-GNPs 
(60  μg/mL) and incubated for 3  h; the culture medium was discarded and washed 
three times with 1 × PBS (pH 7.0). The cell pellet was fixed in 2.5% glutaraldehyde 
for 12  h. After fixation, the cell pellet was treated with 1% osmium tetroxide for 
2  h. To pass through the dehydration process, ethanol (50–100%) was continuously 
reacted for 15 min per each concentration. This sample was subjected to a propylene 
oxide:epon (2:1) treatment for 24 h at 50 °C and for 48 h at 60 °C. For ultrafiltration, 
the sample was cut using an ultramicrotome, placed on the grids, stained with 3% 
uranyl acetate and lead citrate, and imaged using an 80  kV JEM-1010 TEM (JEOL, 
Tokyo, Japan).

Dark field microscopy analysis of synthesized nanoparticles in AGS cells

AGS cells were cultured on 18 mm coverslips at a density of 2 ×  105 cells/mL overnight 
at 37  °C in a 5% CO2 incubator, and then were treated with BAL-CK-GNPs (60 μg/
mL). After 3  h, the cells were washed 3 times with PBS. The coverslip was placed 
on the slide glass and then sealed with nail polish. The sample was then observed 
through light scattering using a wavelength-dependent enhanced dark field micros-
copy system, which was an enhanced dark-field (EDF) illumination system (CytoViva 
Inc., Auburn, AL, USA) attached to an upright Olympus BX51 microscope (Olympus 
Optical Co., Ltd., Tokyo, Japan).

Fluorescence microscopy analysis

BAL-CK-GNPs-induced apoptosis was characterized using both Hoechst 33258 stain-
ing and PI staining kits following the manufacturer’s instructions with slight modifi-
cations. To check for damaged mitochondria in apoptotic cells, the cells was stained 
with Mito-tracker kits following the instructions with slight modifications. The cells 
were washed twice with PBS and fixed with 4% paraformaldehyde for 10 min. Then, 
different concentrations of treated and untreated cells were stained with 10  µg/mL 
Hoechst 33258 staining solution, PI staining, and mitochondrial staining solution at 
37 ℃ for 10 min. The stained cells were washed 3 times with PBS, and fluorescence 
imaging was captured using a Leica DMLB fluorescence microscope (Wetzlar, Ger-
many). The fluorescence intensity was determined using ImageJ software.

qRT‑PCR analysis of apoptosis‑related genes

AGS cells were cultured in 60  mm dishes at a density of 2 ×  105 cells/mL for 24  h, 
followed by treatment with various concentrations (20, 40, and 60  µg/mL) of BAL-
CK-GNPs and control (free medium) for an additional 24 h at 37 ℃ and 5%  CO2 in 
an incubator. Total RNA was extracted from the cells using 500 µL of TRIzol reagent 
(Invitrogen, CA, USA). First, 500 ng of total RNA was reverse transcribed using the 
AmfiRivert cDNA Synthesis Platinum Enzyme Mix (GenDEPOT). The reaction was 
performed using the CFX96TM real-time RT-PCR system with SYBR Premix  ExTaq™ 
II (TaKaRa). The qRT-PCR was performed using 50 ng of cDNA in a 20 µL reaction 
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volume with AmfiSure qGreen Q-PCR Master Mix (GenDEPOT). qRT-PCR experi-
ments were conducted in triplicate across three independent runs (n = 3) to ensure 
accuracy and consistency. Target gene expression was quantified using the com-
parative Ct method (ΔΔCt), with relative expression levels presented as  2−ΔΔCt. The 
ratios of target genes to the housekeeping gene β-actin were compared across differ-
ent groups for analysis. The apoptosis-related primers used in this study are listed in 
Table 1.

