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Quercetin, a bioactive flavonoid with limited bioavailability, was investigated using BSA-coated MnFe,O,4
nanoparticles as a novel delivery system. An integrated computational and experimental approach was
employed, combining DFT calculations and molecular docking simulations to analyze quercetin’s
interactions with the MnFe,O4 surface across (011), (101), and (100) facets, alongside in vitro studies
to assess drug loading and release, biocompatibility, and cytotoxicity on 4T1 cells. Molecular docking
showed favorable binding energies between quercetin and BSA (—5.17 kcal mol™* with Subdomain IA),
demonstrating that quercetin, even when bound to the BSA coating, retained strong interactions with
the oxide surface. Reduced density gradient (RDG) analysis revealed facet-dependent adsorption
mechanisms, correlating binding affinity towards Mn (through oxygen-containing functional groups) with
steric interactions shown as red areas on the RDG plot. Analysis unveiled the interactions and structural
features of each facet of the drug complex. Experimentally, the TEM imaging revealed the nanoparticles
to possess a spherical morphology with an average diameter of around 7 nanometers and the average
size of nanoparticles by DLS is 85.27 £ 0.26 nm with a PDI of 0.25. The BSA coating improved drug
loading to 27.5% and resulted in a dose-dependent cytotoxic effect on 4T1 tumor cells. Specifically, a
release of 62% of the loaded quercetin was observed at pH 5.7 after 120 hours, compared to only 41%
at pH 7.4. The in vitro assessment also demonstrated high biocompatibility, with less than 5% hemolysis
observed at concentrations up to 200 pg mL™%. In vivo studies show no mouse death in the test of LDsq.
Overall, these findings support the potential of BSA-coated MnFe,O, nanoparticles as a promising drug
delivery platform to enhance quercetin’s stability and bioavailability for effective tumor growth inhibition.
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1. Introduction

Cancer remains one of the foremost causes of mortality globally.
Breast cancer, the most prevalent malignancy among women,
poses a major threat to their health and well-being.” Historically,
various methods have been employed to tackle this challenging
disease, including surgical intervention, chemotherapy (CT),
and radiation therapy (RT). While these conventional treatments
are effective, they have limitations that have compelled scientists
to explore novel combination therapies with fewer side effects on
healthy cells compared to traditional treatments.> The BALB/c
mouse strain is widely used in cancer research, because of its
inherent susceptibility to tumorigenesis and its genetic resemblance
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to humans.* To further investigate the potential of novel cancer
therapies, researchers have turned to chemodynamic therapy (CDT),
a promising approach that leverages Fenton and Fenton-like
reactions to combat cancerous cells.” This innovative cancer
therapy utilizes endogenous hydrogen peroxide (H,O,) within
tumor cells to generate highly reactive oxygen species (ROS),
such as hydroxyl radicals (*OH), singlet oxygen (*O,), peroxides
(0,>7) and superoxide anions (O, ), derived from the incom-
plete reduction of oxygen (O,).° These reactive molecules target
critical components of cancerous cells, including DNA, proteins,
and cell membranes, ultimately leading to cellular damage and
death.”®

Bimetallic MnFe,O,4 nanoparticles, as photosensitizers, dis-
play enhanced biocompatibility compared to other metal oxides,
establishing them as promising candidates for a range of bio-
medical applications, including drug delivery and magnetic reso-
nance imaging (MRI).® To effectively induce oxidative stress and
trigger apoptosis in tumor cells, a high generation level of ROS
is essential. However, the presence of intracellular antioxidants
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such as glutathione (GSH) poses a significant challenge by reducing
ROS levels and limiting the efficacy of CDT.’ The synthesis and
design of metal-based nanocomposites, particularly MnFe,0,,
can optimize cancer therapy and promote ROS production
through iron ions, which act as a catalyst. Furthermore,
MnFe,0, nanoparticles are recognized for their ability to serve
as a heat source in cancer treatment through the process of
magnetic hyperthermia, as they generate heat when exposed to
alternating magnetic fields." MnFe,0, nanoparticles have
emerged as promising candidates for drug delivery applications
due to their unique combination of properties. Their super-
paramagnetic nature allows for targeted delivery to tumor sites
under an external magnetic field, enhancing drug accumulation
and reducing systemic side effects.'"’ Furthermore, MnFe,O,
nanoparticles can be used to induce localized hyperthermia,
generating heat that can selectively kill cancer cells.'> Compared
to other metal oxides, MnFe,0, exhibits relatively good biocom-
patibility, which can be further enhanced through surface modi-
fication with biocompatible materials such as bovine serum
albumin (BSA)."® The high surface area of MnFe,0, nano-
particles also facilitates efficient drug loading, enabling the
delivery of therapeutic doses of quercetin.® Finally, MnFe,0,’s
redox activity can be harnessed for chemodynamic therapy,
generating reactive oxygen species (ROS) within the tumor micro-
environment.'* These combined properties make MnFe,O, nano-
particles an attractive platform for targeted and controlled
quercetin delivery. Bovine serum albumin (BSA) is a protein
extracted from the plasma of cattle. It is frequently utilized
as a coating for nanoparticles across a range of biomedical
applications, including drug delivery, diagnostics, and imaging
techniques.” The use of BSA-coated nanoparticles presents a
promising strategy to improve both the efficacy and safety of
drug delivery systems."®

Numerous organic and inorganic nanomaterials, such as
hydrogels, biopolymers, liposomes, gold and silver nanopatrticles,
and carbon nanotubes, have been the subject of extensive
research aimed at exploring their efficacy in the realm of cancer
therapy."”>" Despite the breadth of investigation into these
materials, a significant number of them are encumbered
by various constraints, notably issues concerning inadequate
drug retention and unpredictable release patterns.*” Quercetin
(3,5,7,3',4'-pentahydroxyflavanone) is a polyphenol found in
health foods and plant-based products, with applications in
the food, cosmetic, and pharmaceutical industries due to its
therapeutic potential. Despite favorable roles in cancer therapy,
such as impacting cell signaling pathways, its chemical
instability, low aqueous solubility, and short biological half-
life limit its clinical use.>® Quercetin’s therapeutic potential has
spurred the investigation of various nanoparticle-based delivery
systems, including liposomes,** polymeric nanoparticles,>
and metal nanoparticles.>® However, these systems often suffer
from limitations such as low drug loading capacity, burst
release profiles, and limited targeting specificity.?” Therefore,
there is a need for novel quercetin delivery systems that address
these limitations and enhance its therapeutic efficacy. These
limitations underscore the critical need for further refinement
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and innovation in the development of nanomaterial-based
approaches to cancer treatment.>>>® Nanoparticle delivery
systems address these challenges by increasing solubility and
dissolution rates due to their high surface area and good
adhesion to biological surfaces.*®

