
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 3
:5

9:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Green-synthesize
aMicrobiology Laboratory, Department of

Faculty of Biological Sciences, University o

E-mail: saleh@ru.ac.bd; szaman@ru.ac.bd
bSynthetic Functional Polymer Laboratory,

Rajshahi, Rajshahi-6205, Bangladesh
cDepartment of Microbiology, University of R

Cite this: RSC Adv., 2025, 15, 41381

Received 5th September 2025
Accepted 11th October 2025

DOI: 10.1039/d5ra06699a

rsc.li/rsc-advances

© 2025 The Author(s). Published by
d cardamom-modified iron oxide
nanoparticles with potent antibacterial,
antioxidant, anti-inflammatory, and anticancer
activities
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Cancer and antimicrobial resistance pose significant global health challenges, necessitating the

development of novel therapeutic approaches. This study presents the green synthesis of (3-

aminopropyl)trimethoxysilane (APTMS)-modified iron oxide nanoparticles coated with Elettaria

cardamomum extract (EC-AMIONPs) via a co-precipitation method. The synthesized nanoparticles were

thoroughly characterized using UV-vis, FTIR, SEM, EDX, XRD, TGA, and VSM techniques. The analyses

confirmed the successful formation of spherical, amorphous EC-AMIONPs with an average size of

14.28 nm and paramagnetic properties. Phytochemical screening revealed the presence of bioactive

compounds, including terpenoids, steroids, alkaloids, tannins, and phenols. Functionally, EC-AMIONPs

exhibited potent antioxidant activity (80.75% at 100 mg mL−1), broad-spectrum antibacterial effects

against multidrug-resistant pathogens, and significant antibiofilm capacity. The anti-inflammatory

potential was demonstrated through the inhibition of albumin denaturation (76.92%), stabilization of

HRBC membranes (78.85%), and proteinase inhibition (73.36%) at 200 mg mL−1. Cytotoxicity, assessed via

the Artemia salina assay, revealed moderate toxicity (65.00% lethality at 400 mg mL−1; LC50: 170.35 mg

mL−1), supporting their biosafety at therapeutic doses. In vivo studies in EAC-induced mice confirmed

the anticancer efficacy of EC-AMIONPs, resulting in a significant reduction in tumor growth and

improvement in physiological parameters, including hematological (RBC, WBC, hemoglobin),

biochemical (ALT, creatinine, lipid profile), and ionic (Na+, K+, Ca2+, Cl−) profiles. Histological analysis

further validated the protective effects on liver, kidney, lung, and intestinal tissues. Overall, EC-AMIONPs

demonstrate multifunctional biomedical properties—antioxidant, antibacterial, anti-inflammatory, and

anticancer—highlighting their potential as a green nanoplatform for future therapeutic applications.
1. Introduction

Cancer has emerged as a leading cause of death globally, with
a signicant rise in cases over the past two decades attributed to
lifestyle changes. This alarming trend underscores the urgent
need for innovative approaches to cancer prevention and
treatment.1 Current cancer therapies primarily include chemo-
therapy, surgery, radiotherapy, immunotherapy, and hormonal
therapy, with chemotherapy being the most prevalent despite
its associated side effects and costs. The increasing issue of
drug resistance has sparked interest in alternative treatments,
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such as metal ions (e.g., iron, zinc), which have the potential to
disrupt microbial enzymes, efflux pumps, and biolms.2,3

Traditional drug delivery methods, including oral, buccal,
abdominal, subcutaneous, intramuscular, intravenous,
pulmonary, and transdermal routes, oen encounter challenges
like slow absorption, side effects, instability, and uncontrolled
release. In contrast, nanocarriers such as solid nanoparticles,
liposomes, dendrimers, polymeric nanoparticles, micelles,
virus-mimicking nanoparticles, carbon nanotubes, and meso-
porous silica particles provide advanced solutions to these
limitations.4 Colloidal drug delivery systems (DDS) have proven
particularly effective in diagnosing and treating brain and
central nervous system (CNS) disorders.5

The green synthesis of nanoparticles presents a sustainable,
eco-friendly, and cost-effective alternative to traditional
methods by utilizing natural sources like plant extracts and
microbes. This non-toxic approach holds signicant promise
RSC Adv., 2025, 15, 41381–41399 | 41381
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for advancing cancer diagnosis and therapy, as well as tackling
multidrug-resistant bacterial infections.6 Green-synthesized
nanoparticles play vital roles in diagnostics, therapy, and
pharmaceuticals. They are also employed in environmental
cleanup efforts, including water purication, heavy metal
removal, and soil or wastewater treatment. Furthermore, they
assist in controlling plant diseases and demonstrate strong
antibacterial and antifungal properties by disrupting DNA or
electron transport chains, ultimately leading to microbial
death.7 Moreover, functionalization of nanoparticles with
biopolymers, phytochemicals, or ligands not only enhances
their stability and biocompatibility but also improves targeting
biological efficacy. Functionalized hydrogels can achieve
stimuli-responsive drug release and enhanced tumor speci-
city.8,9 Biowaste- or naturally derived nanoparticles offer
a sustainable route for nanomaterial synthesis and applications
in metal ion detection and information encoding.10

Nanoparticles (NPs) are structures ranging from 1 to 100 nm
in size, encompassing viruses, lipoproteins, and intracellular
assemblies such as magnetosomes. Surface modications of
NPs facilitate targeted delivery and specic biochemical inter-
actions with cell receptors.11,12 Nanotechnology nds applica-
tions across various elds, including animal health, agriculture,
medicine, pharmaceuticals, nutrition, and the environment.
NPs exhibit potent antibacterial, antifungal, and antiparasitic
properties. In medicine, they play a crucial role in nano-
medicine, nano-implants, and biosensors, enhancing diagnos-
tics, targeted drug delivery, gene transfer, and treatments for
conditions such as cancer, genetic disorders, neurological
diseases, ocular issues, and heart diseases.13–15 Magnetic iron
oxide nanoparticles (MIONPs) are prone to aggregation and
oxidation due to their high surface-to-volume ratio, which can
diminish their magnetic properties and dispersibility. To
improve stability and enable functionalization, protective
coatings are applied, which can be either organic (such as
surfactants and polymers) or inorganic (like silica and metals).
While chemical synthesis of NPs may produce toxic byproducts,
well-engineered iron oxide NPs have numerous medical appli-
cations, including cancer therapy, targeted drug delivery,
immunoassays, tissue repair, detoxication, cell separation,
hyperthermia, and enhanced MRI contrast.16,17

Herbal phytomedicines are garnering interest for their
potential health benets. Cardamom (Elettaria cardamomum),
oen referred to as the “Queen of Spices,” is a perennial herb
from the Zingiberaceae family, valued for its avor, aroma, and
medicinal qualities.18 The therapeutic effects of cardamom
stem from its abundance of bioactive compounds, particularly
1,8-cineole (over 50%), along with others such as limonene,
terpineol, linalool, and a-pinene. These compounds contribute
to cardamom's anti-inammatory, anticancer, antibacterial,
antifungal, cardioprotective, and gastroprotective properties.
Additionally, avonoids, terpenoids, anthocyanins, alkaloids,
and phenolics found in cardamom are benecial for treating
diseases of the liver, kidney, lungs, and heart. Cardamom is
widely utilized in both traditional and modern medicine for
managing conditions such as asthma, digestive issues,
41382 | RSC Adv., 2025, 15, 41381–41399
vomiting, oral infections, and various renal and cardiovascular
disorders.19–21

Recently, there has been increasing interest in synthesizing
nanoparticles (NPs) using E. cardamom extract. Various NPs
have been produced from E. cardamom, including TiO2 NPs,22

NiO NPs,23 selenium NPs,24 ZnO NPs,25 CuO NPs,26 gold and Ag
NPs,27 Co NPs,28 and gelatin NPs.5 In our study, we employed
Soxhlet distillation to prepare a methanolic seed extract for
synthesizing surface-modied iron oxide nanoparticles. These
nanoparticles were modied using ATPMS through a co-
precipitation method and assessed for their potential against
oxidative stress, anti-inammatory effects, multidrug-resistant
bacteria, and cancer.
2. Materials and methods
2.1 Collection of plant materials

In January 2024, fresh, healthy green cardamom (Elettaria car-
damomum) fruits were purchased from the RDA market in Raj-
shahi, Bangladesh, for use in the current studies.
2.2 Preparation of EC-AMIONPs

2.2.1 Preparation of E. cardamomum extract. The Soxhlet
distillation technique, with necessary modications, was
employed to prepare the cardamom extract.29 Aer washing the
fruits and air drying them, they were ground into a coarse
powder using an electric grinder. Approximately 300 g of the
dried, ground plant material was subjected to successive
extraction with methanol using a Soxhlet apparatus. The
solvents were then evaporated under reduced pressure, result-
ing in a cream powder of the extract, which was stored at 4 °C.

