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Abstract 

The ongoing loss of human life owing to various forms of cancer necessitates the 
development of a more effective/honorable therapeutic approach. Moreover, finding 
a novel green-synthesized anti-cancer therapy is vital because of the induced drug 
resistance against the commonly used drugs. Collecting the advantage of the nanom-
eter size of nanoparticles with the biosafety of plant-based substances might potenti-
ate the anticancer effect with minimal toxic effect. In the current study, we aimed to 
green-synthesize using kaempferol (flavonoid) as a coating the silver nanoparticles 
(AgNPs) and investigated their anti-cancer activity in hepatocellular carcinoma (HepG2) 
cell line. First of all, kaempferol-coated AgNPs characters were well-defined using 
Fourier transmission infrared (FTIR), X-ray diffraction (XRD), zetasizer, and transmission 
electron microscopy (TEM). The results showed their 200 nm size, spherical shape, less 
aggregation with high stability characteristics. Then, the cytotoxic effect of both 1/3 
and 1/2 LC50 of AgNPs, and doxorubicin (DOX, anticancer drug) on HepG2 cells was 
evaluated by dimethylthiazolyltetrazolium bromide (MTT) assay and release of lactate 
dehydrogenase (LDH) leakage percent. Reactive oxygen species (ROS) and apoptotic 
markers were also analyzed, along with the migration and invasion of HepG2 cells were 
recorded. Our findings showed that kaempferol-coated AgNPs could induce cytotoxic 
effects and reduce the viability of HepG2 cells in a concentration-dependent manner. 
LDH leakage % was significantly increased in cells treated with kaempferol-coated 
AgNPs confirming their cytotoxic effect. ROS generation and lipid peroxidation could 
significantly increase in HepG2 cells treated with kaempferol-coated AgNPs along 
with the exhaustion of antioxidant Glutathione (GSH) marker revealing the induced 
oxidative damage. Oxidative damage-mediated apoptosis was confirmed by the 
elevated levels of the pro-apoptotic markers (Bax, Cyt-c, P53, and caspase-3) and the 
reduced level of anti-apoptotic marker (Bcl-2) using enzyme-linked immunosorbent 
assay (ELISA). Furthermore, kaempferol-coated AgNPs could suppress the migrating 
and invading ability of HepG2 cells showing their antimetastatic effect. To end up, 
kaempferol-coated AgNPs can induce a potential anti-cancer effect in HepG2 cells via 
oxidative stress-mediated apoptosis.

Open Access

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// 
creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco mmons. org/ publi 
cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Alyami et al. Cancer Nanotechnology           (2022) 13:26  
https://doi.org/10.1186/s12645‑022‑00132‑z

Cancer Nanotechnology

*Correspondence:   
nalyami@ksu.edu.sa

1 Department of Zoology, 
College of Science, King Saud 
University, Riyadh 11451, Saudi 
Arabia
2 Specialized Dentistry 
Department, King Fahad Medical 
City, Riyadh 11451, Saudi Arabia

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12645-022-00132-z&domain=pdf


Page 2 of 13Alyami et al. Cancer Nanotechnology           (2022) 13:26 

Keywords: Silver nanoparticles (AgNPs), Kaempferol, HepG2 cells, Apoptosis, Oxidative 
stress

Introduction
Nanoparticles are widely used nowadays in the biomedicine field because of their unique 
chemical and physical properties related to their nanometer size (Menon et al. 2017; Mur-
ray et al. 2000; Othman et al. 2021b). Many different metal nanoparticles are employed in 
drug delivery, fluorescent biological labels, and the detection of pathogens and proteins 
(Menon and Shanmugam 2020; Wang et  al. 2002). Silver nanoparticles (AgNPs) showed 
many biological activities, such as anti-inflammatory, anti-bacterial, and antifungal effects 
(Fehaid et al. 2020). Therefore, a biological-based substance should coat the nanoparticles 
to make them biocompatible, such as collagen (Sinani et al. 2003) and apigenin to improve 
the cellular–nanoparticles interaction (Al-Otaibi et  al. 2022). Exposure to AgNPs causes 
oxidative stress associated with DNA damage, apoptosis, and necrosis. Hence, AgNPs have 
been shown to cause cytotoxicity in a variety of cancer cell lines, including prostate can-
cer cells (Firdhouse and Lalitha 2013), human Chang liver cells and rat basophil leukaemia 
(RBL) cells (Piao et al. 2011), lung carcinoma A549 cells (Gurunathan et al. 2015), MCF-7, 
and HCT-116 cells (Khan et al. 2021). AgNPs have also been shown to be more harmful to 
cancer cells than to non-cancerous cells (Faedmaleki et al. 2014).