Targeting cancerous cells is facilitated by several distinctive
characteristics of tumor cells. First, leveraging the Enhanced
Permeability and Retention (EPR) effect facilitates the extra-
vasation and accumulation of nanoparticles in tumors and
increases the permeability characteristics of tumor blood
vessels."" Additionally, the acidic environment surrounding
tumors promotes iron ion release, further enhancing therapeu-
tic efficacy.® The acidic nature of the tumor microenvironment
(TME), characterized by a pH of approximately 6.5, signifi-
cantly influences the release of iron ions. This reduced pH level
stimulates the release of both ferrous (Fe*") and ferric (Fe**)
ions within the tumor. The heightened availability of these iron
ions in the acidic TME subsequently promotes the generation
of highly reactive oxygen species (ROS) through Fenton and
Fenton-like reactions. This localized increase in ROS can
destroy cancer cells by inducing oxidative stress and ultimately
triggering apoptosis. Thus, the intrinsic acidity of the TME
establishes conditions conducive to iron-mediated mechan-
isms of cell death.** Furthermore, combination therapies can
improve the efficacy of individual modalities while minimizing
adverse effects. Monotherapy with either CT or RT frequently
results in substantial psychological and physical side effects.
The concurrent application of CDT, CT, and RT can yield
synergistic benefits, thereby enhancing treatment outcomes
and potentially reducing side effects. CDT and quercetin can
potentially enhance ROS production; also, ionizing radiation
during RT contributes to ROS generation.*® Additionally, quer-
cetin plays a crucial role in modulating cellular signaling
pathways involved in proliferation and survival, such as PI3K/
Akt** and MAPK pathways.>® Moreover, RT can induce DNA
damage by activating DNA damage response pathways and
promoting cell mortality.>® Chen et al. also proposed compre-
hensive strategies for CDT and developed multimodal anti-
cancer therapies based on CDT techniques.’” Xu et al. devel-
oped a multifunctional nanoplatform utilizing a tannic acid-iron
network loaded with doxorubicin (DOX) to facilitate combined
chemotherapy and chemodynamic therapy.*® To optimize the
design of BSA-coated MnFe,O, nanoparticles for quercetin
delivery, a comprehensive understanding of the drug-nano-
particle interactions at the molecular level is essential.

Computational modeling techniques, including density
functional theory (DFT) calculations and molecular docking
simulations, provide valuable insights into binding affinities,
interaction mechanisms, and adsorption preferences on differ-
ent crystal facets.* In particular, the Reduced Density Gradient
(RDG) method allows for a detailed analysis of non-covalent
interactions, revealing steric and hydrogen bonding contribu-
tions to drug adsorption. These computational studies, com-
plemented by in vitro experiments assessing drug loading,
release kinetics, cytotoxicity, and biocompatibility, offer a hol-
istic approach to evaluate the potential of this nanosystem for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cancer therapy. In this study, we employed an integrated
computational and experimental approach to investigate the
interaction of quercetin with BSA-coated MnFe,O, nano-
particles. DFT and molecular docking simulations were con-
ducted to examine the adsorption mechanisms of quercetin
on the MnFe,0, (011), (101), and (100) facets, while in vitro
experiments evaluated drug loading capacity, release behavior,
and cytotoxic effects on 4T1 tumor cells. By elucidating the
molecular and structural characteristics of quercetin adsorp-
tion, this research provides crucial insights into the design of
efficient MnFe,0,-based drug delivery systems, paving the way
for enhanced quercetin bioavailability and targeted cancer
therapy. While various nanoparticle-based delivery systems
have been explored for quercetin, they often suffer from limita-
tions such as low drug loading capacity, burst release profiles,
and limited targeting specificity. In contrast, our study presents
a novel approach that combines BSA-coated MnFe,O, nano-
particles with a detailed computational analysis of facet-specific
quercetin binding. This unique combination allows us to achieve
enhanced drug loading, pH-responsive release, improved bio-
compatibility, and targeted delivery. Furthermore, we validate the
therapeutic potential of our system through combined chemother-
apy and radiotherapy. By addressing the limitations of existing
quercetin delivery methods, our study offers a promising new
strategy for enhancing the therapeutic efficacy of quercetin in
cancer treatment.

2. Materials and methods
2.1 Experimental methods

2.1.1. Materials. Manganese chloride tetrahydrate (MnCl,-
4H,0) and iron(m) chloride (FeCl;) were sourced from Merck
in Germany, and BSA, ammonia solution (NH,OH) and quer-
cetin were acquired from Sigma-Aldrich in USA. The 4T1 cell
line, a murine mammary carcinoma model, was obtained from
the Pasteur Institute cell bank in Tehran. MTT was procured
from Atocel in Austria, and phosphate-buffered saline (PBS)
was purchased from Inoclon in Iran. Ethanol was supplied by
Merck in Germany.

2.1.2. Preparation of MnFe,0, nanoparticles. Manganese
ferrite (MnFe,O4) nanoparticles were prepared using a co-
precipitation method. The synthesis involved manganese chlor-
ide tetrahydrate (MnCl,-4H,0) and iron(m) chloride (FeCls) as
precursors, with the ammonia solution (NH,OH) serving as the
precipitating agent. Initially, 348 mg of MnCl,-4H,0 (a mole-
cular weight of 197.9 g mol ') and 143.53 mg of FeCl;
(a molecular weight of 162.2 g mol ') were completely dis-
solved in deionized water, maintaining a molar ratio of 2:1.
Following this, an 8 M NH,OH solution was added gradually to
the homogenous mixture using a micropipette while ensuring
continuous magnetic stirring. To achieve the desired pH range
of 9-12, an additional 6 M NH,OH was introduced. The aging
period was crucial in influencing both the precipitation process
and the resultant particle size. Following precipitation,
the solid was separated by centrifugation at 13000 rpm for
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20 min and underwent ten washing cycles. The resulting
material was then dried in an oven at 80 °C for 72 hours(h)
to facilitate the complete formation of the manganese ferrite
phase. The final dried product comprised the targeted MnFe,0,
nanoparticles.

2.1.3. Preparation of MnFe,0,@BSA nanoparticles. To
make BSA-coated MnFe,0, nanoparticles, we first dissolved
250 mg of BSA protein (purchased from Sigma-Aldrich, with a
molecular weight of 66.5 kDa) in 8 mL of water. Then, we slowly
added 50 mg of MnFe,O, nanoparticles to the solution.
The mixture was allowed to stabilize at room temperature for
30 min and then incubated for an additional 12 h to facilitate
the coating process. Following incubation, the resulting BSA-
coated nanoparticles were purified through dialysis (with a
membrane pore size of 12 kDa) against deionized water, with
the water being replaced every four hours for 48 h, to remove
unbound BSA and other impurities.

