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Introduction

Iron oxide nanocube assembly on silver nanowire
templates to enhance magnetic hyperthermia
performance

Tugce A. Arica,®® Ecem Tiryaki,® Ehsan Sadeghi,® Abubakar R. Mannir,®
Sinan Balci (2 9 and Teresa Pellegrino (2 *°

Iron oxide nanocubes (IONCs) represent one of the benchmark magnetic nanoparticles able to most
efficiently convert magnetic energy into heat for magnetic hyperthermia cancer treatment, and their heat
losses can be further increased by controlling their assembly through the synthesis of ordered structures.
However, achieving the alignment of nanoparticles with one-dimensional chain or columnar structures
into long arrays to then study their magnetic heat losses still remains a significant challenge. This study
exploits silver nanowires as high-surface-area anisotropic templates for the controlled chaining of IONCs.
The surfaces of the IONCs were purposely functionalized with polyethyleneimine (IONCs@PEI) and inter-
acted with silver nanowire (AgNW) surfaces via electrostatic attraction. Here, alternating current (AC)
magnetometry was employed to compare the heating performance expressed as specific absorption rate
values between individually coated IONCs@PEI and AgNWs@IONCs@PEI composites at various magnetic
field strengths and frequencies. SAR values reveal that clustering of IONCs on AgNW surfaces improves

the heating efficiency at an applied magnetic field strength of 24 kA m™,

regardless of the applied fre-
quencies, with SAR values of AgNWs@lONCs@PEI composites outperforming those of individual
IONCs@PEl. Moreover, dynamic hysteresis loops showed that the coercive field of AQNWs@lONCs@PEI

increased significantly at 24 kA m™,

indicating the existence of strong magnetic dipolar interactions
between nanoparticles. This study shows an innovative approach for guiding the orientation of magnetic

nanoparticles using one-dimensional templates to enhance their heating performance.

absorbs electromagnetic energy and converts it into heat. To
minimize the required particles for MHT and keep the applied

Magnetic hyperthermia therapy (MHT) is a promising cancer
treatment approach that uses magnetic nanoparticles to gene-
rate heat inside tumors.' The nanoparticles delivered to the
tumor site dissipate heat under an externally applied AC mag-
netic field, which raises the tumor temperature from 37 °C to a
therapeutic range of 42-46 °C, causing damage to cancer cells
by various mechanisms. In some other examples, MHT can
also induce non-thermal effects like mechanical damage, loca-
lized heat cell membrane damage, and reactive oxygen species
(ROS) production.*® The heating performance of the magnetic
nanoparticles is quantified using the specific absorption rate
(SAR), which determines the rate at which a magnetic material
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magnetic field at clinically acceptable levels, the SAR should
attain the highest possible value.®

Magnetic nanoparticles’ dynamic magnetization response
is the basis for calculating the SAR. The effective magnetic an-
isotropy of nanoparticles together with other MNP parameters,
including the magnetic volume, saturation of magnetization,
hydrodynamic size, as well as the frequency and amplitude of
the external magnetic field applied to the material, affect the
SAR value by changing the hysteresis loop shape and area (i.e.,
dynamic magnetization response).>”® Therefore, increasing
the saturation magnetization (M) and coercive field (H.) of the
nanostructures at the hyperthermia frequency and field
strength is predicted to enhance the SAR.

Effective magnetic anisotropy is a measure of a material’s
resistance to magnetization and is responsible for the shape of
the hysteresis loop.’ It is influenced by factors such as magne-
tocrystalline anisotropy, shape anisotropy, surface anisotropy,
and interparticle interactions.® It is possible to enhance the
SAR value by the modulation of these factors. For instance,
theoretical and experimental studies have demonstrated that
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iron oxide nanocubes (IONCs) exhibit a higher SAR than
spherical ones, which is attributed to their reduced number of
facets and lower level of disordered spin at their surface.'
Furthermore, in recent experimental studies, SAR values of
various morphologies of iron oxide nanocrystals (i.e., nano-
flowers, nanooctahedra, nanorods, and nanocubes) have been
comprehensively compared and among these, the SAR values
of IONCs outperformed all other morphologies since shape an-
isotropy produces an easy axis of magnetization along the long
axis, which is missing in spherical ones.?

Another approach to increase the SAR is to form nano-
particle assemblies in a chain-like or columnar structure,
enabling  dipolar  coupling  between neighboring
nanoparticles.’®*® Dipolar coupling between magnetic nano-
crystals constrains their degree of freedom in motion under an
applied magnetic field, leading to increased coercivity,
enhanced hysteresis losses, and ultimately greater heat
generation."”'® Furthermore, the fact that magnetosome par-
ticles, magnetic nanocrystals formed naturally by magnetotac-
tic bacteria, linearly assembled in chains in magnetotactic bac-
teria, showing enhanced heating under alternating magnetic
fields (AMFs), together with the observation that magnetic
nanoparticles in suspension tend to form linear clusters under
a uniform magnetic field, has sparked interest in deliberately
engineering such linear structures to boost hyperthermia per-
formance.' However, the effect of the tendency to form
oriented structures under a magnetic field can be disrupted
when the magnetic field is removed unless the particles are
fixed in a matrix or template.’® Moreover, attempting to
achieve random chain formation via high particle concen-
tration may lead to aggregation, resulting in lower SAR
values.?*

In this context, assembling magnetic nanoparticles on a
one-dimensional (1D) anisotropic template is a promising
strategy to enhance their heating performance under applied
AMFs. Several studies have reported hybrid nanocomposites
composed of anisotropic nanostructures and iron oxide
nanoparticles.”>*° However, most of these studies have pri-
marily focused on the magnetic manipulation of the template
particles,”>” whereas the dynamic magnetic properties and
magnetic heat losses of superparamagnetic nanoparticles exhi-
biting chain-like or columnar-like arrangements on templates
have not yet been reported. For instance, zinc oxide nano-
rods,® gold nanorods,** silicon nanowires,*®** and silver
nanowires®**> (AgNWs) have been decorated with iron oxide
nanoparticles for diverse applications, including biomedical
imaging, magnetic resonance technologies, chemo-photother-
mal synergistic cancer therapy, flexible electronics, and electro-
magnetic interference shielding. Among these anisotropic
structures, AgNWs are attractive due to their notable surface
chemistry  versatility, ~which enables straightforward
functionalization with biocompatible polymers or targeting
ligands. Their high aspect ratio makes them an excellent 1D
template for constructing multifunctional nanostructures,
especially for biomedical purposes.”® Also, owing to their high
reactivity toward oxidants, AgNWs can also serve as sacrificial
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templates that are selectively etched to yield silver-free 1D
nanostructures.>®3%

