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Abstract

Liver cancer remains one of the leading causes of cancer deaths worldwide, with hepatocellular carcinoma being
the most commonly occurring form. In an attempt to find safe and effective alternative therapies, this study assessed the
anti-cancer potential of ethanol-based silver nanoparticles synthesized from Alpinia galanga rhizomes (white galangal)
(AgNPs-AG). The metabolite profile of the ethanol extract, analyzed by LC-MS, identified 20 major compounds, among
which 2,3-Dihydroxybenzoylserine emerged as the top anticancer candidate (Pa = 0.383) based on PASS prediction.
Green synthesis of silver nanoparticles was successfully achieved using the extract as a reducing and stabilizing agent.

Comprehensive characterization confirmed the formation of stable silver nanoparticles. UV-Vis spectroscopy
showed a characteristic surface plasmon resonance peak at 420 nm, while FT-IR analysis revealed the presence of —-OH
and C=0 functional groups that functioned as capping agents. Particle size analysis showed an average size of 6.35 nm
with a uniform distribution, and a zeta potential of —28.6 mV indicated good colloidal stability. Further in silico molecular
docking supports the anticancer potential of 2,3-Dihydroxybenzoylserine, which shows strong binding to Caspase-9
(=7.3 kcal/mol), implying intrinsic apoptosis pathway activation.

In vitro toxicity was evaluated using the Huh7it hepatocellular carcinoma cell line. Treatment with AgNPs-AG at
concentrations ranging from 6.25 to 200 pg/mL for 24 and 48 h of incubation caused a decrease in cell viability, depending
on the dose and time. The ICso values obtained were 71.046 ng/mL (24 h) and 63.395 pg/mL (48 h), indicating increased
cytotoxicity with longer exposure. Collectively, findings highlight the encouraging potential of AgNPs-AG as a novel
candidate for liver cancer therapy.
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Introduction each year, and this number could reach one million cases

Liver cancer is one of the leading causes of cancer
deaths worldwide and continues to show an increase in
incidence each year. Hepatocellular carcinoma (HCC),
the most common form of primary liver cancer, accounts
for more than 75% - 85% of cases and ranks sixth among
the most common cancers and third among causes of
cancer deaths globally [1]. It is estimated that there are
approximately 600,000 - 800,000 new cases of HCC

by 2030 if there are no effective interventions [2]. The
main risk factors contributing to the increase in HCC
cases include chronic hepatitis B and C infections,
alcohol-induced cirrhosis, and metabolic diseases such
as NAFLD and NASH, whose prevalence has increased
significantly in the last decade [3].

Signaling pathways are important, especially the
EGFR/PI3K/Akt pathway, which plays a role in the
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growth, invasion, and resistance of cancer cells to
apoptosis [4]. EGFR overexpression is detected in more
than 60% of HCC cases and is closely related to tumor
aggressiveness [5]. Overexpression of this pathway is
often triggered by epigenetic changes, such as MIG6
hypermethylation, which eliminates its inhibitory
function on EGFR, thereby triggering hyperactivation of
the ERK/Akt/mTOR pathway [6,7]. Additionally, the
accumulation of reactive oxygen species (ROS) due to
viral infection or chronic cellular stress accelerates DNA
damage and facilitates tumor development [8,9]. This
combination of dysregulation contributes to resistance
to conventional therapy and the high incidence of HCC.

Alpinia galanga (white galangal) is a medicinal
plant widely used in traditional medicine and is rich in
bioactive metabolites, including phenolics, flavonoids,
and terpenoids, which have been reported to exhibit
antioxidant,  anti-inflammatory, and  anticancer
properties [10,11]. Several compounds from A. galanga,
such as galangin and acetoxychavicol acetate (ACA),
have demonstrated antiproliferative activity in various
cancer models, mainly through modulation of apoptosis-
and cell cycle—related pathways [12,13].

The green synthesis of silver nanoparticles
(AgNPs) using plant extracts has emerged as a
promising strategy to enhance the biological activity of
phytochemicals. Biosynthesized AgNPs exhibit notable
anticancer effects, primarily through oxidative stress
induction and apoptosis-related mechanisms, while
offering improved biocompatibility and environmental
safety compared to chemically synthesized
nanoparticles [14]. Previous studies have shown that
silver nanoparticles derived from Alpinia species
possess cytotoxic activity against several human cancer
cell lines, supporting their potential as anticancer agents
[15].

In addition to in vitro approaches, in silico
analyses such as molecular docking provide important
mechanistic information for predicting molecular
interactions between the active compounds of A.
galanga and cancer target proteins, including EGFR,
p53, caspase-9, and CDK4, which play central roles in
proliferation and apoptosis pathways [16]. The
integration of experimental and computational
approaches strengthens the understanding of an agent's
anticancer potential before proceeding to further drug
development stages.

Although several studies have reported the green
synthesis of silver nanoparticles using Alpinia species,
most of these studies have primarily focused on
nanoparticle synthesis and general cytotoxic effects on
various cancer cell lines. Studies specifically exploring
A. galanga-mediated silver nanoparticles in the context
of hepatocellular carcinoma, particularly with
mechanistic insights related to EGFR/PI3K/Akt
signaling and apoptosis-related targets, remain limited.
Furthermore, the integration of phytochemical-based
green synthesis with in vitro cytotoxic evaluation and in
silico molecular interaction analysis has not been widely
reported. Therefore, this study aims to fill this gap by
investigating the anticancer potential of silver
nanoparticles derived from A. galanga against HCC
cells using experimental and computational approaches.

This study aims to evaluate the cytotoxicity of
silver nanoparticles synthesized using ethanol extract of
white galangal rhizome (4. galanga) (AgNPs-AG)
against hepatocellular carcinoma Huh7it cells in vitro,
as well as predict their molecular interactions through an

in-silico approach.