Transcriptomic analysis of BAL‑CK‑GNPs treated in AGS cells

The purity of the isolated RNA was assessed using a NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) and an Agilent 2100 Bioanalyzer (Agi-
lent Technologies, USA). The quality and integrity of the isolated RNA were evaluated. 
The isolated RNA samples were subjected to RNA sequencing. For RNA sequencing, 
libraries were prepared for the untreated control group and different concentrations of 
BAL-CK-GNPs-treated samples using the NovaSeq platform, following the manufac-
turer’s protocol at DNA Link (Seoul, Republic of Korea). RNA-seq libraries were pre-
pared to obtain the transcriptomic profiles of the samples. To identify the genes that 
were significantly differentially expressed between the control and treated samples, a 
clustering algorithm was applied to the overlapping genes. Hierarchical clustering was 
performed using Cluster v3.0 software (https:// www. encod eproj ect. org/ softw are/ clust 
er/). An expression heatmap was generated using the Euclidean distance and average 
linkage methods, and MeV 4.9.0 software was used to construct the heatmap. A list 
of differentially expressed genes (DEGs) was used for further analysis. An online tool, 
ShinyGO bioinformatics (https:// david. ncifc rf. gov/), was used to analyze the gene ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG pathway). Further 
protein–protein interaction (PPI) network was identified using STRING, and these data 
were visualized in Cytoscape v.3.8.1. KEGG pathway and GO analyses were performed 
on the selected DEGs (fold change ≥ 1). This analysis provides insights into the biological 
functions and pathways associated with the differentially expressed genes.

Statistical analysis

All data were expressed as the mean ± standard deviation of three independent experi-
ments. Statistical analysis was performed using the GraphPad Prism 8. The student′s t 
test was performed to compare the treatment groups with the control group. *p < 0.05, 
**p < 0.01, and ***p < 0.001 were considered statistically significant.

Table 1 List of primer sequences used in this study

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

β-Actin 5′-CGG GAA ATC GTG CGT GAC -3′ 5′-AGC TCT TCT CCA GGG AGG A-3′
Bcl-2 5′-GTG GTG GAG GAA CTC TTC AG-3′ 5′-GTT CCA CAA AGG CAT CCC AG-3′
Bax 5′-AGC AAA CTG GTG CTC AAG GC-3′ 5′-CCA CAA AGA TGG TCA CTG TC-3′
Cyt. C 5′-GAG GCA AGC ATA AGA CTG G-3′ 5′-TAC TCC ATC AGG GTA TCC TC-3′
Cas. 9 5′‐CGC CAC CAT CTT CTC CCT G‐3′ 5′‐GCC ATG GTC TTT CTG CTC A‐3′
Cas. 3 5’-CCT CAG AGA GAG ACA TTC ATG-3′ 5’-GCA GTA GTC GCC TCT GAA G-3′

https://www.encodeproject.org/software/cluster/
https://www.encodeproject.org/software/cluster/
https://david.ncifcrf.gov/
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Results
Characterization of BAL‑CK‑GNPs

Our previous study (Kim et al. 2024) provided a detailed analysis of the optimal condi-
tions and characterization of BAL-CK-GNPs. The optimal synthesis parameters, which 
yielded the highest peaks, included bacterial growth at O.D. 1.0, a gold salt concentra-
tion of 2.0 a mM, CK concentration of 0.3 mM, and a pH of 7. FTIR analysis confirmed 
the successful loading of CK onto the newly synthesized BAL-CK-GNPs, as evidenced 
by shifts in characteristic peaks corresponding to C = O stretching, C = C alkene, CH₂ 
bending, CH₃ bending, PO₂⁻ stretching, C–H alkene, P–O–C twisting, N–H bending, 
and C–H stretching (amide II). TEM imaging revealed spherical nanoparticles with 
sizes ranging from 10 to 25 nm, confirming their nanoscale dimensions. In addition, ele-
ment mapping, SAED pattern, EDX spectrum, and zeta potential (mV) analysis further 
validated the successful synthesis and stability of BAL-CK-GNPs. A summary of these 
results is presented in Table 2, while a more detailed analysis can be found in our previ-
ously published study (Kim et al. 2024).

