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Abstract

This study aims to develop and evaluate Glycyrrhiza glabra-based magnesium oxide/iron oxide nanocomposite (NC) func-
tionalized with chitosan and curcumin to enhance therapeutic efficacy against lung cancer and oxidative stress. This is the
first report integrating G. glabra extract with chitosan and curcumin functionalization into a MgO/Fe,O; nanocomposite for
enhanced antioxidant and anticancer effects. The developed nanocomposite demonstrated strong biocompatibility and in vitro
therapeutic efficacy, as evidenced by low cytotoxicity in normal cells and significant inhibitory effects against A549 lung
cancer cells. In this study, bioactive phytochemical-loaded G. glabra extract was used as a green capping and reducing agent
to synthesize MgO/Fe,0; NC. The nanomaterials were also functionalized with curcumin and chitosan to promote stability,
bioavailability, and site-specific pharmacological activity. The synthesis process was carried out under green conditions, in
which the nanocomposite was characterized using FTIR, UV—-Vis spectroscopy, EDX analysis, zeta potential analysis, HR-
TEM, and XRD. The antioxidant potential was assessed through the DPPH free radical scavenging activity, whereby MgO/
Fe,03—chitosan—curcumin NCs yielded the maximum inhibition of free radicals (IC5,=0.0977 mg/mL) when compared to
other nanomaterials. Antimicrobial activity was assessed against Gram-negative and Gram-positive bacteria, wherein MgO/
Fe,0; NC showed moderate activity, and chitosan and curcumin functionalization reduced this to some extent by possibly
controlled release behavior or protection of active sites. Cytotoxicity against A549 human lung cancer cells showed strong
inhibition by the MgO/Fe,0;—chitosan—curcumin NC (IC5,=10 pg/mL), confirmed by changes in morphology in accord-
ance with apoptosis. In addition, in silico ADME simulation suggested favorable bioavailability and low toxicity, which is an
indicator of the therapeutic potential of these NCs. To the best of our knowledge, this is the first report on G. glabra-mediated
green synthesis with dual functionalization of chitosan and curcumin in a MgO/Fe,O; nanocomposite. The formulation has
synergistic antioxidant and anticancer activity with vast potential in lung cancer therapy. As a whole, the findings address the
dual antioxidant and anticancer properties of G. glabra-derived MgO/Fe,O;—chitosan—curcumin NC and their green potential
as agents in the treatment of lung cancer. In vivo studies are recommended to confirm efficacy and safety.
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ICy Half-maximal inhibitory concentration

MgO Magnesium oxide

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide

NC Nanocomposite

NPs Nanoparticles

SEM Scanning electron microscopy

UV-Vis  Ultraviolet—visible spectroscopy

XRD X-ray diffraction

Introduction

Natural plants have gained enormous scientific attention due
to their rich content of bioactive molecules and their sustain-
able and safe use in traditional medications. Due to their
multifaceted applications, these plants are progressively
required in several industries, including medicine, food, cos-
metics, and pharmaceuticals. The Fabaceae family’s Glycyr-
rhiza glabra (Licorice) has been highly valued for hundreds
of years as a result of its medicinally useful properties. It is
a gold mine for phytochemicals such as glabrin A and B,
isoflavones, 18f-glycyrrhetinic acid, and glycyrrhizin with
reported antibacterial, antiviral, antioxidant, anti-inflamma-
tory, and anti-diabetic activity [1]. G. glabra root has also
been used in the form of extract, which is a highly regular
drink, and tooth powder [2]. It is commercially used in the
production of sweeteners and flavoring [3]. Furthermore,
Licorice is also nutritionally robust and consists of proteins,
amino acids, trace elements like zinc, iron, and selenium,
and bioactive compounds like flavonoids and saponins,
thereby being therapeutically heterogeneous [4, 5].
Nanotechnology transformed modern science and brought
innovations to a variety of branches, ranging from medicine
to energy and material science. Due to their large surface
area-to-volume ratio, nanoparticles (NPs) possess dramatic
physicochemical characteristics that render them highly use-
ful in a wide variety of applications, especially antibacterial
and anticancer therapy [6]. Among NPs, metal oxide varie-
ties such as MgO and Fe,Oj; stand out due to their stability,
biocompatibility, and tunable functionalities [7]. These NPs
have shown exceptional promise in targeted drug delivery
systems, enabling selective binding to tumor receptors and
facilitating controlled release of therapeutic agents [8, 9].
Green nanotechnology is a sustainable and eco-friendly
method for the synthesis of NPs. Plant extracts are utilized
in the synthesis of NPs, which is an integral part of this
strategy as it minimizes the use of harmful chemicals and
energy-requiring methods. Plant-assisted synthesis exploits
phytochemicals in natural extracts to reduce and stabilize
metal ions, and create NPs that are enhanced in bioactiv-
ity and biocompatibility [10—13]. Glycyrrhiza species have
been successfully utilized in NPs synthesis. G. uralensis,
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for instance, was utilized to synthesize manganese oxide
NPs with anticancer properties [14], and G. glabra extract
has made it possible to synthesize iron oxide NPs, improv-
ing biofortification of crops [15-18]. The findings indicate
that Glycyrrhiza-mediated NPs’ diversity of applications
has been exemplified in biomedical and agricultural fields.
Another cornerstone of this work is curcumin, a bioactive
turmeric-derived molecule.

Widely known for its extensive anti-inflammatory, anti-
oxidant, and anticancer properties, curcumin has been an
integral component of traditional medicine [19].

However, its therapeutic ability has also been signifi-
cantly enhanced by the development of nanobiotechnology.
Curcumin-loaded nanoparticles show increased solubility,
stability, and bioavailability and are therefore of the highest
importance for the treatment of a variety of diseases [20].
Curcumin-functionalized metal NPs have further enhanced
the efficacy of curcumin by allowing improved drug deliv-
ery and targeted killing of cancer cells. For example, gold
NP-conjugated curcumin displayed great cytotoxic activity
against prostate cancer cells [21, 22], while polymeric NPs
of curcumin have been able to permeate the blood—brain bar-
rier and have been shown to be promising brain cancer treat-
ments [23]. Although extensive research work has been con-
ducted on the isolated use of Glycyrrhiza glabra, curcumin,
and metal oxide nanoparticles, it is a significant unknown
so far to comprehend their synergistic activity when blended
into a single combined nanocomposite system. Most of
the work performed so far is confined to isolated species,
ignoring the increased therapeutic effectiveness that would
be achieved through their combination. Overcoming this
shortcoming, this work attempts to synthesize and compre-
hensively characterize a novel G. glabra-mediated MgO/
Fe,O; chitosan- and curcumin-functionalized nanocompos-
ite. In one nanoformulation, such multifunctional therapeutic
functionalities as antioxidant, antibacterial, and anticancer,
particularly for targeted lung cancer therapy, are designed.

To our knowledge, this is the first such report that
employs a plant-mediated green synthesis of G. glabra in
combination with dual biopolymer and phytochemical func-
tionalization in a MgO/Fe, 05 matrix. This three-component
strategy generates double therapeutic impact, low-cost, scal-
able, improved biocompatibility, nontoxic material, and eco-
friendly synthesis, a very encouraging advancement in green
nanomedicine.

Materials and methods
Reagents and chemicals

All chemicals and reagents used in this study were of ana-
lytical grade and used without further purification unless
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otherwise stated. Dried G. glabra root powder was obtained
from a local market in Mansoura, Egypt. Magnesium sulfate
(MgSO,, >98%), ferric sulfate (Fe,(SO,);, >98%), chitosan
(medium molecular weight, >75% deacetylated), curcumin
(>94% purity), ethanol (analytical grade, 80%), dimethyl
sulfoxide (DMSO, >99.9%), and all other solvents were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Cell cul-
ture reagents including Dulbecco’s Modified Eagle Medium
(DMEM, Cat# 11965092), fetal bovine serum (FBS, Cat#
16000044), penicillin—streptomycin (100 U/mL and 100 pg/
mL, Cat# 15140122), and MTT reagent (Cat# M6494) were
procured from Thermo Fisher Scientific (Waltham, MA,
USA). Ultrapure deionized water was used throughout all
experiments.