Materials and methods

Plant material and ethanol extract preparation

Fresh Alpinia galanga rhizomes were collected
from Kediri City, East Java, Indonesia. The parts of the
plant used included the base of the stem near the
rhizome, which is white, to the middle part of the stem,
which is light green. The plant material was washed,
sliced, and dried at room temperature, then dried in an
oven at 38 °C to ensure the removal of residual moisture.
The dried stems were then ground to obtain 100 g of fine
powder [17]. Extraction was carried out using the
maceration method, which involved soaking 100 g of
powder in 1,000 mL of 70% ethanol (1:10 w/v) for 72 h
while stirring occasionally. After filtration, the plant
residue was macerated again in the same volume of
solvent for 24 h. The 2 filtrates were combined and
evaporated using an oven at 50 °C and a water bath until
a thick extract was obtained. The extract was then stored
in a closed container and protected from light to prevent
photodegradation of phytochemical compounds [17,18].
Extraction conditions have been standardized and

applied consistently to enable reproducibility.
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LC-MS analysis

The phytochemical profile of A. galanga ethanol
extract was analyzed using a Vanquish UHPLC system
connected to a Q Exactive Plus Orbitrap HRMS
(Thermo Scientific). Chromatographic separation was
performed using an Accucore C18 column (100%2.1
mm?; 1.5 pm). The mobile phase consisted of water with
0.1% formic acid (eluent A) and acetonitrile with 0.1%
formic acid (eluent B). The elution gradient started from
5% to 95% eluent B for 25 min, was maintained for 3
min, and returned to the initial condition until the 33rd
min. The flow rate was set at 0.2 mL/min, column
temperature at 30 °C, and injection volume at 2 pL.
Detection was performed using Heated Electrospray
Ionization (HESI) in positive and negative modes with a
mass range of m/z 100 - 1,500 and a resolution of 70,000
for full MS and 17,500 for dd-MS2. Other parameters
included a spray voltage of 3.80 kV, a capillary
temperature of 320 °C, a shroud gas flow rate of 15, an
auxiliary gas flow rate of 2, a sweep gas flow rate of 0,
and an S-lens RF of 50. The data were analyzed using
the instrument's built-in software, and the compounds
were tentatively identified using the mzCloud and

ChemSpider databases.

Synthesis of silver nanoparticles (AgNPs)

Green synthesis of AgNPs was carried out using
ethanol extract of 4. galanga as a natural reducing agent
and stabilizer. A total of 0.02 g of concentrated extract
was dissolved in 5 mL of distilled water and stirred at 60
°C for 5 minutes at 100 rpm. After that, 5 mL of 0.1 M
AgNO:s solution was added and the mixture was stirred
again for 5 min at 1,000 rpm with the temperature
maintained at 60 °C. A brown color change indicated the
formation of silver nanoparticles. The reaction mixture
was then stirred at 30 °C for 15 min at 100 rpm, and the
pH was adjusted to 7. The AgNPs suspension was then
frozen and dried using a freeze-dryer to obtain dry
nanoparticles, which were stored at 4 °C for further

analysis.

Characterization of Silver Nanoparticles

The formation and optical properties of AgNPs
were confirmed using a UV—Vis spectrophotometer by
scanning the sample at wavelengths of 300 - 700 nm to
detect the surface plasmon resonance peak characteristic

of silver nanoparticles [19]. Furthermore, analysis of

functional groups was performed using Fourier
Transform Infrared Spectroscopy (FTIR) to identify
biomolecules involved in the reduction and capping
processes. Dried AgNPs samples were mixed with KBr
and pressed into pellets, then scanned in the
wavenumber range of 4,000 - 400 cm ™! with a resolution
of 1 cm™" using the KBr pellet method [19]. Particle size,
hydrodynamic diameter, polydispersity index (PDI),
and zeta potential were determined using Dynamic Light
Scattering (DLS) with a He—Ne laser (633 nm). The
sample was diluted two to three times using deionized
water to obtain optimal scattering intensity [19,20]. The
surface morphology and structural characteristics of
AgNPs were analyzed using Scanning Electron
Microscopy (SEM). Droplests of nanoparticle
suspension were placed on a stainless steel holder, dried
at room temperature, coated with a thin layer of gold
using a sputter coater, and observed at an operating
voltage of 16 kV with various magnification levels
[21,22].

Cell culture and cytotoxicity assay

Human liver cancer cells (Huh7it) were cultured in
Petri dishes using Dulbecco’s Modified Eagle Medium
(DMEM; Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS;
Biowest, Nuaille, France), kanamycin (150 pg/mL;
Sigma-Aldrich), and nonessential amino acids
(Invitrogen). Cells were maintained in a humidified
incubator at 37 °C with 5% CO- [23]. The cytotoxicity
assay was performed using the MTT method. Huh7it
cells were seeded in a 96-well microplate at a density of
2.4x10% cells per welland incubated for 24 h to allow the
cells to adapt. After that, the cells were treated with
AgNPs at concentrations of 6.25, 12.5, 25, 50, 100 and
200 pg/mL. This concentration range was selected to
generate a dose-response curve and enable the
determination of ICso. Untreated cells were used as
negative controls, while 10 pg/mL doxorubicin
treatment was used as a positive control. The treatments
were administered for 24 and 48 h. All treatments were
performed in triplicate. Following treatment, the culture
medium was discarded and replaced with 150 pL of
fresh DMEM containing 0.5 mg/mL MTT solution, then
incubated for 4 h at 37 °C until formazan crystals were
formed. The medium was subsequently removed, and
100 pL of dimethyl sulfoxide (DMSO) was added to
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dissolve the formazan crystals. Absorbance was
measured at 560 nm with a reference wavelength of 750
nm using a GloMax-Multi Microplate Multimode
Reader (Promega). Cell viability was calculated relative

to the untreated control [23].