CK quantification in drug‑loaded and released BAL‑CK‑GNPs

Accurate quantification of ginsenoside CK in drug-loaded and released BAL-CK-GNPs 
is essential for evaluating the efficiency of the nanoformulation. Given CK’s high solubil-
ity in methanol, the majority of the released drug was expected to dissolve in the MeOH 
fraction (Kim et al. 2019). Supplementary Fig. 1A, B illustrates the measured CK concen-
trations in both the drug-loaded nanoparticles and the released fraction. The retention 
times (RT) were recorded at 3.46 and 3.47 min, with corresponding peak area responses 
of 17,969 and 29,938, peak heights of 9,005 and 14,358, and signal-to-noise ratios of 
15,143.27 and 19,502.88, respectively. Supplementary Fig. 1C presents the standard CK 

Table 2 Synthesis and characterization of BAL-CK-GNPs

Properties Value/shape Peak assignment

CK BAL‑CK‑GNP

Physical Bacterial biomass (OD600) 1 – –

GNP concentration (mM) 2 – –

CK concentration (mM) 0.3 – –

pH 7 – –

FTIR C = O stretch, C = C alkene – 1654.74 1640.46

CH2 bend – 1453.57 1455.02

CH3 bend – 1387.02 1384.74

PO2- stretching – 1076.79 1075.98

C–H alkene – 646.85 658.84

P–O–C twisting – – 1042.63

N–H bending and C–H stretch-
ing (amide II)

– – 1546.03

TEM Shape Spherical – –

Size (nm) 10–25 – –

Element mapping (GNP) Detect – –

SAED pattern Detect – –

EDX spectrum Detect – –

Zeta potential (mV)  − 40.33 – –
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calibration curve, described by the equation y = (1495 × X) – 960.3 (R2 = 99.98%), con-
firming a strong linear correlation. Supplementary Fig. 1D summarizes the drug release 
and loading data. Following sonication, approximately 16.664 µg/g of CK was released 
into the medium. The drug loading efficiency of BAL-CK-GNPs was determined to 
be ~ 1.67%, indicating the effectiveness of the formulation in encapsulating and releasing 
CK.

Cytotoxicity of BAL‑CK‑GNPs on various cancer cell lines

The cytotoxic potential of BAL-CK-GNPs was evaluated against multiple cancer cell 
lines, including A549, HT-29, and AGS, using the MTT assay. The concentrations 
of BAL-CK-GNPs used in this study ranged from 20 to 80  μg/mL. Results demon-
strated a significant, dose-dependent reduction in cell viability across all tested can-
cer cell lines (Fig. 1). Specifically, BAL-CK-GNPs treatment resulted in an IC50 value 
of 43.72 μg/mL in AGS cells (Fig. 1C), while IC50 values of 54.04 μg/mL and 51.56 μg/
mL were observed in A549 and HT-29 cells, respectively (Fig. 1A, B). The observed 
dose-dependent cytotoxicity indicates the potential of BAL-CK-GNPs as an effec-
tive anti-cancer agent. In addition to quantitative cell viability measurements, mor-
phological changes indicative of cell death was visually confirmed through optical 
microscopy of BAL-CK-GNPs on each cancer cell line (Fig.  1, right panels). Based 
on these results, AGS cells were selected for further investigation due to their higher 
sensitivity to BAL-CK-GNPs treatment.

Intracellular localization and uptake analysis of BAL‑CK‑GNPs in AGS cells

TEM analysis was performed to investigate the intracellular distribution and impact 
of BAL-CK-GNPs in AGS cells (Fig.  2A). In the untreated control cells, the TEM 
images revealed the presence of normal cytoplasmic organelles with intact nuclei and 
mitochondria (Fig. 2A, left panel). However, following a 3-h treatment with BAL-CK-
GNPs at a concentration of 60  μg/mL, the localization of the nanoparticles within 
AGS cells was distinctly observed. The TEM images indicated that the BAL-CK-GNPs 
were primarily transported into the cytosol via endosomes and lysosomes. Further-
more, the BAL-CK-GNPs were detected within key cellular compartments, includ-
ing the outer and inner mitochondrial membranes, the nucleus, and the endoplasmic 
reticulum, suggesting effective intracellular distribution.