Preparation of G. glabra extract

Dry roots of G. glabra were purchased from Mansoura local
herbal market, Egypt (Latitude: 31.0364° N, Longitude:
31.3807°E). Plant material was taxonomically authenti-
cated and certified by a plant taxonomist, Faculty of Sci-
ence, Botany Department, Mansoura University. 10 g of the
dried root material was carefully weighed and transferred
into a 250 mL conical flask. 100 mL of 80% (v/v) ethanol
prepared from analytical grade ethanol and deionized water
was added. The flask was placed in a water bath shaker and
continuously agitated at 200 rpm at 25+2 °C for 2 h for
the extraction of phytochemicals. After agitation, the mix-
ture was allowed to stand overnight (approximately 16 h) at
room temperature for maximum extraction yield. The mix-
ture was then filtered to remove the residual plant materials.
The resulting filtrate was collected and stored in amber glass
bottles to protect it from light degradation and refrigerated at
5 °C until further use in synthesis and analysis [24].

Green synthesis of nanomaterials
Green synthesis of MgO/Fe,0; NC

MgO/Fe,0; NC green synthesis was performed using an
eco-friendly, sustainable approach based on the utilization
of G. glabra extract as a capping and reducing agent. Mag-
nesium sulfate (0.1 M, 50 mL) and ferric sulfate (0.1 M,
50 mL) stock solutions were also separately prepared by
dissolution of respective salts in deionized water under stir-
ring until complete dissolution. 50 mL of G. glabra extract
(16.42 mg/mL) was added dropwise to a stirred solution of
magnesium sulfate solution under constant stirring at 25 °C.
Next, another 50 mL aliquot of G. glabra extract was also
added dropwise to the ferric sulfate solution while stirring
continuously. The plant extract acted both as a reducing
agent, facilitating the reduction of metal ions (Ag* and Fe**)
to metallic NPs (Mg and Fe NPs), and as a capping agent,

stabilizing the NPs formed. Both mixtures were then heated
to 60 °C gradually and stirred for 1 h continuously, until a
clear color change was noticed in both mixtures owing to
the metal NPs formation. After NPs formation, the solution
of magnesium NPs was added slowly portion-wise to ferric
oxide NPs suspension under strong stirring to initiate MgO/
Fe,0; NC formation. The pH of the mixture was adjusted
carefully to 8.5 by adding 0.1 M sodium hydroxide (NaOH)
solution to obtain stabilized NC. The resulting mixture was
stirred further for 3 h at 60 °C for complete interaction and
composite structure formation. To favor the NC formation
and prevent agglomeration, the suspension was sonicated for
1 h at 60 °C using an ultrasonic bath [25]. Solid NPs were
recovered after synthesis by centrifugation at 10,000 rpm
for 15 min, washed repeatedly with 80% ethanol to remove
residual impurities and unreacted precursors, and dried in an
oven at 60 °C for 24 h. Dried NC powder was then further
characterized by FTIR, SEM, EDX, and XRD analyses.

Preparation of MgO/Fe,0;/Chitosan NC

A solution of chitosan was prepared by dissolving chi-
tosan powder of concentration 1% w/v in 1% (v/v) ace-
tic acid solution under continuous stirring at room tem-
perature until a homogeneous and clear solution was
obtained. 100 mg of prepared MgO/Fe,0; NC was gradu-
ally added to the solution of chitosan under vigorous stir-
ring to achieve uniform dispersion of NPs in the polymer
matrix. The resulting mixture was stirred at 60 °C for 2 h
to obtain effective interaction and bonding between the
polymer chains of chitosan and NPs. It also serves to coat
NPs with chitosan to increase stability and biocompat-
ibility. The suspension was centrifuged following stirring
at 10,000 rpm for 15 min to separate the solid NC from
the supernatant. The solid was then extensively rinsed a
number of times using 70% ethanol to desorb any loosely
bound chitosan or remaining impurities. The clean NC was
then dried in a hot air oven at 60 °C for 24 h to obtain a dry
powder for later use and characterization [26].

Preparation of MgO/Fe,0;—chitosan NC-curcumin

Curcumin (5 mg/mL in ethanol) was subsequently added
to the previously dispersed MgO/Fe,O;—chitosan NC sus-
pension under stirring conditions (~25 °C). The mixture
was stirred for 3 h to permit curcumin molecules to adsorb
onto and incorporate within the NC matrix effectively. The
mixture, after the stirring period, was sonicated for 2 h at
60 °C using an ultrasonic bath to enhance even dispersion
of curcumin into the NC, prevent aggregation, and enhance
final curcumin-loaded NC stability [27].
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Chemical characterization of NC

A series of complementary analytical instruments ana-
lyzed the synthesized MgO/Fe203 NC and the derived
nanomaterials to confirm their structure, morphology, and
chemical composition. UV-Visible spectroscopy (Shi-
madzu UV-2600, Kyoto, Japan) was first used to monitor
the optical characteristics and evolution of the NC. Absorp-
tion spectra between the 200-800 nm wavelength range
were recorded, with metal oxide nanoparticle characteristic
peaks. Fourier Transform Infrared (FTIR) (Waltham, MA,
USA) spectroscopy was performed to identify the functional
groups accountable for the reduction and capping process
and to identify the presence of chitosan and curcumin on
the NC surface. Energy Dispersive X-ray (EDX) (Billerica,
MA, USA) spectroscopy coupled with Scanning Electron
Microscopy (SEM) was employed for the examination of
the surface topography and morphology of NC. The samples
were drop-cast from suspensions of the NPs on conductive
substrates and subsequently covered with a thin layer of gold
for conductivity enhancement. Imaging was performed at
various magnifications using a SEM device (JEOL JSM-
6510LV, JEOL Ltd., Tokyo, Japan) with a typical accelerat-
ing voltage of 10-20 kV [28]. HR-TEM (JEOL JEM-2100,
JEOL Ltd., Tokyo, Japan) was applied to analyze the size,
shape, and morphology of the NPs at the nanoscale. Samples
were prepared by suspending nanoparticle suspensions drops
onto carbon-coated copper grids, enabling the visualization
of their nanoscale structures in detail. X-ray Diffraction
(XRD) (Billerica, MA, USA) analysis ultimately confirmed
the crystallinity as well as phase purity of the NC. Using
Cu Ka radiation (4= 1.5406 /0\), diffraction patterns were
recorded in a 20 range of 10°-80° and compared with stand-
ard reference data to identify the crystalline phases formed.
Measurements of zeta potential were made to assess the col-
loidal stability and charge on the surface, which are crucial
in forecasting the dispersion behavior and stability of the NC
in water under aqueous conditions that are essential to their
biological applications [29, 30].

Phytochemical analysis

The total phenolic content of the plant extract and synthe-
sized nanomaterials was determined using the Folin-Cio-
calteu (F-C) assay [31, 32]. This method treated the extract
and nanomaterials with Folin-Ciocalteu reagent, forming a
blue-colored complex. The intensity of this color, indica-
tive of phenolic concentration, was measured using a spec-
trophotometer. The phenolic content was quantified using a
gallic acid standard curve (y=0.0062x, R’= 0.987). The alu-
minum chloride colorimetric method was employed to assess
the total flavonoid content [33, 34]. The reaction between
aluminum chloride and flavonoids generates a red-colored
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complex, the intensity of which was also measured spec-
trophotometrically. The flavonoid content was expressed as
milligrams of catechin equivalents per gram of dry weight,
with calculations derived from a catechin calibration curve
(y=0.0028x, R’ =0.988).

Antioxidant activity assessment

The antioxidant activity of the plant extract and synthe-
sized nanomaterials was evaluated using the DPPH radi-
cal scavenging assay [35-38], with ascorbic acid serving
as the reference standard. Samples were serially diluted in
methanol, and each dilution was combined with a 0.135 mM
solution of DPPH. The mixtures were incubated in the dark
for 30 min to allow the reaction to proceed. Following incu-
bation, the absorbance was recorded at 517 nm using a spec-
trophotometer. The percentage of remaining DPPH radicals
was calculated using the formula (Eq. 1):

% DPPH radical remaining = ([DPPH]t /[DPPH]0) x 100
ey
The correlation between the percentage of DPPH radical
remaining and the sample concentration was analyzed by
plotting the data on an exponential curve. From this, the
ICy, value was calculated, representing the concentration
needed to inhibit 50% of DPPH radicals. A lower ICs, value
signifies stronger antioxidant activity.

Antibacterial activity assessment
Bacterial species

The antibacterial activity was evaluated against a panel of
bacterial strains, including Gram-negative species: Escheri-
chia coli (ATCC 25922), Salmonella typhimurium (ATCC
14028), and Klebsiella pneumoniae (ATCC 13883), as well
as Gram-positive species: Bacillus subtilis (ATCC 6051),
Bacillus cereus (ATCC 14579), and Staphylococcus aureus
(ATCC 29213).