2.1.4. Fourier-transform infrared (FTIR) analysis. FT-IR
spectroscopy was employed to verify the successful synthesis
of the nanoparticles and to investigate their interactions. A
Tensor 27 FT-IR spectrometer (Bruker, Biotage, Germany) was
used to examine the vibrational modes of the nanoparticles.

2.1.5. Transmission electron microscopy (TEM) analysis.
TEM was utilized to perform both quantitative and qualitative
elemental analyses, in addition to assessing the crystallo-
graphic structure and orientation of components down to 30
nanometers in size. The morphology and dimensions of the
samples were investigated using a Cambridge 360-1990 Stereo-
scan TEM, which was equipped with an energy-dispersive X-ray
spectroscopy (EDS) system for enhanced elemental characteri-
zation.

2.1.6. X-ray diffraction (XRD) analysis. XRD analysis was
performed utilizing Cu Ko radiation (1 = 1.542 A) to collect data
over an angular range of 20 to 80 degrees, using a Bruker AXS
D8 Advance diffractometer (Germany and United States).

2.1.7. Investigating the hydrodynamic size of nanoparticles.
The zeta potential and size distribution of nanoparticles were
ascertained by the Dynamic Light Scattering (DLS) methodology
using a Nano Zetasizer (Nano ZS90, Malvern Instruments), with
the results documented in a graphical format. The zeta potential of
the nanoparticle surface and the carriers was similarly evaluated
utilizing DLS apparatus. To facilitate this process, the initially
prepared samples were diluted to attain the requisite absorption
range suitable for DLS assessments, subsequently allowing for the
determination of the dimensions of the prepared nanoparticles via
the DLS device.

2.1.8. Ultraviolet-visible (UV-vis) analysis. UV-vis spectro-
photometry is a method that relies on the absorption of light by
a substance or an unknown sample. Each substance has a
distinct interaction with light, leading to a unique UV-vis
spectrum for each one. This spectrum serves as a valuable tool
for both identifying and quantitatively analyzing various sub-
stances. For this study, a Thermo Scientific BioMate 5 spectro-
photometer was utilized.

2.1.9. Preparation of quercetin loaded nanoparticles.
To load quercetin onto the newly developed nano-hybrids, we
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began by dissolving 5 mg of quercetin in 2 mL of ethanol. This
solution was then carefully added dropwise to an aqueous
suspension containing the nanocarrier, which comprised
20 mg of MnFe,O,@BSA nanoparticles. Following the drug
loading process, centrifugation was employed to isolate any
unloaded quercetin.

2.1.10. Determination of the amount of quercetin loaded
on MnFe,0,@BSA. To assess the amount of quercetin via
UV-vis spectrophotometry at 375 nm, a calibration curve was
established. Initially, 2.2 mg of quercetin was dissolved in 1 mL
of acetone. From this solution, 200 pL. was combined with
1800 pL of PBS buffer in a ratio of 65 : 35. Subsequently, 10 puL of
the resultant mixture was further diluted with 990 uL of buffer.
The absorbance at 375 nm was measured three times. This
process was repeated six additional times for concentrations of
2.2, 4.4,and 8.8 pg mL™ . To facilitate the analysis, a calibration
curve of concentration versus absorbance was generated using
Microsoft Excel 2016, and the data’s goodness of fit was
evaluated by reporting the linear equation and the correlation
coefficient.

2.1.11. Quercetin release behavior of MnFe,0,@BSA-
quercetin nanoparticles. To examine the quercetin release
behavior of MnFe,O0,@BSA-quercetin nanoparticles during
dialysis under two distinct pH conditions (7.4 and 5.7), 2 mL
of MnFe,0,@BSA-quercetin was encapsulated in a dialysis
bag (a membrane cut-off of 12 kDa). The dialysis bag was
subsequently submerged in 15 mL of phosphate-buffered
saline (PBS) solution at pH 7.4 within a shaking incubator set
to 37 °C and 100 rpm. At specified time intervals, 1 mL of the
external solution surrounding the dialysis bag was extracted,
and an equivalent volume of buffer maintaining the corres-
ponding pH was promptly refilled into the incubator. The
absorbance of the collected samples was then measured at
375 nm utilizing a UV-vis spectrophotometer.

2.1.12. Hemolysis assay. To evaluate the biocompatibility
and effects of synthesized nanoparticles (MnFe,0,@BSA-quer-
cetin and MnFe,0,@BSA) on red blood cells, a study was
undertaken. Red blood cells were subjected to varying concen-
trations (50, 100, and 200 pg mL ') of these nanoparticles.
Blood was collected from a volunteer, and an anticoagulant was
added to prevent clotting. Subsequently, red blood cells were
isolated from the plasma and thoroughly washed to eliminate
any residual plasma components. The washed red blood cells
were incubated at 37 °C for 5 hours with the different nano-
particle concentrations, along with distilled water (serving as a
negative control) and phosphate-buffered saline (PBS, serving
as a positive control). After incubation, the samples underwent
centrifugation, and the supernatant was collected. The absor-
bance of the supernatant was measured at 540 nm using a
microplate reader, allowing for the calculation of hemolysis
percentage based on these absorbance values. A higher percen-
tage of hemolysis indicates greater damage to the red blood
cells.

(As - Ab)

— 2~ x 100
(Ap — Ay)

Hemolysis (%) =
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2.1.13. Assessment of cytotoxic effects on cancerous cells.
In this experiment, 7000 4T1 cells were plated in each well of a
96-well plate and allowed to incubate for 24 h, facilitating cell
attachment. Following this incubation, the cells were subjected
to a specific treatment and then were treated with quercetin-
loaded nanoparticles at different concentrations of 20, 60 and
80 pug mL™ " and an equivalent amount of carrier, and the free
medium was considered as the control group and subsequently
exposed to radiation therapy. The cells were then incubated for
an additional 24 h to allow the effects of the treatment and
radiation to manifest. To evaluate cell viability, an MTT assay
was conducted. 10 pL of MTT solution (5 mg mL™ ') was
introduced into each well and incubated for 4 h. After this
incubation period, 100 pL of DMSO was added to each well, and
the absorbance was measured at 570 nm to determine cell
viability. The MTT assay serves as an indicator of cell metabolic
activity. Viable cells metabolize the yellow tetrazolium salt MTT
into purple formazan crystals, with the amount of formazan
produced directly proportional to the number of living cells
present.