To further assess the internalization and penetration of BAL-CK-GNPs, cellular 
uptake was evaluated using EDF microscopy. This technique leverages the principle 
of blocking central light and focusing the remaining external light as condensed rings 
towards the sample, enhancing the visualization of scattering elements. In the control 
group, no bright white spots were observed, indicating the absence of nanoparticles. 
In contrast, following the 3-h incubation period, aggregated bright white spots were 
clearly visible in the treated group (Fig.  2B, left panel), indicating successful inter-
nalization of BAL-CK-GNPs by AGS cells. The observed bright white aggregates 
suggested the intracellular incorporation of nanoparticles via membrane-reactive 
pathways, likely involving binding and subsequent cellular entry.
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Detection of apoptotic cell death in AGS cells

The induction of apoptosis in AGS cells following BAL-CK-GNP treatment was 
assessed through fluorescence staining with Hoechst 33258 and propidium iodide 
(PI) dyes (Fig.  3). Morphological changes associated with apoptosis were clearly 
identified using both staining methods. In untreated control cells, Hoechst 33258 
staining showed no fluorescence within the nuclei, indicating a lack of apoptotic 
activity (Fig.  3A). Conversely, AGS cells treated with increasing concentrations of 
BAL-CK-GNPs (20, 40, and 60 μg/mL) displayed prominent morphological features 
of apoptosis, such as cell rounding and increased fluorescence intensity. PI staining 
was employed to detect necrotic or dead cells, as PI is only taken up by cells with 
compromised membrane integrity. No PI fluorescence was observed in the control 
group, confirming the absence of necrosis. However, treatment with lower concen-
trations of BAL-CK-GNPs (20, 40, and 60 μg/mL) resulted in a noticeable increase 

Fig. 1 Cytotoxicity activity of BAL-CK-GNPs against various cancer cells. A A549, B HT29, and C AGS were 
captured by light microscopy; it was performed in triplicate, and data were expressed as mean ± SE
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in PI-positive cells, which appeared clustered in colonies (Fig. 3B). This increase in 
PI fluorescence, combined with Hoechst 33258 staining results, indicates that BAL-
CK-GNPs induce both apoptosis and cell death in AGS cells. These findings strongly 
suggest that BAL-CK-GNPs exert a dose-dependent cytotoxic effect by triggering 
apoptotic pathways.

Mitochondrial alterations induced by BAL‑CK‑GNPs in AGS Cells

To evaluate mitochondrial changes in AGS cells, Mito-Tracker Green fluorescent 
dye staining was utilized, followed by analysis with a fluorescence microscope and 
EDF microscopy (Fig.  4). Fluorescence microscopy revealed significant morpho-
logical alterations in AGS cells treated with BAL-CK-GNPs compared to untreated 
controls, along with a marked increase in fluorescence intensity, indicating mito-
chondrial alterations (Fig.  4A). Further examination using EDF microscopy con-
firmed these findings. In the control group, the mitochondria maintained their 
normal structure within the cytoplasm, showing no visible changes. In contrast, 
AGS cells treated with BAL-CK-GNPs displayed clear damage to both the inner and 
outer mitochondrial membranes. This was evident from the aggregation of the dye 
into concentrated masses and distinct bright foci, indicative of mitochondrial dis-
ruption (Fig. 4B). These morphological differences between the treated and control 
groups highlight substantial mitochondrial damage caused by BAL-CK-GNPs expo-
sure in AGS cells (Fig. 4).

Fig. 2 A TEM images showing cellular uptake of BAL-CK-GNPs in AGS cells, with untreated cells on the left 
and treated cells on the right. B, C EDC microscopy images displaying BAL-CK-GNP detection: B DIC and TIRS 
images of untreated cells; C DIC and TIRS images of treated cells
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Apoptotic pathway gene expression in AGS cells

The impact of BAL-CK-GNPs on the expression of key apoptotic pathway genes 
(Bax, Bcl-2, cytochrome C, and caspases 3 and 9) was evaluated in AGS cells (Fig. 5). 
The results revealed significant alterations in the mRNA expression levels of these 
genes following treatment. Specifically, the anti-apoptotic gene Bcl-2 was markedly 
downregulated, while the pro-apoptotic Bax gene showed a substantial upregulation 
(Fig. 5A, B). Moreover, the expression of cytochrome C in nuclear DNA exhibited a 
significant increase, indicating mitochondrial involvement in the apoptotic process 
(Fig.  5E). Correspondingly, the expression levels of caspase 3 and caspase 9 genes 
were also significantly elevated compared to the control (Fig. 5C, D). The concentra-
tion-dependent treatment of BAL-CK-GNPs clearly induced apoptosis, as evidenced 
by these gene expression changes. Notably, the Bcl-2 gene expression was approxi-
mately five times lower than in untreated cells, whereas Bax expression was twice as 
high in the BAL-CK-GNPs-treated cells. These findings underscore the role of BAL-
CK-GNPs in triggering apoptotic mechanisms within AGS cells.

