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There has been a recent surge in the development of drug delivery systems that are specifically targeted
towards tumors. The primary objective of these systems is to enhance the efficacy of anti-tumor drugs
while simultaneously reducing any potential harmful side effects. This study focuses on designing a
surface coating that is pH-responsive for iron oxide nanoflower (IONF) cores, allowing the controlled
release of the drug doxorubicin (DOX). To achieve this, IONFs were coated with chitosan (CS) using
NaOH, tripolyphosphate (TPP), and glutaraldehyde (GLU) as crosslinking agents. XRD and FTIR techniques
were utilized to confirm the structure of the CS-IONF particles and determine the physical interaction
and chemical bonding. TEM imaging was used to examine the morphology of the prepared CS-covered
IONFs and drug-loaded CS-covered IONFs. The pH-responsive nature of the particles was characterized
using the dynamic light scattering (DLS) technique in different pH media (pH 4, 5.5, and 7.4). The results
showed that the CS-coated IONF nanogels exhibited excellent controlled pH-responsive release profiles,
with a higher release in a pH 4 medium. Moreover, the CS-coated IONF nanogels demonstrated a high
DOX loading capacity and efficiency of 67.3 + 5.7% and 84.1 + 7.2%, respectively. The biocompatibility of
the developed formulation was also investigated through the MTT assay, which revealed the safety of the

Received 11th November 2025,
Accepted 15th January 2026

DOI: 10.1039/d5nr04770f formulation in biological systems. Finally, flow cytometry analysis was performed to evaluate the

Open Access Article. Published on 17 February 2026. Downloaded on 4/9/2026 5:26:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale

1. Introduction

Cancer is a significant public health threat that has severe
economic and psychological impacts on society and individ-
uals at a global level."” As per current life-saving innovation,
the standard scientific approaches for treating cancer include
surgery, radiation therapy and chemotherapy. Chemotherapy
has become widespread for treating solid tumors.’?
Unfortunately, conventional chemotherapy has severe adverse
effects including poor selectivity towards cancer cells, a low
drug accumulation concentration at the tumor targeting site,
and the development of multidrug resistance in the patient’s
body.* Routine chemotherapy tends to have suboptimal
effects, accompanied by severe toxic side effects on normal
tissues due to the non-specific nature of chemotherapeutics.
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efficiency of the drug delivery system.

Drug delivery systems target cancer cells to address these chal-
lenges while minimising the impact on normal tissues. A
promising strategy involves delivering drugs specifically to
cancer cells in contrast to healthy tissue using drug delivery
systems.” As tumor sites typically exhibit lower pH than
healthy cells, developing pH-responsive systems could
enhance the selectivity of anticancer drugs compared to con-
ventional cancer treatments.*” This approach aims to mitigate
side effects (nausea, hair loss, infertility, neurotoxicity, poor
immune response to infection, etc.) and eliminate the risk of
overdose.>” Furthermore, these systems can enhance drug
accumulation in tumor sites by taking advantage of the
increased permeability and retention effect (EPR).®
Conventional cancer treatment often fails, as the drug may
not reach the target site with effective concentrations. A com-
pelling alternative to traditional therapy involves targeted drug
delivery utilising nanoparticles as smart carriers.”'® This
allows specific delivery of drugs to the site of action, facilitat-
ing dose reduction and decreasing drug-associated toxicity."*
The development of drug delivery systems for the
controlled release of drugs has received increasing attention.
Nanocarriers, including liposomes, nanogels, dendrimers, and
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polymeric micelles, offer a good solution for targeted drug
release and represent established options for deployment in
drug delivery systems.” Nanoparticles possess advantageous
properties, including the capacity for targeted delivery and
high stability, rendering them appealing for drug delivery
applications.” Magnetic nanoparticles belong to the next gene-
ration of drug carriers, leveraging their distinctive physico-
chemical characteristics.'? These particles exhibit inherent fea-
tures that enable non-invasive control of their destiny in
various applications, such as magnetic separation, biosensors,
gene delivery, magnetic resonance imaging, and magnetic
fluid hyperthermia, among others.”*™'® Magnetic nano-
particles loaded with a drug enable a targeted delivery to a
specific site, such as a location containing cancerous cells,
while also providing an opportunity for simultaneous imaging
using an applied localised magnetic field."”'” Multicore iron
oxide nanoparticles, known as IONFs, can be synthesised via
various methods, among which the polyol route is an excep-
tionally versatile and attractive approach due to its simplicity,
controllability, and scalability."®'® Such particles offer notable
benefits compared to single-core ones due to crystallographic
continuity that fosters cooperative interactions, amplifying sus-
ceptibility and preserving superparamagnetic characteristics.>’

Chitosan, a positively charged natural linear polysaccharide
derived from the deacetylation of chitin, possesses the merits
of good biocompatibility, biodegradability, and non-toxic pro-
perties.”’ Chitosan and iron oxide have been widely used in
biomedical applications and are components of several FDA-
approved products. Both chitosan (in certain medical appli-
cations) and iron oxide (e.g., as MRI contrast agents) have been
designated as GRAS (generally recognized as safe) or included
in approved formulations, supporting their biocompatibility
and potential translational relevance."**>° The amine (-NH,)
and hydroxyl (-OH) groups present in the CS backbone could
react with various chemical moieties for structural
modification.”>?” This process enhances the versatility of CS,
facilitating the development of functional polymers, and
broadens its range of applications.>® Additionally, the pH-
responsive behaviour of CS is primarily attributed to the proto-
nation of its amino groups in the backbone at different pH
values.! Recently, much attention has been devoted to
organic-inorganic hybrid nanoparticles aiming to optimise
the performance of nanomaterials and the integration of mag-
netic particles into polymers. In this way, the resulting compo-
sites will simultaneously benefit from the characteristics of
both constituting entities.>**°