AgNWs have been investigated for cancer therapy owing to
their intrinsic anticancer activity and potential as drug delivery
platforms.**™*! Studies have demonstrated that AgNWs can act
as potent therapeutic agents by inducing ROS mediated apop-
tosis and enhancing tumor cell death.***'*® The tumor
environment, the particle morphology, and the type of surface
coating can significantly influence the release of Ag" ions from
silver nanoparticles.*>**™*” Indeed, their biomedical appli-
cations remain limited due to silver-related biotoxicity, includ-
ing nonspecific damage to healthy cells such as fibroblasts
and red blood cells, as well as inflammatory responses related
to their high aspect ratio.*>*®*875> Nevertheless, incorporating
AgNWs into a hydrogel or polymer matrix by intratumoral
administration may enable localized and controllable therapy
with intrinsic antibacterial/cytotoxic antitumoral activity,
making them suitable for topical applications such as in skin
melanoma,*®°%%

Although several studies have investigated the decoration of
AgNWs with iron oxide nanoparticles, they have not focused
on tailoring these hybrid structures for magnetic hyperthermia
applications and determining the effect of long-range ordered
iron oxide nanoparticle clusters on their dynamic magnetic
properties and SAR performances.>?3%3%35738

Here, a new approach is presented that enables the for-
mation of chain-like structures to improve the SAR values of
IONCs. The high aspect ratio and surface area of AgNWs were
used as a template to obtain chain-like assemblies of IONCs.
Thus, the magnetic anisotropy of IONCs, known for their high
heating efficiency due to their shape anisotropy, was further
enhanced by assembling them in a 1D structure to increase
the SAR values. For this, IONCs were synthesized using the
solvothermal method since this method has been proven to
scale production at the gram-scale while maintaining high-
quality iron oxide nanoparticles with benchmark magnetic
heat losses.>® Their surfaces were functionalized with poly-
ethyleneimine (PEI) by post-synthesis and attached to the
AgNW surface via electrostatic forces. The heating efficiency of
the nanostructures was investigated by alternating current (AC)
magnetometry at various frequencies (i.e., 110, 200, and 300
kHz) and magnetic field strengths (i.e., 12, 16, and 24 kA m™%),
revealing better magnetic heating performance than the
corresponding individual IONCs at the same dose.

Experimental section
Materials

Iron(0) pentacarbonyl (>99.99% trace metal bases), 1-octanol
(anhydrous, >99%), oleic acid (>99%, G.C.), benzaldehyde
(>99%, ReagentPlus), hexadecylamine (98%), ethyl acetate
(ACS reagent, >99.5%) acetonitrile (>99.9%), sodium (meta)
periodate (>99.0%), glycerol (ACS reagent, >99.5%), silver
nitrate (AgNO3, ACS reagent, >99.5%), iron(in) chloride hexa-
hydrate (FeCl;-6H,0, ACS reagent, 97%), polyvinylpyrrolidone

This journal is © The Royal Society of Chemistry 2026
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(PVP, average M,,~1 300 000 and M,~40 000), nitric acid (65%,
for trace analysis), chloroform, acetone, toluene, and ethanol
(ACS reagent, >99.5%) were purchased from Sigma-Aldrich.
Polyethyleneimine (branched, M,,. 10 000, 99%, Alfa Aesar) was
purchased from Thermo Fisher Scientific. All chemicals were
used as received without further purification. Milli-Q water
with an electrical resistivity of 18.2 MQ cm was used for all
experiments.

Synthesis of AgNWs

The synthesis of AgNWs was conducted as described by
Sarisozen et al.®® In the synthesis, 5.0 mL of glycerol was trans-
ferred to a 40 mL glass vial and heated to 160 °C while stirring
magnetically at 200 rpm for 2 h. Then, 4.0 mM FeCl;-6H,0 was
dissolved in water, and 0.160 mL of the solution was added to
this vial. After that, 2.5 mL of 0.1 M AgNO; and 2.5 mL of 0.6
M PVP (M,~1300000), each dissolved in glycerol-water
solvent mixtures (with volume ratios of 4:1 and 2:3, with
respect to iron, respectively), were mixed in a 15 mL conical
centrifuge tube and then added dropwise to the hot glycerol
solution. Subsequently, the magnetic stirring bar was
removed, and the reaction solution was left at 160 °C for
another 2 h. The reaction was stopped by placing the glass vial
into an ice-water bath. The synthesized AgNWs were purified
to remove irregularly shaped nanoparticles and other reaction
by-products using an anti-solvent precipitation method with
acetone. The AgNW solution was diluted with water, and
acetone was added dropwise until precipitation occurred. The
supernatant was carefully removed, and the precipitated nano-
wires were redispersed in a 0.5% w/v aqueous solution of PVP
(M, ~ 40000). This step was repeated four times. Finally, the
purified AgNWs were dispersed in 4 mL of isopropyl alcohol
and centrifuged (2000 rpm, 20 min) to remove excess PVP.
After centrifugation at 376 rcf for 20 min (Centrifuge 5424,
Eppendorf), the supernatant was discarded, and the AgNWs
were dispersed in water. The washing step was repeated four
times. After the final washing, the AgNWs were dispersed in
4 mL of water for subsequent use.

Synthesis of IONCs

15 + 1 nm IONCs were synthesized via the solvothermal
method, as reported in the work of Gavilan et al.®" Briefly, a
homogeneous solution of 1-octanol (7.5 mL), hexadecylamine
(0.2 g), and oleic acid (0.6 mL) was prepared in a glass vial
using a magnetic stirrer at 800 rpm and 60 °C for 30 min. After
that, the solution was cooled to room temperature (RT), and
then iron pentacarbonyl (1.5 mL, 11.1 mmol) and benz-
aldehyde (1.0 mL, 9.8 mmol) were added and stirred at 800
rpm and RT for 20 min. Then, the prepared solution was trans-
ferred to a 25.0 mL Teflon vessel inserted in an autoclave
reactor. The autoclave reactor was placed in an oven at 200 °C
and left for 4 h. At the end of the reaction time, the autoclave
was removed from the oven and allowed to cool to ambient
temperature. Then, the sample solution was split into two
Falcon tubes of 50 mL, adding 30 mL each of acetone as an
antisolvent to precipitate the nanoparticles. Finally, nano-
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particles were recollected upon centrifugation (4500 rpm,
20 minutes) and redispersed in 20 mL of CHCl,.

Surface functionalization of IONCs

For the surface functionalization of IONCs with a PEI polymer,
we adapted an already published protocol with some
modifications.®*®® In the experimental procedure, 0.5 mL of
IONCs (3.18 mgp. mL™") in CHCI; was transferred to a 2 mL
centrifuge tube, and 1.5 mL of acetone was added. This solu-
tion was vortexed for 10 s and centrifuged at 1500 rpm for
5 min. The supernatant of the solution was discarded, and
IONC precipitates were dried with N, and redispersed in
0.5 mL of toluene. Then, 0.1 mL of ethyl acetate and 0.1 mL of
acetonitrile were mixed in a round-bottom glass flask, and
0.125 mL of IONC solution in toluene was added to this
mixture. After that, 0.28 M sodium periodate solution was pre-
pared in water, and 0.15 mL of it was added to the solution as
an oxidizing agent. The solution was sonicated in an ultra-
sonic bath for 20 min by keeping the temperature between 30
and 35 °C at 45 kHz. At the end of sonication, IONCs were sep-
arated magnetically, and the supernatant was discarded. The
precipitate was washed with ethanol twice and distilled water
three times to remove excessive reactants by magnetic separ-
ation. At the end of this step, the hydrophilic IONCs functiona-
lized with the -COOH group were obtained and called
IONCs@COOH. To perform the adsorption of PEI on the
IONCs@COOH surface, first, PEI is dissolved in water at a con-
centration of 20 mg mL™". Then, 6 mL of this PEI solution was
placed in a vial and sonicated while IONCs@COOH solution
(0.30 mL, 3.33 mgy. mL™") was added dropwise. This solution
was sonicated for a further 3 h in the ultrasonic bath. After
that, the solution was washed five times with water by mem-
brane-filtered centrifuge tubes (Millipore Sigma, Amicon mem-
brane filters of 100 kDa MWCO), redispersed in water, and
sonicated with a probe sonicator at 45 kHz for 10 min. These
samples were referred to as IONCs@PEL