Fig. 3 Fluorescence microscopy analysis of apoptotic AGS cells treated with BAL-CK-GNPs at varying 
concentrations through the A Hoechst 33258 and B PI staining with a scale bar, of 20 μm
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RNA sequencing: profiling DEGs and pathways in BAL‑CK‑GNPs‑treated AGS cells

To explore the molecular mechanisms underlying BAL-CK-GNPs-induced cell death 
in AGS cells, RNA-seq transcriptome analysis was conducted (Fig.  6). The analysis 
aimed to identify changes in gene expression between the control group and the group 
treated with BAL-CK-GNPs. The differential gene expression patterns were visualized 
using volcano plots (Fig. 6A), revealing a total of 26,255 genes with altered expression 

Fig. 4 Mitochondrial damage was assessed using fluorescence and EDF microscopy at various 
concentrations of BAL-CK-GNPs in AGS cells. A Mitotracker staining images obtained through fluorescence 
microscopy are displayed with a scale bar, of 20 μm. B Fluorescence microscopy images of Mitotracker 
staining are presented with a 5 μm scale bar and EDF microscopy images show moderate disorganization of 
the mitochondria
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levels in the treated cells compared to the control (Supplementary Table  1). Out of 
these, 78 genes were upregulated, and 146 were downregulated, based on a thresh-
old of log2 (fold change) ≥|1.0| and a p value of ≥ 0.05 (Fig.  6B and Supplementary 
Table 2).

To gain further insight into the biological significance of these DEGs, we performed 
the KEGG pathway and GO analysis using the ShinyGO databases. The 224 DEGs 
identified in the treated cells were subjected to KEGG and GO analyses to determine 
the key pathways affected by BAL-CK-GNPs. The results indicated that the treatment 
influenced several critical molecular signaling pathways related to cancer progres-
sion, such as ferroptosis, glutathione metabolism, necroptosis, and the NF-κB, IL-17, 
and TNF signaling pathways, which were significantly enriched based on gene counts 

Fig. 5 Effect of BAL-CK-GNPs on apoptotic gene expression in AGS cells. The mRNA expression levels of A 
Bcl-2, B Bax, C Caspase 9, D Caspase 3, and E Cytochrome c
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and p values (Fig. 6C and Supplementary Table 3). These findings suggest that BAL-
CK-GNPs may exert anti-GC effects by modulating multiple key pathways involved in 
cell survival, inflammation, and PCD in AGS cells.

The GO analysis of the regulated genes revealed their involvement in key biological 
processes (BP), cellular components (CC), and molecular functions (MF) (Fig. 7). Within 
the BP category, treatment with BAL-CK-GNPs significantly influenced the regulation 
of the interferon (IFN) signaling pathway, as well as the production of IFN and IFN-
β. In terms of CC, the analysis indicated the regulation of various cellular structures, 

Fig. 6 A Volcano plot displaying the DEGs in AGS cells treated with BAL-CK-GNPs compared to untreated 
AGS cells. B Summary of the number of DEGs, indicating those that are upregulated, downregulated, and 
non-significant. C KEGG pathway
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including mitochondria, autolysosomes, glutamate-related components, and phagocytic 
vesicles. In the MF category, BAL-CK-GNPs treatment notably affected RNA binding 
activity, pentosyltransferase functions, and chemokine regulation, among other molecu-
lar activities. The enrichment analysis indicated that the regulated genes were signifi-
cantly associated with specific GO terms, as detailed in Supplementary Table 4. These 
findings provide insights into the specific gene functions and pathways modulated by 
BAL-CK-GNPs treatment.