Cancer is a leading cause of death worldwide, and liver cancer is one of the most com-
mon cancer types, which induced 830 000 deaths in 2020 as reported by the World Health 
Organization (WHO) (Adegbola and Ajayi 2008). Hepatocellular carcinoma (HCC) is the 
most common primary liver malignancy leading to liver cirrhosis and high mortalities per-
cent (Balogh et al. 2016). Therefore, finding new strategies using nanotechnology to treat 
hepatic cancer is essential, particularly to plant-based nanomaterials therapy.

Flavonoids are distributed widely in many plants and were reported to inhibit tumor 
growth by initiating oxidative stress (De Stefani et al. 1999). Kaempferol (3, 5, 7, 4′ tetrahy-
droxy flavone) is one of the flavonoids present in different vegetables, such as broccoli and 
onions (Al-Brakati et al. 2021; Tatsimo et al. 2012). It was reported to treat many diseases 
because of its antioxidant, anti-inflammatory, and antitumor effects (Kim et al. 2016; Tang 
et al. 2015). In addition, kaempferol was used to synthesize gold nanoparticles successfully 
and could produce anti-cancer activity in breast cancer cells via an angiogenesis mecha-
nism (Raghavan et al. 2015).

Owing to the reported different biological activities of both AgNPs (nano-based) and 
kaempferol (bio-based) separately, this study hypothesized that the biosynthesized AgNPs 
using kaempferol might show a synergistic effect of both nano- and bio-based systems 
against the growth of cancer cells. Therefore, the current in-vitro study aimed to investigate 
the potential anti-cancer effect of kaempferol-coated AgNPs in a hepatocellular carcinoma 
cell line (HepG2).

Materials and methods
Chemicals and reagents

Kaempferol, silver nitrate, dimethyl sulfoxide (DMSO), Dimethylthiazolyltetrazolium 
bromide (MTT), and 2,7-dichlorofluorescein diacetate (DCFH-DA) were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). RPMI-1640 medium was obtained from Gibco Life 
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Technologies. Heat-inactivated fetal bovine serum (HFBS) was procured from Invitro-
gen Co., (Waltham, MA, USA). Lactate dehydrogenase (LDH) CytoTox Non-radioactive 
cytotoxicity assay kit was supplied by Promega (Madison, Wisconsin, USA). ELISA kits 
for B-cell lymphoma 2 (Bcl-2), Bcl-2-like protein 4 (Bax), cytochrome-c (Cyt-c), tumor 
suppressor protein (P53), and Caspase-3 (Cas-3) and annexin V-FITC were obtained 
from Abcam (Cambridge, UK). Dulbecco’s modified eagle’s medium (DMEM) diluted 
Matrigel was purchased from BD Biosciences (USA). All other chemicals used were of 
the highest purity grade available from different commercial sources. Milli-Q water was 
used as a solvent for silver. DMSO was used to prepare stock solutions of kaempferol at a 
concentration of 1 mg/mL and stored in -20 °C for further use.

Cell culture

Hepatocellular carcinoma cell line (HepG2) was obtained from ATCC. HepG2 cells were 
cultured at 37  °C in 5% CO2 incubator in RPMI-1640 medium supplemented with 1% 
(v/v) penicillin–streptomycin and 10% (v/v) HFBS. When the confluency of cells reached 
80%, trypsinization was used to detach and subculture cells. HepG2 cells were seeded at 
a density of 15,000 cells per well in 96-well plates for the treatments.