Assembly of IONCs on AgNWs

For the decoration of IONCs@PEI on AgNWs, 5.0 mL of con-
centrated IONCs@PEI solution (1.08 mgg. mL™") was prepared
in a glass vial and placed in a vortex shaker (multi-reax vortex
shaker, Heidolph). Then, 0.5 mL of AgNW colloidal solution
(0.96 mgs, mL™") was added all at once to the IONCs@PEI
solution while placed in a vortex shaker at 400 rpm and left for
several hours. The IONCs@PEI attached to AgNW samples was
referred to as AgNWs@IONCs@PEI. After that, to remove non-
attached IONCs@PEI nanoparticles, the mixture was centri-
fuged at 2000 rpm for 30 min. This step was repeated two
times, and the final precipitates of AgNWs@IONCs@PEI were
dispersed in water.

Ag" ion release experiment

To evaluate the potential release of Ag" ions under physiologi-
cally relevant conditions, 250 uL of the Ag nanowire suspen-
sion (0.25 mg mL™') was mixed with 750 pL of phosphate-
buffered saline (PBS, pH 6.5, without NaCl) and incubated for
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different time points (3 h, 24 h, and 72 h). Following incu-
bation, the suspensions were centrifuged at 2000 rpm for
10 minutes to separate the wires from the supernatant. The
concentration of the etched Ag" ions in the supernatant was
subsequently quantified by elemental Ag analysis using
ICP-OES.

Characterization

A scanning electron microscopy (SEM) image of the AgNW
sample was captured using a JEOL JSM-6490LA instrument at
an acceleration voltage of 10 kV with a secondary electron
detector. Transmission electron microscopy (TEM) was
employed to observe the size, morphology, and assembled
structures of IONCs@PEI on AgNWs and of the initial building
blocks, using a JEOL JEM-1400 microscope operating at 120
kv. For TEM sample preparation, diluted nanoparticle solu-
tions were dropped onto 200-mesh carbon-coated copper
grids. The particle size and size distribution of AgNW and
IONC samples were determined from electron microscopy
images using Image] software.

The hydrodynamic size (dy,), size distribution, and surface
zeta potential measurement of the nanoparticles were
measured using dynamic light scattering (DLS) with a
Zetasizer (Nano ZS90, Malvern, UK). Each DLS measurement
was performed in triplicate. The pH of the reaction medium
was determined using pH indicator paper strips. Ultraviolet-
visible (UV-Vis) spectroscopy was used to confirm the success-
ful synthesis of AgNWs. The surface chemistry of the nano-
particles was analyzed by Fourier transform infrared spec-
troscopy with an attenuated total reflectance configuration
(ATR-FTIR) using a Vertex 70 V Bruker instrument. Raman
spectroscopy was performed to examine the phases of the
IONCs. The samples were dried on aluminum foil and ana-
lyzed using a Renishaw inVia Reflex confocal Raman micro-
scope. A 50x objective lens was used to focus the laser beam
with an excitation wavelength of 785 nm onto the dried
samples, and analysis was performed with 1% laser power
(2.87 mW), 10 s exposure time, and five accumulations. The
X-ray diffraction (XRD) pattern of the nanoparticles was
obtained using a PANalytical Empyrean X-ray diffractometer
equipped with a 1.8 kW Cu Ka ceramic X-ray tube and a
PIXcel3D 2 x 2 area detector, operating at 45 kV and 40 mA.
For XRD analysis, concentrated nanoparticle solutions were
dropped onto a zero-diffraction quartz wafer. Elemental ana-
lysis was performed using inductively coupled plasma optical
emission spectroscopy (ICP-OES, Thermo Fisher CAP 6000
series). For ICP-OES preparation, 0.01 mL of nanoparticle solu-
tion was mixed with 1.0 mL of nitric acid and left overnight for
digestion. The solution was then diluted to 10.0 mL with Milli-
Q water and filtered through a 0.45 pm PTFE membrane. The
dynamic magnetization curves of the hydrophilic magnetic
nanoparticles, Ag NWs, and AgNWs@IONCs@PEI were
measured using an AC magnetometer (AC Hyster Advance,
Nanotech Solutions) at frequencies of 110, 200, and 300 kHz,
with applied magnetic fields of 12, 16, and 24 kA m™" at 20 °C.
Each set of AC magnetometer measurements was repeated
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three times for consistency. The instrument automatically cal-
culated SAR values based on the magnetic hysteresis loops
obtained during the AC field cycling using the equation given
below, where A is the area of the hysteresis loop, f is the fre-
quency of the alternating magnetic field, and c is the Fe con-
centration in the sample.
SAR = Alc
c
To study the stability of the assembly, calorimetric measure-
ments were conducted at a frequency of 182 kHz and a field
amplitude of 39 kA m™' (DM100 Series, nanoScale
Biomagnetics Zaragoza, Spain) with the sample (100 pL at
0.125 g L™ of Ag and 0.05 g L™" of Fe) exposed for three cycles
of 30 min each to AMF and the temperature profiles recorded
using a fiber-optic temperature probe. Aliquots of the sample
are taken every 30 min of the AMF cycle to prepare TEM grids.

Statistical analysis

Statistical analyses on SAR and H. values were performed
using one-way ANOVA followed by Tukey’s post-hoc test to
determine significant differences between sample groups
using OriginPro 9 software. Results were considered statisti-
cally significant when p < 0.05. Groups that did not differ sig-
nificantly shared the same letter label (a, b, or c) in the Tukey
grouping table.