2.2.2 Synthesis of magnetic iron oxide nanoparticles
(MIONPs). MINOPs were synthesized using the co-precipitation
method, a widely recognized technique.30 To prepare the
nanoparticles, FeCl3$6H2O and FeSO4$7H2O were dissolved in
deionized water at a 2 : 1 molar ratio and heated to 80 °C with
constant stirring. A 25% NH4OH solution was added dropwise
to raise the pH to 10–11, causing the solution to turn black,
indicating nanoparticle formation. Aer stirring for 60minutes,
the particles were allowed to settle, washed with ethanol and
water, magnetically separated, and then dried in a vacuum oven
at 80 °C for 24 hours.

2.2.3 Surface modication of prepared iron oxide nano-
particles by APTMS. APTMS was used to modify the outer
coating of Fe2O3 nanoparticles (AMIONPs), with minor adjust-
ments made based on earlier research.31 A total of 5.0 g of iron
oxide nanoparticles was ultrasonically dispersed in 50 mL of
anhydrous toluene for 30 minutes. Following this, acid hydro-
lysis was conducted at pH 1.5–2 for 1 hour. The pH was then
adjusted to 8–9 using 50% NaOH, and condensation proceeded
for 2 hours. Next, 1 mL of APTMS was added dropwise while
maintaining continuous ultrasonication. The mixture was
sonicated at 80 °C for 6 hours under nitrogen to prevent
oxidation. The modied nanoparticles were then magnetically
separated, washed with ethanol and toluene, and vacuum-dried
overnight at 60 °C.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.4 Synthesis of AMIONPs using E. cardamomum extract.
Fiy mg of APTMS-coated iron oxide nanoparticles were
dispersed in THF and activated with NHS. Separately,
cardamom extract and EDC were mixed in THF for carbodii-
mide activation. The extract-EDC solution was then added to
the nanoparticle mixture and sonicated for 2 hours at room
temperature to facilitate conjugation. The resulting nano-
particles were magnetically separated, washed with ethanol,
and stored in PBS at 4 °C.
2.3 Characterization of synthesized EC-AMIONPs

UV-vis spectroscopy was employed to assess the stability of EC-
AMIONPs suspensions. Absorbance was measured between
200–400 nm using a Thermo Scientic Evolution 201 spec-
trophotometer in SDA mode, with a 30 ms integration time
and a scan speed of 2000 nm min−1.32 The functional groups
and chemical structure of the produced AMIONPs and EC-
AMIONPs were analyzed using Fourier transform infrared
(FTIR) spectroscopy, employing a KBr pellet to describe the
solution in the 4000–500 cm−1 range. The universe disc was
examined for this experiment.33 The size and shape
morphology of synthesized AMIONPs and EC-AMIONPs were
characterized using scanning electron microscopy (SEM)
(Germany) with a maximum magnication of 300 000× and
a resolving power of 2.3 nanometers, which revealed surface
topology and composition.34 The crystallinity and phase purity
of AMIONPs and EC-AMIONPs were analyzed using X-ray
diffraction (XRD) (PANalytical Pro Diffractometer) with Cu
Ka radiation (l = 0.15406 nm, 40 kV, 30 mA). The average
particle size was calculated using the Debye–Scherrer equation
from the diffraction data collected over a range of 2q angles.35

The magnetic properties of AMIONPs and EC-AMIONPs in
powder form were investigated in air at 300 K with a eld
strength of up to 15 000 G using a vibrating sample magne-
tometer (VSM, Lake Shore 7410). Energy-dispersive X-ray
spectroscopy (EDX) conrmed the presence of iron and
oxygen in AMIONPs and EC-AMIONPs, indicating successful
synthesis and surface modication. This analysis was per-
formed using an Oxford Inca Penta FeTX3 EDS attached to
a Carl Zeiss Evo MA 15 SEM.36 Finally, thermogravimetric
analysis (TGA) was conducted to evaluate the thermal stability
of AMIONPs and EC-AMIONPs, heating from 30 °C to 800 °C at
a rate of 20 °C min−1 under nitrogen ow (60 mL min−1).
2.4 Qualitative phytochemical analysis

Standard procedures were employed to screen for various
phytochemicals in EC-AMIONPs. The EC extract and EC-
AMIONPs were tested for the presence of avonoids (HCl
test),37 steroids (Salkowski's test),38 tannins and phenols (ferric
chloride test),37 alkaloids (Mayer's reagent test),37 carbohydrates
and glycosides (Fehling's solution test),39,40 and terpenoids
(sulfuric acid test).41 Each plant sample was analyzed three
times. Qualitative results were denoted as (+) for the presence
and (−) for the absence of phytochemicals.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.5 Determination of antibacterial activity by the disc
diffusion method

The antibacterial efficacy of EC-AMIONPs was evaluated against
12 highly emergent multidrug-resistant bacteria, both Gram-
negative and Gram-positive. A modied disc diffusion
method42 was utilized to assess the antibacterial activity of EC-
AMIONPs against the following pathogenic bacteria: E. coli
(ATCC 35401), Pseudomonas aeruginosa (ATCC BAA-2108), Aci-
netobacter lactucae (ATCC TSD-58), Aeromonas spp. (ATCC
49140), Enterobacter cloacae (ATCC BAA-2468), Staphylococcus
aureus (ATCC 13565), Bacillus sp. (ATCC 14579), Shigella sonnei
(ATCC 25931), Enterobacter spp. (ATCC 21754), Staphylococcus
epidermidis (ATCC 35984), Shigella exneri (ATCC 12022), and
Salmonella typhi (ATCC 6539). The A extract and EC-AMIONPs
(1 mg mL−1 each) were sonicated for 30 minutes, and 50 mg
per disc was applied to 5 mm Whatman lter discs. Subse-
quently, a bacterial suspension (1 × 106 CFU mL−1) was trans-
ferred from an overnight culture and gently spread on Mueller–
Hinton Agar (MHA) plates, then incubated at 37 °C for 24 hours.
The zones of inhibition were measured in millimeters and
compared to clarithromycin (15 mg per disc).
2.6 Determination of anti-biolm assay of EC-AMIONPs

2.6.1 Biolm formation activity. The biolm formation test
was conducted using a modied microtiter plate (MtP) assay
protocol.43 Selected pathogenic bacteria were cultured in LB
broth at 37 °C for 24 hours and then adjusted to an optical
density (OD) of 1.0 at 640 nm. A total of 100 mL of the bacterial
suspension was added to each well of a 96-well microtiter plate
and incubated statically at 37 °C for 24 hours to encourage bi-
olm formation. Aer incubation, the wells were washed twice
with double-distilled water and stained with 0.1% crystal violet
for 60 minutes. The stained biolms were then rinsed twice
with phosphate buffer and air-dried for approximately one
hour. To quantify biolm formation, the bound crystal violet
was solubilized, and absorbance was measured at 595 nm using
a microplate reader. The OD595 values reected the biolm
quantity for each strain, with the strongest biolm-forming
strain selected for further anti-biolm testing.