Agar well diffusion method

The agar well diffusion method was employed to assess the
antibacterial activity of the nanomaterials. The microbial
inoculum is evenly spread across the agar plate surface [39].
A sterile cork borer or tip creates an 8 mm diameter well in
the agar. A 100 puL volume of the solution at the desired con-
centration is added to the well. The agar plates are incubated
under optimal conditions for the test microorganism. The
antibacterial agent diffuses through the agar medium, inhib-
iting the growth of the tested microbial strain. All nanocom-
posites and the plant extract’s stock solutions were prepared
fresh. Powders of G. glabra extract and the synthesized
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nanocomposites were taken and dissolved in sterile distilled
water in known concentrations: G. glabra extract (16.42 mg/
mL), MgO/Fe,O; NC (12.32 mg/mL), MgO/Fe,0O;—chitosan
NC (8.76 mg/mL), and MgO/Fe,0;—chitosan—curcumin
NC (11.14 mg/mL). Standard antibiotic Azithromycin was
applied as a positive control at a concentration of 2 mg/mL.
All solutions were vortexed and sonicated for 10—15 min for
complete dissolution and homogeneity. Preparations were
used freshly in the agar well diffusion assay for the evalua-
tion of antibacterial activity against selected Gram-positive
and Gram-negative bacterial strains.

Anticancer activity assessment
Modifying cell cultures and treatment

Human cell lines A549 and WI-38 (ATCC, Manassas, VA,
USA) were cultivated at 37 °C in a humidified 5% CO,
atmosphere in DMEM (Dulbecco’s Modified Eagle Medium,
Cat# 11965092, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% FBS (Fetal Bovine Serum,
Cat# 16000044, Thermo Fisher Scientific) and antibiot-
ics (100 U/mL Penicillin, 100 pg/mL Streptomycin, Cat#
15140122, Thermo Fisher Scientific). Cells utilized in
40-50% of tests were subcultured at 80-90% confluency.
The morphological examination was done at 24 and 48 h;
however, the treatments were given for 48 h. Drug concen-
trations were calculated according to half-maximal inhibi-
tory concentrations (ICsy/2) [40].

Cell survival assessment

The MTT test (Cat# M6494, Thermo Fisher Scientific)
measured cell viability [41]. A549 and WI-38 cells were
cultivated in 96-well plates (Cat# 3599, Corning, Corning,
NY, USA) and exposed to different doses of chitosan (Cat#
448877, Sigma-Aldrich) and curcumin (Cat# C1386, Sigma-
Aldrich, St. Louis, MO, USA) for 48 h. After adding the
MTT reagent, formazan crystals were dissolved in DMSO
(Dimethyl Sulfoxide, Cat# D8418, Sigma-Aldrich). Cell
viability was estimated in comparison with untreated con-
trols using a microplate reader (SpectraMax M5, Molecular
Devices, San Jose, CA, USA) to detect absorbance at 570
nm. GraphPad Prism 9.5.3 (GraphPad Software, San Diego,
CA, USA) was used to calculate ICy values.

Determining the efficacy of drug combinations
index (Cl)

The combined effects of the drugs were assessed using the
Chou-Talalay method with CompuSyn software. This analy-
sis determined if the drugs worked better together (synergy),
worse together (antagonism), or independently (additive).

The dose reduction index (DRI,) was calculated to measure
how much the dosage of each drug could be lowered when
combined without losing effectiveness [42].

ADME predictions

Computational techniques were used to evaluate the com-
pound’s absorption and dispersion characteristics. The Swis-
sADME function in the BIOVIA Discovery Studio program
was used to compute the lipophilicity (LogP) essential for
comprehending the compound’s absorption capacities.
Additionally, SwissADME forecasted water solubility,
which directly affected the compound’s absorption in the
gastrointestinal system and helped assess its solubility in
watery conditions. SwissADME provided information on
the compound’s absorption efficiency after consumption by
subjectively evaluating the potential for gastrointestinal (GI)
absorption as high, moderate, or low. SwissADME was also
utilized to estimate the compound’s capacity to penetrate the
brain by predicting blood—brain barrier (BBB) permeability.
AdmetSAR was used to forecast metabolism and toxicity
(admetSAR-2.0; http://Immd.ecust.edu.cn/admetsar2), which
revealed information on the compound’s metabolic stability
in the liver and possible genotoxicity, which indicates the
possibility of generating genetic mutations [43].

Statistical analysis

All of the results are expressed as mean value + standard
deviation (SD), and all experiments were performed in tripli-
cate to ensure reproducibility. Statistical analyses were con-
ducted using GraphPad Prism version 9.5.3 (GraphPad Soft-
ware, San Diego, CA, USA). Differences between multiple
groups were evaluated using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test or Student’s
t-test as appropriate. A p-value less than 0.05 (p <0.05) was
considered statistically significant. Dose-response curves
were fitted using nonlinear regression to calculate ICs, val-
ues for antioxidant and cytotoxicity assays.

Results and discussion

Plausible mechanism of formation of NC

Mechanism of formation of MgO/Fe,0; NC

The green synthesis of MgO/Fe,O; NC involves a multi-
faceted collaboration of chemical and biological processes
(Fig. 1). Magnesium sulfate and ferric sulfate dissolve in
aqueous solution, releasing Mg?* and Fe®* ions. Simultane-

ously, bioactive polyphenols and flavonoids, such as Caffeic
acid and liquiritigenin, are extracted from G glabra [44].

@ Springer
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Fig. 1 The proposed mechanism for the formation of MgO/Fe,O; NC. All chemical species and stages are labeled for clarity

These phytochemicals act as both reducing and capping
agents. The reducing agents donate electrons to the metal
ions, reducing them to their elemental forms (Fez+, Fe”,
and Mg?) [45]. Subsequently, these reduced metal atoms
aggregate and form nuclei, which serve as seeds for further
growth [46]. The formed metal NPs are then oxidized by
oxygen in the solution, forming MgO and Fe,O; NPs [47].
The phytochemicals also act as capping agents, adsorbing
onto the surface of the NPs, preventing further growth and
agglomeration [48]. This stabilization process controls the
size and shape of the NPs. The final product is a composite
material comprising MgO and Fe,O; NPs, whose properties
are influenced by reactant concentrations, reaction tempera-
ture, and the specific phytochemicals in the extract.

Possible interactions between MgO/Fe,0; NC
and chitosan

The interaction between MgO/Fe,0; NC and chitosan leads
to NC with enhanced properties. Electrostatic interactions
between NC’s charged surface and chitosan’s positively
charged amino groups contribute to adsorption and com-
posite formation [49]. Hydrogen bonding between hydroxyl
groups in chitosan and oxygen atoms in the NPs further sta-
bilizes the composite [50]. Additionally, coordination bond-
ing between metal ions in NC and functional groups in chi-
tosan strengthens the interaction [51]. Incorporating chitosan
enhances the biocompatibility, dispersion, controlled drug
release, and mechanical properties of MgO/Fe,O; NC [52].

Plausible interactions between MgO/Fe,0,-CS NC
and curcumin

The incorporation of curcumin into MgO/Fe,O; NC—chi-
tosan NC could form a synergistic effect, enhance their
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functions, and use [53]. Curcumin molecules physically
adsorb on nanomaterial surfaces through van der Waals
interactions and hydrophobic interactions, thereby stabiliz-
ing curcumin and inhibiting its degradation [54]. Also, the
phenolic hydroxyl group of curcumin can form hydrogen
bonds with chitosan functional groups and with metal ions
via chelation or coordination bonding [55]. Additionally,
curcumin molecules can be trapped within the pore space
of nanomaterials, protecting them from degradation and
enabling controlled release [56].

Characterization of nanomaterials
UV-visible spectroscopy analysis

UV-visible spectroscopy was employed to investigate the
optical properties of the synthesized nanomaterials. The
absorbance spectra of the G. glabra extract, MgO/Fe,0;,
MgO/Fe,053—chitosan, and MgO/Fe,0;—chitosan—curcumin
NC were recorded, and the results are presented in Fig. 2a.
The G. glabra extract exhibited a prominent absorption peak
at 486 nm, attributed to bioactive compounds with chromo-
phoric groups with conjugated n-electron systems [57]. This
could be attributed to the presence of flavonoids, phenolic
compounds, or other bioactive compounds in the G. glabra
extract, in which the absorption likely arises from & — x*
transitions within these conjugated systems. The MgO/
Fe,0; NC showed a strong absorption band centered at
534 nm, indicating the nanomaterial’s successful formation
and electronic transitions within the nanostructure.