Kaempferol‑coated AgNPs synthesis

A total volume of 10 ml of kaempferol (stock solution) and 90 ml of 0.1 M  AgNO3 solu-
tion was incubated together for 24  h at room temperature, turning the solution into 
the dark brown color of AgNPs. Then, the solution was heated and stirred at 90 °C for 
15 min and centrifuged later at 9000 rpm at room temperature.

Kaempferol‑coated AgNPs characterization

Fourier transmission infrared (FTIR) and UV–VIS spectral analysis were used to detect 
the optical density of kaempferol-coated AgNPs. X-ray diffraction (XRD) was used to 
know about the crystalline structure of AgNPs. Zetasizer (Nano series, ZEN 3600, Mal-
vern, U.K.) was used to determine the average size. In addition, transmission electron 
microscopy (TEM) was used to examine morphology and aggregation.

Cells viability/cytotoxicity assay

MTT colorimetric assay was applied to detect the cytotoxicity of kaempferol-coated 
AgNPs. Briefly, HepG2 cells were incubated after seeding in 96-well plates with different 
concentrations of kaempferol-coated AgNPs and doxorubicin (DOX) for 24 h at 37 °C in 
a humidified incubator. Cells were then washed with 1× phosphate buffer saline (PBS) 
and treated with 20 μl of MTT (5 mg/ml) at 37  °C for 30 min. The formed crystals of 
formazan were dissolved using 200 μl of DMSO and re-incubated at 37 °C for another 
30 min. The differences in color intensities were recorded at 570 nm using a microplate 
reader (Othman et al. 2021a).

LDH leakage assay was used to assess the cytotoxic effect of kaempferol-coated 
AgNPs. For this purpose, a colorimetric assay was used according to the manufactur-
er’s instructions. Released LDH by cell lysis is measured in the supernatants with an 
enzymatic assay by converting the tetrazolium salt into red formazan. The intensity 
of the formed color is proportional to the number of lysed cells. The color intensities 
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(absorbance) differences were recorded at 490  nm using a microplate reader. In addi-
tion, the relative LDH leakage (%) was calculated and recorded related to the control 
cells (Braydich-Stolle et al. 2005).

Determination of apoptotic markers

ELISA kits were employed to analyze the protein levels of apoptotic biomarkers. Pro-
apoptotic markers including Bax, Cyt-c, P53, and Cas-3 were measured along with the 
anti-apoptotic marker Bcl-2. As follow, 2 ×  106 HepG2 cells were treated with kaemp-
ferol-coated or AgNPs (concentrations of 1/2 LC50 and 1/3 LC50). Furthermore, DOX 
at LC50 (11.02 μm/ml) as a positive control and cells with the vehicle as negative. After 
24 h of incubation, cells were collected by centrifugation at 1800×g for 5 min to remove 
the medium and washed twice with PBS. The pellets were then lysed by pipetting in 50 
µl cold lysis buffer. Next, the cell lysate was centrifuged at 12,000×g for 1 min at 4 °C, 
and the supernatant was collected. Protein levels of apoptotic markers were analyzed 
using the Bradford method in each lysate. Cell extraction buffer PTR was used for dilu-
tion of lysates if the level of protein exceeds 4 g/l. In the end, the resultant color of the 
samples was recorded at 405 nm in a microplate reader (Biotech, Inc., USA).

Migration and invasion assay

Corning Transwell 8.0-μm pore membranes (Corning, USA) were used to evaluate cell 
migration and invasion. Briefly, 1 ×  105 HepG2 cells were seeded onto the upper cham-
ber of each transwell. For invasion evaluation, the upper chamber of transwell was 
coated with 100 μL of 1:8 DMEM-diluted Matrigel before the seeding of HepG2 cells. 
Lower chambers of transwell were contained fresh medium as a chemo-attractant with 
the presence or absence of kaempferol-coated AgNPs or DOX. After incubation for 48 h, 
the cells remaining at the upper surface of the membrane were removed using a cotton 
swab, whereas those cells that had migrated or invaded to the lower membrane surface 
were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet solution. The 
number of HepG2 cells migrated and invaded through the filter was photographed and 
counted using a light microscope at a magnification of 200x.