Network analysis of DEGs in AGS cells treated with BAL‑CK‑GNPs

A comprehensive network analysis was conducted to examine the interactions of 146 
proteins implicated in the regulation of cell death in AGS cells treated with BAL-CK-
GNPs. Using NetworkAnalyst, a total of 621 interacting proteins were identified, 
expanding the network beyond the initial set of proteins (Supplementary Fig.  2). To 
highlight key interaction hubs, the top 20 proteins were ranked based on degree central-
ity and visualized with the cytoHubba plugin in Cytoscape (Fig. 8A and Supplementary 
Table 5). In addition, the top 20 interacting proteins were selected using alternative net-
work metrics, including closeness, MCC, and EPC methods (Fig. 8B–D and Supplemen-
tary Table 5).

Fig. 7 Top significant GO terms for DEGs in BAL-CK-GNPs-treated cells primarily highlight pathways 
associated with cell death and inflammation
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A Venn diagram was then constructed to identify overlapping proteins across these four 
ranking methods, pinpointing those most likely involved in regulating cell death. This anal-
ysis identified 10 common genes (IFI35, RIOK2, DDX58, IFIT1, ISG15, EIF2AK2, IFIH1, 
FLT3LG, EEFSEC, and IRF7) with significant interactions within the network (Fig. 9A, B). 
Among these, ISG15 emerged as the most highly connected protein, suggesting it may play 
a prominent role in mediating cell death following BAL-CK-GNPs treatment in AGS cells 
(Fig. 9B). These findings provide insight into potential protein targets for modulating cell 
death pathways in this cellular context.

Discussion
GNPs are widely applied in various medical fields, particularly in the targeted delivery 
and controlled release of therapeutic agents, including anticancer drugs, peptides, and 
antibodies (Oladipo et  al. 2023). Numerous studies have demonstrated the potential 

Fig. 8 PPI networks of significant DEGs were analyzed using four distinct methods: A degree centrality, B 
closeness centrality, C maximum clique centrality (MCC), and D edge percolated component (EPC). Each 
method identifies key interacting proteins, highlighting their roles in cellular processes
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of GNPs in enhancing drug delivery for cancer treatments, including agents, such as 
5-fluorouracil, doxorubicin, and curcumin (Dhandapani et  al. 2024). In addition, pre-
vious research has shown that CK and BAL-CK-GNPs exhibit anticancer and anti-
inflammatory activities, respectively (Gwon et al. 2024; Kim et al. 2024; Tam et al. 2023). 
However, the specific effects of BAL-CK-GNPs in cancer studies remain unclear. Our 
findings demonstrate that BAL-CK-GNPs effectively induce anti-gastric cancer through 
PCD pathways and modulation of inflammation.

Recent studies have suggested that CK and microorganisms can be used for the bio-
synthesis of GNPs, which exhibit a color change from yellow to deep purple (Puja et al. 
2022). In this study, BAL-CK-GNPs was displayed a similar purple hue, as detailed in 
(Kim et al. 2024). The BAL-CK-GNPs were characterized using FE-TEM, SAED, EDX, 
SEM, DLS, and XRD. A recent study by (Subhalakshmi et  al. 2024) employed a simi-
lar experimental approach for nanoparticle characterization. Kim et al. (2019) was pre-
pared DCY51T-AuCKNps through one-pot biosynthesis using Lactobacillus kimchicus 
DCY51T and CK, yielding results similar to our BAL-CK-GNPs (Y.-J. Kim et al. 2019).