The red shift of the absorption peak to 534 nm compared
to the extract suggests a change in the electronic structure of
the nanomaterial [58]. This could be due to the interaction
between the metal oxide NPs and the organic components of
the extract. The red shift might be associated with forming
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Fig.2 UV-visible spectral data and Tauc plots of the G. glabra extract and synthesized nanomaterials. A G. glabra Extract; B MgO/Fe,05; NC;
C MgO/Fe,03—chitosan NC; and D MgO/Fe,O;—chitosan—curcumin NC. Wavelength is measured in nm. Absorbance values are unitless

new electronic states or extending the conjugated n-electron
system [59]. Upon incorporating chitosan, the absorption
peak shifted to 466 nm, suggesting a change in the elec-
tronic structure of the nanomaterial. The blue shift of the
absorption peak to 466 nm indicates a change in the elec-
tronic structure due to the interaction between chitosan and
the metal oxide NPs, leading to alterations in the bandgap
and optical properties [60]. The blue shift of the absorption
peak compared to the MgO/Fe,0; NC suggests a decrease
in the energy gap between the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) [61]. This could be attributed to the inter-
action between chitosan and the metal oxide NPs, leading
to changes in the electronic structure. The red shift of the
absorption peak to 498 nm of MgO/Fe,0;—chitosan—cur-
cumin NC compared to the MgO/Fe,0;—chitosan NC can be
attributed to the presence of curcumin, which has extensive
conjugated m-electron systems. Curcumin can interact with
the nanomaterial, leading to an extension of the conjugated
system, which interacts with the nanomaterial and induces a
bathochromic shift in the absorption spectrum [62].

The bandgap energy (Eg) for optical of as-prepared mate-
rials, obtained from Tauc plots (Fig. 2b), shows a declin-
ing trend through the samples: 1.65 eV for MgO/Fe,0; NC,
1.56 eV for MgO/Fe,O5—chitosan, and 1.53 eV for MgO/
Fe,Os;—chitosan—curcumin NC, with the G. glabra extract
having a bandgap of approximately 1.47 eV. This gradual
reduction in bandgap energy is a result of alterations at a
basic level in the n-conjugation’s electronic structure and
functionality with surface modification and functionali-
zation. Introduction of chitosan and curcumin adds new

conjugated systems and functional groups, which are in
contact with the metal oxide matrix and introduce new tail
states or localized states near the band edges. These effec-
tively lower the bandgap to enable efficient charge transfer
and better optoelectronic and photocatalytic behavior of the
materials. The trend is also validated by UV-Vis absorb-
ance spectra, where shifts in the spectrum also indicate the
change of electronic transitions with higher organic content
in addition to surface interactions within the nanocomposite
material.

FTIR spectra of G. glabra extract-derived
nanomaterials

The FTIR analysis was performed on the G. glabra extract
and nanomaterials (Fig. 3), which verified the successful
synthesis and incorporation of chitosan and curcumin into
the nanomaterials. The G. glabra extract exhibited character-
istic peaks at 3437 cm™' (O-H stretch), 2919 and 2849 cm™'
(C-H stretch), 1632, 1606, 1576, and 1513 cm™!' (C=C
stretch), and 1282, 1215, 1110, 1074, and 1045 cm™' (C-O
stretch), indicating the presence of alcohols, phenols, aro-
matic compounds, and other functional groups. The FTIR
spectrum of MgO-Fe,0; NC revealed characteristic absorp-
tion bands at 3428 cm™! (O—H stretch), 2919 and 2849 cm™!
(C-H stretch), 1650 and 1607 cm™! (C=C stretch), and
lower frequency bands associated with metal-oxygen bond
vibrations (M—0). O-H and C-H stretching vibrations are
the signature of hydroxyl groups on the surface of NPs and
residual organic material from the synthesis [63]. The C=C
stretching vibrations inform us of the presence of aromatic
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Fig.3 The FTIR spectral analysis of G. glabra extract-based nanoma-
terials

compounds or unsaturated bonds, maybe because of the
incorporation of the G. glabra extract. Metal-oxygen bond
vibration verifies the formation of metal oxide NPs [64].

FTIR spectrum of MgO-Fe,05-CS NC displayed char-
acteristic absorption bands at 3453 and 3405 cm~! (O-H
stretch), 2918 and 2849 cm™! (C-H stretch), 1649 and
1602 cm™' (C=0 and C=C stretch), and low frequency
bands due to metal-oxygen bond vibrations and C-N stretch-
ing. The presence of O—H and C-H stretching vibrations
is evidence of hydroxyl groups in chitosan [65]. Stretching
vibrations of C=0 and C=C confirm the presence of amide
groups in chitosan and possibly leftover organic materials.
Metal-oxygen bond metal stretching vibrations disclose the
presence of metal oxide NPs, while C-N stretching vibra-
tions are characteristic of chitosan [66]. FTIR spectrum of
MgO-Fe,0;-Cs—curcumin NC exhibited the characteristic
absorption bands at 3420 and 3350 cm™! (O-H stretch),
2849 cm™! (C-H stretch), 1622, 1598, 1586, and 1536 cm™!
(C=0 and C=C stretch), and lower frequency bands cor-
responding to C-O stretching vibrations, C-H bending
vibrations, and metal-oxygen bond vibrations. O-H and
C-H stretching vibrations verified the presence of hydroxyl
groups in curcumin. The C=0 and C=C stretching vibra-
tions are characteristic of conjugated carbonyl groups and
aromatic rings in curcumin. The metal-oxygen bond vibra-
tions confirm the presence of metal oxide NPs, while the
other bands indicate the presence of various functional
groups associated with curcumin and chitosan.

Energy-dispersive X-ray spectroscopy (EDX)
The EDX spectrum shown in Fig. 4 verifies the elemental

composition of the prepared nanomaterials. In MgO/Fe,0;
NC, the principal elements identified were carbon (C) at
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50.68 atomic%, oxygen (O) at 29.37 atomic%, magnesium
(Mg) at 6.19 atomic%, and iron (Fe) at 13.76 atomic%,
verifying the effective synthesis of the binary metal oxide
composite. Upon addition of the chitosan to the MgO/Fe,0,
matrix, the elemental analysis was completely altered, with
nitrogen (N) appearing at 25.87 at%, a clear indication of
the chitosan, carbon reducing to 31.42 atomic%, and oxygen
rising to 30.14 atomic%.

Further functionalization with curcumin equally increased
the carbon (34.20 atomic%) and oxygen contents (33.49
atomic%), while nitrogen content slightly decreased to 21.83
atomic%. The magnesium signal remained at 3.96 atomic%.
These findings verify effective sequential functionalization
of the nanocomposite with chitosan and curcumin through
changes in elemental distribution. Notably, our measured
carbon content of the work well compared with the previ-
ous reports for other comparable nanomaterials [67, 68].
The EDX analysis confirms the successful synthesis of the
target nanomaterials from G. glabra extract as a green reduc-
ing and capping agent, as specified by the detection of the
anticipated elements and their relative percentages.

Zeta potential

Zeta potential measurements were conducted to assess the
surface charge of the synthesized nanomaterials (Fig. 5). The
MgO/Fe,0; NC exhibited a zeta potential of —7.9 mV, sug-
gesting a moderate negative surface charge (Fig. 5a). This
moderate negative charge can contribute to the stability of
the NPs in aqueous solutions, preventing aggregation. The
introduction of chitosan into the MgO/Fe,O; NC (Fig. 5b)
reduced the zeta potential significantly to —0.4 mV. This
proximity to a neutral surface charge may indicate reduced
surface charge density or perhaps even shielding effects by
the polymer chains of chitosan. The introduction of cur-
cumin into the MgO/Fe,O;—chitosan NC (Fig. 5c) resulted
in an extremely minor increase in the zeta potential to
—7.3 mV. This is a sign that the incorporation of curcumin
molecules may have affected the surface charge characteris-
tics of the NPs. The observed values of zeta potential can be
attributed to several factors, including the surface functional
groups [69], the surface ionization level [70], and the inter-
actions of the NPs with the environment [71]. The nanoma-
terials’ negative surface charge has the potential to interact
with positively charged molecules, such as cell membranes
and proteins, which may have implications for their biologi-
cal applications.