Flow cytometry

HepG2 cells at a 2 ×  105 cell/ml concentration were cultured in  T25 cell culture flasks 
and treated with kaempferol-coated AgNPs or DOX. After 24 h, cells were colected and 
resuspended in a binding buffer. Then, annexin V-FITC (Cat. No: ab14085) was added 
and incubated at 30 °C for 10 min in the dark. Cell cycle distribution was analyzed by 
flow cytometry.

Oxidative stress determination

HepG2 cells at a 2 ×  105 cell/ml concentration were cultured in T25 cell culture flasks 
and treated with kaempferol-coated AgNPs or DOX. After 24 h, cells were harvested and 
lysed in a lysis buffer. The lysates were then spun down by centrifugation at 12,000×g 
at 4 °C for 1 min, and the supernatant was collected. The Bradford method was used to 
determine the protein levels in each cell lysate. Green fluorescence strain DCFH-DA was 
used to detect ROS levels in the cell lysates following the previous report (Othman et al. 
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2021a). In addition, lipid peroxidation (LPO) was analyzed using the colorimetric meth-
ods of Ohkawa et al. (1979). In addition, Glutathione (GSH) protein level as an antioxi-
dant marker was measured following Ellman (1959).

Statistical analysis

All data are expressed as mean ± standard deviation (S.D.). One-way ANOVA and post 
hoc Tukey’s test were used to compare the results between groups. The statistical pro-
gram Graph Pad Prism 9.3.1 was employed in the analysis. Significant differences were 
considered if P values < 0.05.

Results
Kaempferol‑coated AgNPs characterization

The mean size of kaempferol-coated AgNPs was 200 nm, and the mean zeta potential 
was -20.2 mV, as shown in Fig. 1A, B. The FTIR analysis of nanoparticles is presented in 
Fig. 1C and showed that O–H group was represented by a broad peak at 3338.31  cm−1. 
C–H stretch alkynes had an absorption peak at 2115.50   cm−1. The C–O asymmetric 
stretch carbon compounds were expressed by a band at 1635.00  cm−1. The amines’ C–N 
stretching was expressed at the absorption peak of 1345.98   cm−1. The C–O–C asym-
metric stretch carbon compounds and C-X alkyl halides were also expressed at bands 
of 442.96, 431.39, and 490.76  cm−1. These data indicate that kaempferol-coated AgNPs 
contain many functional groups which enhance their stabilization.

Regarding the XRD’s results, Fig. 1D showed a broad pattern without fine peaks indi-
cating the amorphous structure of the kaempferol-coated AgNPs. TEM observation is 
presented in Fig. 1E showing that the kaempferol-coated AgNPs were almost spherical 
in shape and less aggregated with particles diameter less than 200 nm.

Cytotoxic effect of kaempferol‑coated AgNPs on HepG2 cells

The results of the MTT cytotoxicity assay are presented in Fig.  2A, showing that the 
growth of hepatocellular carcinoma HepG2 cells was inhibited by the effect of kaemp-
ferol-coated AgNPs in a concentration-dependent manner. The HepG2 cells viability was 
less than 5% at the concentration of 10 μm/ml, and the IC50 was reported to be 2.24 μm/

Fig. 1 Characterization of biosynthesized silver nanoparticles using kaempferol (kaempferol-coated AgNPs). 
A Hydrodynamic diameter of kaempferol-coated AgNPs as measured by Zetasizer. B Zeta potential of 
kaempferol-coated AgNPs as measured by Zetasizer. C FTIR spectra of kaempferol-coated AgNPs. D XRD 
pattern of kaempferol-coated AgNPs. E TEM image of kaempferol-coated AgNPs
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ml. On the other side, the IC50 of DOX on HepG2 was reported to be 11.02  μm/ml. 
These data demonstrated the efficient cytotoxic effect of kaempferol-coated AgNPs on 
HepG2 cells using low concentrations compared to DOX drugs.