2.6.2 Inhibition of biolm formation by EC-AMIONPs. The
anti-biolm activity of EC-AMIONPs was assessed using
a previously established method.41 To each well of the 96-well
microtiter plate, 100 mL of bacterial suspension was added,
followed by 100 mL of either EC or EC-AMIONPs, resulting in
a total volume of 200 mL per well. For control purposes, bacterial
suspensions and liquid media were used instead of EC and EC-
AMIONPs, with three replicates for each condition. Aer
following the procedure, the optical density was measured at
620 nm using a multiplate reader. The biolm inhibition effi-
ciency was calculated using the equation below.44

Biofilm inhibition ð%Þ

¼ 1�OD of EC-AMIONPs treated cells

OD of control
� 100
RSC Adv., 2025, 15, 41381–41399 | 41383
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2.7 Determination of antioxidant activity by DPPH
scavenging assay

To evaluate the DPPH (2,2-diphenyl-1-picrylhydrazyl) free
radical scavenging potential of EC-AMIONPs, a spectrophoto-
metric method was employed45 with minor modications. A
0.4 mM solution of DPPH and BHT (butylated hydroxytoluene)
was prepared in 100% methanol. The reaction mixtures
included 2 mL of 0.4 mM DPPH combined with 2 mL of either
EC, EC-AMIONPs, or BHT (as a standard) at concentrations of
40, 60, 80, and 100 mg mL−1. These mixtures were incubated in
the dark at 25 ± 2 °C for 30 minutes. Aer incubation, absor-
bance wasmeasured at 570 nm using a spectrophotometer, with
methanol-DPPH serving as the control and BHT as the stan-
dard. The percentage of free radical scavenging activity (% RSA)
of EC-AMIONPs was calculated using the following formula:

% RSA ¼ ðcontrol� sampleÞ
control

� 100

2.8 Determination of anti-inammatory assay of EC-
AMIONPs

2.8.1 Albumin denaturation assay. The in vitro anti-
inammatory potential of EC-AMIONPs was assessed using
a modied BSA denaturation method.46 EC, EC-AMIONPs, and
diclofenac sodium (as a standard) were dissolved in methanol
to create stock solutions at 1 mg mL−1. From these, ve
concentrations (50, 75, 100, 150, and 200 mg mL−1) were
prepared using PBS (pH 6.8). Each sample was combined with
1000 mL of 1% BSA and 1400 mL of PBS in test tubes, then
incubated at 37 °C for 15 minutes before being heated at 72 °C
for 5 minutes. Aer cooling, absorbance was measured at
660 nm against a blank. The percentage of inhibition was
calculated, and IC50 values were derived from the regression
line of inhibition versus concentration. The inhibition
percentage (indicating protein denaturation) was determined
from three repeated experiments using the following equation:

% inhibition BSA ¼ 1� Asample

Acontrol

� 100

2.8.2 HRBC membrane stabilization assay
2.8.2.1 Preparation of HRBC suspension. Blood samples were

obtained from healthy volunteers who had not taken NSAIDs for
at least two weeks. The blood was mixed 1 : 1 with sterile Als-
ever's solution (composed of 2.05% dextrose, 0.8% sodium
citrate, 0.055% citric acid, and 0.42% sodium chloride in
100 mL distilled water), adjusted to a pH of 6.0–7.0, and
centrifuged at 3000 rpm for 15 minutes. The HRBC pellet was
washed three times with isotonic saline and stored at 4 °C for 24
hours. A 10% HRBC suspension was then prepared in isotonic
saline for the membrane stabilization assay.47

2.8.2.2 HRBC membrane stabilization method. The
membrane stabilization activity of EC-AMIONPs was evaluated
using a modied HRBC membrane stabilization method.48

Different concentrations (50, 75, 100, 150, and 200 mg mL−1) of
EC extract, EC-AMIONPs, and diclofenac sodiumwere prepared,
41384 | RSC Adv., 2025, 15, 41381–41399
along with a blank that did not contain extract or standard.
Each test mixture included 1 mL of phosphate buffer, 2 mL of
hyposaline, and 0.5 mL of HRBC suspension. Samples were
incubated at 37 °C for 30 minutes and then centrifuged at
3000 rpm for 10 minutes. Hemoglobin release in the superna-
tant was measured at 560 nm to evaluate membrane stabiliza-
tion. The IC50 value was determined by plotting the percentage
of inhibition against concentration and calculating a regression
line. Both the proportion of protection and the percentage of
hemolysis were calculated.

% protection ¼
�
ODcontrol �ODsample

�
ODcontrol

� 100

2.8.3 Proteinase inhibitory assay. The proteinase inhibitory
activity of EC-AMIONPs was assessed using a modied trypsin
method.49 Methanol solutions of EC extract, EC-AMIONPs, and
diclofenac sodium (the standard) were prepared at concentra-
tions of 50, 75, 100, 150, and 200 mg mL−1. For each 1 mL
sample, 0.06 mg of trypsin and 1 mL of 20 mM Tris–HCl buffer
were added and incubated at 37 °C for 15 minutes. Aer this,
1 mL of 0.8% casein was introduced, and the mixture was
incubated for an additional 20minutes. The reaction was halted
by adding 2 mL of 70% perchloric acid, followed by centrifu-
gation at 3000 rpm for 5 minutes. The absorbance of the
supernatant was measured at 210 nm, with a blank containing
no sample or standard serving as the control. The IC50 value was
determined by plotting the percentage inhibition against the
sample concentration and deriving a regression line. The
percentage of inhibition (protein denaturation) from three
repeated experiments was calculated using the following
equation:

% inhibition of denaturation ¼ 1� Asample

Acontrol

� 100

2.9 Brine shrimp nauplii toxicity assay

To evaluate acute toxicity, a brine shrimp lethality assay was
conducted using EC-AMIONPs at concentrations of 50, 100, 200,
and 400 mg mL−1. Articial seawater was prepared by dissolving
38 g of NaCl in 1000 mL of distilled water. Brine shrimp cysts (1
g) were hatched in this solution under continuous light and
aeration at 30 °C for 24 hours. Following hatching, 20 nauplii
were transferred to each well of a 12-well plate containing 2 mL
of saline and test samples. Control wells contained no nano-
particles, and all treatments were performed in triplicate. The
plates were then incubated in the dark for 24 hours, aer which
the number of surviving nauplii was counted. Toxicity was
assessed by calculating death rates and determining the LC50

value using GraphPad Prism soware, with results compared to
the control group.50,51 The formula used to calculate percentage
mortality is as follows:

Mortality ð%Þ

¼ number of dead A: salina nauplii

initial number of live A: salina nauplii
� 100
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.10 In vivo anti-cancer activity of EC-AMIONPs

2.10.1 Experimental animals. Male Swiss albino mice (22–
24 g) were selected to minimize hormonal variability and ensure
consistent results in cancer progression and treatment studies.
The mice were housed in polypropylene cages under controlled
conditions (24 ± 2 °C, 12-hour light/dark cycle, 60 ± 5%
humidity) and were fed a standard diet for ve days to allow for
acclimatization. The experiment was conducted once to main-
tain methodological consistency.

2.10.2 Experimental groups. Following the acclimatization
period, the mice were randomly assigned to ve experimental
groups, each consisting of six animals (n = 6). The groups were
organized as follows: the rst group served as the normal control
and received only a standard diet (normal group). The second
group included mice injected with EAC cells without treatment
(affected group). The third group comprised EAC-induced mice
treated with EC-AMIONPs (EC-AMIONPs-treated group). The
fourth group received EC-extract following EAC cell induction
(EC-extract-treated group). The h group was treated with the
standard chemotherapeutic drug doxorubicin aer EAC cell
induction (doxorubicin-treated group). The nal group consisted
of EAC-induced mice treated with a combination of doxorubicin
and EC-AMIONPs (EC-AMIONPs-DOX treated group).