High-resolution transmission electron microscopy
(HR-TEM)

HR-TEM was employed to analyze the morphology, par-
ticle size, and crystal structure of as-synthesized MgO/
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Fe,0; NC (Fig. 6a). HR-TEM images revealed the forma-
tion of well-dispersed spherical NPs with an approximate
average particle size of 20 nm. The size distribution of the
NPs is small, indicating good uniformity of synthesis. The
lattice fringes of the HR-TEM image suggest that the NPs
are crystalline. The interplanar space between the lattice
fringes can be measured to determine the crystallographic
orientation and the crystal phase of the NPs. By compar-
ing the computed interplanar spacing with known values
for different crystal structures, the crystal phase of the
NPs can be determined. HR-TEM of MgO/Fe,O;—chitosan

NC (Fig. 6b) showed the development of agglomerated
NPs with irregular shapes and dimensions. Chitosan in the
composite material appears to have affected the morphol-
ogy of the NPs, resulting in the development of aggregated
structures. The NPs agglomerate, and this could be a result
of chitosan, which is a binding agent among the NPs. The
particle size distribution is relatively broad, ranging from
a few nanometers to tens of nanometers. Crystallization
might have been prevented by the presence of chitosan,
resulting in amorphous or poorly crystalline domains in
the NPs. Chitosan can modify the surface properties of the
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NPs and determine their interaction with other materials
and solution dispersibility. Chitosan can also influence the
growth and nucleation behaviors of the NPs, leading to
modifications of their size and shape. Chitosan can also be
used as a stabilizing agent, preventing agglomeration and
promoting the colloidal stability of nanomaterials.

HR-TEM image of MgO/Fe,0;—chitosan—curcumin NC
(Fig. 6¢) shows the agglomerated NPs with irregular sizes
and shapes. The availability of chitosan and curcumin in
the composite material would have had some effects on the
morphology of the NPs to create aggregated structures. The
NPs are prone to agglomerate, which can be attributed to the
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availability of organic constituents (chitosan and curcumin)
and interparticle forces. The size distribution of the parti-
cles appears quite broad, with particles dispersed from a few
nanometers up to tens of nanometers. The organic phase may
have distorted the crystallization process, leading to amor-
phous or weakly crystalline domains within the NPs [72].

On the other hand, chitosan and curcumin can change the
surface chemistry of the NPs, influencing their interactions
with other materials and solution stability [73]. Chitosan
and curcumin can also affect the growth and nucleation of
the NPs, leading them to develop different sizes and shapes
[31]. Chitosan can be employed as a stabilizer, which pre-
vents agglomeration of the NPs and increases their colloidal
stability [74]. Curcumin may also impart extra functions on
the NPs, i.e., antioxidant features [75].

Scanning electron microscopy (SEM)

SEM was employed to investigate the morphology and sur-
face features of the synthesized nanomaterials. The SEM
images of MgO/Fe,0; NC (Fig. 7a) revealed the formation
of agglomerated NPs with irregular shapes. The particles
appear to be porous and have a rough surface. The NPs
are likely to form agglomerates, maybe because of strong
interparticle forces. The distribution of the particle size is
rather broad, and the particles are from a few nanometers to
several tens of nanometers. The surface of the NPs is rough
and porous, which may render their surface area greater and
their catalytic activity or adsorption capacity stronger. SEM
of MgO/Fe,0;—chitosan NC (Fig. 7b) showed the forma-
tion of agglomerated NPs with irregular shapes and sizes.
The presence of chitosan in the composite material seems to
influence the morphology of the NPs, and aggregated struc-
tures were formed. The NPs agglomerate, and this may be
due to chitosan, which can also aggregate NPs. The size
distribution of the particles is very wide, i.e., from a few
nanometers to tens of nanometers. The NPs are porous in
character, which can be favorable for increasing the surface
area and thus their adsorption or catalytic efficiency. SEM
micrographs of the MgO/Fe,0;—chitosan—curcumin NC
prepared (Fig. 7c) revealed the formation of agglomerated
NPs with irregular shape and size. The presence of chitosan
and curcumin in the composite material seems to influence
the morphology of the NPs, and agglomerated forms were
achieved. The NPs agglomerate, perhaps due to the nature
of organic components (chitosan and curcumin) and inter-
particle interactions. The particle size distribution appears
to be very broad, ranging from a few nanometers to a few
tens of nanometers.

Chitosan is a polycationic polymer that can electrostati-
cally bind to the negatively charged surface of the metal
oxide NPs [76]. This interaction can create a protective cov-
ering over the NPs, which can inhibit agglomeration and
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enhance their stability [77]. Furthermore, chitosan possesses
hydroxyl and amino groups, which are capable of creating
hydrogen bonds with the surface hydroxyl groups of metal
oxide NPs [78]. Such hydrogen bonds have the potential
to stabilize NPs further and affect their morphology [79].
Surface chitosan chains of the NPs can create a steric barrier
that prevents particle aggregation [80]. Molecules of cur-
cumin can be adsorbed onto the surface of the NP through
van der Waals forces via physical adsorption [81].

Curcumin can also chemically bind to the surface func-
tional groups of the NPs, such as hydroxyl or carboxyl
groups [82]. Thus, the covalent or coordinate bonds can be
established. Aromatic rings of curcumin can bind with sur-
face aromatic groups of NPs through n-x stacking [83]. The
integration of curcumin and chitosan into the NP system can
synergistically interact with them. Chitosan can be used as
a curcumin carrier to increase curcumin solubility and bio-
availability [84]. Synergistic enhancement of NPs stability,
biocompatibility, and therapeutic efficacy can be achieved
by chitosan—curcumin mixture.

X-ray diffraction (XRD)

XRD analysis was performed to investigate the synthesized
nanomaterials’ crystalline phase and structural properties.
The XRD patterns revealed the formation of crystalline
phases corresponding to MgO and Fe,O; (Fig. 8a). The XRD
pattern of MgO/Fe,O5 NC exhibited characteristic peaks at
20 angles of approximately 30.7°, 32.9°, 36.5°, 42.9°, 43.6°,
57.1°, and 62.7°, which can be indexed to the (220), (311),
(222), (400), (331), (422), and (511) planes of cubic phase
MgO (JCPDS card no. 45-0946). Additionally, peaks at 26
angles of approximately 25.5°, 33.2°, 35.7°, 49.5°, 54.1°,
and 57.6° were observed, which can be attributed to the
(101), (110), (111), (211), (220), and (310) planes of hema-
tite (a-Fe,O3) (JCPDS card no. 33-0664). These character-
istic peaks establish the successful formation of a composite
material with both the MgO and Fe,O; phases present. The
XRD pattern of MgO/Fe,O5;—chitosan NC (Fig. 8b) revealed
a distinct diffraction pattern from MgO/Fe,O; NC. The
peaks observed can be attributed to the combined effects of
the crystalline phases of MgO, Fe,O3, and the amorphous
nature of chitosan. The broad peak at 20 =21.1° reflects the
existence of an amorphous phase, possibly from the chitosan
component. The upper 26 peak maxima at 25.5°, 32.7°, and
40.2° may be attributed to the crystalline phases of MgO and
Fe,0;, but due to the overlapping and broadening of peaks,
their assignment to specific crystallographic planes cannot
be ascertained with certainty [85]. Incorporation of chitosan
into the nanomaterial structure may influence the crystallin-
ity and size of crystallites of the inorganic component [86].
Its amorphous character may inhibit the crystalline phase
growth to produce the broad diffraction peaks observed [87].
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The XRD pattern of MgO/Fe,0;—chitosan—cur-  the amorphous phase of chitosan. Nevertheless, the com-
cumin NC (Fig. 8c) reveals a similar trend to the MgO/  bination of curcumin might have impacted the crystallinity
Fe,0;—chitosan NC, with a significant contribution from  and crystallite size of the inorganic components [88]. The
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Fig.8 XRD analysis of the synthesized nanomaterials. X-axis 20 (degrees), Y-axis Intensity (a.u.)

broad peak centered around 20 =20.3° indicates the pres-
ence of an amorphous phase, predominantly attributed to
the chitosan component. The peaks at higher 20 angles,
such as 25.8, 27.1, 29.4, and 30.9°, might correspond to
the crystalline phases of MgO and Fe,0;, although the
overlapping and broadening of these peaks make definitive
peak assignments challenging. Curcumin, a polyphenolic
compound, can potentially interact with the metal ions
and influence the nucleation and growth of the inorganic
phases [89]. The complex interrelation between the vari-
ous constituents in the nanomaterial can bring about vari-
ation in crystallinity and size of the crystallites, as inferred
from the XRD pattern.