The formation of a hydrogel depends on several factors,
including the nature of the crosslinking agent, the concen-
tration of chitosan, and the molecular weight distribution of
the chitosan chains in solution. In our study, when cross-
linking agents such as GLU, NaOH, and TPP were added,
crosslinking occurred between the adsorbed chitosan layers.
In the literature, TPP, a polyvalent anion with three negatively
charged phosphate groups, facilitates the crosslinking of chito-
san molecules by establishing strong electrostatic interactions
with the positively charged amine groups. This ionic inter-
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action promotes the formation of homogeneous polymer
layers, resulting in a stable chitosan coating around the iron
oxide nanoparticle core. As demonstrated in a published
study, crosslinked chitosan gels can be removed from the
system under specific conditions. This process is driven by
electrostatic attraction forces between the phosphate groups of
TPP and the amine groups on chitosan, enabling the nano-
particles to be coated with a biocompatible and stable
layer.>*3>

DOX is a clinically widely used chemical chemotherapeutic
agent that prompts apoptosis in cancer cells.**** The literature
states that DOX is used to treat various cancers, such as breast,
lung, and ovarian cancers.>® As reported in an earlier study,
DOX-loaded CS-coated iron oxide magnetic nanoparticles have
great potential for targeted delivery®®?” and imaging.?® A
simple design using pH-responsive CS-modified iron oxide
nanoparticles for the release of DOX in ovarian cancer treat-
ment was reported by Adimoolan et al.>®

Herein, for the first time, we present a systematic study
comparing several different crosslinking strategies using
NaOH, TPP and GLU in order to be able to identify the
optimum conditions for the best colloidal stability, pH-respon-
sive drug release and suitable size for intratumoral injection.
The CS-coated seed (SIONFs) (see section 2.2) and DOX-loaded
CS-coated sIONFs were characterised using Fourier transform
infrared spectroscopy (FTIR), DLS, and (-potential analysis.
The morphological features of the synthesised nanocarriers
were observed by transmission electron microscopy (TEM).
The structure of CS-coated sIONFs was confirmed by X-ray
diffraction (XRD). Besides, the entrapped efficiency and drug
loading of DOX were quantified. The pH response of drug
release from DOX-loaded nanoparticles was conducted at
different pH values (4, 5.5, and 7.4). Furthermore, in vitro cell
viability studies were carried out, which provided insight into
the toxicity of the nanocarriers.

2. Materials and methods

2.1. Materials

CS (low molecular weight), fluorescein-5-isothiocyanate (FITC),
phosphate buffered saline (PBS) and DOX were bought from
Sigma-Aldrich, UK. Acetic acid, NaOH, TPP, and GLU (25% in
H,0) were obtained from Merck, UK. Cell Counting Kit-8
(CCK-8) and cellulose membrane dialysis tubing (MWCO =
12 kDa) were purchased from Sigma-Aldrich, USA. Dimethyl
sulfoxide (DMSO) was supplied by Merck, Germany.

2.2. Optimisation of chitosan-coated seed iron oxide
nanoflowers

Synthesis of IONFs with intrinsic magnetic properties was pre-
viously developed by the Thanh research group, with the whole
process including the initial seeding and two subsequent
growth steps.'® In this work, we use the seed IONFs as the ver-
satile platform for all other types of IONFs (with two or more
growth steps). Both the seed nanoflowers and the fully grown

This journal is © The Royal Society of Chemistry 2026
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nanoflowers exhibit similar surface morphology, composition,
and crystal structure, as they share the same flower-like aggre-
gation of iron oxide nanocrystals. Their surfaces present com-
parable crystallographic facets and surface chemistry, ensuring
consistent interactions with coating materials (such as chito-
san) and similar physicochemical behaviour. This structural
and chemical similarity allows seamless growth from the seeds
to larger nanoflowers without altering the surface character-
istics that are important for coating, functionalization, and
biocompatibility. Briefly, superparamagnetic SIONFs were syn-
thesized based on our previously reported protocol, with slight
modifications. More specifically, SIONFs were prepared via a
modified thermal decomposition method in triethylene glycol
(TREG), using 0.07 M Fe(acac); as the iron precursor.
Polyacrylic acid (PAA) was added to the reaction mixture to
induce a negative surface charge - facilitating subsequent chit-
osan adsorption - and to promote the formation of the charac-
teristic flower-like morphology. The precursor solution was
heated to 180 °C at a rate of 3 °C min™", then heated further to
280 °C at 5 °C min~", and maintained at this temperature for
30 min under magnetic stirring (500 rpm).'® The sIONFs were
freeze-dried and utilized in further studies. To achieve a pH-
responsive coating, three different SIONFs coated with chito-
san nanogels were synthesised using physical binding with
NaOH or TPP and chemical binding with GLU as crosslinking
agents.

2.2.1. Synthesis of SIONFs@CS-NaOH nanocarriers.
Chitosan was added to the sIONF suspension under mildly
acidic conditions (pH 4 or 5.5), where it is soluble and posi-
tively charged. Due to the electrostatic interaction between the
negatively charged sIONF surface and the cationic chitosan
chains, CS formed a uniform polymer layer around each nano-
flower. Crosslinking agents (TPP, GLU, or NaOH) were sub-
sequently used to stabilize the coating. CS-coated sIONFs were
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produced using previously reported methods with slight modi-
fications.?” In particular, a 0.5% w/v CS solution was dissolved
in acetic acid (1% w/v). CS solution was then added to SIONFs
(0.01 g) and homogeneously dispersed under vigorous stirring
for 30 min at room temperature. Finally, the solution was mag-
netically stirred while 1 M NaOH was added dropwise for
10 min. After the reaction, CS-coated SsIONFs
(SIONFs@CS-NaOH) were extracted using an external magnet,
washed with Milli-Q water multiple times, and dried overnight
in a freeze-dryer.