2.10.3 Collection andmaintenance of EAC cell line. Ehrlich
ascites carcinoma (EAC) was obtained from the Department of
Biochemistry and Molecular Biology at the University of Raj-
shahi. The EAC cell culture and aspiration were maintained
following the method described by Alam.52 EAC cells were har-
vested from a donor Swiss albino mouse with 6–7-day-old
ascites tumors. On the sixth day, the mouse was sacriced,
and the cells were harvested using 1% NaCl, then incubated at
37.5 °C for one hour. Macrophages adhered to the dish surface,
facilitating the separation from the free-oating EAC tumor
cells.53 The dish was briey vortexed to release the EAC cells,
which were then collected and diluted in 0.9% normal saline to
a concentration of 3 × 106 cells per mL. Cell counts were per-
formed using a hemocytometer, and viability was assessed via
0.4% trypan blue exclusion. All steps were conducted under
aseptic conditions to maintain sterility for transplantation.

2.10.4 Treatment administration and cell growth inhibi-
tion. The assessment of in vivo cancer cell growth inhibition was
conducted using a standard and straightforward procedure
based on a previously established method.54 Swiss albino mice
were divided into six groups to evaluate the anti-cancer activity
of EC-AMIONPs. All mice, except for the normal control group,
received an intraperitoneal injection of 20 mL EAC cells (3 × 106

cells per mL) on day 0. Treatments commenced 36 hours aer
injection and continued for ve days. Group I received only
a standard diet (normal group), group II received EAC cells
without treatment (affected group), group III was treated with
EC-AMIONPs (0.2 mg kg−1 day−1), group IV with EC extract
(0.2 mg kg−1 day−1), group V with a single dose of doxorubicin
(0.1 mg kg−1), and group VI with a combination of EC-AMIONPs
and doxorubicin (0.2 mg kg−1 day−1). On day 15, all mice were
sacriced, and peritoneal uid was collected for EAC cell
analysis.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Viable tumor cells were counted using a hemocytometer and
trypan blue exclusion. The results were compared with those of
the untreated EAC group to assess tumor inhibition using the
following formula:

Cells per mL

¼ the average count per square� dilution factor

depths of fluid under cover slip� area counted

The percentage of cell growth inhibition was calculated by
comparing the total number of viable cells in the treated groups
to those in the control group, using the following equation:

% of growth inhibition

¼
�
1� cells from different groups of treated mice

cells from control mice containing EAC cells

�
� 100

2.10.5 Evolution of body weight and glucose level. Body
weight and blood glucose levels were monitored on days 0, 3, 5,
7, 9, 11, 13, and 15 following EAC inoculation. Mouse weights
were recorded using an electronic balance, and glucose levels
were measured from tail vein blood samples with a glucose
monitoring sensor.

2.10.6 Biochemical, hematological, and ionic parameters.
At the conclusion of the experiment on day 15, blood samples
were collected from each mouse for biochemical and electrolyte
analysis. Plasma levels of creatinine, total cholesterol, triglyc-
erides, and ALT were measured, along with the concentrations
of Na+, K+, Ca2+, and Cl−, using an automated clinical chemistry
analyzer (CHEMIX-800, Japan). For hematological analysis,
blood was drawn via cardiac puncture, and the total RBC count,
hemoglobin, and WBC count were determined using the same
analyzer.55,56

2.10.7 Histological analysis. For histopathological evalua-
tion, excised tissue samples (liver, lung, heart, kidney, spleen,
and intestine) were xed in 10% formaldehyde for 24 hours. The
tissues were then dehydrated in graded alcohol, embedded in
paraffin, and sectioned to a thickness of 5 mm. Sections were
stained with hematoxylin and eosin (H&E) and periodic acid–
Schiff (PAS) stains. Microscopic examination was performed to
assess tissue architecture and identify any pathological alter-
ations or inammation related to EAC cell proliferation or
treatment effects. Tissues from both control and treated groups
were analyzed and compared.57
2.11 Statistical analysis

GraphPad Prism was used to analyze data, and all values were
reported as the mean ± standard error (SE). A signicant test
was used to analyze all the data.
3. Results
3.1 Synthesis of iron oxide nanoparticles using E.
cardamomum

Aer modifying the surface with (3-aminopropyl)tri-
methoxysilane (APTMS), the nanoparticles changed color from
RSC Adv., 2025, 15, 41381–41399 | 41385
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deep black to a slightly brownish-black, indicating successful
silane attachment. This color shi is due to the interaction
between the silane groups and the iron oxide nanoparticles.
Using EDC–NHS coupling, carboxyl (–COOH) groups were acti-
vated for biomolecule binding. When biomolecules from E.
cardamomum extract were added, the solution darkened to
a deep brown-black, conrming covalent attachment, with the
intensity of the color varying according to the concentration of
the biomolecules.
Table 1 Different functional groups in EC-AMIONPs

Functional group Wavenumber (cm−1)

–NH2 3408
–CH 2924
Si–O 1138
Fe–O 578
CONH 1650
3.2 Characterization of EC-AMIONPs

3.2.1 UV-vis spectroscopy. The UV-visible absorption
spectra of the EC extract showed a peak at approximately
204 nm, whereas the EC-AMIONPs displayed peaks at 219 nm
and 275 nm (Fig. 1A). These UV-visible bands indicate that Fe
ions were modied by the EC seed extract, with the highest
absorption peak at 219 nm conrming the formation of EC-
AMIONPs.

3.2.2 Fourier transform infrared spectroscopy (FTIR)
analysis. FTIR analysis conrmed themodication of iron oxide
nanoparticles with ATPMS and their bioconjugation with E.
Fig. 1 Characterization of EC-AMIONPs using UV-vis spectroscopy (A)
detection by FTIR analysis (B), confirmed the particle synthesis. Analysis o
behavior using vibrating sample magnetometry (VSM) (D), and thermo
properties and stability of EC-AMIONPs.

41386 | RSC Adv., 2025, 15, 41381–41399
cardamomum extract using the EDC–NHS method. The forma-
tion of amide bonds and shis in functional group peaks
provided strong evidence of covalent binding, as shown in
Fig. 1B and Table 1.

A prominent absorption peak in the 570–580 cm−1 range
indicated the Fe–O stretching vibration, conrming the pres-
ence of iron oxide nanoparticles. The intensity of the Fe–O peak
at 578 cm−1 slightly decreased due to the organic coating,
further supporting the surface modication. The Si–O peak
around 1138 cm−1 conrmed the core–shell structure and
indicated successful salinization. Additionally, the presence of
and the functional groups present in the biosynthesized EC-AMIONPs
f EC-AMIONPs size using X-ray diffraction spectrometry (C), magnetic
gravimetric analysis (TGA) (E) was employed to evaluate the thermal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM analysis of particle size and morphology (a) MIONPs, (b)
AMIONPs, (c) EC extract, (d) EC-AMIONPs; the size was calculated by
ImageJ software.
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a peak at approximately 2924 cm−1 (C–H stretching) conrmed
the incorporation of propyl (–CH2 groups from ATPMS). Shis
in the hydroxyl and amine peaks (N–H) at 3408 cm−1 suggested
hydrogen bonding and molecular interactions. The CONH peak
at 1650 cm−1 indicated successful activation of carboxyl groups
by EDC–NHS and subsequent formation of amide linkages with
amine groups from biomolecules in E. cardamomum.

3.2.3 X-ray diffraction spectrometry (XRD) analysis. X-ray
diffraction (XRD) analysis conrmed that AMIONPs possess
a highly crystalline cubic spinel structure, exhibiting distinct
peaks at 2q values of 30.2°, 35.6°, 43.3°, 57.3°, and 62.9°, which
correspond to specic crystal planes (Fig. 1C). In contrast, the
peaks for EC-AMIONPs showed decreased intensity and slight
broadening, suggesting that polyphenolic compounds modied
the surface and reduced crystallinity. Importantly, no new peaks
emerged, indicating that the compounds from E. cardamomum
formed an amorphous coating without altering the underlying
crystal structure. The average size of the nanoparticles, deter-
mined using the Debye–Scherrer equation, was found to be
14.48 nm (Table 2).