In silico analysis

Pharmacokinetic and ADMET prediction

Pharmacokinetic and ADMET analyses were
performed using SwissADME and pkCSM. The
SMILES structures of compounds identified by LC-MS
were obtained from PubChem and entered into
SwissADME to assess physicochemical properties,
lipophilicity,  solubility, and  pharmacokinetic
parameters. ADMET prediction was performed using

pkCSM by entering the SMILES code [24].

Ligand and target protein preparation

Compounds in .sdf format from PubChem were
converted to .pdb format using PyMOL, then energy
minimization was performed using Open Babel in PyRx
0.8 [25]. The structures of protein targets relevant to
liver cancer, namely EGFR (PDB: 3NJP), TP53 (PDB:
1TUP), caspase-9 (PDB: 2AR9), and CDK4 (PDB:
6P8F), were downloaded from the RCSB Protein Data
Bank. Crystal water molecules and non-essential atoms
were removed, and the structures were saved in.pdbqt
format for the docking process [24,26].

Molecular docking

Docking was performed using AutoDock Vina on
PyRx 0.8. The grid box was adjusted to cover the active
sites of each protein, and exhaustiveness was set to a
value of 8 to improve accuracy. The pose with the lowest
binding affinity value was selected as the best result.

Ligand-protein interactions were visualized using

LigPlot+ and BIOVIA Discovery Studio to identify
hydrogen bonds, hydrophobic interactions, and
electrostatic interactions [24,27].

Statistical analysis

All data are presented as mean =+ standard
deviation (SD). Statistical analysis was performed using
I-way ANOVA followed by Tukey’s post hoc test, with
p < 0.05 considered statistically significant. ICso values
were calculated using GraphPad Prism 9. Binding
affinity parameters and ADMET results were analyzed

descriptively.

Results and discussion

Metabolite profile of Alpinia galanga ethanol
extract

LC-MS analysis identified 20 metabolite
compounds in the ethanol extract of Alpinia galanga
rhizome with a wide range of polarity as shown in
Figure 1 and Table 1. The compounds with the highest
intensity were DL-malic acid (RT 1.12; area 5.31x10°),
followed by D-(+)-galactose (RT 1.09; area 3.94x10°),
choline (RT 1.04), and piclamilast (RT 1.04). The
predominance of these polar metabolites indicates the
extract’s strong potential as a bioreductant and natural
capping agent in silver nanoparticle synthesis. In
particular, DL-malic acid together with citric acid (RT
1.11) has been reported to reduce Ag* ions and maintain
nanoparticle stability and size through the formation of
dicarboxylate complexes [28-30]. Malic acid and citric
acid play an important role in cellular energy
metabolism. In cancer cells, citric acid metabolism
disorders are often associated with increased glycolysis
and proliferation. The administration of this organic
compound can restore redox balance and inhibit tumor

growth through antimetabolic effects [31].

Table 1 Identification of secondary metabolite compounds in the ethanol extract of A. galanga rhizomes using LC-MS.

Molecular
No Compound Name Sample Area RT (min)
Formula
1 DL-Malic acid C4HsOs 5.31x10° 1.12
2 D-(+)-Galactose CsH1206 3.94x10° 1.09
3 Choline CsHisNO 2.85x10° 1.04
4 Cinnamaldehyde CoHzO 1.99x10° 15.33
5 Citric acid CsHsO- 4.47x108 1.11
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No Compound Name Molecular Sample Area RT (min)
Formula

6 2,3-Dihydroxybenzoylserine (DHBS) CioHiuNOs 1.49x108 3.23
7 Hexahydrocurcumin (HHC) C21H2606 2.19x108 15.07
8 N-Acetylneuraminic acid (Sialic acid) C1iH1sNO» 3.43x108 1.09
9 Alpha-Naphthoflavone CisH1202 1.72x108 19.2
10 Phenprocoumon CisHi603 1.38x108 13.92
11 Piclamilast CisH1sC12N20s 2.02x10° 1.04
12 2-C-methylerythritol 4-phosphate CsHi:0,P 1.50x10° 1
13 N-Glycosyl-L-asparagine CioHi1sN2Os 1.50x10° 1.04
14 (92)-9-Octadecenamide CisHssNO 1.25%10° 25.46
15 N-ethylmaleimide CsH/NO2 1.14x10° 1.1
16 4-Aminobenzoic acid C/H/NO: 7.46%108 1.08
17 Diacetin CsH120s 5.78x108 5.49
18 Guaietolin C1iHi604 4.12x10® 14.03
19 D-Glucono-d-lactone CsH100s 3.99x108 1.23
20 L-(+)-Valine CsHiuiNO2 4.70x108 1.06

Medium to high RT detected several phenolic
compounds, particularly cinnamaldehyde (RT 15.33) is
known as a phenylpropane compound that can induce
apoptosis in cancer cells by increasing reactive oxygen
species and activating the caspase pathway. In addition,
cinnamaldehyde suppresses cancer cell proliferation by
inhibiting the expression of NF-kB and Bcl-2 [32-34].
Hexahydrocurcumin (RT 15.07), a reduced derivative of
curcumin, is also known to exhibit anticancer effects
through the induction of autophagy and apoptosis, as
well as the inhibition of the PI3K/Akt/mTOR pathway,
which plays a role in cancer proliferation [35]. These
findings support the cytotoxic mechanism observed in
Huh7it cells in the MTT assay. Another important
compound that was also analyzed further through
docking was 2,3-dihydroxybenzoylserine (DHBS) (RT

3.23; area 1.49x10®). The catechol group in DHBS
functions as a reducing agent and metal chelator that
increases the stability of AgNPs [36], while also
increasing oxidative stress and apoptosis [30], making it
a prime candidate in the evaluation of interactions with
p53, caspase-9, EGFR, and CDK4.