Phenolics Content

350 o
o
o
300
=
=
n X0
£ o 250
e
>
[=
-]
S g 200
S
£
_g'ElSO ©
o 0O 3
22 = 2
> @©
£ 5 100 3
n.:’n b
£
" 50 <
o
©Q
~
0 _

G. glabra extract

= Flavonoids Content

5.141

MgO/Fe203 NC

Phytochemical analysis

The phytochemical analysis of the investigated samples, pre-
sented in Fig. 9, revealed significant variations in phenolic,
flavonoid, and tannin content. The G. glabra extract exhib-
ited the highest phenolic content (302.19 + 1.88 mg gallic
acid equivalent/g dry extract), indicating its potential as a
rich source of antioxidants.

Like phenolic content, the G. glabra extract displayed
the highest flavonoid content (134.1 +1.70 mg catechin
equivalent/g dry extract). Incorporating G. glabra extract
into the NC led to a substantial decrease in flavonoid content
(Fig. 9). The G. glabra extract also exhibited the highest

Tannins Content
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Fig.9 A comparison of the phytochemical contents of the G. glabra extract and nanomaterials. Values are expressed as mg/g dry weight
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tannin content (109.6 + 1.76 mg tannic acid equivalent/g dry
extract). Incorporating G. glabra extract into the NC resulted
in a significant decrease in tannin content. Combining G.
glabra extract in the biosynthesis of NC resulted in a consid-
erable reduction in phytochemical contents. The decline in
phytochemicals is attributed to the participation of phenolic
components in the bioreduction process of metal ions during
the formation of NC. The phytochemical compounds are
then transformed into oxidized or dehydrogenated forms.
The observed reduction in phytochemical content in the NC
compared to the G. glabra extract suggests the successful
biosynthesis process [90, 91]. The incorporation of curcumin
into MgO/Fe,0;—Cs NC to form MgO/Fe,0;—Cs—curcumin
NC led to an increase in the phenolic content owing to the
nature of curcumin as a phenolic compound [92].

Antioxidant activity

Antioxidant activities of G. glabra extract and nanomateri-
als were tested through the DPPH radical scavenging assay
(Fig. 10). The findings established the globally renowned
excellent antioxidant activities of all samples through ICs,
values, wherein the smaller ICs;, value shows stronger anti-
oxidant activity. In accordance with expectation, one of the
reference antioxidants, ascorbic acid, showed maximum
activity with an ICs, value of 0.0220 mg/mL. The G. glabra
extract had excellent antioxidant capacity with an ICy, value
of 0.0617 mg/mL. Interestingly, combining the G. glabra
extract with the NC did not result in any substantial loss
of antioxidant capacity compared with the pure extract. Of
NCs, MgO/Fe,0;—Cs—curcumin NC had the strongest anti-
oxidant capacity (IC5,=0.0977 mg/mL), followed by MgO/

0.16
0.14
0.12

0.1

0.08

0.0617

0.06

The IC,, values in mg/mL

G. glabra extract MgO/Fe203 NC

MgO/Fe203-Cs NC MgO/Fe203-Cs-Cur.

Fe,05-Cs NC (IC5,=0.1135 mg/mL) and MgO/ Fe,0; NC
(IC5,=0.1401 mg/mL).

The antioxidant activity of the samples was assessed
using the DPPH radical scavenging assay. As shown in
Fig. 11, the G. glabra extract exhibited significant anti-
oxidant activity, with 82.6 +1.55% scavenging activity at
a concentration of 0.128 mg/mL. The MgO/Fe,O; NC with
and without chitosan also have strong antioxidant activity,
1.28%-63.91% scavenging activities. Notably, the MgO/
Fe,0;—Cs—curcumin NC possessed the greatest antioxidant
activity of the tested samples with a 92.01 +1.15% scaveng-
ing capacity at a concentration of 0.288 mg/mL. Enhanced
activity is due to the synergy of natural antioxidant curcumin
and the nanomaterial advantages of high surface area and
controlled release. Ascorbic acid, a standard antioxidant,
was administered as a positive control and exhibited strong
antioxidant activity with 84.73 +1.73% scavenging activity
at the concentration of 0.06 mg/mL.

The enhanced antioxidant capacity of the curcumin-
loaded NC is a result of the synergistic effect of curcumin,
a unique structural nature as it is a phenol compound, and
the characteristics of the nanomaterial, such as higher sur-
face area and controlled release [92, 93]. The results are
consistent with the results of phytochemical content. The
enhanced antioxidant activity of MgO/Fe,05;-Cs NC may be
attributable to the polyhydroxy group structure of chitosan,
which may participate in the DPPH free radical scavenging
[94]. The results show that the NC prepared, particularly the
curcumin-encapsulated NC, possesses significant antioxi-
dant activity and can have promising medicinal, food, and
cosmetic applications.

DPPH is a stable free radical that has a violet color
and contains one unpaired electron. On reaction with the

0.022

Ascorbic acid

NC
Samples

Fig. 10 Comparison of the antioxidant results expressed as ICs, in mg/mL of the investigated samples relative to the antioxidant standard
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antioxidant compound, the hydrogen atom is donated
by the compound to the radical, which gets neutralized.
Neutralization causes the color to change to yellow from
deep purple. For the G. glabra extract, many phytochemi-
cal compounds like phenolics, flavonoids, and tannins
are endowed with hydrogen donor activity [95]. These
compounds donate a hydrogen atom easily to the DPPH
radical and consequently reduce it to exhibit strong anti-
oxidant activity.

Similarly, MgO/Fe,O; NC and their derivatives can
also interact with DPPH radicals. The chitosan and cur-
cumin incorporated metal oxide NPs can expose addi-
tional sites for hydrogen atom transfer or electron dona-
tion [73]. The high surface area of NPs can promote
increased interaction with DPPH radicals, enhancing
antioxidant activity [96]. Curcumin, a bioactive molecule,
can also contribute to the antioxidant character of the
NC [92]. It may interact directly with DPPH radicals or
indirectly through the neutralization of other free radi-
cals. In general, the antioxidant activity of the G. glabra
extract and the NC is influenced by various factors such
as the incorporation of phenolic compounds, surface area,
nanomaterials’ physicochemical properties, and synergis-
tic interactions among the different components [97].
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Antibacterial activity

The antibacterial activity of MgO/Fe,05-based NC was
evaluated against Gram-negative and Gram-positive bac-
terial strains, with azithromycin as the positive control.
The Gram-negative bacteria (E. coli, S. typhimurium, and
K. pneumoniae) showed no inhibition zones when treated
with MgO/Fe,05-based NC, representing a lack of activity
against these species. In contrast, azithromycin confirmed
remarkable activity toward all Gram-negative strains, with
inhibition zones ranging from 21.5 mm for S. typhimurium
to 30.5 mm for E. coli. For Gram-positive bacteria, the find-
ings are more favorable. B. subtilis displayed an inhibition
zone of 10.5 +0.50 mm when treated with MgO/Fe,O; NC,
but no activity was perceived with MgO/Fe,05;-Cs NC or
MgO/Fe,05;-Cs—curcumin NC. Likewise, B. cereus dis-
played inhibition zones of 11.5+0.40, 10.5+0.60, and
10.5+0.60 mm for MgO/Fe,0; NC, MgO/Fe,0;-Cs NC,
and MgO/Fe,0;—Cs—curcumin NC, respectively. These
findings recommend analogous activity through the tested
NC against this strain. Remarkably, S. aureus displayed the
highest sensitivity among the Gram-positive strains, with
inhibition zones of 13.5+0.60, 11.5+0.70, and 11.5+0.70
mm for MgO/Fe,0; NC, MgO/Fe,0;-Cs NC, and MgO/
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Fe,0;—Cs—curcumin NC, respectively. Azithromycin outper-
formed the NC against all Gram-positive strains, generating
inhibition zones of 21.0+ 1.3, 13.5+ 1.7, and 19.5+2.0 mm
for B. subtilis, B. cereus, and S. aureus, respectively. In all,
the findings confirm that while the NC exhibited decreased
or no activity toward Gram-negative bacteria, they were
active at a moderate level against certain Gram-positive
bacteria, with the MgO/Fe,05 NC being the most effective
of the NC (Table 1 and Fig. 12). These findings suggest that

chitosan and curcumin incorporation could have suppressed
the antibacterial properties of the nanomaterial, possibly due
to reduced surface area, altered surface charge, or interfer-
ence with the release of active species.