3.2.4 Vibrating sample magnetometer (VSM). The VSM
curve of unmodied iron oxide nanoparticles displayed super-
paramagnetic behavior. The observed reduction in magnetiza-
tion indicated successful functionalization, resulting in
decreased magnetic dipole interactions (Fig. 1D). These results
suggest that the synthesized nanoparticles maintain para-
magnetic properties, making them suitable for biomedical and
environmental applications.

3.2.5 Thermogravimetric analysis (TGA). Thermogravi-
metric analysis (TGA) of EC-AMIONPs (Fig. 1E) revealed an
initial weight loss of 20% below 400 °C, attributed to moisture
evaporation. Between 400 °C and 800 °C, a gradual weight loss
of 50% occurred, corresponding to the decomposition of
organic compounds from the cardamom extract, thereby con-
rming surface modication. Above 800 °C, the presence of
a stable residue indicated the existence of thermally stable
nanoparticles, further conrming successful functionalization
with cardamom biomolecules.

3.2.6 Scanning electron microscopy (SEM). SEM analysis
revealed that unmodied iron oxide nanoparticles were quasi-
spherical with slight agglomeration (Fig. 2a). Following
ATPMS coating, the particles maintained their spherical shape
but appeared slightly larger, featuring a visible thin organic
layer (Fig. 2b). Further modication with E. cardamomum extract
resulted in a rougher surface and increased size due to
biomolecular adsorption, enhancing dispersion and reducing
Table 2 The Miller indices, Bragg's diffraction angle, FWHM, and the siz

Miller indices 2q

FWHM b

MIONPs AMIONPs

220 30.2 0.61 0.59
311 35.6 0.72 0.69
400 43.3 0.59 0.57
511 57.3 0.64 0.57
440 62.9 0.75 0.60

© 2025 The Author(s). Published by the Royal Society of Chemistry
aggregation while preserving the spherical shape (Fig. 2c). The
EC-AMIONPs were spherical and well-dispersed (Fig. 2d).

3.2.7 The energy dispersive X-ray spectroscopy (EDX). The
results indicated a prominent peak for Fe ions, conrming the
presence of iron in its metallic form, as shown in Fig. 3. The
spectrum displayed strong peaks for iron (Fe) at 43.40% and
oxygen (O) at 37.57%, signifying the formation of iron oxide
nanoparticles (Fig. 3b). Additionally, minor peaks were
observed for carbon (C) at 16.45% and other elements, such as
silicon (Si) at 0.98%, primarily associated with modication
using ATPMS (Fig. 3b). However, the EC extract showed no
detectable iron (Fe) or silicon (Si) components (Fig. 3c). The
presence of these elements indicates successful surface modi-
cation and functionalization of the nanoparticles. Further-
more, the absence of signicant impurity peaks reinforces the
purity of the synthesized material (Table 3).

3.3 Qualitative phytochemical analysis

The phytochemical analysis of cardamom's methanol extract
revealed the presence of terpenoids, steroids, alkaloids, avo-
noids, carbohydrates, glycosides, tannins, and phenols. In
contrast, the EC-AMIONPs analysis indicated a positive pres-
ence of terpenoids, steroids, alkaloids, tannins, and phenols, as
detailed in Table 4.

3.4 Biomedical application of EC-AMIONPs

3.4.1 Antibacterial activity. The antibacterial activity of EC-
AMIONPs demonstrated signicant inhibition zones against
e of EC-AMIONPs

Particle size (nm) Average particle size (nm)

MIONPs AMIONPs MIONPs AMIONPs

13.48392 13.941 13.22 14.48
11.58397 12.08762
14.48123 14.98935
14.13926 15.87566
12.41157 15.51447

RSC Adv., 2025, 15, 41381–41399 | 41387
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Fig. 3 The nanomaterials' elemental detail and their composition using EDX. MIONPs (a), EC-AMIONPs (b), EC extract (c).

Table 3 The elemental composition of the biosynthesized EC-
AMIONPs

Sample C atom% O atom% Fe atom% Si atom%

MIONPs — 42.32 57.68 —
EC-AMIONPs 16.45 37.57 43.40 0.98
EC extract 78.18 20.98 — —
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various bacteria: E. coli (28 ± 2 mm), P. aeruginosa (24 ± 2 mm),
A. lactucae (33 ± 2 mm), A. spp. (30 ± 2 mm), E. cloacae (28 ± 2
mm), Bacillus sp. (30± 2 mm), S. sonnei (19± 2 mm), E. spp. (25
± 2 mm), S. exneri (19 ± 2 mm), and S. typhi (27 ± 2 mm).
There was weak activity observed against S. epidermidis, with no
activity against S. aureus. In contrast, the EC extract showed
strong inhibition zones against E. coli (24 ± 2 mm), A. lactucae
(27 ± 2 mm), A. spp. (21 ± 2 mm), E. cloacae (24 ± 2 mm), and
Bacillus sp. (21 ± 2 mm). The results are illustrated in Fig. 4A.
Table 4 Phytochemical analysis of EC-AMIONPsa

Sample Flavonoid Steroid Terpenoid Tan

EC extract + + + +
EC-AMIONPs − + + +
Residue + − − −
a “+” = presence; “−” = absent.

41388 | RSC Adv., 2025, 15, 41381–41399
3.4.2 Anti-biolm activity of EC-AMIONPs
3.4.2.1 Biolm inhibition of the EC-AMIONPs. The results

demonstrated a signicant reduction in biolm formation
when the strains were treated with EC-AMIONPs. Notable anti-
biolm activity was observed against E. coli (87.97%), P. aeru-
ginosa (81.62%), A. lactucae (89.04%), A. spp. (87.44%), E. spp.
(85.78%), S. typhi (83.79%), and S. aureus (83.39%). The lowest
anti-biolm activity was recorded against S. exneri (60.78%).
The effectiveness of EC-AMIONPs in inhibiting biolm forma-
tion in bacterial pathogens is illustrated in Fig. 4B.

3.4.3 Anti-inammatory activities
3.4.3.1 Albumin denaturation assay. The albumin denatur-

ation assay for biosynthesized EC-AMIONPs is presented in
Fig. 4C. The highest inhibition of protein denaturation for
albumin was recorded at 76.92% with a concentration of 200 mg
mL−1 of EC-AMIONPs, compared to 79.51% for diclofenac
sodium and 57.45% for the plant extract. These results indicate
that EC-AMIONPs more effectively inhibited albumin
nin Phenol Alkaloid Carbohydrate Glycoside

+ + + +
+ + − −
− − + +

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Biomedical application of EC-AMIONPs antibacterial activity against 12 pathogenic bacteria (A) and (B) biofilm inhibition percentage. (C)
Albumin denaturation assay; albumin denaturation percentage (a), IC50 value (b). (D) HRBC membrane stabilization assay; HRBC membrane
stabilization percentage (c), IC50 value (d). (E) Proteinase inhibitory assay; proteinase inhibition percentage (e) and the IC50 value (f). (F) Anti-
oxidant activity; DPPH inhibition percentage (g) and the IC50 value (h) of EC-AMIONPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 41381–41399 | 41389
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denaturation than both the EC extract and the control, as
illustrated in Fig. 4C(a). The IC50 values for the EC extract, di-
clofenac sodium, and EC-AMIONPs were 101.52 ± 4.842 mg
mL−1, 97.96 ± 4.842 mg mL−1, and 155.56 ± 4.842 mg mL−1,
respectively, indicating the concentration at which 50%
mortality was achieved, as shown in Fig. 4C(b).