In addition, LC-MS also identified metabolites
that support specific hepatocyte targeting, such as D-
(ASGPR-mediated and N-

acetylneuraminic acid (sialic acid) (RT 1.09), which

galactose uptake)
enhance nanoparticle internalization in HCC cells [37-
39]. The compound N-glycosyl-L-asparagine (RT 1.04)
carries an NGR motif that binds to the CD13 receptor on
cancer cells [40], thereby supporting the AgNPs

targeting mechanism in Huh7it cells.
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Figure 1 LC-MS chromatogram of the ethanol extract of 4. galanga rhizome, showing the detected phytochemical

constituents used as reducing and stabilizing agents in the green synthesis of silver nanoparticles.

Other metabolites relevant to proliferation and
oxidative stress pathways were also detected, such as
alpha-naphthoflavone (RT 19.20) as a CYP1A1/1A2
inhibitor [41], 4-aminobenzoic acid as a Wnt/B-catenin
inhibitor [42], N-ethylmaleimide as a ROS inducer [43],
and L-valine which enhances  nanoparticle
internalization via the LATI1 transporter [44].
Meanwhile, (9Z)-9-octadecenamide (RT 25.46), one of
the compounds also used in docking, exhibits a strong
lipophilic profile and has been associated with
antiproliferative activity but has low permeability [45].
Previously, this compound was known to have
antiproliferative and anti-inflammatory effects through
modulation of cannabinoid receptors and MAPK
signaling pathways, which contribute to cytotoxic

effects on several cancer cells [46].

Characterization of AgNPs-AG

Synthesis and UV-Vis spectrum

The synthesis process of silver nanoparticles using
A. galanga extract is characterized by a change in the
color of the solution from clear (AgNOs) to yellow and
then golden brown. This change is a visual indication of
the formation of silver nanoparticles and is related to the
phenomenon of surface plasmon resonance (SPR),
which is the oscillation of free electrons on the surface
of metal nanoparticles when exposed to visible light
[47]. These results are consistent with the synthesis of
AgNPs based on A. galanga methanol extract, which
also showed a gradual color change as the reduction
progressed [19]. Pure AgNO:s solution only showed low
absorbance without an SPR peak, while 4. galanga
extract displayed a characteristic absorption pattern of
organic compounds without any indication of
nanoparticle formation. These findings confirm that the
reduction of Ag' to Ag’ occurs when bioactive
compounds from A. galanga extract act as reducing
agents and stabilizers in the nanoparticle synthesis
process [48].
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Figure 2 UV-Vis absorption spectra of the ethanol extract of 4. galanga rhizome (blue), AgNOs solution (red), and

biosynthesized silver nanoparticles (AgNPs-AG, green) recorded in the wavelength range of 300 - 600 nm. The

characteristic surface plasmon resonance peak confirms the formation of AgNPs-AG.

The UV-Vis spectrum shows the maximum
absorption peak of silver nanoparticles at around 420 nm
with a higher intensity than AgNOs solution or pure
extract (Figure 2). This peak is a characteristic of silver
nanoparticle SPR, which generally appears in the range
of 300 - 600 nm [48]. Research by Imchen et al. [45]
also reported absorption peaks at 417 - 423 nm for
AgNPs biosynthesized using extracts from 4. galanga
rhizomes and Rhus semialata fruit. The increase in peak
intensity at 420 nm in this study indicates that the
reduction process was efficient and produced a
significant amount of AgNPs with good optical stability
[50].

Particle size, distribution, and zeta potential
PSA analysis shows that AgNPs-AG has an
average size of 6.35 nm with a PDI of 0.2347 and D10,

D50, and D90 values of 2.45, 441, and 7.96 nm,
respectively (Figure 3). This distribution indicates that
approximately 90% of the particles are below 8§ nm and
have good size homogeneity [51]. The PDI value
obtained is in line with the results of Ahmad et al. [19],
who reported a PDI value of 0.24. This ultra-small size
increases the specific surface area and accelerates the
release of Ag' ions, thereby strengthening interactions
with cell membranes and intracellular components and
inducing oxidative stress that plays a role in cytotoxic
mechanisms [52]. These findings are consistent with
reports by Rodriguez-Félix et al. [53]; Hemmati et al.
[54], which show that plant-biosynthesized AgNPs are
generally 5 - 10 nm in size with a narrow distribution

and high biological activity.
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Figure 3 Particle size distribution of AgNPs-AG determined by particle size analysis (PSA), showing the nanoscale size

range of the synthesized silver nanoparticles.

Zeta potential measurements indicate that AgNPs-
AG has a value of —29.58 £ 5.45 mV (Figure 4), which
indicates good colloidal stability due to the presence of
electrostatic repulsive forces between particles [55].
Nanoparticles with a zeta potential > + 30 mV are
generally stable in liquid media [55], and a range of —19
to —44 mV has been widely reported in biosynthetic

silver nanoparticles [56,57]. This negative charge is

5e+05 -

4e+05 -

3e+05 -

2e+05 -

Total Counts (kcps)

le+05 -

thought to originate from the adsorption of nitrate ions
and negatively charged organic compounds on the
nanoparticle surface. In addition to maintaining
colloidal stability, this negative charge also enhances
electrostatic interactions with cancer cell membranes,
which tend to be positively charged, thereby
accelerating AgNPs internalization and strengthening

oxidative stress induction [58].