Results and discussion

A new nanocomposite structure was designed to enhance the
SAR and improve the heating efficiency of IONCs under an
alternating magnetic field. Thus, IONCs were assembled onto
the surface of AgNWs in a chain-like or columnar arrange-
ment. For this purpose, AgNWs and IONCs@PEI were syn-
thesized separately, and the IONCs@PEI was subsequently
attached to the AgNWs via non-covalent interactions by intro-
ducing the AgNWs into an aqueous dispersion of concentrated
IONCs@PEL

AgNWs were synthesized by the previously reported polyol
method.®® This method is based on the reduction, nucleation,
and subsequent one-dimensional growth of silver precursor
(AgNO;) into nanowires, facilitated by a polyol solvent (gly-
cerol, serving also as a reducing agent), a stabilizer (PVP), and
a transition metal salt-based promoter (FeCl;-6H,0).
FeCl;-6H,0O scavenges atomic oxygen from silver nanocrystal-
lite surfaces, provides electrostatic stabilization, and promotes
AgCl formation. Since AgCl is less soluble than AgNO;, Ag' is
released slowly, reducing the reaction rate and favoring aniso-
tropic growth.®* SEM images of the AgNWs and the corres-
ponding length size distribution graph are presented in
Fig. S1a and S1b, respectively. The length and diameter of the
AgNW samples were measured using Image]J software and were
found to be 9 £+ 7 um and 109 + 27 nm, respectively. The
UV-Vis spectrum of the synthesized AgNWs is shown in
Fig. Sic. The characteristic absorption peaks of the AgNWs

This journal is © The Royal Society of Chemistry 2026
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formed were observed at approximately 350 and 380 nm,
corresponding to the excitation of transverse plasmon reso-
nances.®® For AgNWs of this length, the longitudinal plasmon
resonance is present beyond 800 nm. Beyond 380 nm, the
spectrum is dominated by the combined effects of scattering
and extinction rather than a distinct plasmon resonance.®®®’

The IONCs with a well-defined cubic morphology were syn-
thesized using the solvothermal method.®’ TEM images and
particle size distributions of IONCs are shown in Fig. 1b and e,
respectively. The mean particle size of IONCs was determined
to be 15 + 1 nm with a homogeneous size distribution (Fig. 1b
and Fig. S2).

The surface of the as-synthesized IONCs is hydrophobic
due to the oleic acid molecules on their surfaces. To make
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them water-soluble while maintaining colloidal stability, the
surface of IONCs was functionalized with PEI and only then
attached onto the surface of AgNWs. The PEI coating pro-
cedure was modified from those in previously reported
studies.®>®*°® In this procedure, first, oleic acid is oxidatively
cleaved into pelargonic acid and azelaic acid in the presence of
sodium periodate, acetonitrile, and ethyl acetate, and the
azelaic acid molecules remain on the surface of IONCs, yield-
ing hydrophilic IONCs functionalized with carboxylic acid
groups (IONCs@COOH). The presence of carboxylic acid
groups on the IONC surfaces, which confers negative charges
to the IONC surface, enables the adsorption of positive PEI
polymer molecules. To notice that while the first step of oxi-
dation of oleic acid by periodate was followed as reported in
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Fig. 1 Morphology, size distribution, and structural features of IONCs, IONCs@COOH, and IONCs@PEI. The scheme of the applied surface modifi-
cation procedure to IONCs (a). The TEM images of IONCs (b), IONCs@COOH (c), and IONCs@PEI (d). The particle size distribution of IONCs
measured by statistical analysis on more than 200 objects selected from different TEM images (e) and the hydrodynamic particle size distribution
graphs of IONCs@COOH and IONCs@PEIl samples by intensity (f). The XRD pattern (g), Raman (h), and ATR-FTIR spectrum (i) of IONCs,
IONCs@COOH, and IONCs@PEI. The schematic of the surface functional groups of IONCs, IONCs@COOH, and IONCs@PEI (j).
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the original reference work,*”> at the second stage, we do
adsorb the positive PEI polymer on the negative charge nano-
cubes® rather than covalently link the amine group of PEI to
the carboxylic groups of azelaic acid at the spherical nano-
particle surface by EDC chemistry as originally reported. The
representative surface modification mechanism and the experi-
mental procedure for the PEI coating of IONC surfaces are
given in Fig. 1a and Scheme S1 of the SI. To highlight that in
this study, the ratios of ethyl acetate, acetonitrile, and NalO,
used for the oxidation were kept constant, while the amount of
Fe;0, added to the solution was increased. As a result, the
NalO,/Fe;0, molar ratio was reduced to 1/6 of that used in the
reference study from which the procedure was adapted.®®
Additionally, the PEI conjugation step, performed in an ultra-
sonic bath following oxidation to enable electrostatic adsorp-
tion of PEI onto the nanocubes was conducted for 3 h.*

The obtained particles were thoroughly characterized at
each stage of the surface modification process. As shown in
Fig. 1c and d, TEM analysis of water-dispersed solutions con-
firmed the presence of agglomeration-free particles for
IONCs@COOH and IONCs@PEI samples, respectively (only a
single carpet of individually coated nanoparticles is visible).
The aqueous hydrodynamic size and zeta potential of the
IONCs@COOH and IONCs@PEI samples were obtained by dis-
persing the nanoparticles in deionized water under neutral
conditions and analyzing them using DLS. Hydrodynamic size
(Hq) versus intensity graph demonstrated unimodal particle
size distributions of both IONCs@COOH and IONCs@PEI
samples (Fig. 1f). The Hy values were found to be 49 + 23 nm
and 90 + 38 nm by intensity with PDI values of 0.197 and
0.186 for IONCs@COOH and IONCs@PEI samples, respect-
ively. The standard deviations () indicate the breadth of the
size distribution around each mean value. PEI formed a
thicker hydration layer around the IONCs due to its bulky,
highly branched structure and a high density of protonated
amine groups, which is visible on the TEM grid in between
nanoparticle spaces compared to small dicarboxylic azelaic
acid, which instead is not really visible and will engage in
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extensive hydrogen bonding and electrostatic interactions with
the AgNWs in water.®®”® The zeta potential distributions were
found to be —15.4 + 11.4 mV for IONCs@COOH and +36.1 +
12.4 mV for IONCs@PEI, which confirmed the successful
modification and coating of the surface of IONCs with a posi-
tively charged PEI polymer (Fig. 2).

The XRD pattern, Raman, and ATR-FTIR spectrum of the
IONC, IONCs@COOH, and IONCs@PEI samples are given in
Fig. 1g, h, and i. The XRD patterns, as expected, showed that
all samples had the same diffraction peaks, which are well-
matched with the magnetite phase of iron oxide (Fe;0,4) with
the ICDD card number 75-0033, indicating that the crystal
phase of the particles was preserved during the surface
functionalization steps. Raman spectroscopy was used to
investigate the magnetic phases and possible oxidation of
IONCs during their transfer into water and subsequent surface
coating with PEIL. The acquired Raman spectra also revealed
that all IONCs, regardless of their surface ligands (i.e., (oleic
acid)IONCs, IONCs@COOH, and IONCs@PEI), have a domi-
nant magnetite phase (Fe;O,) with a prominent Raman shift
at 670 cm™', along with smaller bands at 310 cm™' and
540 cm~".”" These findings confirmed the preservation of the
magnetite phase throughout the transfer and coating pro-
cesses. In contrast, oxidation to the maghemite phase
(y-Fe,03) after the oxidative cleavage of oleic acid by sodium
(meta)periodate was negligible, as no significant maghemite

peaks were observed in the Raman spectra at 350 cm ™',

512 cm™', or 720 cm ™" in any of the samples. Additionally, for
the IONC sample, the bands at around 1300 and 1450 cm™*
confirmed the presence of oleic acid on the surface as the
main surfactant.”” The disappearance of these bands in the
other samples indicated a successful change in the polymer
surface provided by the conversion of oleic acid into azelaic
acid at the first stage and the presence of PEI at the second
stage. The schematic representations of functional groups on
the surface of the IONCs are shown in Fig. 1j. The functional
groups present on the surface of the samples were identified
using ATR-FTIR spectroscopy. In the ATR-FTIR spectrum of