2.1.14. LDs, assay. In vivo safety assessment of developed
MnFe,0,@BSA-quercetin nanoparticles was performed using
the median lethal dose (LDs). In this test, BALB/c female mice
(~20 g weight) as an animal model were used to determine
the possible in vivo toxicity of synthesized nanoparticles.
Accordingly, MnFe,0,@BSA-quercetin at various concentra-
tions ranging from 25 to 150 mg kg ' was administrated to
the mice by intravenous injection (n = 4 mice per dose).
To determine the LDs,, the body weight and survival rate of
mice were then monitored for three weeks. Also, blood indexes
were analyzed on the first, 14th, and 28th day posttreatment
with MnFe,O,@BSA-quercetin.

2.2. Computational methods

In order to account for facet-dependent interactions, we con-
structed slab models representing three different crystallo-
graphic orientations of MnFe,O,: the (100), (101), and (111)
facets. These facets were chosen because they represent the
most commonly exposed surfaces in MnFe,O, nanoparticles
synthesized under typical conditions and are also known to be
thermodynamically stable.*® Furthermore, these facets exhibit
distinct surface properties, including variations in surface
energy, atomic arrangement, and availability of binding sites,
which may significantly influence their interaction with quer-
cetin and BSA. By examining these specific facets, we aim to
provide insights into the facet-dependent adsorption mechan-
isms that govern quercetin loading and release. Fig. 1 presents
models of MnFe,O,. While spherical models better represent
the overall morphology of nanoparticles, our layered (slab)
theoretical modeling approach was chosen to isolate and
analyze the surface interactions critical for adsorption. The
slab model allows for detailed investigation of adsorption
geometries, binding energetics, and electronic structure mod-
ifications at the interface, providing insights that are directly
translatable to real-world applications. These slab models were
chosen to capture the diversity of adsorption sites available on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of slab models for MnFe,O,4 facets used in this study. The figure illustrates the three distinct surface orientations: (100)
(a), (101) (b), and (011) (c). In the schematic, the (100) facet is shown as a relatively flat surface with moderate coordination (a), the (101) facet exhibits a
higher density of exposed metal sites (b), and the (011) facet displays a more corrugated topology (c). These models form the basis for DFT and molecular

docking studies of quercetin adsorption.

the nanoparticle surface, as the local atomic arrangement can
significantly influence binding strength and electronic proper-
ties. Each slab model was constructed with a vacuum layer of
15-20 A to eliminate interactions between periodic images.
Mercury,"" Avogadro,*”> Gaussview5.0.8,* and VMD** software
programs were used to create graphical visualizations. Detailed
descriptions of the calculation methods are provided in sub-
sequent sections.

2.2.1 Molecular docking. Molecular docking simulations
were performed using AutoDock4® to predict the binding
orientations and affinities of quercetin on both the BSA protein
and the MnFe,O, surfaces. This process provided initial
binding poses that were further refined using DFT geometry
optimization. The crystal structure of BSA was obtained from
the Protein Data Bank (PDB ID: 4F5S).*® The structure was
prepared for docking by removing water molecules and any co-
crystallized ligand. Polar hydrogens were added to the protein
using AutoDock Tools. Prior to docking, the geometry of
quercetin was optimized using the ORCA quantum chemistry
software.”” A second-order Mgller-Plesset perturbation theory
(MP2) method with the aug-cc-pVTZ basis set*® was employed.
The optimized structure of quercetin was then prepared for
docking by adding hydrogen atoms and electrostatic potential
(ESP) fitting utilizing the ChelpG*® method for charges. The
ligand was treated as flexible with all its torsions being rota-
table. MnFe,0, surfaces were generated from slab models
representing the (100), (101), and (011) facets. These optimized
slab models were then used to build surface models for mole-
cular docking. For the partial atomic charges of the MnFe,0O,
structures, RESP® fitting using the REPEAT>' method was
utilized. Prior to docking quercetin, the optimized MnFe,O,
surfaces representing the (100), (101), and (011) facets were
individually docked into BSA. This was done to explore how
MnFe,0, interacts with BSA separately and to create the BSA-
MnFe,0, complex as a basis for further docking studies.
In order to study the interaction of quercetin with BSA before
the presence of MnFe,0,, we separately docked the optimized

© 2025 The Author(s). Published by the Royal Society of Chemistry

structure of quercetin into the binding site of BSA. To assess
potential ternary interactions, we then docked quercetin into
the most stable complex resulting from previous docking
simulations where MnFe,0, interacted with BSA. The grid
box encompassing the binding pocket was defined based on
the known binding sites for metals and quercetin®~>* and had
dimensions of 60 A x 60 A x 60 A, with a grid point spacing of
0.375 A. The Lamarckian genetic algorithm (LGA) was used to
perform the docking simulation with a population size of 250, a
maximum of 2500000 energy evaluations, and a maximum of
27000 generations. 100 independent docking runs were con-
ducted. The best docked pose was selected based on the lowest
binding energy score. The resulting complexes were visually
inspected using PyMol>® and UCSF Chimera®® software’s.

2.2.2. Density Functional Theory (DFT) Calculations.
To study the interaction between quercetin and different facets
of MnFe,0,, periodic DFT calculations were performed using
the CP2K code.”” The Quickstep module®® was used for the
electronic structure calculations, which employed a combi-
nation of Gaussian-type orbitals (GTOs) and plane wave (PW)
methods.>® The rev-PBE exchange-correlation functional was
used along with the D3 correction for dispersion interactions,
along with the Goedecker-Teter-Hutter (GTH) TZVPP>® basis
set and pseudopotential. The optimized structure of quercetin
was placed in proximity to the (100), (101), and (011) surfaces
and the combined system was fully optimized. To study the
interaction between quercetin and the BSA-MnFe,0,4(101)
complex, fragmental DFT calculations were performed using
the CP2K code. The initial configuration for the DFT calcula-
tions was obtained from the molecular docking results, speci-
fically the most stable structure where the (011) facet of the
MnFe,0, nanoparticle was bound to BSA, and quercetin was
accommodated within the complex. All residues with a separa-
tion threshold of 5 A were included. Tight convergence criteria
(1077 a.u.) were set for the SCF energy during the optimization
process. The basis set superposition error (BSSE)*® was applied
to all calculations to correct the binding energy.
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The binding energy (AE) of quercetin on the MnFe,0, surface
was calculated using the following equation:

AE = E(complex) - [E(MnFe204) + E(quercetin)],

where Ecompley) iS the total energy of the quercetin-MnFe,O, system,
Eure,0,) 18 the energy of the isolated MnFe,O, surface, and
E(quercetin) 1S the energy of the isolated quercetin molecule. A negative
value of AE indicates a favorable binding interaction.