Fine particle size of MgO/Fe,0; NC can also improve
antibacterial activity by having more surface area contact
with bacterial cells [98]. NPs with smaller sizes have more
surface area, leading to more contact with bacterial cells and
more antibacterial action. In some applications, blending

Table 1 Antibacterial effects

. ] Bacterial species MgO/Fe,05 NC MgO/Fe,0;—Cs NC MgO/Fe,05-Cs—  Azithromycin
of NC on pathogenic bacterial curcumin NC
strains
Gram-negative species
E. coli —ve —ve —ve 30.5+0.80
S. typhimurium —ve —ve —ve 21.5+2.00
K. pneumoniae —ve —ve —ve 23.5+1.50
Gram-positive species
B. subtilis 10.5+0.50 —ve —ve 21.0+1.30
B. cereus 11.5+0.40 10.5+0.60 10.5+0.60 13.5+1.70
S. aureus 13.5+0.60 11.5+0.70 11.5+£0.70 19.5+£2.00

Antibacterial activity of MgO/Fe,05-based NC and azithromycin against Gram-negative and Gram-posi-
tive bacterial strains. Results are expressed as inhibition zones (mm) + standard deviation. “—ve” indicates
no inhibition zone observed

B. subtilis

Fig. 12 Representative images of Petri dishes illustrating the anti-
bacterial activity of the nanocomposites against various pathogenic
bacterial strains. (K1) refers to MgO/Fe,O; NC, (K2) corresponds to
MgO/Fe,05—chitosan (Cs) NC, (K3) denotes MgO/Fe,0;—Cs—cur-
cumin NC, and (Ab) represents the standard antibiotic Azithromy-

B. cereus

S. aureus

cin (2 mg/mL). The tested concentrations were as follows: G. glabra
extract (16.42 mg/mL), MgO/Fe,O; NC (12.32 mg/mL), MgO/Fe,0;-
Cs NC (8.76 mg/mL), and MgO/Fe,0;—Cs—curcumin NC (11.14 mg/
mL). Zone of inhibition diameters are shown in mm
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materials can create synergistic effects, wherein the resulting
action is more than the sum of individual actions [99]. While
chitosan and curcumin are typically used to improve bio-
compatibility and drug delivery, they can also interfere with
the antibacterial properties of the NPs [100]. The charge on
the nanomaterials may also dictate how they will interact
with the cell membranes of bacteria. Chitosan and curcumin
can interfere with the direct interaction of NPs with bacterial
cells and reduce their effectiveness [101].

Additionally, the nanomaterials are capable of generat-
ing reactive oxygen species (ROS), which may kill bacterial
cells [102]. The nanocomposites may disrupt bacterial mem-
brane integrity, leading to leakage of intracellular contents
and oxidative stress due to ROS overproduction. However,
despite being antibacterial themselves, chitosan and cur-
cumin may interfere with the nanomaterial’s antibacterial
function by sticking to its surface or inhibiting the release
of active species [103]. Antibacterial activity of nanoma-
terials can be regulated by various parameters, including
particle size, form, charge, and mechanism of action type
[104]. Experimental verification is thus a must to check the
antibacterial activity of these materials.

The loss of antibacterial activity for functionalized chi-
tosan and curcumin can be understood as a result of partial
protection of reactive surface sites available for microbial
interaction and ion release. The phytochemical and biopol-
ymer layers would provide a steric barrier by reducing
exposure of MgO/Fe,O; nanoparticle surfaces to bacterial
membranes. Furthermore, these coatings may retard diffu-
sion of toxic metal ions and the generation of ROS, thus
limiting immediate bactericidal activity. Even though this
can reduce short-term antibacterial activity, it can simultane-
ously enhance targeted delivery and biocompatibility, both
of which are most important for therapy, like cancer therapy.

Anticancer activity

Cytotoxicity, selectivity, and drug interaction studies
of Mg-Fe NC

In this study, our primary aim was to evaluate the cytotox-
icity profile and biocompatibility of the synthesized MgO/
Fe,0s—chitosan—curcumin NC, rather than to benchmark its
potency against standard chemotherapeutics such as doxo-
rubicin. A key aspect of our assessment was the comparison
of ICs values between cancerous A549 cells and normal
WI-38 fibroblasts. This selectivity analysis allowed us to
determine the therapeutic index and safety margin of the
NC. While doxorubicin is known for its potent anticancer
effects, it also exhibits significant toxicity in normal cells.
In contrast, cell viability assays revealed a dose-dependent
response to all tested compounds in WI-38 cells, with ICs
values of 132.9 pg for curcumin, 109.5 pg for chitosan,

@ Springer

171.9 pg for chitosan—curcumin, and 220.9 ug for Mg-Fe
NC-doped chitosan—curcumin. Combining chitosan and
curcumin showed a lower cytotoxic effect than individual
components, and the Mg-Fe NC-doped chitosan—curcumin
formulation displayed the lowest cytotoxicity (Fig. 13).
This indicates that the combination of curcumin and chi-
tosan—curcumin was more effective than either compound
alone, and adding Mg-Fe NC further reduced its toxicity.
This suggests that the chitosan—curcumin combination and
Mg-Fe NC incorporated into the chitosan—curcumin formu-
lation could inhibit cell proliferation and cell death.

Furthermore, this favorable selectivity index highlights
the biocompatibility of the NC in vitro. However, we
acknowledge that comprehensive safety profiling should also
include hemocompatibility, genotoxicity, and in vivo toxicity
studies. Although these assays were beyond the scope of the
current work, they are essential next steps in advancing this
nanoformulation toward clinical application.

Further analysis of cell inhibition in A549 cells cor-
roborated these findings. The compounds displayed vary-
ing degrees of cytotoxicity, with the Mg-Fe NC-doped
chitosan—curcumin formulation again showing the most
significant inhibitory effect, with an ICy, of 10 ug (Fig. 14).
Combining treatments led to significantly lower cell survival
compared to using either drug alone. Furthermore, the con-
centrations needed to reduce cell viability by 50% (DRlIs)
were 11.24 for curcumin and 33.56 for chitosan (Table 2).

Morphological changes, including cell shrinkage, round-
ing, and detachment, were particularly evident in cells
treated with chitosan—curcumin and Mg-Fe NC doped with
chitosan—curcumin, especially after 48 h (Fig. 14). These
findings confirm the enhanced cytotoxic potential of the chi-
tosan—curcumin combination, which is further amplified by
the inclusion of Mg-Fe NPs. These findings suggest a syn-
ergistic interaction between chitosan, curcumin, and Mg-Fe
NC, enhancing their cytotoxic potential against cancer cells.
Further research is warranted to explore these formulations’
underlying mechanisms and therapeutic applications. This
accords with the latest research highlighting the potential of
multi-component nanotherapeutics to target multiple cancer
pathways simultaneously, maximizing efficacy at lower side
effects [105].

The ADME predictions

Computer simulations suggest that combining curcumin
with chitosan and adding Mg-Fe NC significantly improves
the delivery and effectiveness of curcumin against lung can-
cer cells. Curcumin alone cannot reach and kill cancer cells
due to its poor water solubility and difficulty entering cells.
However, when combined with chitosan, these issues are
significantly reduced, and curcumin is better able to stay
active in the body. Adding Mg-Fe NC further enhances the
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Fig. 13 Growth inhibition
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drug’s ability to reach and remain in lung cancer cells, lead-
ing to more substantial cancer-killing effects. These findings
are consistent with reports that engineered nanomaterials,
such as chitosan/cerium oxide hybrid and mesoporous silica
vehicles, enhance bioavailability and therapeutic efficacy of
insoluble drugs such as curcumin [106, 107]. While initial
predictions indicate low toxicity and limited brain penetra-
tion, more research is needed to fully understand the safety
and effectiveness of these formulations for long-term use
(Table 3). Combining curcumin, chitosan, and metal NPs is
the most promising approach for treating lung cancer among
the tested options.

The evaluation of curcumin, chitosan, chitosan—cur-
cumin, and Mg-Fe NC-doped chitosan-curcumin on A549
and WI-38 cell lines revealed significant cytotoxic effects,
consistent with findings in other studies that have explored
the potential of these compounds as anticancer agents. The
dose-dependent decrease in cell viability observed across all
tested formulations aligns with previous research demon-
strating the anticancer properties of curcumin and chitosan
[108, 109]. The Mg-Fe NC-doped chitosan—curcumin for-
mulation exhibited the lowest ICs, highlighting its supe-
rior cytotoxic activity. This finding corroborates the work of
Lobo et al. [110] and Li et al. [111], who reported that NPs-
enhanced formulations can significantly improve anticancer
agents’ bioavailability and therapeutic efficacy. Additionally,
this is consistent with prior work on nanoparticle-mediated

Log[c] in pg/mL

drug delivery for overcoming chemoresistance in solid
tumors such as colorectal and breast cancer [112, 113].