2.2.2. Synthesis of SIONFs@CS-TPP nanocarriers. CS-
coated SIONFs were produced using previously reported
methods with slight modification using the ionic gelation
technique (Scheme 1).*® The first steps of synthesis are the
same as described above. In the last step, the aqueous solution
of TPP (0.1% w/v) was added dropwise to the solution under
magnetic stirring for 15 min.

2.2.3. Synthesis of SIONFs@CS-GLU. GLU solution
(0.3 mL) was added dropwise to the CS-coated sIONF solution
under magnetic stirring for 30 min.*® CS-sSIONFs@CS-GLU was
separated from the reaction mixture, washed and dried as
described in 2.2.1.

2.3. Characterisation

2.3.1. Structure and particle size analysis. The structural
properties of the samples were characterised using an FTIR
spectrophotometer (PerkinElmer, USA) in the range of
4000-600 cm™". The crystallinity of the synthesised samples
was determined by XRD. The diffraction patterns of the
samples were recorded over a Bragg angle range from 20° to
100° (PANalytical X'Pert3 diffractometer, Malvern Instruments).
sIONFs and modified sIONFs were characterised using a
Zetasizer Nano ZS (Malvern Instruments, UK). Before conduct-
ing DLS measurements, the samples were filtered through a
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Scheme 1 Schematic illustration of SIONFs@CS-TPP synthesis yielding biocompatible particles for cancer treatment.
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0.45 pm syringe filter and sonicated for 5 min. To determine
the pH responsiveness of the CS-coated sIONFs, the samples
were investigated with different pH values (4, 5.5, and 7.4) by
DLS analysis.>”

2.3.2. Morphological characterisation. TEM imaging was
performed using a JEM 1200-EX, JEOL Ltd (Japan) microscope.
Diluted aqueous dispersions of particles were drop-cast onto
carbon-coated copper grids and allowed to dry in air. The grids
were examined by TEM at an accelerating voltage of 120 kV at
different magnifications. By utilizing TEM images at varying
magnifications and Image] image analysis software, we were
able to carry out an accurate and comprehensive particle size
analysis.'®

2.3.3. Thermogravimetric analysis. Thermogravimetric
analysis (TGA) was conducted to determine the amount of
sIONFs in the samples indirectly, via the identification of the
organic mass of the samples. It was conducted in a controlled
environment under a nitrogen gas atmosphere using a
Discovery TGA analyser manufactured by TA Instruments. The
samples were subjected to a gradual temperature increase
from ambient temperature to over 700 °C at a constant rate of
10 °C min~".

2.3.4. Magnetic properties. The magnetic properties of
sIONFs were analyzed by obtaining M-H plots using applied
fields of up to 50 kOe. Additionally, zero-field-cooled (ZFC)
and field-cooled (FC) magnetization versus temperature
measurements were performed (from 300 K to 5 K) at 100 Oe
using an MPMS-5S superconducting quantum interference
device (SQUID) magnetometer (Quantum Design UK and
Ireland Ltd).

2.3.5. Magnetic heating efficiency. AC magnetometry was
employed to measure dynamic hysteresis loops with low field
parameters. The measurement was carried out using pick-up
coil technology with the AC Hyster™ setup provided by
NanoTech Solutions (Madrid, Spain). The suspension used for
the measurement consisted of 40 pL of sSIONF aliquot.

To calculate the specific absorption rate (SAR), we used the
area (A) enclosed by the hysteresis loops, multiplied it by the
number of loops per second (frequency), and then normalized
it by the sample concentration (mass per unit volume of the
colloidal sample) (eqn (1)).*°

SAR(W;) =L4 :ngo #MdH (1)

2.4. Drug loading and releasing

The loading procedure was adapted from a previous study.** In
this procedure, SIONFs@CS-TPP (1.5 mg mL™") was dispersed
in a PBS medium containing a concentration of DOX (0.1 mg
mL™") and mixed and stirred at room temperature for 24 h to
allow passive diffusion and adsorption of the drug onto the
chitosan coating. After incubation, excess unbound DOX was
removed by magnetic separation of sSIONFs and washing. The
studies were conducted three times to ensure accuracy. The
loading capacity and loading efficiency were calculated accord-
ing to eqn (2) and (3), respectively:°
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Loading capacity % =
Initial drug amount in formulation — Unentrapped drug »

100
Total weight of nanogels
(2)
Loading efficiency = Mass of drug in nanogel 100 (3)

Mass of drug fed initially

The effect of pH on the release profile of DOX was deter-
mined under different pH conditions, which simulate the
tumor microenvironment and physiological medium. DOX-
loaded sIONFs@CS-TPP was placed inside a dialysis bag with a
molecular weight cut-off of 3500 Da and incubated at 37 °C
with gentle shaking in the pH 4, 5.5, and 7.4 media. At each
time interval, 1 mL of the release medium was extracted and
replaced with fresh medium to retain a constant volume.
Finally, the drug concentration of DOX was evaluated by
UV spectrophotometry, as mentioned above. The release
studies were conducted three times to secure accuracy and
repeatability.

2.5. Fluorescent labelling of SIONFs@CS-TPP-DOX

An in vitro cellular uptake study of SIONFs@CS-TPP-DOX was
performed using FITC-labelled nanoparticles.*” Briefly, 4.2 mg
of FITC was dissolved in 1 mL of DMSO and added to 20 mL
of a 120 mg drug-loaded nanogel suspension for 6 h under
dark conditions. The excess amount of FITC was removed by
centrifugation thrice.