GNPs can potentially improve CK stability over time, and conjugating Gluconace-
tobacter liquefaciens kh-1 and CK to GNP surfaces may further enhance both stabil-
ity and nanoparticle internalization (Balusamy et al. 2023). This study examined the 
uptake and intracellular distribution of BAL-CK-GNPs in AGS cells through EDF and 
TEM techniques. Prior research highlighted that the success of anticancer therapies 
often depends on the efficient cellular internalization of therapeutic agents. Nanopar-
ticle entry into cells is primarily driven by processes, such as macropinocytosis, clath-
rin-mediated endocytosis, and caveolae-mediated endocytosis (Zhang et  al. 2017). 
For instance, studies have shown that doxorubicin-bound, responsive GNPs can 
improve intracellular drug delivery, thus overcoming multidrug resistance in cancer 
cells (Wang et al. 2011). This effect is largely due to efficient uptake via endocytosis 
and subsequent acid-triggered drug release inside cells (Zhang et al. 2022). In addi-
tion, results showed that BAL-CK-GNPs caused an increase in damaged nuclei, mito-
chondria, and cytoplasm. Prior studies suggest that morphological changes in these 
cellular structures often indicate cell death (Mi et al. 2022; Solovieva et al. 2022).

Fig. 9 A Venn diagram illustrating the overlap of proteins identified using four different methods of PPI 
analysis. B Interaction network of the 10 common proteins identified across these methods, highlighting 
their interconnectedness
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A comprehensive investigation of the impact of BAL-CK-GNPs on AGS cells 
involved a series of experimental analyses. These BAL-CK-GNPs demonstrated sig-
nificant inhibition of cell proliferation activities at concentrations of 20, 40, 60, and 
80  μg/mL. Apoptotic changes, evidenced by condensed nuclei and the presence of 
apoptotic bodies, were observed in BAL-CK-GNPs-treated cells compared to control 
cells with normal nuclei in Hoechst 33258 and PI staining. Moreover, treatment with 
DCY51T–AuCKNps induced apoptotic alterations, characterized by the appearance 
of apoptotic nuclei in AGS and HT29 colon cancer cells (Y. J. Kim et al. 2019). Hence, 
the induction of apoptosis by BAL-CK-GNPs suggests a synergistic effect in AGS 
cells.

We also examined mitochondria, which play an important role in cell survival and 
energy delivery, cell fusion and division, and highly interconnected network functions 
(Rossmann et al. 2021). Treatment with BAL-CK-GNPs resulted in impairment of the 
mitochondrial outer membrane in AGS cells, as evidenced by dye accumulation and 
the formation of distinct foci within the mitochondria. Recently, CK-loaded GNPs 
synthesized from Curtobacterium proimmune K3 were considered promising agents 
for cancer treatment, as they facilitate intrinsic apoptosis by disrupting the mitochon-
drial outer membrane (Puja et al. 2022). Moreover, mitochondria are associated with 
modified Bcl family genes and caspase-3 and 9. Bcl-2 and BAX are typical Bcl-related 
genes that play an important role in inhibiting and promoting apoptosis and cell 
death and regulating mitochondrial permeability and cytochrome C release. Accord-
ing to previous reports on the apoptotic mechanism, the role of mitochondrial cleav-
age was important (Ma & Yang 2016). Bcl-2 is present in the nucleus, mitochondria, 
and endoplasmic reticulum and plays a pivotal role in stabilizing cell barrier function 
and inhibiting the action of apoptosis-related proteins. It is also known to regulate 
the dynamics of mitochondria and is involved in the regulation of fusion and cleavage 
of mitochondria (Lopez and Tait 2015). This suggests a protective effect on metabolic 
activity and regulation of insulin secretion. Thus, in this study, the Bcl-2 gene showed 
5 times lower expression levels than the control; the total Bax/Bcl-2 ratio showed it 
was more than 4 times higher than control when BAL-CK-GNPs were treated long 
with increased expression of Cyto C, Cas9, and Cas3 genes. In Hengartner et  al., it 
has been reported that the expression of the Bax gene increases and the expression of 
the Bcl-2 gene decreases simultaneously to promote apoptosis by binding to voltage-
dependent anion channels (Hengartner and Horvitz 1994). Depolarization of mito-
chondrial membranes by BAL-CK-GNPs opens mitochondrial permeable transition 
pores and releases cytochrome C into the cytoplasm along with ATP in mitochondria. 
As a result, it promotes caspase 9 and induces apoptosis by rearranging the CARD 
domain. Recent studies have highlighted the anti-oral cancer effects of beta-sitos-
terol, particularly through apoptosis marker analysis (Jayaraman et al. 2023b), and the 
mechanisms of calotropin in inhibiting cell growth and triggering apoptosis in HSC-3 
cells (Jayaraman et al. 2023a). Similarly, our BAL-CK-GNPs exhibited strong antican-
cer activity, primarily by activating the intrinsic-mediated apoptosis pathway. This 
suggests a comparable apoptotic mechanism in our nanoparticle formulation.