2.2.3. Reduced density gradient (RDG). To further analyze
the nature of the interactions between quercetin and the
MnFe,0, facets and in the complex with BSA, we performed
reduced density gradient (RDG) analysis using the NCIplot
program.®’ RDG is a dimensionless quantity that is sensitive
to non-covalent interactions. We generated RDG isosurfaces
and plotted the sign(4,)p function to characterize these inter-
actions. The sign(4,) term helps to distinguish between attrac-
tive (4, < 0) and repulsive (1, > 0) interactions. We generated
Reduced Density Gradient (RDG) isosurfaces and plotted
the sign(/,)p function to characterize these interactions. The
sign(4,) term helps to distinguish between attractive (1, < 0)
and repulsive (4, > 0) interactions.

2.3. Statistical analysis

All of the quantitative data were expressed as mean with
standard deviation (mean + SD) unless otherwise stated. Sta-
tistical analysis was performed using GraphPad Prism software
(GraphPad Prism 8).

3. Results and discussion

3.1. Experimental results

3.1.1. FTIR analysis of MnFe,0,@BSA and MnFe,0,@
BSA-quercetin. In the FTIR spectrum of MnFe,O,@BSA
nanoparticles, as shown in Fig. 2, a broad band observed at
3434 cm™ ' is indicative of N-H stretching vibrations. Further-
more, a peak identified at 1570 ecm™" corresponds to H-O-H
bending vibrations. The peaks at 523 cm ™' and 635 cm ™' are
attributed to Fe-O stretching vibrations, providing evidence for
the successful synthesis of the nanoparticles. In the analysis of

View Article Online
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the BSA component, the FTIR spectrum reveals a broad band at
3433 cm ™', which is also associated with N-H stretching
vibrations. Additional peaks at 2924, 1578, 1431, 1015, 808,
and 648 cm ™' correspond to C-H stretching, asymmetric and
symmetric COO~ stretching, C-O stretching, and vibrations
related to the carbon skeleton, respectively. Overall, the results
obtained from the FTIR analysis support the conclusion
that the synthesis of MnFe,O,@BSA nanoparticles has been
successfully achieved. The FTIR spectrum of MnFe,O0,@BSA-
quercetin nanoparticles is shown in Fig. 3.

3.1.2 TEM analysis. Fig. 4 illustrates that the TEM imaging
revealed the nanoparticles to possess a spherical morphology,
with an average diameter of around 7 nanometers.

3.1.3. XRD analysis. The XRD pattern obtained for the
synthesized MnFe,O, nanoparticles is presented here. The
results indicate that the observed XRD pattern aligns with the
standard XRD pattern for MnFe,O,, which is shown in Fig. 5.

3.1.4. Determining the size and zeta potential of nano-
particles. The results obtained from the DLS device for each of
the formulations are shown in Fig. 6. Based on the results, the
average hydrodynamic diameter of the BSA-MnFe,O, nano-
particles is 85.27 £ 0.26 nm with a PDI of 0.25 (Fig. 6(A)),
and the size of BSA-MnFe,O,—quercetin nanoparticles is
98.13 + 0.78 nm with a PDI of 0.364 (Fig. 6(B)); the zeta
potential of BSA-MnFe,0, nanoparticles is —16 mV (Fig. 6(C))
and the zeta potential of BSA-MnFe,O,—quercetin nano-
particles is —13.8 mV (Fig. 6(D)). The zeta potential of nano-
particles plays a crucial role in determining their colloidal
stability. Zeta potential is a measure of the electrical charge
on the surface of nanoparticles, which affects their interparticle
interactions. A high positive or negative zeta potential (typically
>+30 mV) leads to strong electrostatic repulsion between
particles, preventing aggregation and enhancing colloidal
stability.®* This ensures the nanoparticles remain dispersed
in the solution and do not clump together. If the zeta potential
is low (close to 0 mV), the electrostatic repulsion is weak,
allowing van der Waals forces to dominate, which increases
the likelihood of aggregation and instability.*® Thus, maintain-
ing an optimal zeta potential is key to ensuring long-term
dispersion and stability of nanoparticles in solution, which is
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Fig. 2 FT-IR analysis of synthesized MnFe,O,—BSA nanoparticles.
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Fig. 3 FT-IR analysis of synthesized MnFe,O4—BSA—quercetin nanoparticles.
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Fig. 4 TEM imaging of synthesized nanoparticles.

important for their effective applications in various fields,
including drug delivery and imaging.

3.1.5. UV-vis analysis. The UV-vis spectrum of the syn-
thesized nanoparticles is presented in Fig. 7. The spectrum

corresponding to BSA reveals distinct peaks at 260 nm and
240 nm, which are indicative of BSA nanoparticles and provide
evidence for their successful synthesis. Furthermore, the spec-
trum of MnFe,0,-BSA nanoparticles also shows a peak near
260 nm, thereby corroborating the successful fabrication of
these nanoparticles.

3.1.6. Drug loading. The drug loading capacity of quercetin
in the nanoparticles was measured using a UV-vis spectro-
photometer. The analysis showed that the drug loading effi-
ciency was 27.5%.

3.1.7. Drug release behavior. The release kinetics of quer-
cetin from nanoparticles were evaluated under both neutral
and acidic pH conditions. The drug release profiles, illustrated
in Fig. 8, indicate a progressive release of the free drug over
time. Quercetin was investigated in two distinct phosphate-
buffered saline (PBS) solutions with pH levels of 7.4 (physiolo-
gical pH of blood and healthy tissue) and 5.7 (intracellular pH
of cancer cells), as shown in Fig. 8. Notably, the peak release
from the nanoparticle system occurred at 120 h in both media.
In the neutral environment, approximately 41% of the querce-
tin was released after 120 h, while a markedly higher release of
62% was recorded in the acidic environment. These results
suggest that quercetin is released more effectively under acidic
conditions. This section of our study aims to assess the
performance of the drug release system across two critical
pH extremes: physiological conditions (pH 7.4)** and a notably
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Fig. 5 XRD analysis of synthesized nanoparticles.
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Fig. 6 DLS analysis related to the size of nanoparticles. (A). DLS of BSA—MnFe,O4 nanoparticles. (B) DLS of BSA@MnFe,O4—quercetin nanoparticles. (C)
Zeta potential of BSA-MnFe,O4 nanoparticles. (D) Zeta potential of BSA@MnFe,O4—quercetin nanoparticles.
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Fig. 7 The UV-vis spectra of the synthesized nanoparticles are illustrated. The blue curve corresponds to BSA-MnFe,O,4 nanoparticles and the red curve
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Fig. 8 Quercetin release profile.

acidic environment (pH 5.7). The pH of 7.4 is utilized as a
reference point for evaluating the stability of the system within

2932 | Mater. Adv, 2025, 6, 2925-2941

the bloodstream and healthy tissues, where it helps minimize
the risk of premature drug release. Conversely, the acidic pH
of 4.4-6 is selected to replicate the stringent acidic conditions
that occur within intracellular compartments® following cel-
lular uptake. By evidencing a significant pH-dependent release
mechanism between these two clearly defined conditions, our
research underscores the system’s potential for targeted drug
delivery and intracellular activation objectives of our investiga-
tion. Exploring these critical physiological parameters provides
compelling initial evidence of the system’s sensitivity to rele-
vant pH gradients. Recent in vitro research indicates that
quercetin can be released in a sustained manner under acidic
conditions. This finding points to improved drug retention and
intracellular delivery within the tumor microenvironment. The
controlled release mechanism is anticipated to reduce systemic
toxicity by restricting drug release at physiological pH (7.4).
When paired with magnetic targeting, this pH-responsive
release method is expected to enhance drug localization and
extend therapeutic exposure at tumor sites in vitro. However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The hemolysis assay to evaluate the biocompatibility of the prepared nanoparticles.

the intricate nature of the in vivo environment, which includes
variables such as blood flow and drug clearance, highlights the
need for further studies to validate these findings and evaluate
the actual therapeutic effectiveness and safety.