0 T
-200 -100

0 100 200

Zeta Potential (mV)

— Nanosilver

Figure 4 Zeta potential distribution of AgNPs-AG, indicating the surface charge and colloidal stability of the

biosynthesized silver nanoparticles in suspension.
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FTIR spectrum

The FTIR spectrum shows shifts and changes in
band intensity between A. galanga extract, AgNOs
solution, and AgNPs-AG (Figure 5), indicating the
involvement of extract biomolecules in the reduction

and stabilization of nanoparticles [59]. The broad band

around 3,317 cm ™ represents the stretching vibration of
—OH from phenolics and alcohols, consistent with the
range of 3,391 - 3,468 [19] and 3,420 - 3,220 cm™ [60].
The shift and broadening of this band in silver
nanoparticles confirms the role of the —OH group as an

electron donor in the reduction of Ag* to Ag®.

— A galanga Extract
= AgNO,
— Nanosilver A. galanga|

T
V
5 82
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5 FTIR spectra of A. galanga ethanol extract (black), AgNOs solution (red), and AgNPs-AG (blue), illustrating
the functional groups involved in the reduction of Ag* ions and stabilization of the synthesized nanoparticles.

The 1,631 - 1,647 cm™ band is associated with
C=0 stretching vibrations of amides, flavonoids, and
aromatic phenolics; bands in a similar range have also
been reported to be associated with carboxylate and
amide groups that play a role in the bioreduction of
silver ions [49,60,61]. The 1,450 - 1,384 cm™ band
indicates C—H and C-O vibrations from carboxylates
and phenolics, as confirmed in studies by [19,62] and
[63],which linked this band to carboxylate—Ag*
interactions. The 1,296 - 1,226 cm™ range represents C—
O-C and C-O alcohol/ether vibrations, similar to the
FTIR profile of AgNPs
Amorphophallus  paeoniifolius  extract [64]. The

biosynthesis  using

disappearance of the strong band in the 1,085 - 877 cm™
region in silver nanoparticles urther reinforces the
involvement of organic oxygen groups in the Ag'

reduction process [19].

In addition, the band below 700 cm™ (646 - 599
cm™!) indicates Ag—O and Ag—O-Ag vibrations, which
signify the formation of metal-oxygen bonds in the
AgNPs structure [59]. Overall, the FTIR profile
confirms that the carbonyl, phenolic, amine, and
polysaccharide groups in the 4. galanga extract act as
reducing agents and capping agents that stabilize the
nanoparticles [60,63].

Morphology of AgNPs-AG with SEM

SEM micrographs at magnifications of 5,000 to
50,000 show that AgNPs-AG has a predominantly
spherical morphology (Figure 6) with slight
agglomeration  forming small and relatively
homogeneous aggregates [50]. This characteristic is
consistent with other plant-based silver nanoparticles,

such as Cajanus cajan, which has also been reported to
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produce nearly spherical particles with minimal
agglomeration [65]. In some areas, a thin layer is visible
around the surface of the nanoparticles, which is thought
to originate from the organic components of the A.

galanga extract. This layer acts as a capping agent that
coats the surface of AgNPs and serves to prevent

excessive aggregation [66].

©
Figure 6 SEM micrographs of silver nanoparticles synthesized using A. galanga extract (AgNPs-AG) at various
magnifications: (A) 5,000x; (B) 10,000x; (C) 25,000x; (D) 50,000, showing predominantly spherical morphology of
AgNPs-AG.

Cytotoxic activity of AgNPs-AG against Huh7it
cells

The cytotoxicity AgNPs-AG was assessed through
the MTT assay at 24 and 48 h of exposure. The ICso
value represents the concentration required to reduce
cell viability by 50% and is widely used as a quantitative
parameter to evaluate and compare the cytotoxic
potency of anticancer candidates. ICso values derived
from the concentration-response curves demonstrated a
clear time-dependent reduction, where the ICso
decreased from 71.046 pg/mL at 24 h to 63.395 pg/mL

(D)

at 48 h (Figure 7), indicating increased cellular
sensitivity during prolonged exposure. This pattern
aligns with the time-dependent nature of cytotoxic
responses described by Sanchez-Diez et al. [67] and the
findings of Salispriaji et al. [68],which showed that ICso
tends to decline as exposure duration increases.
According to NCI criteria [69], these values fall within
the moderately active cytotoxic category (21 - 200
pg/mL), indicating that AgNPs-AG possesses relevant
inhibitory potential against Huh7it cells.
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Figure 7 Inhibition value (ICso) of AgNPs-AG against Huh7it hepatocellular carcinoma cells after 24 (A) and 48 h (B)

of exposure, determined by MTT assay.

Cell supported these ICso
findings (Figure 8). At 24 h, lower concentrations (6.25
- 25 pg/mL) showed no significant reduction compared
to the control, while notable decreases occurred at 100
and 200 pg/mL, which formed the lowest-viability
groups. At 48 h, a more pronounced reduction was
observed at concentrations > 50 pg/mL, with 200 pg/mL

producing the strongest inhibitory effect. Interestingly,

viability profiles

at 24 h, the viability of DOX-treated cells was still
comparable to low-dose AgNPs-AG, but at 48 h, the
cytotoxic pattern of high-dose AgNPs-AG (= 100
DOX
time-dependent

pg/mL) began to approximate activity,
emphasizing the
enhancement. Overall, these findings demonstrate that
the cytotoxic effect of AgNPs-AG on Huh7it cells is

both dose-dependent and time-dependent.

cytotoxic
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Figure 8 Cell viability of Huh7it liver cancer cells after treatment with AgNPs-AG for 24 (A) and 48 h (B), assessed
using the MTT assay. Data are presented as mean + SD. Different letters indicate statistically significant differences

between treatment groups (p < 0.05). DOX: doxorubicin.