LDH leakage was also investigated to evaluate the cellular membrane leakage 
enhanced by the cytotoxic effect of kaempferol-coated AgNPs on HepG2 cells. LDH 
leakage percent is presented in Fig. 2B, showing the concentration-dependent increase 
in the LDH leakage, which was significantly higher than that of the control cells. DOX-
induced LDH leakage percent was not significantly different from the kaempferol-coated 
AgNPs-induced LDH leakage. The LDH leakage percent data was in accordance with 
the MTT assay results confirming the cytotoxic effect of kaempferol-coated AgNPs on 
HepG2 cells.

Apoptotic effect of kaempferol‑coated AgNPs on HepG2 cells

As shown in Fig. 3, the early and late apoptotic cells percent was significantly increased 
in kaempferol-coated AgNPs-treated HepG2 cells compared to the control cells and the 
DOX-treated cells showing the apoptotic effect of the nanoparticles.

Moreover, the protein levels of the pro-apoptotic markers (Bax, Cyt-c, P53, and cas-
pase-3) showed significant elevations in both AgNPs- and DOX-treated cells compared 
to the control cells as shown in Fig.  4. While the protein level of the anti-apoptotic 
marker (Bcl-2) was significantly reduced by the effect of both AgNPs and DOX com-
pared to the control cells, as shown in Fig.  4. The concentration-dependent effect of 
kaempferol-coated AgNPs was clear in the data as well. The apoptosis markers results 
revealed the kaempferol-coated AgNPs-induced apoptosis on HepG2 cells.

Fig. 2 Cytotoxic effects of different concentrations of kaempferol-coated AgNPs and DOX on HepG2 cells. 
A Effects of kaempferol-coated AgNPs and DOX on the viability of HepG2 cells. B Lactate dehydrogenase 
leakage percent (LDH leakage %) after exposure of HepG2 cells to kaempferol-coated AgNPs and DOX. * 
Indicates the significance compared to the control (P ˂ 0.05)
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Effect of kaempferol‑coated AgNPs on HepG2 cells migration and invasion

The observations of the migration and invasion assay of HepG2 cells in the corning tran-
swell are presented in Fig. 5. The results showed that kaempferol-coated AgNPs had an 
inhibitory effect to some extent on the migration and invasion of HepG2 cells. Further-
more, the same results were obtained for the DOX effect—these data demonstrate the 
suppressing effect of kaempferol-coated AgNPs on the migrating and invading ability of 
HepG2 cells.

Oxidative stress by kaempferol‑coated AgNPs on HepG2 cells

To investigate whether the apoptosis effect of kaempferol-coated AgNPs is driven by 
inducing oxidative stress or not, ROS production expressed by DCF and lipid peroxida-
tion (LPO) was evaluated, as shown in Fig. 6. Results showed the significant elevations 
of DCF and LPO by the effect of both kaempferol-treated AgNPs and DOX compared to 
the control cells. On the other side, the antioxidant marker (GSH) protein level was sig-
nificantly reduced in cells treated with kaempferol-treated AgNPs and DOX compared 
to the control cells, as shown in Fig. 6. There were no significant differences between the 
effect of 1/2IC50 of AgNPs and DOX on both LPO and GSH levels. These data demon-
strated that the kaempferol-coated AgNPs could induce the apoptosis of HepG2 cells by 
inducing oxidative stress.

Discussion
Cancer is one of the most death-leading diseases worldwide, and the existence of the 
problem is still challenging because of the induced resistance against the commonly 
used chemotherapeutic drugs (Geretto et  al. 2017). Therefore, using novel drugs to 
improve the pharmacological effects on the cellular responses is recommended to 

Fig. 3 Apoptotic effect of kaempferol-coated AgNPs and DOX on HepG2 cells. Left side shows the quadrant 
diagrams of HepG2 cells after staining by Annexin V-FITC and P.I. detection kit (A HepG2 cells without 
treatment, B HepG2 cells treated with DOX and C HepG2 cells treated with kaempferol-coated AgNPs). Right 
side shows the percentage of apoptotic cells. Values represent the mean of three experiments and analysis 
was done by flow cytometry. * Indicates the significance compared to the control (P ˂ 0.05)
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avoid chemotherapy resistance (Vasan et  al. 2019). Doxorubicin (DOX) is a widely 
used chemotherapy that fights different cancer types, such as carcinomas and sar-
comas (Carvalho et  al. 2009). DOX could induce cancer cells death in many path-
ways via intercalation into DNA and disturbing the DNA repair process; also, it could 
induce oxidative stress and cell membrane damage ending by programmed cell death 