3.4.3.2 HRBC membrane stabilization assay. Fig. 4D displays
the HRBC membrane stabilization assay for biosynthesized EC-
AMIONPs. EC-AMIONPs, EC extracts, and diclofenac sodium at
varying concentrations (50, 75, 100, 150, and 200 mg mL−1)
demonstrated signicant stabilization of HRBC membranes. At
a concentration of 200mgmL−1, EC-AMIONPs provided 78.85%
protection, which was greater than at the other concentrations,
although overall protection increased with higher concentra-
tions. The results are shown in Fig. 4D(c). The IC50 values for the
EC extract, diclofenac sodium, and EC-AMIONPs were 198.61 ±

3.434 mg mL−1, 117.11 ± 3.434 mg mL−1, and 110.21 ± 3.434 mg
mL−1, respectively, representing the concentration at which
50% mortality was achieved, as illustrated in Fig. 4D(d).

3.4.3.3 Proteinase inhibitory assay. The proteinase inhibitory
assay for biosynthesized EC-AMIONPs is illustrated in Fig. 4E.
EC-AMIONPs demonstrated signicant anti-proteinase activity
across various concentrations, achieving a maximum inhibition
of 73.36% at 200 mg mL−1. In comparison, diclofenac sodium
reached a maximum inhibition of 74.97% at the same concen-
tration, while the EC extract displayed an inhibition level of
50.66% as shown in Fig. 4E(e). The IC50 values were calculated
as follows: EC extract, 198.61± 1.490 mgmL−1; control, 110.93±
1.490 mg mL−1; and EC-AMIONPs, 110.08 ± 1.490 mg mL−1. The
concentration required to achieve 50% mortality is depicted in
Fig. 4E(f).

3.4.4 Anti-oxidant activity. The DPPH free radical scav-
enging assay for biosynthesized EC-AMIONPs is presented in
Fig. 4F. EC-AMIONPs exhibited the highest antioxidant activity
at a concentration of 100 mg mL−1, recording an activity of
80.75%. This was higher than the plant extract's activity of
56.34% and the control's activity of 84.24% (see Fig. 4E(g)). The
antioxidant activity increased with higher concentrations of EC-
AMIONPs. The IC50 values for BHT and EC-AMIONPs were
determined to be 39.26 ± 1.32 mg mL−1 and 37.68 ± 1.32 mg
mL−1, respectively, as shown graphically in Fig. 4F(h).
Fig. 5 Mortality percentage (a) and the IC50 value (b) of EC-AMIONPs, s

41390 | RSC Adv., 2025, 15, 41381–41399
3.5 Cytotoxicity activity

In the cytotoxicity test, A. salina was exposed to various
concentrations of EC-AMIONs, yielding impressive results
compared to normal saline water (Fig. 5). The mortality rate
ranged from 24.33% to 65.00% at concentrations of EC-
AMIONPs between 40 and 400 mg mL−1. The highest lethality
was observed with the EC extract, surpassing both the EC-
AMIONPs and the control. Notably, at a concentration of 400
mg mL−1, the mortality rate peaked at 65.00% (Fig. 5a). The IC50

values, indicating the concentration required to achieve 50%
mortality, were determined to be 95.90 ± 6.574 mg mL−1 for the
control, 155.56± 6.574 mg mL−1 for the EC extract, and 101.52±
6.574 mg mL−1 for EC-AMIONPs, as illustrated in Fig. 5b.
Overall, the study indicates that EC-AMIONPs exhibit lower
cytotoxicity against A. salina.
3.6 Anticancer activity

3.6.1 Determination of EAC cell viability. The effect of EC-
AMIONPs on EAC cell-induced cancer in mice was evaluated by
counting cells in a hemocytometer using trypan blue dye. Fig. 6a
demonstrates the anticancer activity of EC-AMIONPs across
different mouse groups in relation to cell viability. The group
treated with EC-AMIONPs exhibited signicantly reduced EAC
cell viability at 95.82 ± 2.405%, comparable to the standard
drug doxorubicin group, which had a viability of 74.27 ±

2.405%. In contrast, the affected group showed an EAC cell
viability of 132.67 ± 2.405%, similar to the EC extract-treated
group at 122.33 ± 2.405%.

3.6.2 Measurement of EAC cell growth inhibition. The bi-
osynthesized EC-AMIONPs demonstrated a signicant inhibi-
tion of EAC cell growth, as illustrated in Fig. 6b. The growth
inhibition rate for EC-AMIONPs was 89.70 ± 0.167%, compared
to 88.60 ± 0.167% for doxorubicin. In contrast, the EC extract
exhibited a lower inhibition rate of 43.87 ± 0.167%.

3.6.3 Measurement of body weight and blood glucose level.
Fig. 6c illustrates changes in body weight over a 15-day period.
Group 1 (normal control) experienced a slight increase in
weight from 33.25 ± 2.71 g to 34.75 ± 2.71 g. Groups 2–6
received EAC cell injections on day 0, leading to weight gain by
day 3, which conrmed cancer induction. Following treatment
aline water used as control, and EC extract.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The percentage of EAC cell viability (a), the percentage of EAC cell growth inhibition (b), the changes of body weight (c) and blood glucose
levels (d) of different EAC cell-induced mice groups after treatment with EC-AMIONPs compared to the standard drug and affected group.
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initiation in groups 3–6, the untreated EAC group (group 2)
continued to gain weight, reaching 53.45 ± 2.71 g by day 15.
Group 3 (treated with EC-AMIONPs) initially gained weight until
day 5 but then declined to 30.50 ± 2.71 g by day 15, similar to
the doxorubicin group. Fig. 6d presents blood glucose levels. All
groups maintained normal glucose levels on day 0. Group 1
remained stable, with levels ranging from 4.5 ± 0.92 to 4.9 ±

0.92 mmol L−1. Group 2 also showed stable glucose levels,
uctuating between 4.5 ± 0.92 and 4.9 ± 0.92 mmol L−1. Group
3's glucose peaked at 8.4± 0.92 mmol L−1 on day 7 but returned
to normal levels (4.7 ± 0.92 mmol L−1) by day 15. The doxoru-
bicin group consistently maintained normal glucose levels (4.6
± 0.92 mmol L−1) throughout the study.

3.6.4 Determination of biochemical, hematological, and
ionic parameters. Mice treated with EC-AMIONPs exhibited
nearly normal ALT levels (165 U L−1), comparable to both
normal mice (150 U L−1) and those treated with doxorubicin
(154 U L−1). In contrast, EAC mice displayed elevated ALT levels
(250 U L−1), indicating liver damage (Fig. 7a). Creatinine levels
© 2025 The Author(s). Published by the Royal Society of Chemistry
in EC-AMIONPs-treated mice were closer to normal (0.7 mg
dL−1) compared to the elevated levels found in EAC mice
(1.9 mg dL−1) (Fig. 7b). Triglyceride levels increased from 75 mg
dL−1 in normal mice to 198 mg dL−1 in EAC mice but decreased
to 85 mg dL−1 following EC-AMIONPs treatment (Fig. 7c). Total
cholesterol rose from 140 mg dL−1 to 195.5 mg dL−1 in EAC
mice, while EC-AMIONPs treatment reduced it to 173 mg dL−1,
a level similar to that seen in doxorubicin-treated mice
(180.3 mg dL−1) (Fig. 7d).

Sodium levels were signicantly lower in the affected group
(131 mmol L−1) compared to normal levels (145.2 mmol L−1),
likely due to tumor-related imbalances. However, EC-AMIONPs
treatment improved sodium levels to 141 mmol L−1 (Fig. 7e).
Chloride levels decreased in EAC mice (110.4 mmol L−1) and
doxorubicin-treated mice (111.3 mmol L−1), but EC-AMIONPs
partially restored chloride levels to 112.7 mmol L−1 (Fig. 7f).
Potassium levels were elevated in EAC mice (3.9 mmol L−1) and
even higher in EC-AMIONPs-treated mice (4.9 mmol L−1),
whereas doxorubicin-treated mice maintained levels close to
RSC Adv., 2025, 15, 41381–41399 | 41391
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Fig. 7 The alanine aminotransferase (ALT) level (a), total creatinine level (b), triglycerides level (c), total cholesterol level (d), sodium level (e),
chloride level (f), total potassium level (g), calcium level (h), red blood cell (RBC) count (i), white blood cell (WBC) count (j), percentage of Hb level
(k), after treatment with EC-AMIONPs compared to the standard drug and affected group.
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normal (∼4.2 mmol L−1) (Fig. 7g). Serum calcium levels drop-
ped in EACmice (2.44 mmol L−1) but were restored to 3.1 mmol
L−1 with EC-AMIONPs treatment, indicating protective effects
(Fig. 7h).