2.6. Invitro cellular uptake assay

In the confocal fluorescence microscopy observation experi-
ment, the synthesised nanoparticles delivering DOX into pros-
tate cancer PC3 and melanoma DX3 cells were visualised via
the red fluorescence emitted by DOX. In brief, 5 x 10" cells
were seeded onto 13 mm cell glass slides and incubated in a
cell culture incubator at 37 °C with 5% CO, for 20 h.
Subsequently, the old culture medium was replaced, and the
cells were cultured for an additional 24 h in a fresh medium
containing sSIONFs@CS-TPP-DOX nanoparticles and DOX at a
concentration of 50 pg ml™". Following this, the cells were
stained with DAPI to label the cell nuclei, and their fluo-
rescence behaviour was observed under a Leica DMI6000B. All
fluorescence images were obtained under identical imaging
settings, ensuring consistency and comparability across
samples. The fluorescence signal was consistently detectable
above background levels and sufficient to confirm the presence
and spatial distribution of DOX within the nanoparticle
formulations.****

2.7. Invitro cytotoxicity assay

The cytotoxicity of the synthesised nanoparticles, SIONFs@CS-
TPP and sIONFs@CS-TPP-DOX, was tested by the CCK-8 assay
on two cancer cell lines: PC3 and DX3. First, the PC3 and DX3
cells were seeded into 96-well plates with a density of 1 x 10*
cells per well and incubated at 37 °C, 5% CO, for 12 h separ-
ately. Next, the old medium was replaced with fresh medium

This journal is © The Royal Society of Chemistry 2026
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containing various concentrations (2, 10, 50, 100, 500, and
1000 ¢ mL™") of magnetic nanoparticles. After incubating at
37 °C for 24 h, the medium was removed and 100 pL of fresh
medium containing 10% CCK-8 working solution was added
per well. After 1 h incubation, the cells in 96-well plates were
subjected to optical density measurement at 450 nm (OD
450 nm).

3. Results and discussion

3.1. Characterisation studies of SIONFs@CS-TPP and
SIONFs@CS-TPP-DOX

The synthesis of the CS-coated SIONFs is illustrated in
Scheme 1. CS is water-soluble and positively charged under
mildly acidic conditions, and it readily adsorbs onto the nega-
tively charged surface of the sIONFs, which are functionalized
with PAA. This electrostatic attraction facilitates the formation
of a core-shell structure, rather than a bulk chitosan hydrogel.
Each crosslinker acts through a distinct mechanism. TPP, a
multivalent anionic crosslinker, interacts ionically with the
protonated amine groups of chitosan, forming a physically
crosslinked network through electrostatic interactions. GLU,
on the other hand, forms covalent bonds between aldehyde
groups and the free amino groups of chitosan, producing a
more rigid and chemically stable network. In contrast, NaOH
promotes gelation through deprotonation of chitosan chains,
leading to partial precipitation and physical entanglement of
polymer chains around the nanoparticle surface.

Together, these crosslinking strategies provide coatings
with different stabilities and pH responsiveness, allowing fine
control over drug loading and release properties. The FTIR
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spectrum of Fe;O, shows characteristic peaks at 582 cm™" and
3400 cm™" attributed to the Fe-O stretching vibration and
surface ~OH groups (hydroxyl groups), respectively (Fig. 1a).*’
The FTIR spectrum of pure CS shows broad bands at
3200-3500 cm™" and 2933 cm ™" corresponding to N-H (amide
II) and O-H (hydroxyl group) stretching vibrations and -CH,
(methyl group) stretching.’® Due to the existence of free
amines in the CS polysaccharide, weak absorption peaks are
observed at 1658 cm™'. The peak observed at 1044 cm™' is
attributed to the backbone structure of the CS molecule.”” In
the spectrum of SIONFs@CS-NaOH, the peak at 3347 cm™" is
assigned to the O-H (hydroxyl group) band. Moreover, the
peaks at 1658 cm™" and 885 cm™", which were related to NaOH
in the well-synthesised coating, are also observed. The main
functional groups of the CS structure at 1452 cm™' and
1100 cm ™" can be ascribed to the N-H stretching vibration and
C-0-C symmetric stretching, respectively.*® The FTIR spec-
trum of SIONFs@CS-TPP shows characteristic bands, confirm-
ing the interaction between the amino groups of chitosan and
the phosphate groups of TPP. The amide I band is observed at
approximately 1634 cm™, corresponding to the C=0 stretch-
ing vibrations of the chitosan amide groups. Additionally, the
band at around 1071 cm™' is due to the P-O stretching
vibrations from TPP, indicating successful crosslinking.*® The
spectrum of SIONFs@CS-GLU was compared with that of CS.
The absorption band at around 1580 cm™', which can be
attributed to the bending vibration of -NH, groups, is often
used as an indicator of crosslinking between chitosan and glu-
taraldehyde. However, this peak was not clearly observed in
our spectrum. Instead, evidence for crosslinking was inferred
from changes in the amide I region and other physicochemical
properties of the particles, such as increased stability.”®

(b)