The cytotoxic response is strongly influenced by
the physical characteristics of the nanoparticles. SEM
and PSA analyses revealed that AgNPs-AG exhibited
predominantly spherical morphology with a size range
of 6 - 20 nm, which enhances cellular interaction and
internalization. Nanoparticles below 50 nm are known
to penetrate cells via clathrin-mediated endocytosis and

macropinocytosis [70,71], allowing accumulation in the

cytoplasm and near mitochondria. Once internalized,
AgNPs-AG releases Ag* ions that induce excessive ROS
production, leading to oxidative damage of lipids,
proteins, and nucleic acids [41]. Elevated ROS disrupts
mitochondrial membrane potential and promotes
cytochrome c release, activating caspase-9 and caspase-
3, which are key executors of intrinsic apoptosis [72].

ROS can also activate JNK/p38-MAPK signaling,
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enhancing Bax expression and suppressing Bcl-2,
further promoting apoptosis [73]. These mechanisms are
consistent with previous reports showing that AgNPs
induce apoptosis, DNA damage, and cell-cycle arrest
through p53 activation [74,75].

The intensified viability reduction at 48 h suggests
progressive accumulation of apoptosis-related signals.
Similar ROS-mediated apoptosis has been documented
in AgNPs derived from Cladosporium oxysporum [76]
and in studies showing caspase-3 activation in breast
and lung cancer cells exposed to AgNPs [77]. Beyond
apoptosis, AgNPs-AG may also inhibit proliferation
through suppression of the PI3K/Akt/mTOR pathway, a
central survival axis in cancer cells [78,79]. Reduced
Akt phosphorylation by AgNPs-AG,

decreased mTOR and Bcl-2 expression, reinforces pro-

along with

apoptotic signaling and limits proliferation [79,80],
supporting earlier findings in HepG2 cells treated with
AgNPs from Catharanthus roseus [81]. Although this
study did not directly assess apoptotic markers or
molecular signaling pathways, the observed cytotoxic
patterns are strongly supported by extensive literature
describing ROS-mediated apoptosis and cell cycle arrest
induced by AgNPs.

The LC-MS profile of A. galanga provides
additional mechanistic support for the cytotoxic activity
of AgNPs-AG.

Phenolic compounds such as

hexahydrocurcumin (HHC) and cinnamaldehyde are
known to enhance ROS generation, suppress PI3K/Akt
and MAPK/ERK pathways, and activate apoptotic
caspase-3/9 signaling [82-84]. Organic acids including
DL-malic acid can induce intrinsic mitochondrial
apoptosis via oxidative stress [85]. AgNPs-AG also
displays a zeta potential of approximately —30 mV,
contributing to colloidal stability and facilitating
electrostatic interactions with the positively charged
cancer cell membrane,

promoting nanoparticle

internalization and  strengthening mitochondrial

apoptotic signaling [84].

In silico analysis
Prediction  of

Pharmacokinetic properties

anticancer  activity  and
PASS Online analysis is used to predict anticancer
activity  potential based on
relationships (SAR) [86]. PASS generates Pa and Pi
values, and Pa > Pi indicates a higher possibility of

structure-activity

biological activity [87]. The three compounds (Table 2)
with  the  highest Pa  values are  2.3-
dihydroxybenzoylserine (Pa = 0.383), (92)-9-
octadecenamide (Pa = 0.382), and citric acid (Pa =
0.352), all of which are in the Pa > 0.3 category, which

is considered to have feasible anticancer potential [88].

Table 2 Screening of potential anticancer activity of phytochemical compounds identified in the ethanol extract of A.

galanga using LC-MS analysis.

No. Name Compound ID SMILES Cannonical Anticancer Potential
(CID) Pa Pi

1. (9Z)-9-Octadecenamide 5283387 CCCCCCCC/C=C\CCCCCCCC(=0O)N 0.382 0.020
2. 2,3-Dihydroxybenzoylserine 151483 C1=CC(=C(C(=C1)0)0)C(=O)N[C@@H](CO)C(=0)O 0.383 0.020
3. 2-C-methylerythritol 4-phosphate 443198 CI[C@](CO)([C@@H](COP(=0)(0)0)0)O 0.221 0.217
4. 4-Aminobenzoic acid 978 C1=CC(=CC=C1C(=0)O)N 0.335 0.053
5. Alpha-Naphthoflavone 11790 C1=CC=C(C=C1)C2=CC(=0)C3=C(02)C4=CC=CC=C4C=C3 0.311 0.082
6. Choline 305 C[N+](C)(C)CCO -

7. Cinnamaldehyde 637511 C1=CC=C(C=C1)/C=C/C=0 0.343 0.046
8. Citric acid 311 C(C(=0)0)C(CC(=0)0)(C(=0)0)O 0.352 0.039
9. D-(+)-galaktosa 6036 C([C@@H]1 [C@@H]([C@@H]([C@H](C(01)0)0)0)0)O 0.319 0.015
10.  D-Glucono-é-lactone 7027 C([C@@H]1[C@H]([C@@H]([C@H](C(=0)01)0)0)0)O 0.239 0.189
11.  Diacetin 66021 CC(=0)OCC(CO)OC(=0)C 0.330 0.059
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Compound ID