The morphological analysis provided further evidence
supporting these results, with treated cells showing sig-
nificant apoptotic changes such as shrinkage, rounding,
and detachment, particularly after 48 h of treatment. These
observations align with studies by Aggarwal [114] and Noor
[115], which have documented similar apoptotic effects fol-
lowing treatment with Curcumin-based formulations. The
enhanced cytotoxicity observed in the chitosan—curcumin
and Mg-Fe NC-doped chitosan—curcumin formulations
suggests a synergistic effect, consistent with the findings
of Nayak [116] and Bai et al. [117], who highlighted the
potential of NPs-mediated delivery systems to enhance the
efficacy of combined anticancer therapies.

The selective cytotoxicity observed in cancer cells com-
pared to normal cells, indicated by higher ICs, values in
WI-38 cells, suggests a potential therapeutic window. The
work of Mahjoubin-Tehran et al. supports this, and Shi et al.
[119], who noted the importance of targeting cancer cells
while minimizing damage to normal tissues. However, fur-
ther research is necessary to fully establish the safety profile
of these formulations, optimize their delivery, and elucidate
the precise mechanisms driving their enhanced antican-
cer effects. Collectively, the findings from this study align
with existing literature, indicating that the combination of
chitosan and curcumin, particularly when enhanced with
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Fig. 14 Effect of (1A) Curcumin, (1B) Chitosan, (1C) Chitosan—cur-
cumin, (1D) Mg-Fe NC-doped chitosan—curcumin on cell inhibition
of A549. (2-A-D) Representative photographs displaying morpho-
logical changes in WI-38 cells exposed to ICsy/2 concentration of
(2-A) Curcumin, (2-B) Chitosan, (2-C) Chitosan—curcumin, (2-D)
Mg-Fe NC-doped chitosan—curcumin treatment for 24 and 48 h. (2E-
H) Representative photographs showing morphological changes in

Table 2 Quantifying the synergistic or antagonistic interactions
between curcumin and chitosan in A549 lung cancer cells

Cell line  Dose DRIy, Cls,  Interpretation
A549 Curcumin  11.24 ug/mL 4.21  Strong synergism
Chitosan 33.56 pg/mL

CI, Combination index for the 50% effect

Mg-Fe NC, holds promise as a potent and targeted antican-
cer therapy.

Mechanistic insights into cytotoxicity

Although this study primarily focused on cytotoxic out-
comes, the observed inhibition of A549 lung cancer cell
proliferation by the MgO/Fe,Os—chitosan—curcumin NC
is likely mediated by several well-documented cellular
mechanisms. Curcumin is known to induce apoptosis via
mitochondrial (intrinsic) pathways, including generation of
ROS, depolarization of mitochondrial membrane potential,

@ Springer
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A549 cells exposed to ICs,/2 concentration of (2-E) Curcumin, (2-F)
Chitosan, (2-G) Chitosan—curcumin, (2-H) Mg-Fe NC-doped chi-
tosan—curcumin treatment for 24 and 48 h. These features, such as
shrinkage, rounding, and detachment, reflect cytotoxic effects aligned
with ICsq values reported in Fig. 14. These changes indicate reduced
viability and active inhibition of cancer cells. Scale bar=50 pm

and activation of caspase enzymes such as caspase-3 and
caspase-9 [120, 121]. Metal oxide nanoparticles, including
MgO and Fe,0s, can further contribute to oxidative stress by
promoting ROS accumulation, which may lead to lipid per-
oxidation, DNA damage, and activation of cell death path-
ways [122, 123]. Chitosan, in addition to enhancing cellular
uptake, may facilitate the sustained intracellular delivery
of active components [124]. Morphological observations
of treated cells—such as shrinkage, rounding, and detach-
ment—are consistent with apoptosis [114].

While this study primarily focused on the antioxidant,
antibacterial, and anticancer activities of the MgO/Fe,O;—chi-
tosan—curcumin NC, additional therapeutic effects warrant
further investigation. However, this study presents promis-
ing results on the green synthesis and therapeutic potential
of MgO/Fe,0;—chitosan—curcumin NC; several limitations
should be acknowledged. First, the biological assessments
were primarily conducted in vitro, limiting the direct extrapo-
lation of findings to in vivo or clinical settings. Second, the
mechanisms underlying the observed synergistic effects
require further molecular and biochemical investigations to
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Table 3 ADME prediction of Mg-FeNPs doped chitosan—curcumin on A549 lung cancer cells

Property In Silico prediction (tool) In vitro results (assay) Notes
Absorption
Lipophilicity (LogP) Mg-FeNPs: 3.29 (SwissADME) - Moderate lipophilicity may enhance

Water solubility Mg-FeNPs: 11 pg/mL (Swis- -

SADME)

Cellular uptake High (SwissADME)

Distribution
Blood-brain barrier (BBB) Low (SwissADME) -
Tissue distribution -

Metabolism

Metabolic stability Mg-FeNPs: moderate (AdmetSAR)

Enhanced in A549 cells MTT
assay)

Preferentially in A549 cells

60% metabolized in A549 cells

cellular uptake but is limited by
solubility

Poor solubility in water limits
absorption, but it is improved with
chitosan and NPs

Enhanced uptake in A549 cells when
combined with chitosan and Mg-
FeNPs, suggesting better absorption

Low BBB permeability; focus on
non-neuro applications

Enhanced distribution in A549 cells
due to NPs targeting

The metabolism rate improved with

(HepG?2 cells) chitosan and further stabilized with
Mg-FeNPs
Major metabolites - Curcumin-OH Metabolites need further study for

Excretion

Excretion pathways Biliary excretion (SwissADME)

Slow release in A549 cells

potential cytotoxicity or therapeutic
activity

Slow excretion is likely due to the NP
formulation, ensuring prolonged
therapeutic effect

Toxicity
Cytotoxicity Strong (AdmetSAR) IC5,=9.85 nug Enhanced cytotoxicity in A549 cells
(A549 cells) with Mg-FeNPs doped chitosan—
curcumin, the lowest ICj,
Genotoxicity Low (AdmetSAR) - Low genotoxic potential is predicted,

but further confirmation is needed

elucidate precise pathways. Moreover, long-term toxicity
and pharmacokinetic profiles remain unexplored and must be
addressed in future animal studies. Further, while the current
in silico ADME analysis focused on pharmacokinetic param-
eters such as absorption potential, solubility, and metabolic
stability, future work will include molecular docking studies to
identify specific target-ligand interactions relevant to lung can-
cer treatment. These will involve visualizing binding modes
and interaction sequences between curcumin (and other active
components of the nanocomposite) and key protein targets
such as Bcl-2, EGFR, or caspase-3. Addressing these limita-
tions in subsequent studies will be crucial to advancing the
translational potential of these nanomaterials.

Conclusion

This study successfully demonstrated the green synthesis
of MgO/Fe,0; NC using Glycyrrhiza glabra extract as a
natural reducing and capping agent. Functionalization with
chitosan and curcumin further enhanced the physicochemi-
cal and biological properties of the NC. The synthesized
multifunctional nanocomposite exhibited significant anti-
oxidant activity (IC5,=0.0977 mg/mL) and significant
cytotoxicity toward A549 lung cancer cells (IC5,=10 ug/
mL) and medium antibacterial activity. Structural and
physicochemical characterizations guaranteed stability,
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biocompatibility, and crystalline structure of the nano-
material. To the best of our knowledge, this is the first
report that combines G. glabra, chitosan, and curcumin in
a MgO/Fe,0;-based system, where synergistic bioactivity
and green synthesis were provided. These findings point
toward the promise of this nanocomposite to be a supe-
rior candidate for the targeted treatment of lung cancer. In
silico ADME analysis supported enhanced cellular uptake
and decreased toxicity, reinforcing the formulation’s thera-
peutic potential. Briefly, the findings point to the novel
combination of G. glabra, chitosan, and curcumin in a
MgO/Fe,0; nanoplatform as a green, multifunctional, and
biocompatible therapeutic agent for lung cancer therapy.
Further in vivo investigations are recommended to validate
its therapeutic efficacy and safety.
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