sINOFs sINOFs@CS-NaOH sINOFs@CS-TPP sINOFs@CS-GLU
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Fig. 1 (a) FTIR spectra of sIONFs, CS, sIONFs@CS-NaOH, sIONFs@CS-TPP and sIONFs@CS-GLU in the range of 4000-600 cm™ and (b) XRD pat-
terns of sIONFs, sSIONFs@CS-NaOH, sIONFs@CS-TPP, and sIONFs@CS-GLU in the range of 20—100 (20, deg). The lines at the bottom display the
positions of peaks and relative intensities corresponding to magnetite (JCPDS card 03-065-3107).
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Moreover, the spectrum of SIONFs@CS-GLU shows absorp-
tion at 1734 cm™", which can be assigned to the C=0 stretch-
ing vibration of amide groups and the C=N stretching
vibration (Schiff base) of GLU.>" Overall, in the spectra of
SIONFs@CS-NaOH, sIONFs@CS-TPP, and sIONFs@CS-GLU,
the characteristic N-H bending peak of the CS backbone at
1575 cm™" shifted to 1568 cm™, 1554 cm ™! and 1547 cm™,
respectively, due to the formation of an electrostatic bond
between the negatively charged iron oxide and CS.**** XRD
measurements were performed to investigate the crystal struc-
tures of SIONFs, SIONFs@CS-NaOH, sIONFs@CS-TPP, and
SIONFs@CS-GLU. As shown in Fig. 1b, the characteristic diffr-
action peaks for SIONFs at 260 = 34.2°, 41.4°, 50.3°, 62.4°, 67.3°,
and 73.4° correspond to the (220), (311), (400), (422), (511) and
(440) crystal planes of Fe;0,, respectively (JCPDS card 03-065-
3107)."®°" In addition, the XRD patterns of SIONFs coated
with CS  (SIONFs@CS-NaOH, sIONFs@CS-TPP, and
SIONFs@CS-GLU) appeared to be sharp and clear, which corre-
sponded to the crystalline phase of Fe;O, particles. This con-
firms that the CS coating did not affect the crystal structure of
Fe;O, magnetic particles.>®*” A comparison of the FTIR
spectra of the sSIONFs@CS-TPP nanocarriers and DOX loaded
SIONFs@CS-TPP-DOX is depicted in Fig. 2a. According to pre-
vious reports, the spectrum of pure DOX shows a broad peak
at about 3506 cm ™", a peak at 1734 cm ™", and another peak at
1582 cm ™', which are associated with the stretching of pheno-
lic O-H groups, carbonyl group stretching vibration and C=C
bond vibrations of the aromatic rings, respectively.”* In the
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FTIR spectrum of CS-sIONFs@TPP before DOX loading, bands
near 1582 cm™" and 1734 cm™ ' are observed, which may be
due to aromatic C=C stretching and carbonyl stretching
vibrations, respectively. These bands partially overlap with
characteristic DOX peaks, complicating exclusive assignment
to DOX after loading. In the DOX-loaded samples, changes in
intensity and peak shape were noted, supporting DOX incor-
poration. After loading DOX onto SIONFs@CS-TPP-DOX,
changes in peak intensity were observed at 1547 cm™" and
1734 cm™', attributed to the aromatic C=C stretching
vibration and ketone group stretching bands of DOX,
accompanied by a noticeable decrease in intensity.>®

These bands partially overlap with characteristic DOX
peaks, complicating exclusive assignment to DOX after
loading. In the DOX-loaded samples, changes in the intensity
and peak shape were noted, supporting DOX incorporation.
The successful loading of DOX onto sIONFs@CS-TPP nano-
carriers is corroborated by the presence of these peaks in the
FTIR  spectra. Among the formulations studied,
SIONFs@CS-TPP exhibited a hydrodynamic size of <115 nm at
pH 4 and 5.5, and approximately 181 nm at pH 7.4, which lie
within the acceptable size range (10-200 nm) for prolonged cir-
culation and reduced renal or hepatic clearance.’®”” In the
case of hydrophilic nanoparticles, their hydrodynamic size
(dps) in aqueous environments may be considerably larger
than drgy, which measures the core size of NPs.*® This is due
to the surrounding layer of solvent molecules and ions that
diffuse with NPs in solution.
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Fig. 2 (a) FTIR spectra of DOX, sIONFs@CS-TPP and sIONFs@CS-TPP-DOX in the range of 4000-600 cm™™; (b) DLS diagram of sSIONFs@CS-TPP
and sIONFs@CS-TPP-DOX; (c) ¢-potential of sIONFs@CS-TPP and sIONFs@CS-TPP-DOX; and TEM images of (d) sIONFs@CS-TPP and (e)
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However, as shown in Table S1, other formulations (e.g:,
those prepared using NaOH or GLU) resulted in significantly
larger particle sizes, in some cases approaching or exceeding
1 um. Therefore, only the optimized SIONFs@CS-TPP sample
was selected for further evaluation and is considered poten-
tially viable for in vivo applications.

Furthermore, beyond electrostatic stabilization, steric hin-
drance provided by polymer coatings also contributes to the
colloidal stability of the system. The presence of chitosan on
the surface of sSIONFs affects the {-potential changes too. The
chitosan layer is known to be pH-sensitive, with protonation of
amino groups occurring at lower pH, which boosts the positive
charge. However, as the pH increases, chitosan’s isoelectric
point is reached, and the surface charge becomes more nega-
tive, as observed in the {-potential measurements. The average
size and (-potential were employed to evaluate the hydrodyn-
amic size and surface charge of the sIONFs@CS-TPP and
SIONFs@CS-TPP-DOX nanocarriers in pH 5.5 buffer solution,
as illustrated in Fig. 2b and c, respectively. As shown in
Fig. 2b, the synthesised sSIONFs@CS-TPP possessed a mean
particle size of 114.4 + 1.5 nm, while sSIONFs@CS-TPP-DOX
had an average size of 125.8 + 2.9 nm. The incorporation of
DOX into sSIONFs@CS-TPP resulted in a slight growth in the
hydrodynamic diameter of the nanocarriers. Additionally, the
negative {-potential of the sIFs@CS-TPP-DOX particles reduced
to —30.3 = 8.4 mV compared to that of the sIFS@CS-TPP par-
ticles (—31.9 + 8.4 mV) (Fig. 2c). Notably, the addition of DOX
to these particles slightly affected their {-potential, but it
remained within an acceptable range.>® Several factors can
cause the net {-potential of the CS-coated sIONFs to appear
negative, even though CS remains as the outer shell. After CS
adsorption, crosslinking (with TPP, GLU, or NaOH) can
consume or neutralize the protonated amine groups (-NH;")
on CS. TPP introduces negatively charged phosphate groups,
which can dominate the surface charge. NaOH treatment
increases pH and deprotonates amino groups (-NH, instead of
-NHj;"), thereby reducing the positive charge. Glutaraldehyde
crosslinking forms neutral Schiff bases (C=N), also decreasing
the positive surface charge. As a result, the outer surface of the
coated particle can become neutral or even negative, depend-
ing on the crosslinking route. TEM analysis helped to visualize
the particle morphology. The TEM images of SIONFs@CS-TPP
and sIONFs@CS-TPP-DOX are presented in Fig. 2d and e. The
diameters of the SIONFs@CS-TPP and SIONFs@CS-TPP-DOX
nanoparticles were found to be 49.1 + 8.2 and 57.6 + 11.5 nm
(SI, Fig. S2 and Table S2), indicating successful synthesis and
loading of the DOX nanocarriers.