Anticancer Potential

No. Name SMILES Cannonical
(CID) Pa Pi
12. DL-Malic acid 525 C(C(C(=0)0)0)C(=0)0 0.361 0.032
13. Guaitolin 68825 CCOC1=CC=CC=C10CC(CO)O 0.289 0.113
14. Hexahidrocurcumin 5318039 COC1=C(C=CC(=C1)CCC(CC(=0)CCC2=CC(=C(C=C2)0)0C)0)O 0.280 0.127
15.  L-(+)-valine 6971018 CC(O)[C@Q@H](C(=0)[O-])[NH3+] 0.336 0.053
16.  N-Acetylneuraminic acid 439197 CC(=0N[C@@H]![C@H](CC(O[C@H]1 [C@@H]([C@@H](CO)O .
)O)(C(=0)0)0)0
17. N-ethylmaleimide 4362 CCNIC(=0)C=CC1=0 0.315 0.076
18.  N-Glycosyl-L-asparagine 440002 C([C@@H] [C@H]([C@@H]([C@H]([C@@H](O)NC(=0)C[C@ 0311 0.024
@H](C(=0)0)N)0)0)0)O
19. Phenprocoumon 54680692 CCC(C1=CC=CC=C1)C2=C(C3=CC=CC=C30C2=0)0 0.289 0.113
20. Piclamilast 154575 COCI1=C(C=C(C=C1)C(=0)NC2=C(C=NC=C2CI)Cl)0OC3CCCC3 0.169 0.127
ADME evaluation using SwissADME and pkCSM The strong and stable interactions of 2,3-

showed that 2,3-dihydroxybenzoylserine, citric acid,
and DL-malic acid met all parameters of Lipinski’s Rule
of Five, while (9Z)-9-octadecenamide did not pass due
to a logP value > 5, indicating excessive lipophilicity
[45,89]. Of the three, 2,3-dihydroxybenzoylserine has
the most balanced profile (MW 241.20 Da, logP —0.73)
with moderate polarity and good bioavailability [90,91].
Meanwhile, citric acid and malic acid are highly
hydrophilic, resulting in lower membrane permeability
[92]. Therefore, 2,3-dihydroxybenzoylserine emerges as
the most promising candidate for further molecular

docking studies.

Molecular docking

Molecular docking was performed against four
key liver cancer proteins, namely p53, caspase-9, EGFR,
and CDK4, using doxorubicin as a comparative control
[93]. A more negative binding affinity indicates a more
stable complex (Table 3 and Figure 9). The results
show that 2,3-dihydroxybenzoylserine has the strongest
affinity compared to other compounds, with values of —
6.1 kcal/mol (p53), —7.3 kcal/mol (caspase-9), —6.6
(EGFR), and -5.9 kcal/mol (CDK4),
approaching the stability of doxorubicin (—8.2 to —9.6

kcal/mol

kcal/mol). These in silico results provide a molecular

rationale for the anticancer activity observed in vitro.

dihydroxybenzoylserine with key regulatory proteins
involved in apoptosis and cell proliferation suggest that
the cytotoxic effects of AGNP—AG on Huh7it cells may
be mediated through modulation of multiple cancer-
related signaling pathways. In particular, the predicted
binding to p53 and caspase-9 supports the induction of
intrinsic apoptosis, while interactions with EGFR and
CDK4 indicate potential suppression of proliferative
signaling and cell cycle progression, consistent with the
in vitro antiproliferative effects.

In p53, interactions via hydrogen bonds with
Thr211, Gly199, and Leu201, as well as hydrophobic
with Leul88 and Vall72,
stabilization of the p53 conformation, a mechanism that

interactions indicate
is also commonly observed in control ligands [94]. In
caspase-9, binding to Argl78, a critical residue at the
active site [17], reinforces the possibility of intrinsic
apoptosis pathway activation.

Interactions with EGFR show similarity in binding
residues with doxorubicin, which according to
Dwijayanti et al. [93] indicates potential inhibition of
the PI3K/Akt pathway, a dominant pathway in HCC
progression. In CDK4, binding to Asp126 and His65, as
well as hydrophobic interactions with Phel27, indicate
potential inhibition of the CDK4/Cyclin D1 complex,

which has implications for cell cycle arrest [95].
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Table 3 Molecular docking results showing the interactions between selected ligands and cancer-related target proteins,
including p53, caspase-9, EGFR, and CDK4.

. Bond Affinity Types of bonds
Protein Compound
(kcal/mol) Hydrogen Hydrophobic Van Der Waals
p53 Doxorubicin (Control) -8.7 Glul71 Vall72, Cys139, His168  Thrl123, Glnl67, Argl74, Glul98, Gly199
(92)-9-Octadecenamide —4.8 Gly199 Val97, His233, 1le232, Ser96, Glu224, Pro222, Thr231, Asn200,
Val218 Thr230, Glu221, Pro219
2,3-Dihydroxy —6.1 Thr211, Gly199, Leul88 Phe212, Vall172. Arg213, Ser96, Thr170,
benzoylserine Leu201 Asn210, Glu198. Val203
Citric acid =53 His168. GInl167 - Vall72. Glul71. Met169, Asn235,
Glu198. Alal38, Argl96
Cys139
DL-Malic acid =5.6 Thr170, Glul71 - His168. GIn167, Arg249, Glu198
Alal38, Thr140 Cys139. Asn235
Caspase 9 Doxorubicin (Control) -9.2 Asp186, Ser287, Lys358, Pro357, Thr179, Gly182, Ser183, His237, Gly288,
GIn285, Argl 80, Phe351, Argl78 Phe348, Pro349, Gly350, Ser361
Thrl181
(92)-9-Octadecenamide —4.4 Lys410, Ser382 Leul51, Leul45, Asnl148, Ser144, Arg386, Glu378, Ser377,
Trp374, 11e396 Tyr397
2,3-Dihydroxybenzoylserine =73 Pro357, Thr179. Argl78 Asp186. Phe351, His237. Ala286,
Ser361 GIn285, Ser287, Phe348, Pro349,
Ser183, Gly350, Lys358, Gly182
Citric acid 6.1 Argl180. Ser287 - Asp186. Gly182. Gly360, Ser361
Thri81 GIn285. Ala286, His237, Ser183. Phe351
DL-Malic acid -52 Asp186. Argl80, - Gly360, Phe351, Ser361. Pro349
GIn285, Pro357 Phe348. Ser183, Gly182. Thri181,
Ser287 Lys358
EGFR Doxorubicin (Control) -9.6 Ser196, GIn194, Cys207, His209 Asn210, GIn194, Cys195, Cys208,
His209 Cys207, Gly197, Arg220, Cys195,
Pro219, Glu221
(92)-9-Octadecenamide =5.1 Ser342, Thr378 Phe380, 11318, His409, His346, GIn408, Lys407, Asp344, Thr406,
Tyrd4, 1le38 Arg285, Gly343, Gly379, Arg405
2,3-Dihydroxybenzoylserine —6.6 Ser196, Cys208 Cys207 Ser205, Pro204, GIn194, Pro219, His209
Asn210, Cys207, Pro204, Ser205,
Pro219, Gly197, GIn194, Cys195
Citric acid -54 Glu60, Arg84, - Val36, Val226, Lys229, Leu225, Phe230
Ala265, Arg231,
Cys227
DL-Malic acid -4.5 Tyr246, Met244, - Pro242, Met253, Leu245, His280, Thr239,
Ser262, Gly281, Ser282, Pro242, Cys240, Tyr261
Lys260
CDK4 Doxorubicin (Control) —8.2 Leul48, Asnl51, Arg87, Leu9dl Ser90, Pro40, Serd1, Ala39, Ala34,
Arg58, Ala62, Lys149, Glu36, Glu64, Glu61
Lys33, Thr37
(9Z)-9-Octadecenamide -5.2 Argl23, Leu287 Ala30, Alal30, Phe63, Arg26, Phe284, Asp126, Asnl31
Phel27, His65
2,3-Dihydroxybenzoylserine =59 Asp126, His65, Ala30, Alal30, Phel27, Leu287, Phe284, Asnl31
Argl23 Phe63
Citric acid —4.9 Arg218, Val212, - Ile178, GIn213, Pro220, Asn174, Ser219,
Asn222, Asn221 Leu217, Hisl81, lle177, Gly214, Ala211
DL-Malic acid —4.7 Asnl46, Lys149, - Trp150, Lys147, Cys75, Ala76, Met52,