Fig. 4 Effects of kaempferol-coated AgNPs at its 1/3 and 1/2  IC50 doses and DOX treatment on the protein 
levels of apoptotic markers in HepG2 cells. Pro-apoptotic markers (P53, Cyt-c, Bax, and caspase-3), and 
anti-apoptotic marker (Bcl-2) were analyzed using ELISA kits. Values represent the mean of three experiments. 
* Indicates the significance compared to the control (P ˂ 0.05)

Fig. 5 HepG2 cells migration and invasion after the treatments by kaempferol-coated AgNPs and DOX at 
different points of time compared to the control untreated cells
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(apoptosis). However, the downside of using DOX is its toxicity that can damage nor-
mal tissues, such as the heart, liver, and kidney, limiting the used dosage of the drug 
(Ansari et  al. 2017; Carvalho et  al. 2009). Therefore, in this study, we targeted the 
synthesis of the plant-based drug to get the desired anticancer effect with minimal 
adverse effects. Furthermore, since it was reported that both AgNPs and kaempferol 
separately could induce oxidative stress and cancer cell death, we hypothesized that 
the biosynthesis of AgNPs using kaempferol as a coating agent would show a syner-
gistic anticancer efficiency.

To investigate the current hypothesis’s validity, we first explored the cytotoxic effect 
of kaempferol-coated AgNPs and compared it to the DOX effect in HepG2 cells. Our 
results showed that the IC50 of the kaempferol-coated AgNPs to be 2.24 μm/ml, while 
the IC50 of DOX was 11.02 μm/ml, and the lower IC50 in toxicological and pharmaco-
logical known to be a more potent drug with higher safety (Meyer et al. 2019). Therefore, 
the used concentration of kaempferol-coated AgNPs will be lower than and safer than 
DOX usage to get the efficient effect. The current cytotoxic effect of kaempferol-coated 
AgNPs was consistent with the previously reported cytotoxic effects of seaweed-based 
AgNPs and walnut-based AgNPs in lung and breast cancer lines (Khorrami et al. 2018; 
Zhang et  al. 2020). Furthermore, green synthesis of AgNPs using phytochemicals as 
reducing and capping agents has been linked to increased anticancer efficacy in previous 
studies (Khan et al. 2021; Othman et al. 2022; Wypij et al. 2021). The cytotoxic effect of 
biosynthesized AgNPs in this study was confirmed by evaluating the LDH leakage per-
centage from the damaged cells, commonly used as a cytotoxicity indicator that affects 
cellular membrane integrity (Han et  al. 2011). Our data confirmed the concentration-
dependent effect of kaempferol-coated AgNPs, which was in the same significance as 
the DOX effect on the LDH leakage percentage in HepG2 cells. The enhanced release of 
LDH by the action of 100 nm AgNPs was studied in a previous report (Kim et al. 2012) 
and could be explained by the effect of the release of the silver ions which induce the 
cytotoxic effect via metallothionines formation and genes expression disturbing (Fold-
bjerg et al. 2012). In addition, it might be related to the cellular uptake of AgNPs in a 
nanoparticle form which was reported that it is higher than the ions released in both 

Fig. 6 Oxidative stress induced by kaempferol-coated AgNPs and DOX in HepG2 cells. ROS production 
expressed by DCF, lipid peroxidation (LPO) and glutathione (GSH) protein levels were measured. Values 
represent the mean of three experiments. * Indicates the significance compared to the control (P ˂ 0.05)
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lung normal and cancer cell lines via endocytosis and affecting the cellular metabolism 
(Cronholm et al. 2013).