In the EAC control group, the RBC count signicantly
decreased to 45.5 × 109 mL−1 from 211 × 109 mL−1 in the
normal group, suggesting tumor-induced anemia (Fig. 7i).
Treatment with EC-AMIONPs improved the RBC count to 204 ×
41392 | RSC Adv., 2025, 15, 41381–41399
109 mL−1, which is comparable to the count in the doxorubicin
group (201 × 109 mL−1). The EAC group also exhibited marked
leukocytosis, with WBC counts rising to 141 × 106 mL−1

compared to 10 × 106 mL−1 in normal mice (Fig. 7j). EC-
AMIONPs treatment moderately restored WBC levels to 45 ×

106 mL−1, similar to the doxorubicin group (50 × 106 mL−1).
Hemoglobin levels fell to 7.1 g dL−1 in the affected group but
were signicantly increased to 11.7 g dL−1 with EC-AMIONPs
© 2025 The Author(s). Published by the Royal Society of Chemistry
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treatment, approaching the normal level of 12.2 g dL−1 (Fig. 7k).
This highlights the potential of EC-AMIONPs to alleviate
anemia and support hematopoiesis.

3.6.5 Histological analysis. The kidney sections from EAC
cell-induced mice exhibited glomerular atrophy, tubular
degeneration, and inammatory inltration, indicating renal
impairment due to tumor burden (Fig. 8a.B). A similar pattern
was observed in the EC-extract treated mice (Fig. 8a.D)
compared to the normal group (Fig. 8a.A). In contrast, the EC-
AMIONPs-treated group (Fig. 8a.C) showed well-preserved
glomerular and tubular structures, with signicantly reduced
necrosis and inammation. Comparable results were noted in
both the DOX-treated group (Fig. 8a.E) and the EC-AMIONPs-
DOX-treated group (Fig. 8a.F), suggesting a reno-protective
effect of EC-AMIONPs. In the intestinal analysis, EAC cell-
induced mice displayed signicant villous atrophy, crypt
degeneration, and epithelial erosion, indicating tumor-induced
intestinal damage (Fig. 8b.B). Conversely, both the EC-
AMIONPs-treated group (Fig. 8b.C) and the EC-AMIONPs-DOX-
Fig. 8 Histological analysis of Swiss albino mice: (A) normal group; (B) a
group; (E) doxorubicin treated group; (F) EC-AMOINPs-DOX treated g
architecture with reduced tubular degeneration and inflammation (i, v, x
regeneration with reduced epithelial damage and inflammation (ii, vi, xi,
degeneration, decreased inflammatory infiltration, and partial restoration
showed reduced tumour infiltration, decreased inflammatory cell infiltrati
xxv).

© 2025 The Author(s). Published by the Royal Society of Chemistry
treated group (Fig. 8b.F) showed well-preserved intestinal
mucosa, improved villous integrity, reduced crypt damage, and
restored epithelial lining, demonstrating strong protective and
reparative potential. The DOX-treated group (Fig. 8b.E) also
exhibited a mucosal structure similar to that of the normal
group (Fig. 8b.A), while the EC-extract treated group (Fig. 8b.D)
showed no mucosal recovery, with only mild epithelial refor-
mation. Histological examination of the liver tissue in EAC cell-
induced mice revealed severe hepatocellular degeneration,
central vein congestion, inammatory cell inltration, and focal
necrosis, indicating hepatic damage due to tumor progression
(Fig. 8c.B). The EC-extract treated group (Fig. 8c.D) showedmild
improvement, with partial reductions in necrosis and inam-
mation. In contrast, the DOX-treated group (Fig. 8c.E) exhibited
hepatocellular vacuolation, sinusoidal dilation, and hepatocyte
necrosis, consistent with DOX-induced hepatotoxicity. The EC-
AMIONPs-DOX-treated group (Fig. 8c.F) displayed a similar liver
tissue structure due to the presence of doxorubicin. Notably, the
EC-AMIONPs-treated group (Fig. 8c.C) demonstrated improved
ffected group; (C) EC-AMOINPs treated group; (D) EC-extract treated
roup. Treated kidney tissue (a) showed partial restoration of normal
, xiv, xvii and xxii). Treated intestinal tissue (b) showed partial mucosal
xv, xix and xxiii). Treated liver tissue (c) exhibited reduced hepatocyte
of normal architecture (iii, vii, xii, xvi, xx and xxiv). Treated lung tissue (d)
on, and partial restoration of alveolar architecture (iv, viii, xiii, xvii, xxi and
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liver architecture with minimal necrotic changes, reduced
inammatory inltration, and preserved hepatocyte
morphology compared to the normal group (Fig. 8c.A), which
showed polygonal hepatocytes arranged in uniform cords
around the central vein with no visible lesions, suggesting
effective hepatoprotection. Histological examination of lung
tissues in the normal group displayed clearly dened alveolar
spaces (Fig. 8d.A). In contrast, the affected group showed alve-
olar thickening, congestion, and inammatory cell inltration,
indicating tumor-associated pulmonary damage (Fig. 8d.B).
However, the EC-AMIONPs group (Fig. 8d.C) exhibited largely
intact lung architecture, with reduced congestion and minimal
inammatory cell inltration. Similar results were observed in
the doxorubicin-treated group (Fig. 8d.E) and the EC-AMIONPs-
DOX-treated group (Fig. 8d.F), which demonstrated the most
signicant improvement in lung morphology. The EC-extract
treated group (Fig. 8d.D) displayed moderate recovery with
a partial reduction in inammatory inltration.

4. Discussion

Nanobiotechnology holds considerable promise for the eld of
medicine, particularly through the utilization of super-
paramagnetic iron oxide nanoparticles (SPIONs). The precise
synthesis of these nanoparticles, achieved through controlled
co-precipitation of Fe(II) and Fe(III) at elevated temperatures,
optimizes their size, dispersibility, and surface characteristics,
thereby enhancing their in vivo performance, including bi-
odistribution and pharmacokinetics. While conventional
physical and chemical synthesis methods can be expensive and
environmentally detrimental, biological approaches that
employ plant materials offer a simpler, faster, eco-friendly, and
non-toxic alternative. These methods result in stable nano-
particles with a high surface area, rendering them suitable for
medical applications.58,59 Consequently, this research utilized
both chemical and biological methods to synthesize iron oxide
nanoparticles using E. cardamomum and evaluated their bio-
logical applications.