Val74, Asp73

Ser56

Amino acids: Amino acid residues that share similarities with the interactions between the control compound and the protein
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The selection of test receptors in the form of
EGFR, p53, caspase-9, and CDK-4 proteins was based
on the function of each receptor, which is important for
the regulation of cancer. The EGFR protein is one of the
main oncogenes causing hepatocellular carcinoma.
Increased EGFR activation will result in increased
proliferation and resistance to apoptosis through the
PI3K/Akt/mTOR pathway. EGFR inhibition can reduce
liver cancer cell growth and increase the effects of
anticancer drugs [96]. The p53 protein plays an
important role in regulating the cell cycle and apoptosis.

Mutations in the form of p53 inactivation in cells, which

occur in most cases of HCC, contribute to tumor growth
and drug resistance [97]. Caspase-9 plays a role as a key
enzyme in the intrinsic apoptosis pathway activated by
the release of cytochrome-c from the mitochondria.
Activation of caspase-9 triggers a caspase cascade that
causes programmed cell death, making it an important
target in pro-apoptotic strategies for liver cancer [98].
CDK-4 plays a role in the G1-S phase transition in the
cell cycle and is often overexpressed in hepatocellular
carcinoma. Inhibition of CDK4 can cause cell cycle

arrest and suppress tumor growth [99].

()

Figure 9 Molecular docking interactions of

(d)

selected ligands with cancer-related protein targets.

Three-dimensional docking poses (upper panels) and 2-dimensional interaction maps (lower panels) illustrate the binding

interactions between bioactive compounds from Alpinia galanga extract and key regulatory proteins. (a) p53, (b) Caspase-
9, (¢) EGFR, and (d) CDK4. For each protein, the docked ligands are (A) doxorubicin (reference drug), (B) (9Z)-9-
octadecenamide, (C) 2,3-dihydroxybenzoylserine, (D) citric acid, and (E) DL-malic acid.

These docking findings are consistent with in vitro
results, namely a decrease in viability at high doses and
48-hour exposure, pointing to a mechanism involving
oxidative stress, p53-caspase-9 activation, and
Therefore, 2,3-
dihydroxybenzoylserine emerges as the primary

proliferation inhibition.

metabolite candidate contributing to the cytotoxic
effects of AgNPs-AG, while also reinforcing the

potential of these nanoparticles for therapeutic
development in HCC.
Conclusions

This study revealed that ethanol extract from
Alpinia galanga thizome is a promising biomaterial for
the synthesis of green silver nanoparticles and has
significant anticancer potential against hepatocellular
carcinoma. LC-MS profiling identified 20 metabolites,

with 2,3-dihydroxybenzoic acid as the dominant
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compound, possibly contributing to nanoparticle
reduction and stabilization as well as anticancer activity.
The synthesized silver nanoparticles (AgNPs) exhibited
favorable physicochemical characteristics, including a
characteristic SPR peak at 420 nm, functional groups (—
OH and C=0), small and uniform particle size (average
6.35 nm), and a zeta potential of approximately —30 mV,
indicating good colloidal stability. Biologically,
AgNPs-AG reduced Huh7it cell viability in a dose- and
time-dependent manner, leading to moderate ICso values
at 24 and 48 h. Supporting these findings, in silico
analysis demonstrated strong binding affinity of 2,3-
dihydroxybenzoic acid to caspase-9 and stable
interactions with EGFR, CDK4, and p53, suggesting
potential mechanisms of apoptosis induction and cell
proliferation inhibition. Despite these encouraging
results, this study is limited to in vitro cytotoxicity
evaluation and computational predictions, without direct
mechanistic or in vivo validation. Future studies should
focus on tracing the molecular pathways underlying the
anticancer effects, evaluating selectivity toward cancer
cells versus normal cells, and assessing in vivo efficacy
and safety to further support the therapeutic potential of
the silver nanoparticles system derived from 4. galanga.
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