60
Sample nhame Zeta potential Std.

40 F
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E 20 IONCs@COOH -15.4 11.4
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2 0 i } }
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o L
]
© -20F i
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Fig. 2 Zeta potential graph and values of IONCs@COOH, IONCs@PEI, and AgNWs.
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IONCs, the strong bands at 2930 and 2850 cm ™" correspond to
the alkyl chains of oleic acid, which are observed as asym-
metric and symmetric C-H stretching vibrations, respect-
ively.”® The weak peak at around 3005 cm ™" is attributed to the
unsaturated (cis) C-H stretching of oleic acid, and a sharp
peak at around 1410 cm™' corresponds to the -C-O-H in-
plane bending.”* For IONCs@COOH, the peaks at 1629 and
1397 em™ could be assigned to the stretching vibration of
C=0 and bending vibrations of CH,, respectively, of the
azelaic acid. It is observed that, following the oxidative clea-
vage of oleic acid, the intensities of the bands near 2930 and
2850 cm™' are significantly reduced for the IONCs@COOH,
indicating a decreased amount of CH, and CH; groups. The
broadband observed in the spectrum of IONCs@PEI between
3400 and 3200 cm " was attributed to the N-H stretching
vibrations of primary and secondary amines. The 2934 and
2848 cm™' peaks were associated with the C-H stretching
vibrations of methylene groups. The weak to medium peaks
observed between 1600 and 1500 cm ™" were assigned to the N-
H bending vibrations. Three absorption peaks at 1476, 1300,
and 1033 cm™" could be attributed to the C-N stretching
vibrations.”” The appearance of N-H bending and C-N and
stretching vibrations in the IONCs@PEI FTIR spectrum con-
firms the successful surface functionalization of the IONCs
with PEL

The zeta potentials of IONCs@COOH, IONCs@PEI, and
AgNWs were measured in deionized water at a pH range of 6-7
(determined using pH indicator paper strips) and a tempera-

IONCs@PEI

Vortexed at 400 rpm
for2h

-

AgNWs@IONCs@PEI
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ture of 20 °C (Fig. 2). The surfaces of IONCs@PEI were posi-
tively charged, while the surfaces of AgNWs were negatively
charged due to the presence of PEI and PVP polymers, respect-
ively. Fig. 3a presents a schematic representation of the experi-
mental procedure for assembling IONCs on AgNWs. TEM
images of AgNWs and AgNWs@IONCs@PEI particles at
various magnifications are shown in Fig. S3a-c and Fig. S3d-f,
respectively. Neither the entanglement of AgNW nor the
agglomeration of IONCs@PEI was observed. The distribution
of IONCs@PEI on the PVP-stabilized AQNW surface was pri-
marily homogeneous but not in a perfect chain-like structure.
Fig. 3e reveals that IONCs@PEI assembled into long-range
ordered clusters along AgNWs, spanning lengths above 1 pm.
Provided that each IONCs has a cube edge of ~15 nm, the
observed ordering ideally would extend over distances of more
than 67 times the particle size, indicating strong directional
assembly, which is not reported in previous studies.**7*°
Under neutral conditions, PEI-coated nanoparticles exhibit
positively charged surfaces due to the protonation of their
amine groups.’® PVP stabilizes Ag* ions through coordination
with carbonyl groups, leaving partially negative oxygen atoms
on the AgNW surfaces.”” The electrostatic attraction between
the positively charged IONCs@PEI and the negatively charged
PVP stabilized AgNWs drives their aggregation and interfacial
bonding.”® Consequently, the oriented clustering of
IONCs@PEI nanoparticles onto AgNWs was primarily due to
the opposite surface zeta potentials, accompanied by van der
Waals forces.**”®

Centrifuged at
2000 rpm for
30 min

0.5 pm

Fig. 3 Schematic illustration of the experimental procedure for IONC assembly on AgNWs (a). TEM images of AQNWs@IONCs@PEI at various mag-

nifications (b—e).
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To note that in the attempt to optimize the assembly proto-
col, initial studies were conducted with IONCs modified with
polydopamine (PD) having a surface charge of around —11.4 +
4.7 mV in water as determined by zeta potential measure-
ments. Details of the surface functionalization procedure are
given in the SI. When mixing these PD-coated IONCs
(IONCs@PD) with AgNWs, although IONCs@PD decorated the
AgNW surface, large clumps of IONCs@PD were present on
the AgNWs (Fig. S4a and S4b). It is worth mentioning that
already IONCs@DP was forming some small clusters even
before mixing them with the AgNWs (Fig. S4c-e) and this has
likely affected the assembly formation. Therefore, to avoid
surface aggregation and better control the assembly formation,
the choice of PEI and the use of positively charged IONCs were
critical for obtaining homogeneously distributed IONCs on the
AgNWs.

The change in interfacial stability between IONCs@PEI and
AgNWs in a neutral aqueous medium is shown in Fig. S5. TEM
images of AgNWs@IONCs@PEI on the day of synthesis show
that IONCs@PEI are uniformly bound to the AgNW surfaces,
with a clear, distinct interface and some of the IONCs@PEI are
not bound. The same type of TEM images with not much sig-
nificant differences are recorded one and three days later,
suggesting the stability of the assembly in a short period and
in a neutral aqueous environment.

The colloidal stability of AgNWs@IONCs@PEI assemblies
was evaluated by dispersing them in water. Photographs of the
dispersions were taken over time to monitor their stability
(Fig. S6). The assemblies in water began to sediment at the
bottom of the vials within a few hours, and complete precipi-
tation was observed after three days, providing their relatively
micrometer size, which promotes sedimentation through grav-
itational effects. However, even after three days, upon shaking
the vial, the solution turned back to the original brownish
color and appeared as the one at day one. Furthermore, Fig. S7
shows the good dispersion of AgNWs@IONCs@PEI in water
and their response to a permanent magnet, confirming that
the nanowires are uniformly coated with IONCs and can be
efficiently separated using a standard lab magnet (0.3 T). The
stability of AgNWs@IONCs@PEI was also evaluated by disper-
sing them in common biological media such as phosphate-
buffered saline (PBS, pH 6.5) and complete DMEM (containing
10% FBS, used DMEM phenol red free to facilitate visualiza-
tion). Photographs of the dispersions were taken within the
first 24 h to monitor their stability in PBS and in DMEM
(Fig. S8). While the composites were initially well-dispersed in
PBS and complete DMEM, AgNWs@IONCs@PEI exhibited
faster sedimentation and aggregation, particularly in DMEM,
likely due to the serum protein content. TEM images of
AgNws@IONCs@PEI after 24 h in PBS (Fig. S8b) showed that
the composites largely retained their morphology and main-
tained the interactions between AgNWs and IONCs@PEL
Instead, composites incubated in DMEM showed less integrity
and detached IONCs from AgNWs (Fig. S8d).