3.1.8. Hemolysis assay. The hemolysis assay was conducted
to evaluate the biocompatibility of the nanoparticles. In this test,
water was used as a positive control and phosphate-buffered
saline (PBS) was used as a negative control. The results of the
hemolysis assay are presented in Fig. 9. Various concentrations
of nanoparticles were prepared and subsequently assessed.
The findings indicate that the nanoparticles exhibited a dose-
dependent hemolytic effect. Due to the direct interaction of the
drug with blood tissue, it is essential to evaluate the hematotoxi-
city. Consequently, the hematotoxicity biocompatibility study of
BSA@MnFe,0, and BSA@MnFe,0O,—quercetin nanosystems was
performed. Various concentrations of nanoparticles were investi-
gated, and the data from this study indicated dose-dependent
toxicity of nanoparticles. Moreover, according to observations,
nanoparticles are safe up to a concentration of 200 pg mL™"
and display less than 5% toxicity.

100+

50+

Cell Viability (%)

[E
Fig. 10 The MTT assay on 4T1 tumor cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.1.9. Therapeutic impacts on cancerous cells. The thera-
peutic efficacy of chemotherapy and radiotherapy in combi-
nation with nanoparticle-loaded quercetin was assessed using
the MTT assay on 4T1 tumor cells under both standard condi-
tions and conditions involving nanoparticle treatment. The
MnFe,0,-BSA-quercetin formulation demonstrated a dose-
dependent cytotoxic effect. As illustrated in Fig. 10, the drug-
loaded nanoparticles resulted in reduced cell viability at the
administered concentrations (20, 60, and 80 ug mL™ ") relative
to the free drug. This observed reduction in viability may be
attributed to enhanced drug absorption by tumor cells and the
synergistic interactions facilitated by the nanoparticle carrier.
Moreover, when subjected to 4 Gy radiation, the catalytic
capacity of MnFe,0,-BSA-quercetin nanoparticles for the gen-
eration of ROS was significantly augmented, resulting in a
further decline in cell viability at the tested concentrations
when compared to the non-irradiated samples.

3.1.10. LDs, as an in vivo biosafety indicator. To confirm
the in vivo biosafety of developed MnFe,O0,@BSA-quercetin and
accordingly increase the overall chances of these nanoparticles

Control

Control RT
BSA-MnFe,04-Quercetin 20
BSA-MnFe,0,-Quercetin + RT 20
BSA-MnFe,0,-Quercetin 60
BSA-MnFe,0,-Quercetin+ RT 60
BSA-MnFe,0,-Quercetin 80
BSA-MnFe,0,-Quercetin + RT 80
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to reach the preclinical studies, in vivo biosafety was primarily
assessed using LDs, assay. Mice received various concentra-
tions of MnFe,0,@BSA-quercetin nanoparticles (0, 25, 50, 100
and 150 mg kg™ ') by intravenous injection, and their survival
rate and behavior were fully monitored. As depicted in Fig. 11, a
Cox Regression diagram was used to represent the obtained
results. Interestingly, after injection of MnFe,O,@BSA-quercetin,
all mice survived and no deaths were observed in the treated
groups, as well as monitoring of body weight revealed no signi-
ficant changes relative to the control group. Furthermore, no
significant side effects could be observed in the blood panel
count biochemical analysis after injection of MnFe,O,@BSA-
quercetin. These outcomes disclosed the fact that MnFe,0,@
BSA-quercetin nanoparticles had no toxic effects and provided
further evidence for in vivo biosafety of MnFe,O,@BSA-quercetin
nanoparticles for (pre)clinical exploration.

3.2. Computational results

3.2.1. Molecular docking results. The molecular docking
simulation revealed that quercetin was accommodated within a
binding pocket located in the Subdomain IIA of BSA (Fig. 12).
Subdomain IIA is one of the two primary drug-binding sites in
BSA (the other being Subdomain IITA). Many small molecules,
including flavonoids like quercetin, are known to bind prefer-
entially in this region. For example, Shaghaghi et al.®> demon-
strated that quercetin binds to the Subdomain IIA of BSA, with
molecular docking revealing favorable interactions and electro-
static forces as the primary binding mechanism. This subdo-
main is known for its relatively hydrophobic character, which is
consistent with the binding of aromatic and polycyclic ligands.
The docked pose, selected based on the lowest binding energy
(=5.17 keal mol™"), shows that quercetin primarily interacts
with amino acid residues within this subdomain of BSA,
through both polar and non-polar interactions. Another study
conducted by Mohammadi et al.®® involving quercetin’s inter-
action with proteins reported binding energies in the range of
—5.95 kcal mol ™" for other targets, suggesting similar magni-
tudes for BSA interactions. As shown in Fig. 12, the hydroxyl

2934 | Mater. Adv, 2025, 6, 2925-2941
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Fig. 12 Molecular docking results of quercetin (wheat, sticks) in BSA (light
blue, cartoon). Key interacting amino acid residues are labeled (for clarity,
only the chain A is shown).

groups of quercetin form specific interactions, including
potential hydrogen bonds and van der Waals forces, with the
side chains of ASP192, HIS145, SER194, ARG196, and ARG458,
which are all located within or close to the Subdomain IIA
of BSA.