Treatment with BAL-CK-GNPs resulted in 78 up-regulated and 146 down-regulated 
DEGs compared to control. KEGG pathway analysis identified ferroptosis, glutathione 
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metabolism, necroptosis, and anti-inflammatory (NF-kB, IL-17, TNF, chemokines, and 
cytokines) pathways upon BAL-CK-GNPs treatment. Ferroptosis inhibits GC metasta-
sis by modulating ROS and GSH levels (Tong et al. 2022). Dysregulation of GSH deg-
radation enzymes like GGT can exacerbate oxidative stress in GC (Zhang et al. 2024). 
Similarly, necroptosis, another form of PCD, contributes to inflammation and tumor 
progression in GC (Li et al. 2023a, b). Inflammatory pathways modulate GC dynamics 
and are linked to GC cell survival and metastasis (Tong et al. 2022). The IL-17 and TNF 
pathways further amplify inflammation, promoting cancer cell proliferation and resist-
ance to apoptosis (Li et al. 2023a, b). These interconnected pathways create a complex 
network that influences GC progression and metastasis.

Viral infections also play a role in cancer development, with several viruses linked to 
chronic inflammation, immune evasion, and genetic manipulation of host cells (MacLen-
nan and Marra 2023; Ye et al. 2023). BAL-CK-GNPs treatment modulated viral pathways 
in AGS cells, with key modulation observed in pathways associated with influenza A, 
hepatitis C, measles, SARS-CoV-2, Epstein–Barr, human papillomavirus, and herpes 
simplex virus. These viral pathways are linked to GC progression through immune sup-
pression and persistent inflammation, creating a pro-tumorigenic environment (Griffin 
2021; Khan et al. 2023; Russell and Peng 2009; Thapa et al. 2024; Wei et al. 2024).

In addition, PPIs were analyzed, revealing 621 proteins interacting with key signaling 
pathways. The top 20 proteins were ranked, and eight proteins (IFI35, DDX58, IFIT1, 
ISG15, EIF2AK2, IFIH1, FLT3LG, and IRF7) were identified to regulate cell death and 
inflammatory pathways upon BAL-CK-GNPs treatment. These proteins have been asso-
ciated with immune responses, tumor progression, and apoptosis regulation (Li et  al. 
2023a, b; Li et al. 2024a, b; Li et al. 2024a, b; Swaraj and Tripathi 2024). Our findings 
suggest that these proteins may play a crucial role in modulating GC through these 
pathways.

A major limitation of this study is the lack of validation of these genes at both mRNA 
and protein levels. In addition, BAL-CK-GNPs were only tested in  vitro, requiring 
in vivo studies and clinical trials to confirm their therapeutic potential and safety. Future 
research should address these gaps for a comprehensive understanding.

Conclusion
In this study, BAL-CK-GNPs exhibited the highest inhibitory effect on cell prolifera-
tion in AGS cells compared to A549 and HT-29 cancer cell lines. Cellular uptake and 
penetration of BAL-CK-GNPs were confirmed, demonstrating their ability to dam-
age cancer cells. Apoptosis induction and mitochondrial disruption further indicated 
the apoptotic effect on AGS cells, with the upregulation of apoptotic markers provid-
ing additional support for apoptosis induction. In addition, transcriptomic analysis 
suggested the involvement of BAL-CK-GNPs in activating ferroptosis, necroptosis, 
and pathways related to NF-κB, TNF, and IL-17. PPI analysis identified eight proteins 
potentially regulating cell death and inflammation pathways. These findings provide 
initial evidence supporting the potential of BAL-CK-GNPs as anti-gastric cancer 
agents by shedding light on their mechanisms of action. Furthermore, for the exten-
sive industrial application of BAL-CK-GNPs, it is imperative to conduct additional 
investigations, including in vivo studies and clinical trials.
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