To evaluate the Ag" ion release and thereby the possible tox-
icity of our structures, we incubated AgNWs in PBS (at pH 6.5
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to mimic the acidic tumor pH) for several hours (3 h, 24 h,
and 72 h) and analyzed the supernatant by means of released
Ag ions by ICP-OES. The measured Ag' concentrations were
below the instrument’s detection limit (<0.01 mg L") for the
sample incubated for 3 h, indicating negligible ionic silver
release under these conditions. However, we found 0.01 g L™
and 0.0375 g L™" of Ag release after the incubation of AgNWs
in PBS for 24 h and 72 h of incubation, respectively. This
observation agrees with previous reports showing that AgNWs
exhibit minimal but still present Ag” release.’*' However, the
release of Ag' ions, also associated with the generation of ROS,
is strongly influenced by the particle dose, morphology, and
surface coatings.®” By carefully controlling these parameters,
the intrinsic toxicity of silver nanowires can be effectively regu-
lated and controlled to facilitate topical release, for instance,
to a tumor site.

The dynamic hysteresis loops of the hydrophilic magnetic
nanoparticles were evaluated using AC magnetometry at
various frequencies and under various magnetic fields. The
magnetic properties of the nanoparticles can be determined
from the hysteresis loop, such as coercive field (H.), saturation
magnetization (M), and remanence (M,). These data provide
information about magnetic interactions and possible arrange-
ments of nanoparticles.®*%

The applied field conditions stretched beyond the clinically
suitable value (Hxof < 5 x 10° A m™" s7') of magnetic
hyperthermia therapy as part of this proof-of-concept study. In
this study, only one of the AC magnetization conditions, 24 kA
m™" at 300 kHz (7.2 x 10° A m™" s7), lies outside the clinical
safety limit.> Furthermore, the present work is a proof-of-
concept study demonstrating the material’s development at
this stage. The iron concentration of the IONCs@COOH and
IONCs@PEI samples used in the AC magnetometer measure-
ment was 0.6 Mg, mL™, while the iron concentration of the
AgNWs@IONCs@PEI sample was 0.15 mgg, mL ™.

The magnetization curves of the IONCs@COOH,
IONCs@PEI, and AgNWs@IONCs@PEI samples are given in
Fig. 4. For all samples, a non-saturated hysteresis loop was
observed at 12 and 16 kA m~' magnetic fields, independent of
the frequency of the field being applied. However, hysteresis
loops reached saturation when the magnetic field strength was
increased to 24 kA m™". It has been reported that a higher Huc
field is required to achieve saturation magnetization.?* It was
also observed that PEI conjugation on the IONCs@COOH
surface slightly reduced the magnetization curve area by
3-25%, except under the conditions of 24 kA m™" and 110 kHz
(Table S1). This reduction can be attributed to the increased
hydrodynamic size of the IONCs@PEI sample, which influ-
ences the nanoparticle relaxation behavior.*> When comparing
the hysteresis loop responses of IONCs@PEI and
AgNW®@IONCs@PEI samples at varying Hyc amplitudes and
frequencies, the loop area of AQNW@IONCs@PEI was 12-28%
smaller than that of IONCS@PEI at 12 kA m™'. As the Hyc
amplitude increased to 16 kA m™', the reduction in the
AgNW@IONCs@PEI loop area decreased to 5-10%. At 24 kA
m™’, the AgNW@IONCs@PEI sample exhibited the largest hys-

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 AC hysteresis loops of IONCs@COOH (a, d and g), IONCs@PEI (b, e and h), and AQNWs@IONCs@PEI (c, f and i) at various frequencies and

magnetic field strengths.

teresis loop area among all samples, increasing by 16% at 110
kHz and by 18% at both 200 and 300 kHz relative to
IONCS@PEL

To determine whether AgNWs influence the dynamic hys-
teresis loops of AgNW@IONCs@PEI, AC magnetometry
measurements of AgNWs alone were performed under the
same frequency and magnetic field strength conditions, as pre-
sented in Fig. S9. At frequencies of 110 and 200 kHz, the
AgNWs exhibited negligible diamagnetic contribution to the
synthesized nanocomposite structure. However, under the con-
ditions of 300 kHz and 24 kA m™", a noticeable diamagnetic
contribution may occur in the AgNWs@IONCs@PEI sample,
as shown in Fig. 4i.

To understand the reason for the increase in magnetic loss
observed with increasing magnetic field in the
AgNW®@IONCs@PEI sample, the H., M, M;, and M,/M, values
extracted from the hysteresis loop were evaluated (Table 1). For

This journal is © The Royal Society of Chemistry 2026

all samples, the M; value decreases with increasing field fre-
quency; this could be attributed to the delay in the magnetiza-
tion response to the applied AC field.*® The M, value of the
IONCs@PEI nanoparticles was 26% to 40% higher than that of
AgNWs@IONCs@PEI for all examined magnetic field para-
meters. The imperfectly aligned chain-like structures could
cause this behavior. The magnetic moments of the neighbor-
ing nanoparticles can be aligned antiparallel, resulting in a
decrease in the net magnetization of the system.’? In addition,
the magnetic anisotropy in these structures can create a pre-
ferred magnetization direction and limit the ability of nano-
particles to align their magnetic moments in the direction of
the applied magnetic field, resulting in a lower saturation mag-
netization. However, as the applied magnetic field increased, a
significant rise in the H. values of the AgNWs@IONCs@PEI
sample was observed. The increase corresponded to 14% and
28% at 110 kHz, 13% and 39% at 200 kHz, and 32% and 39%
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Table 1 Dynamic magnetic properties of IONCs@COOH, IONCs@PEIl, and AgNWs@IONCs@PEI