It is possible that some CS-crosslinked hydrogel could be
formed when NaOH, TPP or GLU was added to the solution.
However, a low concentration of CS was utilized with an appro-
priate ratio between CS and sIONFs in order to ensure coating
on SIONFs. Moreover, after the reaction, a magnet was
employed to collect exclusively the CS-coated sIONFs; in this
way, any CS-crosslinked hydrogel that might have been formed
was safely discarded. Also, a low local concentration and
reduced mobility of chitosan chains on the surface of SIONFs,

This journal is © The Royal Society of Chemistry 2026
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along with possible steric hindrance from the nanoparticle
core, prevented the formation of a continuous, cross-linked
chitosan-sIONF gel network. This is supported by the TEM
images (Fig. 2d and e), which clearly show a uniform coating
and the absence of aggregated gel structures. Moreover, the
SIONFs@CS-TPP and SIONFs@CS-TPP-DOX flower shapes
provide a higher surface area, which assists in binding the
maximum amount of drug, thereby enhancing the drug deliv-
ery efficiency.®® The size differences obtained between TEM
and DLS analyses can be attributed to the fact that TEM
imaging is performed in the solid state.®® In contrast, the Dy,
from DLS is measured in solution, incorporating the hydration
layer, and is affected by surface charge, density, and solvent
properties.®? Similar observations have been reported in pre-
vious research on polymer-coated magnetic nanoparticles for
drug delivery systems.>® Mass loss at specific temperatures was
used to determine the amounts of organic matter and iron
oxide in the samples.

The TGA curves in Fig. 3 demonstrate a weight loss of
around 2.1% for sIONFs, 0.9% for sSIONFs@CS-TPP, and 1.7%
for sSIONFs@CS-TPP-DOX at a temperature of around 100 °C.
This weight reduction could be due to eliminating OH groups
and water molecules on the surface of sSIONFs. Solvent evapor-
ation is responsible for a weight loss of about 4% for sIONFs,
5% for sSIONFs@CS-TPP, and 6.2% for sSIONFs@CS-TPP-DOX
in the temperature range of 200-250 °C. In the temperature
range of 250-500 °C, the weight loss is primarily related to the
decomposition of PAA and CS coatings. The PAA/CS-coated
nanoparticles show total weight losses of 30.5%
(SIONFs@CS-TPP) and 31.9% (SIONFs@CS-TPP-DOX) com-
pared to that of the bare sIONFs (13.9%). This indicates the
presence of a CS coating and DOX on the surfaces of
SIONFs@CS-TPP and sIONFs@CS-TPP-DOX. After 500 °C, no
weight loss is observed in the temperature range of up to
700 °C (Fig. 5), indicating the complete decomposition of the
coated polymers. Finally, the residual weight corresponds to
86.1%, 69.5%, and 63.4% for SIONFs, sSIONFs@CS-TPP, and
SsIONFs@CS-TPP-DOX, respectively.

3.2. Magnetic properties of SIONFs

Fig. 3b presents the hysteresis loops of SIONF samples before
and after modification by CS and drug conjugation. By com-
paring the magnetic hysteresis curves before and after modifi-
cation, it was found that all samples are superparamagnetic,
and the modifications did not significantly affect the magnetic
properties of the particles. The sIONFs, sSIONFs@CS-TPP and
SIONFs@CS-TPP-DOX showed coercivities of 30.1, 16.8 and
14.6 Oe and saturation magnetisation values of 79.3, 73.5 and
75.9 emu gIONPS_l, respectively. The specific loss power was
determined by measuring the rate of temperature increase in
the dispersion when exposed to an AC magnetic field. The
SARs of the sIONFs, SIONFs@CS-TPP and SIONFs@CS-
TPP-DOX samples were 1234.8, 1274.3 and 1224.3 W gg. ' (ILP
= 4.67, 3.88 and 4.24 nH m?> kep. ™), respectively (Fig. 3c).
Following the modification and drug conjugation, the analysis
of the SAR and ILP values revealed a minor decrease in the
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heating ability of the samples. These results indicate that the
structural and chemical changes implemented during the
modification process may have slightly impacted the heating
capacity of the samples.

3.3. Particle size analysis and pH-responsive assessment

The particle size of nanocarriers plays a crucial role in clinical
applications, with a particular focus on chemoprevention and
chemotherapy using nanoparticles for local drug carriers.®® In
addition, the Dy of the coated samples was measured in a
different medium to obtain information on pH-responsive
behaviours. As shown in Table S1, SIONFs@CS-TPP was made
up of particle sizes in the range of 80-180 nm.

Based on the literature, it has been found that
SIONFs@CS-TPP possesses a particle size value that is suitable
for drug delivery systems under all pH conditions. This
implies that the drug release properties can be effectively con-
trolled by modifying the pH of the environment. This makes
such particles well-suited for drug delivery applications where
targeted release is desired.

At the same time, CS is negatively charged at a physiological
pH but positively charged under acidic conditions inside
tumor cells. The sIONFs@CS-TPP particles show stability at
physiology pH, and their small size allows for prolonged circu-
lation in the body, making them suitable for effective drug
delivery.®*°°

The thickness of the CS coating was modulated by adjusting
the CS concentration, reaction time, and crosslinker to CS
ratio. We confirmed successful coating and estimated relative

Nanoscale

thickness using TEM/DLS/TGA (see Fig. 2b, d, e, and 3a and
Tables S1-3).

The DLS size of the chitosan-coated nanoparticles changes
with pH, due to aggregation and colloidal stability effects,
rather than from the changes in the individual particle core
size.