Molecular docking simulations revealed distinct binding
patterns for the different MnFe,0, facets within BSA, with each
exhibiting favorable interaction energies. Fig. 13 illustrates the
molecular docking poses of the MnFe,0, nanoparticles inside
the BSA structure. The (011) facet was primarily accommodated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Molecular docking poses of the MnFe,O4 nanoparticles [(a) (011) facet, (b) (101) facet, and (c) (100) facet] bound to bovine serum albumin (BSA).
Top panels display the overall binding configuration of each facet within BSA (surface representation), while bottom panels [(a’), (b’), and (c’)] show a
detailed view of the interactions between the MnFe,O, facets (red/copper spheres and van der Waals representation) and key amino acid residues of BSA

(tan, sticks).

at the Subdomain IB-IIB interface region of BSA, interacting
with amino acid residues such as ARG124, LYS127, ALA128,
ASP37, GLU80, SER79, PRO113, GLU112, and ARG143
(Fig. 13(a)). The (101) facet showed a different binding mode,
located in a region spanning Subdomains IA and IB, interact-
ing with residues including ASP127, LYS132, LYS41, GLU33,
LYS31, SER110, and ARG48 (Fig. 13(b)). In contrast, the (100)
facet is bound to an extended surface region involving differ-
ent subdomains and interacting with residues such as ASP12,
LYS13, GLU117, PHE14, LYS51, GLU53, ASP282, and PRO280
(Fig. 13(c)). The binding affinity varied among the facets: the
(101) facet exhibited the highest binding affinity with an
estimated binding energy of —9.21 kcal mol™" and an inhibi-
tion constant of 178.74 nM. The (011) facet exhibited a
binding energy of —7.75 kcal mol " and a K; of 2.09 uM, while
the (100) facet had a binding energy of —7.23 kcal mol " and a
K; of 5.04 uM. Energetic analysis revealed that the van der
Waals and hydrogen bond desolvation energy terms predomi-
nantly contributed to the favorable binding in all three facets,
with a negligible electrostatic contribution in all cases.
A comparison of the DFT derived binding energies and the
docking results showed a similar trend, thus supporting the
findings.

The molecular docking simulation revealed that quercetin
was accommodated within the BSA-MnFe,0, (101) complex
(Fig. 14). In this new environment, the docked pose, selected
based on the lowest binding energy (—7.19 kcal mol "), shows
that quercetin interacts primarily with amino acid residues of
BSA as well as with the (101) facet of MnFe,0,. As shown in
Fig. 14, quercetin interacts with the side chains of various
amino acids of BSA, for example, ASP129, LYS132, GLU125,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 14 Molecular docking results of quercetin (grey spheres) in the BSA-
MnFe,O4 (101) complex. The BSA protein surface in light blue (chain A) at
the bottom and pink (chain B) at the top. The (101) facet (red/copper
spheres, van der Waals representation) and key interacting amino acid
residues are labeled.

LYS127, SER79, ALA78, GLU76, and HIS83, through hydrogen
bonds and van der Waals interactions.

Table 1 summarizes the binding energies and related data
for all the studied systems. The MnFe,0O, facets had smaller
ligand efficiencies (0.05 for the (011) facet and 0.06 for the (101)
facet) than quercetin. This is mainly because the LE is lower in
the nanoparticles, which also suggests that the interactions are

Mater. Adv., 2025, 6, 2925-2941 | 2935
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Table 1 Molecular docking results for MnFe,O,4 facets and quercetin with BSA and complexes

System Binding energy (kcal mol ) Ligand efficiency Inhibition constant (K;) K; units
MnFe,0,(011)-BSA —7.75 0.05 2.09 M
MnFe,0,(101)-BSA —9.21 0.06 178.74 nM
MnFe,0,(100)-BSA —7.23 —0.05 5.04 pM
Quercetin-BSA —=5.17 —0.23 160.97 M
Quercetin-BSA-MnFe,0, (101) —7.19 —0.33 5.37 UM

less specific. On the other hand, quercetin had a larger binding
affinity towards BSA alone than in the presence of MnFe,0,.
This suggests that there is competition for the binding site. The
inhibition constant (K;) values, which reflect the affinity of
the various complexes and facets for BSA, further support the
differences observed in binding energies. The MnFe,0, (101)
facet showed the lowest K; value at 178.74 nM, compared with
the (011) and (100) facets, which showed K; values at 2.09 uM
and 5.04 uM respectively. In addition to all facets having
distinct affinity, the (101) also disrupts the quercetin binding
within the system, thus providing an advantage for the nano-
particle in the system.

3.2.2. Density functional theory (DFT) results. Density
functional theory (DFT) calculations were performed on docked
configurations of quercetin adsorbed onto various facets of
MnFe,0, nanoparticles. Fig. 15 shows the most stable geometry
optimization of quercetin with different facets of MnFe,O,. The
optimized geometries revealed that quercetin binds to the nano-
particle surfaces via coordination between its oxygen-containing

B R

= s =
G S Pt — N7
N

functional groups (-OH and -C—0) and the metal sites (Mn
and Fe). For instance, on the (100) facet, key bond distances of
1.908, 2.116, and 2.501 A were observed, yielding a binding
energy of approximately —59.61 kcal mol . Similarly, the (101)
facet exhibited even stronger binding (up to ~—67.14 kcal mol ),
while the (011) facet showed a moderately strong interaction with
a binding energy of —58.31 kcal mol ', These values indicate
that the adsorption is predominantly chemisorptive in nature,
driven by strong metal-ligand interactions. Importantly, for the
MnFe,0,@BSA-quercetin (101) complex, the binding energy was
found to be —77.2 kcal mol™", indicating a significantly more
stable and favorable interaction within this specific ternary system.
The measured distances between specific atoms are as follows: the
OH group on the (101) facet of the protein shows a separation of
1.696 A. Additionally, this group interacts with another region
of the molecule within the protein at distances of 2.638 A and
1.383 A. From these results, we confirmed the creation of three
hydrogen bonds in different compounds; however, in the com-
pound “quercetin-BSA-MnFe,0O,”, it was shown that there exist

Fig. 15 DFT-optimized structures illustrating the interactions of quercetin with different MnFe,O, facets and the BSA complex. (a) shows the interaction
of quercetin with the (100) facet, (b) with the (101) facet, (c) with the (011) facet, and (d) the interaction within the MnFe,O4@BSA—-quercetin (101)
complex. Distances between quercetin and the material surfaces are labeled in A. Ice blue, orange, red, gray, and white represent Mn, Fe, O, C, and H,

respectively.
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Table 2 DFT-calculated interaction energies for interatomic interactions
between quercetin and MnFe,O,4 (011), (100), and (101) facets and the (101)
system in the complex

System Interaction energy (kcal mol ")
Quercetin-MnFe,0, (011) —58.31

Quercetin-MnFe,0, (100) —59.61

Quercetin-MnFe,0, (101) —67.14
Quercetin-BSA-MnFe,0, (101) —77.2

even more binding points and hydrogen bond creation that
stabilize the complex and can create other interactions to
promote the system. The related interaction energies are pro-
vided in Table 2.