Sample name Hypp (kA m™) H. (kAm™) M; (Am*kg™) M, (Am* kg™ M,/M Area (m] kg™ ") SAR (W g 're)
110 kHz
IONCs@COOH 12 2.9+0.0 63.3+0.1 23.8+0.2 0.38 811+6 89+1
16 3.6 £0.0 71.3 £ 0.4 28.3+0.3 0.40 1145+ 14 126 £ 2
24 4.7 £0.1 81.4 +0.5 35.0+0.3 0.43 1804 + 40 198 + 4
IONCs@PEI 12 3.6 £0.0 46.8 + 0.3 20.0+0.2 0.43 698 + 8 771
16 4.6 £ 0.0 57.2+0.3 25.6 +0.2 0.45 1099 =7 121 +1
24 6.2+ 0.0 66.6 + 1.1 33.3+0.1 0.50 1815+ 22 199+ 2
AgNWs@IONCs@PEI 12 4.1+0.4 31.6+2.0 13.9+£0.7 0.44 503 +49 555
16 59+0.2 42.3+2.2 21.7+0.7 0.51 1019 + 67 111 +7
24 9.5+0.2 47.6 +1.6 32.1+1.7 0.67 2103 £ 113 231 +12
200 kHz
IONCs@COOH 12 3.5+£0.0 61.4+0.1 25.7+0.1 0.42 900 + 8 179 +2
16 4.2+0.0 71.0+ 0.6 30.8+0.3 0.43 1286 + 13 256+ 3
24 5.4+0.0 789+1.1 37.1+0.5 0.47 1962 + 51 391+10
IONCs@PEI 12 4.0+£0.1 44.510.2 20.1+0.5 0.45 720 £21 143 £ 4
16 4.9 +£0.0 55.4+0.4 254 +0.1 0.46 1114 +1 222+0
24 6.7 £0.0 65.1+0.8 33.4+0.3 0.51 1889 + 32 377+6
AgNWs@IONCs@PEI 12 4.5+0.4 30.0+1.3 13.7 £ 2.0 0.46 516 + 87 103 +17
16 6.8 0.1 35513 21.1+0.4 0.59 1006 + 30 200+ 6
24 11.2+0.1 41.8+2.0 33.0+04 0.79 2229 + 58 444 £ 12
300 kHz
IONCs@COOH 12 3.7+0.0 58.2+0.5 25.1+0.1 0.43 901+9 271+3
16 4.3£0.0 67.3 0.7 29.1+0.3 0.43 1219 + 13 367 +4
24 5.8+£0.0 74.2 £ 0.6 36.7+0.4 0.49 1960 + 21 589+6
IONCs@PEI 12 41+0.1 42.0+ 0.6 18.5 £ 0.7 0.44 680 + 31 205+9
16 5.1+0.0 52.6 £ 0.4 24.6 +0.4 0.47 1093 =+ 67 329+8
24 7.2+0.2 61.8 + 0.4 33.1+1.2 0.54 1906 + 93 573 + 28
AgNWs@IONCs@PEI 12 54+0.3 27.4+1.3 15.6 £ 1.2 0.57 599 + 41 180 + 12
16 71+0.8 352+2.38 209+2.1 0.59 1034 + 121 311 + 37
24 13.1+0.8 369 +1.5 341+1.1 0.92 2245 + 38 675 +11
at 300 kHz and magnetic field strengths of 12 and 16 kA m™, Fig. 5g, 5h, and 5i show that the SAR values of
respectively. When the magnetic field strength was increased IONCs@COOH, IONCs@PEI, and AgNWs@IONCs@PEI

to 24 kA m™', the H, values increased by 53%, 67%, and 82%
at 110, 200, and 300 kHz, respectively. This increase in the H.
values of the AgNWs@IONCs@PEI sample resulted in the
largest hysteresis loop area among all samples at 300 kHz and
24 KA m™". It was reported by Barrera et al. that strong dipolar
interactions between nanoparticles, like in a chain configur-
ation, can increase the overall energy barrier, making the coer-
cive field much larger than the vertex field (Fig. 5a-c)."®

Another essential characteristic of the hysteresis loops that
provide details on the interactions of the magnetic particles is
the reduced remanent magnetization M,/M;. Fig. 5d-f show
the graphs of M;/M, values at various frequencies depending
on the applied magnetic field intensity. The ratio of M,/M;
equals 0.5 for a system of single-domain particles that do not
interact with each other, according to the Stoner-Wohlfarth
model.®* Any deviation from this ratio provides information
about particle interactions. If this ratio is less than 0.5, the
decrease may be attributed to the dipolar interactions of ran-
domly oriented nanoparticles; on the other hand, if the ratio is
greater than 0.5, magnetic coupling may be indicated, as in
the case of chain arrangement. It was observed that by increas-
ing the applied Hac to 24 kA m™', the M,/M, values of
AgNWs@IONCs@PEI reached 0.67, 0.79, and 0.92 for frequen-
cies of 110, 200, and 300 kHz, respectively, whereas the M,/M;
value of the IONCs@PEI sample was around 0.50 for the same
magnetic field conditions.

4782 | Nanoscale, 2026, 18, 4773-4789

increase with increasing frequency and magnetic field
strength. The SAR values of AgNWs@IONCs@PEI were 29%
and 8% lower than those of IONCs@PEI at 110 kHz, 28% and
10% lower at 200 kHz, and 12% and 5% lower at 300 kHz at
magnetic field strengths of 12 and 16 kA m™', respectively.
When the magnetic field strength was increased to 24 kA m™",
the SAR values of AgNWs@IONCs@PEI increased by 16% at
110 kHz and 18% at 200 and 300 kHz compared to
IONCs@PE]I, exhibiting the highest SAR among all samples at
all applied frequencies. Fig. 5a-c and g-i show that at 24 kA
m~’, single nanoparticles and aligned nanoparticles exhibit
different magnetic properties under a dynamic magnetic field
at all applied frequencies. Although the AgNWs@IONCs@PEI
sample is not perfectly aligned, the magnetic properties
change with the assembly of nanoparticles.

It was observed that, regardless of the applied field fre-
quency, dipolar coupling between the magnetic moments of
the nanoparticles in the AgNWs@IONCs@PEI sample was sus-
tained at 24 kA m™'. However, TEM images revealed that the
IONCs@PEI particles were not perfectly aligned along the
AgNWs and exhibited localized clustering and gaps between
the chains. Previous studies have reported that increased inter-
particle spacing and the formation of incomplete chains
weaken dipolar interactions, while antiparallel or out-of-plane
coupling between chains reduces overall anisotropy and conse-
quently lowers the SAR value.">®”’®® Therefore, the applied

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Evaluation of H. (a—c) and M¢/M, (d—f) values as a function of applied magnetic field strength at various frequencies. The SAR values of
IONCs@COOH, IONCs@PEI, and AgNWs@IONCs@PEI at various magnetic field strengths and frequencies of 110 (g), 200 (h), and 300 kHz (i).

magnetic field strengths of 12 and 16 kA m™" may have been
insufficient to induce a chain-like structure.

The dependence of the SAR value on f and Hac has been
shown in the literature theoretically and experimentally.”"*
The area of the hysteresis curve increased with increasing Hyc,
and the highest SAR value was obtained at 300 kHz and 24 kA
m™" for all samples, as expected. Alphandéry et al. reported
similar observations regarding the effect of magnetic field
strength on SAR values. The SAR of magnetosome chains
increased from 864 to 1242 W g™ 'y as the field strength rose
from 18 to kA m™" at 108 kHz.*° Niculaes et al. also observed a
similar increasing trend in SAR values when the magnetic
field strength was raised from 24 to 48 kA m™" at 300 kHz."
Generally, the SAR value is proportional to the square of the
Hpc. The effect of frequency is more complex than Hyc:
indeed, hysteresis losses increase with increasing frequency
because, at higher frequencies, the magnetic domains have
less time to reorient themselves in response to the changing
magnetic field. As a result, more energy is dissipated as heat.
For example, as shown in Table 1, the SAR of
AgNWs@IONCs@PEI at 24 kKA m™" increased by 92% (from
231 + 12 to 444 + 12 W g™ ') as the frequency increased from

This journal is © The Royal Society of Chemistry 2026

110 kHz to 200 kHz, and by 52% (from 444 + 12 to 675 + 11 W
¢ ') as the frequency increased from 200 kHz to 300 kHz. It
is worth noting that the AgNWs@IONCs@PEI sample had the
highest SAR value when a field of 24 kA m™ is applied
throughout all the frequencies.