{-potential provides an assessment of the colloidal stability
of the nanoparticles. Generally, nanoparticles exhibit high par-
ticle stability when their {-potential is above 30 mV (ie., its
absolute value).>® The {-potential of the CS-coated sIONFs is
summarised in Table S1. It can be observed that the
{-potential measurements of SIONFs@CS-TPP revealed a mean
value of —31.9 + 8.38 mV. Chitosan binds to SIONFs-PAA
through electrostatic attraction, as well as hydrogen bonding
and van der Waals interactions. Native chitosan, being a cat-
ionic polymer due to its primary amine groups, typically
imparts a positive charge under acidic to neutral pH con-
ditions. However, in our case, the observed negative {-potential
of some CS-coated nanoparticles can be attributed to multiple
factors: surface adsorption of counterions and the amine
groups of CS that were consumed in the reaction with TPP and
GLU. The observed negative {-potential of chitosan-coated NPs
may also partially come from incompletely neutralized PAA
groups remaining on the sIONF surface. This approach
enabled the formation of a stable, uniform CS shell with
desired surface properties. Our results are consistent with pre-
vious studies on chitosan-coated nanoparticles.®®"*® A high
value of the {-potential confirms the excellent stability of the
nanocarrier, as reported in the literature.®””®® According to the

This journal is © The Royal Society of Chemistry 2026
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properties and advantages mentioned above, SIONFs@CS-TPP
was deemed to have the best ability to improve the nano-drug
carrier system.

Additionally, the pH sensitive CS layer contributes to the
{-potential alterations, with protonation of amino groups at
lower pH increasing the positive charge, while at higher pH,
the surface charge becomes more negative, aligning with the
isoelectric point of CS.°

As a chemo-therapeutic agent, DOX was loaded into
SIONFs@CS-TPP-DOX nanocarriers by a  co-assembly
method.*® The DOX loading capacity and efficiency in the
nanocarrier were estimated according to eqn (1) and (2) and
were 67.3 £ 5.7% and 84.1 + 7.2%, respectively. Moreover, the
carrier and the chemical composition of the drug play a
crucial role in determining the drug loading capacity.”®

While each component of sIONFs offers negligible drug-
loading capacity due to their dense structure, their unique flower-
like morphology provides a significantly larger surface area com-
pared to conventional spherical nanoparticles. This increased
surface area enhances loading capacity and consequently
increases the amount of DOX retained in the CS-TPP matrix. The
coating forms a thin layer (see Fig. 2d and e), and DOX retention
is likely facilitated by a combination of electrostatic interactions
(between positively charged DOX and the anionic CS-TPP matrix),
hydrogen bonding, and hydrophobic interactions between them.
Similar high loading capacities (%67%) have been reported in the
literature using comparable DOX loading approaches.*>*"”!

The mechanism of drug loading for DOX most likely occurs
through drug conjugation chemistry on the surfaces of CS-
SIONFs. The FTIR spectra indicate that the strong hydrogen
bonding interaction between the carboxylic groups in the
nanoparticles and the hydroxyl groups in the drug structure
contributes to the high drug loading capacity (Fig. 2a).”*

3.4. Assessment of the pH-responsive profile of DOX release

To achieve pH-responsive drug release, DOX-loaded CS-sIONF
nanocarriers were incubated at 37 °C. The electrostatic inter-
actions between DOX and the CS-TPP matrix result in stronger
drug retention compared to passive diffusion alone. While
loading was performed after CS-coating formation, the process
is not purely passive diffusion; instead, it leverages charge-
mediated adsorption that leads to a more stable association of
DOX with the particle surface.

DOX release profiles were determined using three different
buffers at pH 7.4, 5.5 and 4, which represent the pH of blood,
the pH of the acidic tumor microenvironment, and the pH of
endo/lysosome, respectively.”>”® The drug release profile
results are presented in Fig. 4. The release of DOX was
observed with 67.3 + 20.3%, 51.8 + 9.6%, and 28.3 + 7.7% at
PH 4, 5.5, and 7.4 after 24 h, respectively, which confirms the
pH-sensitivity of the developed nanocarrier.

The release profile of DOX from SIONFs@CS-TPP shows a
plateau of around 50% release after ~6 h, even under acidic
conditions (pH 4 and 5.5). This can be attributed to the strong
electrostatic and hydrogen-bonding interactions between DOX
and the CS-TPP shell, which tightly retain a portion of the

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper
100
-o- pH4
o 80 = pH55
7]
-+ pH74
8 _ 60 P
g2
g 404
a T
204
0 T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

Fig. 4 In vitro drug release studies of sSIONFs@CS-TPP-DOX in different
pH media (mean values + SD, n = 3).

drug. At pH 4, chitosan is more protonated and swells more
extensively, resulting in increased polymer chain mobility and
larger diffusion pathways for DOX, accelerating release com-
pared to pH 5.5. Even though the CS layer is thin, these differ-
ences in the protonation state and swelling behaviour are
sufficient to modulate the release kinetics noticeably.
Literature reports indicate that chitosan protonation occurs
rapidly (within minutes) upon pH changes, and swelling typi-
cally reaches equilibrium within hours depending on cross-
linking density and environmental conditions. These
dynamics align with the release profiles observed in this
study.”*””” The initial burst release occurs due to the diffusion
of DOX out of nanomatrices.”® Moreover, the higher release of
SIONFs@CS-TPP-DOX under acidic conditions could further
facilitate the release of DOX in the tumor environment.”**°
The enhanced DOX release in the tumor environment reduces
off-target toxicity and tackles the limitations of conventional
DOX chemotherapy.'"”® These results revealed that the devel-
oped nanocarriers were pH-sensitive and highly responsive in
the desired pH range, aligning with the previous literature and
rendering them a promising candidate for a biological drug
delivery system in cancer treatment.?**>8!