Following the synthesis of the nanoparticles, conrmation
and characterization are critical steps. A color change from light
red to dark red signies the formation of iron oxide nano-
particles. This observation is further validated by UV-visible
spectroscopy, which displays a strong absorption peak within
the range of 219 to 275 nm, aligning with the typical UV
absorption spectrum of 200–300 nm for green-synthesized iron
oxide nanoparticles.60 FTIR analysis substantiates the forma-
tion of iron oxide nanoparticles, as evidenced by a prominent
Fe–O peak at 570–580 cm−1, which is slightly reduced due to
organic coating. Additionally, a Si–O peak at 1138 cm−1 indi-
cates a core–shell structure and successful salinization. The
presence of ATPMS propyl groups is conrmed by the C–H peak
at 2924 cm−1. Shis observed at 3408 cm−1 (N–H, O–H) suggest
hydrogen bonding, while a peak at 1650 cm−1 (CONH) signies
amide linkage with E. cardamomum biomolecules, corrobo-
rating ndings from previous studies.61,62 The size of the
synthesized EC-AMIONPs was conrmed to be 10.23 nm
through SEM analysis, with a prior study reporting similarly
41394 | RSC Adv., 2025, 15, 41381–41399
sized green-synthesized iron oxide nanoparticles at 12.61 nm.62

XRD analysis determined the size of AMIONPs to be 14.48 nm
using the Debye–Scherrer equation, which closely aligns with
the SEM results. In contrast, Karpagavinayagam et al. (2018)
reported Fe NPs measuring 45.09 nm utilizing marine ower
extract.63 The XRD peaks of EC-AMIONPs exhibited an amor-
phous state, akin to previously synthesized particles, lacking
distinct peaks that would indicate impurities. EDX analysis
conrmed the purity of the synthesized EC-AMIONPs, revealing
an iron content of 43.40%. Thermal stability, assessed through
TGA, indicated a 40% weight loss at 800 °C, primarily attributed
to the evaporation of absorbed water. The stable weight
observed thereaer reects good thermal stability, rendering
them suitable for applications in animal models.64 The
magnetic properties of EC-AMIONPs, analyzed using a vibrating
sample magnetometer, conrmed their paramagnetic nature,
making them ideal for biomedical applications.65

Preliminary phytochemical analysis of EC-AMIONPs indi-
cated the presence of alkaloids, steroids, tannins, and terpe-
noids. Cardamom oil, extracted through steam distillation and
Soxhlet extraction, demonstrated positive results for carbohy-
drates, proteins, steroids, glycosides, alkaloids, and terpenoids.
These secondary metabolites are recognized for their diverse
biological and therapeutic benets.66–69

EC-AMIONPs exhibited strong antibacterial and antibiolm
activity against multidrug-resistant Gram-positive and Gram-
negative bacteria, exceeding the effectiveness of the control
drug, clarithromycin. The APTMS –NH2 groups facilitate effi-
cient cardamom loading, enhancing nanoparticle stability and
bioavailability, while functionalized nanoparticles improve
antibacterial activity via reactive oxygen species (ROS) and
phytochemicals.70–73 In contrast, the E. cardamomum extract
alone exhibited weaker activity, consistent with previous reports
attributing its efficacy to phenolic and terpenoid compounds
capable of disrupting bacterial membranes and metabolic
enzymes; however its effectiveness may vary with concentration,
solvent, and phytochemical content.74 Previous studies indi-
cated that uncoated IONPs exhibited stronger antibacterial
activity than cardamom extract due to ROS generation and Fe2+/
Fe3+-induced oxidative stress, leading to bacterial membrane
damage.72,75 Therefore, the enhanced antibacterial effect of EC-
AMIONPs is attributed to bioactive compounds (phenolic
compounds, avonoids, and terpenoids) in the extract, which
stabilize and cap the AMIONPs, thereby increasing their thera-
peutic potential.34 The DPPH assay assessed the antioxidant
activity of EC-AMIONPs, revealing a strong inhibition rate of
80.75 ± 0.44% with an IC50 of 37.68 mg mL−1, signicantly
higher than 56.34% observed for the EC extract. This increased
activity is likely due to the bioactive compounds from E. car-
damomum that have been functionalized with AMIONPs,
allowing for stable phytochemical release. Previous studies also
support the strong antioxidant potential of plant-based iron
oxide nanoparticles.76

The anti-inammatory activity of EC-AMIONPs was evalu-
ated through albumin denaturation, proteinase inhibition, and
human red blood cell (HRBC) membrane stabilization assays,
yielding effectiveness rates of 76.92%, 73.36%, and 78.85%,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively, at a concentration of 200 mg mL−1. These ndings
demonstrate a strong anti-inammatory potential that oen
matches or exceeds that of diclofenac sodium. Compared to the
plant extract alone, EC-AMIONPs exhibited superior effects.
Their nanoparticle-based structure, combined with bioactive
compounds from E. cardamomum, enhances bioavailability,
facilitates targeted delivery, and promotes sustained release,
positioning them as a promising and safer alternative for anti-
inammatory therapy.77–79

The cytotoxicity of EC-AMIONPs was assessed using the
Artemia salina lethality assay, revealing a dose-dependent
increase in mortality from 24.33% to 65.00% at concentra-
tions ranging from 40 to 400 mg mL−1. The LC50 was determined
to be 101.52 ± 6.57 mg mL−1, indicating relatively low toxicity
compared to the control. This suggests that EC-AMIONPs are
safer than the E. cardamomum extract alone, supporting their
potential as a bioactive yet less toxic alternative, consistent with
previous ndings.80,81 Overall characterization conrmed that
the synthesized particles were indeed EC-AMIONPs, which
exhibit multiple applications, including antioxidant, antibac-
terial, antibiolm, anti-inammatory activities, and
cytotoxicity.

The biosynthesized EC-AMIONPs demonstrated signicant
anticancer effects by inhibiting EAC cell growth in mice. At
a dosage of 0.2 mg kg−1 day−1, they reduced cell viability by
95.82 ± 0.98%, outperforming control treatments. At 0.1 mg
kg−1, they achieved an 85.8 ± 0.37% inhibition, comparable to
doxorubicin's 88.73 ± 0.37%. Additionally, EC-AMIONPs
reduced cholesterol and triglyceride levels, restored near-
normal ALT and creatinine levels, and improved electrolyte
balance by normalizing sodium, calcium, potassium, and
chloride levels. Hematological assessments revealed increased
RBC count and restoredWBC and hemoglobin levels, indicating
a reversal of tumor-induced anemia and providing immune
support. Histologically, EC-AMIONPs preserved the architecture
of liver, kidney, lung, and intestinal tissues, demonstrating
protective effects against tumor-induced damage and suggest-
ing signicant renal and pulmonary protective benets. The
nanoparticles generate ROS and, in conjunction with
cardamom phytochemicals (avonoids, terpenoids, phenolic
acids), induce oxidative stress and mitochondrial dysfunction.
The APTMS coating enhances stability and sustained release,
collectively triggering apoptosis, autophagy, and cell cycle arrest
to inhibit cancer cell proliferation.82–84 Parameters such as
serum biochemical analysis, ionic analysis, hematological
analysis, and histopathological analysis were conducted to
conrm the anticancer activity of EC-AMIONPs. The results of
EC-AMIONPs indicate that EC-AMIONPs may serve as a poten-
tial therapeutic agent with substantial effects on metabolic
disturbances, organ protection, and hematological restoration
in cancer-induced mice. The functional coatings on nano-
particles not only enhance their ROS-mediated cytotoxicity,
colloidal stability, and biocompatibility but also allow for
controlled interactions with biological targets, improving
specicity and efficacy, with potential for future theragnostic
applications.73,85–87
© 2025 The Author(s). Published by the Royal Society of Chemistry
5. Conclusion

The present study demonstrates the synthesis of iron oxide
nanoparticles through a co-precipitation method integrated
with a biological approach, which is characterized as simple,
cost-effective, and environmentally friendly. The extract of E.
cardamomum functioned as both a stabilizing and reducing
agent, while APTMS was employed to modify the surface of the
iron nanoparticles. Characterization techniques—including
UV-vis, FTIR, SEM, XRD, TGA, and VSM—conrmed the nano-
particles' spherical morphology, functional groups, thermal
stability, and magnetic properties. The analysis revealed the
presence of phytochemicals such as steroids, terpenoids, alka-
loids, tannins, and phenols. The EC-AMIONPs exhibited
enhanced biological activities, including cytotoxicity, antibac-
terial, antioxidant, anti-inammatory, and antitumor effects, in
comparison to the seed extract. The brine shrimp assay
substantiated the cytotoxicity, while antibacterial assessments
demonstrated efficacy against various pathogens. In vivo studies
indicated anticancer potential and improvements in biochem-
ical and histological parameters inmice. These ndings suggest
that EC-AMIONPs hold signicant promise for therapeutic
applications; however, further research is necessary.
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