3.2.3. Reduced density gradient (RDG) analysis. To com-
prehensively understand the adsorption behavior of quercetin
on MnFe,O, nanoparticles, we performed RDG analysis on
three distinct facets - (011), (101), and (100) - and further
examined the influence of BSA on the interaction with the (101)
facet. The resulting RDG plots and isosurfaces provide insights
into the interplay of van der Waals forces, hydrogen bonding/
coordination, and steric effects across these systems. The
results of RDG analysis are provided in Fig. 16. The analysis
revealed that the facet structure significantly dictates the nature
of the quercetin-MnFe,0, interaction. On the (011) facet, the
RDG plots indicated a balanced contribution from strong,
localized hydrogen bonding/coordination interactions with sur-
face oxygen and Mn atoms and weaker van der Waals forces.
Conversely, the (101) facet showed a dominance of van der
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Waals interactions, with more restricted hydrogen bonding and
potential steric limitations imposed by the surface structure.
The (100) facet exhibited an intermediate profile, where van der
Waals forces remained significant, but with a shifted balance,
potentially leading to fewer interactions with Mn. This is
correlated to steric hindrance as shown on RDG plots by red
areas. The inclusion of BSA profoundly alters the interaction
landscape. On the MnFe,O,@BSA (101) complex, the RDG
analysis revealed a significant increase in van der Waals forces,
largely attributed to the presence of BSA residues. This shift is
accompanied by a decrease in direct hydrogen bonding/coordi-
nation between quercetin and the MnFe,0, surface, suggesting
that BSA sterically hinders access to surface binding sites and
competes for interactions with quercetin through the inter-
action with BSA residues. The prominence of red zones in the
RDG plot supports this.

Quercetin’s electrostatic potential (ESP) distribution was
analyzed to understand its interaction with MnFe,0,. Fig. 17
presents the ESP-mapped molecular surface, highlighting the
electron density distribution and potential interaction sites.
The analysis revealed distinct regions of positive and negative
ESP, with negative ESP regions (red zones) around oxygen
atoms in hydroxyl and carbonyl functional groups and posi-
tive ESP regions (blue zones) corresponding to electropositive
hydrogen atoms within hydroxyl groups. Neutral regions (green/
yellow zones) were less reactive, mainly covering aromatic rings,
potentially contributing to m-n stacking interactions with the
surface. The study investigated quercetin’s interaction with
MnFe,0, on three different facets (011), (101), and (100), and
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Fig. 16 Reduced density gradient scatter plots and the corresponding molecular models illustrating the adsorption of quercetin on MnFe,O4 (011) [(a)
and (a’)], (101) [(b) and (b")], and (100) [(c) and (c’)] facets, as well as on the BSA—MnFe,O4 (101) complex [(d) and (d’)]. The color code in the RDG plots
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Fig. 17 Electrostatic potential (ESP) maps of quercetin in transparent (left) and solid (right) forms. The maps depict electron-rich (red) and electron-

deficient (blue) regions, indicating potential interaction sites.

its binding with BSA-functionalized MnFe,O, (101). The reduced
density gradient (RDG) analysis revealed that the carbonyl and
hydroxyl groups of quercetin strongly interact with surface Mn
and Fe metals through electrostatic coordination. The hydroxyl
groups may also form hydrogen bonds with surface oxygens,
enhancing binding stability. The (101) facet, with a different
charge distribution, binds through charge-assisted interactions,
with electronegative oxygen atoms coordinating with surface
metal cations and hydroxyl groups contributing to hydrogen
bonding. The study investigated quercetin’s interaction with
MnFe,0, on three different facets (011), (101), and (100), and
its binding with BSA-functionalized MnFe,O, (101). The
Reduced Density Gradient (RDG) analysis revealed that the
carbonyl and hydroxyl groups of quercetin strongly interact
with surface Mn and Fe metals through electrostatic coordina-
tion. The hydroxyl groups may also form hydrogen bonds with
surface oxygens, enhancing binding stability. The (101) facet,
with a different charge distribution, binds through charge-
assisted interactions, with electronegative oxygen atoms coor-
dinating with surface metal cations and hydroxyl groups con-
tributing to hydrogen bonding. The MnFe,O, (100) facet of
MnFe,0, has unique interaction sites that influence quercetin
binding. Quercetin primarily interacts via metal coordination,
forming strong bonds with available cations. The planar aro-
matic rings may engage in n-n stacking interactions with the
surface, stabilizing adsorption. The RDG analysis confirms
moderate non-covalent interactions. When conjugated with
bovine serum albumin (BSA), the interaction pattern shifts due
to polar amino acid residues. New hydrogen bonding interac-
tions between quercetin’s hydroxyl/carbonyl groups and BSA’s
polar functional groups are highlighted. BSA-functionalization
enhances quercetin binding by introducing additional non-
covalent interactions.

4. Conclusion

This study provides a comprehensive and integrative investiga-
tion of BSA-coated MnFe,O, nanoparticles as a promising
quercetin drug delivery platform, combining detailed computa-
tional modeling with robust experimental validation. Our findings
demonstrate significant interactions between quercetin, the

2938 | Mater. Adv,, 2025, 6, 2925-2941

MnFe,0, nanoparticle surface (emphasizing the importance
of Mn coordination sites), and BSA, with computational bind-
ing energies (—67.14 kcal mol™" for the (101) facet) aligning
strongly with the observed experimental drug loading capacity
of 27.5%. Critically, Reduced Density Gradient (RDG) analysis
revealed the facet-dependent nature of quercetin adsorption,
demonstrating how the interplay of hydrogen bonding and van
der Waals forces varies across the (011), (101), and (100) facets,
influencing quercetin stability and release. The enhanced
quercetin release (62% at pH 5.7) confirms the pH-responsive
nature of the system, a crucial feature for targeted drug delivery
to the acidic tumor microenvironment.

The novelty of our approach lies in the synergistic combi-
nation of the BSA coating and facet-specific computational
analysis, offering a refined understanding of quercetin-nano-
particle interactions. This approach demonstrates that the BSA
coating modifies the adsorption landscape and enhances drug
binding, leading to reduced hemolytic activity. The simulations
also show the promise of combining BSA and MnFe,0, (101)
in improving binding energy. The predicted binding is consis-
tent with the observed reduction in cell viability (45% at
200 pg mL™ "), suggesting the anticancer activity of the drug
delivery system. These findings underscore the importance of
considering surface crystallography in the design of effective
nano-based drug delivery systems. Future research should
focus on synthesizing nanoparticles with controlled facet expo-
sure to further optimize quercetin loading and release. Further
studies are needed to evaluate the drug release rate in a more
in vitro environment and test the anticancer efficacy of this
system in vivo, particularly in combination with external stimuli
such as alternating magnetic fields to enhance thermal energy
and promote targeted hyperthermia. These investigations will
ultimately pave the way for the development of advanced,
biocompatible, and targeted drug delivery strategies for cancer
therapy, maximizing therapeutic benefits while minimizing
off-target effects.
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