Furthermore, our release studies indicate that the drug is
not released at the same rate as it is loaded, supporting the
role of electrostatic retention rather than simple diffusion.
This is evident from the lag phase and sustained release
profile observed in our in vitro release curves, which differ sig-
nificantly from the loading kinetics.*™*""*

If nanoparticles are injected intravenously, they end up pri-
marily in the liver and the spleen. Even with antibody conju-
gation, tumour targeting is <1%.%” Therefore, the consensus in
the scientific and medical community is that MH treatment
would work best for direct intra-tumoral injection. It has the
advantage that no other organs are affected and larger doses
can be delivered to the targeted area. This design was chosen
intentionally to explore the effects of chitosan’s pH-responsive
behaviour for drug loading and release in acidic tumors.

3.5. Invitro cellular uptake

To investigate the drug release profile of the synthesised
SsIONFs@CS-TPP nanoparticles within cells, SIONFs@CS-TPP-
DOX was co-incubated with PC3 and DX3 cells for 24 h. As

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04770f

Open Access Article. Published on 17 February 2026. Downloaded on 4/9/2026 5:26:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(cc)

Paper

shown in Fig. 5, the red fluorescence emitted, stimulated by
intracellular DOX, is comparable in both PC3 and DX3 cells. It
is observed that, compared to the unconstrained small-mole-
cule chemotherapeutic drug DOX uptake on cells, the red fluo-
rescence intensity emitted by cells treated with sSIONFs@CS-
TPP-DOX is nearly indistinguishable. This suggests that DOX
loaded onto sSIONFs@CS-TPP can be effectively delivered into
the cells. Consistent with the results of the earlier drug release
experiments, this finding substantiates the excellent drug
carrier functionality of SIONFs@CS-TPP and its proficient drug
delivery capabilities.

3.6. Cytotoxicity study

A cell counting assay was employed to assess the toxicity of the
synthesised iron-based nanoparticles. Fig. 6 illustrates the via-
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PC3

DOX

sIONFs@CS-TPP-DOX

DX3

DOX
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bility of cells after treatment with nanoparticles at varying con-
centrations ranging from 2 to 1000 pg ml~'. SIONFs@CS-TPP
has minimal impact on cell viability, even at concentrations as
high as 1000 pg m1™", indicating excellent biocompatibility in
the absence of loaded DOX. However, upon loading DOX onto
SIONFs@CS-TPP to form sIONFs@CS-TPP-DOX nanoparticles,
cell growth is significantly inhibited. Specifically, for PC3 cells,
at a concentration of 1000 ug ml™' SIONFs@CS-TPP-DOX, 42.4
+ 9.8% of cells are killed. In contrast, DX3 cells are nearly
entirely killed at this concentration.

Significantly, treatment of DX3 cells with 500 pg ml™* of
SIONFs@CS-TPP-DOX resulted in more than 95% cell killing,
whereas the corresponding SIONFs@CS-TPP had no signifi-
cant cell killing effect. Even at a lower 100 pug ml™ concen-
tration of SIONFs@CS-TPP-DOX, 58.85 + 8.43% of DX3 cells

40 um

40 um

40 um

.. i .

Fig. 5 Confocal fluorescence images of PC3 and DX3 after treatment with SIONFs@CS-TPP-DOX and DOX. Blue represents cell nuclei stained with
DAPI; red represents intrinsic fluorescence from DOX and red/blue represents merged images (scale bar: 40 pm).
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Fig. 6 Cell viability of PC3 (a) and DX3 (b) cells treated with sIONFs@CS-TPP, sIONFs@CS-TPP-DOX and DOX at various concentrations (2, 10, 50,
100, 500, and 1000 ug mL™) for 24 h exposure time. The results are presented as mean + s.d., n = 4. Statistical analysis was performed using
Student’s t-test, and the significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

are eliminated. Overall, compared to sSIONFs@CS-TPP, there is
a significant difference in the DX3 cytotoxicity of free DOX and
SIONFs@CS-TPP-DOX at concentrations of 100 pg ml™, 500 pg
ml™" and 1000 pg ml~". At these concentrations, SIONFs@CS-
TPP-DOX exhibits comparable cytotoxicity to free DOX against
DX3 cells and for PC3 cells, sSIONFs@CS-TPP-DOX enhances
toxicity, but not as much as in DX3 cells. It is suggested that
the synthesized SIONFs@CS-TPP-DOX can provoke tumor sup-
pression effects comparable to small molecule chemotherapy
drugs (DOX). The observed differences in the lethal effect
on PC3 and DX3 tumors may stem from inherent variations
in the tolerance of prostate cancer and melanoma to both
DOX and DOX conjugated with nanoparticles. Further investi-
gation is still required to elucidate the relevant biological
mechanisms.

Conclusions

An advanced drug delivery system has been successfully devel-
oped using nanogels based on pH-responsive CS-coated
SsIONFs and DOX. The synthesis process involved using both
chemical and physical crosslinking agents to create the nano-
gels; the drug release is optimized in an acidic medium at
67.27 + 20.35%. To evaluate the effectiveness of the drug deliv-
ery system, in vitro cytotoxicity studies of DOX-loaded
SIONFs@CS-TPP nanogels were conducted on PC3 and DX3
cancer cell lines. The results demonstrated the efficient cellu-
lar uptake and a dose-dependent reduction in cell viability.
Notably, sIONFs incorporated into CS-TPP polymeric particles
without DOX loading exhibited excellent biocompatibility,
showing no significant cytotoxicity even at 1000 ug mL™". The
developed SIONFs@CS-TPP-DOX nanogels provide a platform
for incorporating different drugs for different types of cancers.
Overall, this study introduces a systematically optimized, mul-
tifunctional nanoplatform that overcomes key challenges in
targeted cancer therapy and provides new insights into the

This journal is © The Royal Society of Chemistry 2026

design of pH responsive, injectable nanocarriers for future
translational applications.
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