In the same way, the ions are released in the cytoplasmic environment of cells, ROS 
release would be enhanced and induce oxidative stress. The oxidative stress was investi-
gated in this study by evaluating the ROS production (expressed by DCF level) and lipid 
peroxidation level; the current results showed the concentration-dependent oxidative 
damage induced by kaempferol-coated AgNPs with the consumption of the antioxidant 
glutathione as happened by the effect of DOX in HepG2 cells. The induced ROS produc-
tion and low levels of GSH were reported before in human Chang hepatic cells after their 
exposure to AgNPs (Piao et al. 2011). The size of AgNPs plays an important role in their 
mode of action, because it affects the cellular uptake of AgNPs. It has been reported 
that smaller NPs with their larger surface area could dissolute easier and release the ions 
(Johnston et al. 2010). While the coated 200 nm AgNPs could be up taken by the cells in 
a higher level by the endocytosis, inducing different molecular mechanisms of the cel-
lular response (Fehaid and Taniguchi 2019). Therefore, investigating intracellular ROS 
generation is an important indicator of NPs-induced toxicity and could be considered 
the first event in the toxicity cascades (Lee et al. 2011). In case of high ROS release by 
the effect of NPs on cells, as happened in this study, cells eventually go to programmed 
cell death (apoptosis) because of the exhaustion of antioxidant (GSH) capacity of cells 
(Li et  al. 2021). Thus, apoptotic markers (Bax, Cyt-c, P53, and caspase-3) and anti-
apoptotic marker (Bcl-2) were evaluated after exposure of HepG2 cells to kaempferol-
coated AgNPs. Our findings revealed that kaempferol-coated AgNPs induced apoptosis 
of HepG2 cells showing the anti-cancer effect by decreasing Bcl-2 and increasing Bax 
and Cyc-c levels that activating caspase-3, which is triggered due to disruption of mem-
brane of mitochondria, and promoting p53-mediated cell cycle arrest. These findings are 
in line with a previous study that concluded that beet root-based AgNPs could induce 
apoptosis in human hematoma derived cell line (Bin-Jumah et al. 2020) confirming the 
potential anti-cancer effect of green-synthesized AgNPs.

Regarding the kaempferol effect, it was reported that it could induce cell cycle arrest 
and p53 phosphorylation-mediated apoptosis in the human breast carcinoma cell line 
(Choi and Ahn 2008). It was also recommended to use both DOX and kaempferol as a 
combination therapy because of their ability to amplify the toxic effect and the oxida-
tive damage-induced apoptosis in glioblastoma cells (Sharma et al. 2007). Interestingly, 
in the current study, kaempferol could show a synergistic anticancer effect along with 
the AgNPs via oxidative stress-mediated apoptosis of HepG2 cells.

Cancer cells can spread throughout the body via metastasis which increases the mor-
tality rate in cancer patients with poor prognosis in most cases (Tian et al. 2020). Most 
anti-cancer drugs focus on inhibiting cell proliferation and inducing cell death; however, 
targeting cancer cells’ migrating and invading ability is a good approach in cancer ther-
apy (Levin 2005). Therefore, in this study, we investigated the effect of the kaempferol-
coated AgNPs on the migration and invasion of HepG2 cells. Our findings demonstrated 
that kaempferol-coated AgNPs could suppress the migrating and invading ability of 
HepG2 cells to some extent which was not much different from the DOX effect. This 
data supported a previous report that concluded the antimetastatic effect of plant-
based AgNPs in breast and colorectal cell lines (Khan et al. 2021). On the other hand, 
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kaempferol itself could downregulate AKT and Focal adhesion kinase (FAK) transduc-
tions, inhibiting the migration of renal cell carcinoma (Hung et al. 2017). Altogether, it 
is clear that the combination between the bio-based kaempferol and the nano-silver can 
potentiate their antimetastatic effect in the HepG2 cell line.

Conclusions
This study concluded the potential anti-cancer effect of kaempferol-coated AgNPs on 
liver cancer (HepG2) cells via oxidative stress-mediated apoptosis and cell cycle arrest. 
As a result, our research sheds light on the mechanism through which AgNPs cause cel-
lular apoptosis. It is recommended to use green-synthesized silver nanoparticles in can-
cer therapy instead of the chemotherapeutic drugs to get the desired effect with minimal 
toxic effects. Further in vivo studies should be done to support this study.
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