A one-way ANOVA and Tukey’s post-hoc (Tables S2, S3 and
S4) test was performed to assess whether there were statisti-
cally significant differences between the SAR and H. values of
the IONCs@COOH, IONCs@PEI, and AgNWs@IONCs@PEI
samples. The results were considered statistically significant
when p < 0.05. Tables S2 and S3 show that the observed SAR
values of AgNWs@IONCs@PEI under a magnetic field strength
of 24 kA m™" were statistically significantly different from
those of IONCs@COOH and IONCs@PEI, regardless of the
applied frequency. Also, for H. values (Table S4) recorded
under all applied magnetic field conditions, except for 110
and 200 kHz frequencies with a field strength of 12 kA m™,
the data were statistically significantly different from each
other.

Additionally, to further confirm that the enhancement of
H, and SAR values arises from the electrostatic binding of
IONCs@PEI to the AgNW surfaces and the subsequent for-
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mation of chain-like structures, similar AC magnetometry
experiments were conducted using IONCs@citrate nano-
particles, which exhibit a negative surface zeta potential and
therefore are not capable of electrostatically interacting with
the AgNW surfaces. For this purpose, a ligand exchange was
carried out on oleic acid-capped IONCs by replacing the oleic
acid with citrate molecules, providing a surface charge of 21 +
2 mV and also enabling their effective water transfer (see the SI
for the detailed protocol). Subsequently, AgNWs were mixed
with IONCs@citrate at the same concentrations used for the
AC magnetometry experiment with positively charged
IONCS@PEI (0.6 mga, mL™" and 0.15 mggp. mL™"). However,
the sample was not washed to retain the non-attached
IONCs@citrate in the sample. The AC hysteresis loops for
IONCs@citrate nanoparticles alone and for AgNWs +
IONCs@citrate are presented in Fig. S11, while one-way ANOVA
analyses of the H. and SAR values are given in Tables S5 and
S6, respectively. The H, results indicate that when there is no
electrostatic interaction between the AgNWs and IONC par-
ticles and the IONCs do not form chain-like structures, no
increase in the H, field is observed for AgNWs +
IONCs@pcitrate compared to IONCs@citrate, while a decrease
in the SAR values is observed relative to IONCs@citrate. TEM
images of the mixed sample of AgNWs with IONCs@citrate
(AgNWs + IONCs@citrate) further confirm the lack of assembly
of IONCs at the surface of the AgNWs (Fig. S10).

To assess the stability of the AgNWs@IONCs@PEI compo-
sites upon exposure to AMF, magnetic hyperthermia experi-
ments were performed by exposing the AgNWs@IONCs@PEI
composites to an AMF under high-field conditions and pro-
longed exposure (3 cycles of AMF of 30 minutes each).
AgNWs@IONCs@PEI exhibited a gradual temperature increase
of approximately 4 °C during the first 30 min, reaching nearly
28 °C by the end of each cycle (Fig. S12a). However, the differ-
ences in heating rate between the first and third cycles are
attributed to the progressively higher initial temperature of the
dispersion in each subsequent cycle. At the same time, the col-
loidal and morphological stability of AgNWs@IONCs@PEI
also confirmed the presence of well-coated AgNWs with
IONCs@PEI as an indication of a stable AgNWs@IONCs@PEIL
sample configuration (Fig. S12b-e). By visual inspection, the
vial before AMF exposure showed homogeneous dispersions,
while after 30 min of AMF exposure, partial precipitation was
observed. This instability was, however, only temporary, and
upon shaking the sample solution turned homogeneous
again.

The strength of magnetic dipolar coupling depends on the
distance between magnetic nanoparticles and the applied
magnetic field strength.'® Low magnetic field strengths may
not be sufficient to form stable chain-like structures, and the
nanoparticles may remain randomly dispersed. At higher field
strengths, dipolar interactions become stronger and promote
the formation of chain-like structures. The magnetic moments
of the nanoparticles align with the field, and the dipolar forces
between them pull the particles together into chains or
columns. It can be concluded that the magnetic nanoparticles
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in the AgNWs@IONCs@PEI sample are anisotropically
arranged in chains or columns at 24 kA m™*, and the resulting
dipolar interactions increase uniaxial anisotropy, leading to
collective magnetization behavior and resulting in the for-
mation of a higher coercive field.” The Hac-dependent chain
formation explains the high SAR values obtained at a magnetic
field intensity of 24 kA m™' for the AgNWs@IONCs@PEI
sample. According to Morales et al, the larger the Hyc, the
more pronounced the chain formation is by many chains or
long chains.®* The anisotropic arrangement of magnetic nano-
particles increases the overall energy barrier, resulting in a
higher coercive field and an enlarged hysteresis loop area,
thereby enhancing heat dissipation. Consequently, the for-
mation of chain or column-like anisotropic structures at 24 kA
m™" in the AgNWs@IONCs@PEI sample led to a higher coer-
cive field and, accordingly, an increased SAR value in the
present study.'*>*°

In addition, TEM analysis was performed on the
AgNWs@IONCs@PEI sample after the AC magnetometry
measurements, and images before and after the analysis are
given in Fig. S13. It can be concluded that IONCs were success-
fully immobilized on the surface of AgNWs. Thus, the assem-
blies on the template were largely preserved even after AC mag-
netometer measurements.

Conclusions

IONCs were successfully assembled into chain-like structures
on the surfaces of micrometer-sized AgNWs. The high aspect
ratio of AgNWs enables long-range ordering of IONCs@PEI
clusters. Overall, our findings confirm that electrostatic inter-
actions, when attractive, play a crucial role in the formation of
chain-like structures by attracting oppositely charged IONCs
and driving self-assembly.

The heating efficiency of the nanostructures determined by
AC magnetometry analysis and the corresponding SAR values
showed that the AgNWs@IONCs@PEI sample had the highest
SAR values when the applied magnetic field strength was
increased to 24 kA m™*, regardless of the field frequency. The
M, H., and M,/M; data extracted from the dynamic hysteresis
loop show that the dipole coupling of the magnetic moments
can be promoted at 24 kA m™" under these experimental con-
ditions. Lower fields (i.e., 12 and 16 kA m™") were insufficient
to excite the chain-like structure of AgNWs@IONCs@PEI,
leading to lower SAR values, most likely due to the antiparallel
alignment of the magnetic moments of the nanoparticles. In
addition, due to the immobilization of IONCs@PEI on
AgNWs, the chain-like structures were retained when the mag-
netic field was removed.
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Data availability

The data supporting this article have been included as part of
the supplementary information (SI) and in the main paper and
original figures and data files can be requested directly from
the authors of this work. Supplementary information is avail-
able. The SI reports detailed SEM and TEM characterizations,
along with schematics of the functionalization procedures for
AgNWs, IONCs, and hybrid nanocomposites. It includes stabi-
lity tests in aqueous and biological media, as well as assess-
ments of magnetic response and heating performance under
an AMF. AC magnetometry data, hysteresis loops, and pre- and
post-AMF imaging are presented. Statistical analyses (ANOVA
and Tukey tests) of magnetic parameters and SAR values
across all samples are also included. See DOIL: https://doi.org/
10.1039/d5nr03252k.
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