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ABSTRACT: To maximize heat release from immobilized nanoparticles
(NPs), a detailed understanding of the controlled dipolar interaction is
essential for challenging magnetic hyperthermia (MH) therapies. To design
optimal MH experiments, it is necessary to precisely determine magnetic
states impacted by the inevitable concurrence of magnetic interactions
under a common experimental form. In this work, we describe how the
presence of dipolar interaction significantly alters the heating mechanism of
host materials when NPs are embedded in them for MH applications. The
concentration of the NPs and the intensity of their interaction can
profoundly impact the amplitude and shape of the heating curves of the
host material. The heating capability of interacting NPs might be enhanced
or diminished, depending on their concentration within the host material.
We propose chitosan- and dextran-coated Gd-doped Fe3O4 NPs directing
dipole interactions effective for the linear regime to enlighten the pragmatic
trends. The outcomes of our study may have substantial implications for cancer therapy and could inspire novel approaches for
maximizing the effectiveness of MH.

1. INTRODUCTION
Magnetic nanoparticles (MNPs) have been one of the most
predominant nanomaterials in recent decades, as their versatile
characteristics allow for a inclusive range of appliances in the
areas like biomedicine, electronics, technology, and energy.1−3

In magnetic fluid hyperthermia (MFH), MNPs gained
significant attention due to its potential applications as a
thermal therapy in cancer trials, and thermally triggered drug
delivery under alternating magnetic field.4 For clinically
available hyperthermia, improved magnetic anisotropy, con-
trolling magnetic domain size, and interparticle dipole
interactions are the key parameters for enhancing the effective
heating efficiency.5

Although several challenges hinder the development of these
nanomaterials, an example is the instability of oxidation states
of the Fe3O4 (FO) MNPs, which affects the magnetic tuning,
structure, and optimum self-heating efficiency for MFH
application.6,7 Much effort has been devoted to emerging
synthesis approaches to control particle size and other
parameters to enhance the particle intrinsic heating efficacy
to date. Researchers have drawn significant interest in rare
earth (RE) ions due to the f-block arrangement and their
exceptional optical and magnetic states, which have demon-
strated that adding such dopants in the FO system profoundly
impacts the final product.2,8−12 Several studies have been
conducted to improve the saturation magnetization; Slimani et

al. reported the same results for the influence of Sm3+ and Er3+
doping on the CoFe2O4 system.13

Moreover, another challenge is the dispersion of MNPs in
aqueous solutions. Since MNPs have high surface energies,
they are prone to agglomerate. Thus, to fully demonstrate the
functions of MNPs, it is essential to work on technologies to
prevent aggregation and agglomeration and to increase their
dispersibility. One of the most popular methods for
agglomeration control is via the effective conjugation of
biomolecules, such as peptides, oligonucleotides, antibodies,
and natural polymers. Although MNPs with enhanced
functionalities/dispersibility or specific absorption rate (SAR)
have been attained, obtaining MNPs with both functionalities/
dispersibility and high SAR is still a challenge to overcome.
Among these, dextran- and chitosan-coated Fe3O4 MNPs are
particularly notable due to the fact that they are nonantigenic,
biocompatible, biofunctional, and biodegradable, and standing
as an exceptional candidate for clinical trials for hyperthermia
application. Recently, much research has been conducted to
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improve ferrite NPs’ dispersibility and control agglomeration
by using dextran and chitosan biopolymers.14−16 Interestingly,
dextran is an FDA-approved biopolymer, and dextran-coated
iron oxide NPs are known as Feridex, which have been ratified
for MRI contrast agents.17 However, chitosan is a natural
polymer composed of glucosamine and N-acetyle-D-glucos-
amine and has been widely exploited for biomedical
applications owing to their biocompatible, biodegradable, and
bioactive properties.15 In particular, chitosan enhances the
colloidal stability of MNPs and in vivo blood circulation.18

Henceforth, a strong demand exists for methods that
produce MNPs via clear, colloidally stable, simple, and efficient
contenders for magnetic hyperthermia (MH) application. The
study is a continuation of our prior work, where we explored
the role of Gd doping on Fe3O4 MNPs to tune heating
efficiency.9 Herein, with the aim of emerging an ideal
nanotherapeutic agent that behaves as highly stable in
physiological atmospheres, a dextran-coated Gd-doped Fe3O4
(DGFO) and chitosan-coated Gd-doped Fe3O4 (CGFO)
system (Figure 1) have been synthesized.

2. MATERIALS AND EXPERIMENTAL TECHNIQUE
2.1. Preparation of the MNPs. The comprehensive route

for preparing the Gd-doped Fe3O4 (GdFO) MNPs is
exemplified in our prior work.9 Therefore, we worked on the
7% Gd-doped Fe3O4 system for the capture of dextran and
chitosan. Here, we report the concise expression of the
synthesizing procedure for dextran- and chitosan-coated Gd-
doped Fe3O4 MNPs only.
2.1.1. Preparation of GdFO MNPs. Fe3O4 NPs had

processed through a standard coprecipitation route. Briefly, a
homogeneous solution was formed by dissolving FeCl3 (ferric
chloride) and FeCl2 (ferrous chloride) in 100 mL of hydrazine
mixed double-deionized water. The prepared composition was

stirred for 1 h 30 min, and NaOH solution was added dropwise
to maintain the pH 7−8. The prepared composition was kept
for cooling, after which the sample was washed with ethanol
and Milli-Q (double-deionized) water and centrifuged at 2000
rpm. A black precipitate was attained, then dehydrated in a
vacuum oven at 90 °C for 11 h, and finally pulverized to
powder.

2.1.2. Preparation of CGdFO/DGdFO MNPs. All designed
MNPs were prepared via the coprecipitation route, and the
obtained GdFO is further functionalized using biopolymers,
dextran, and chitosan, abbreviated as DGdFO and CGdFO
throughout the manuscript. In the experimental system, 0.25 g
of chitosan was dissolved in 100 mL of 0.1 M acetic acid
solution and was added dropwise to 0.5 g of GdFO, prepared
in 10 mL of double-deionized water under constant stirring at
180 rpm for 20 min, and then ultrasonicated for 20 min. Then,
the processed MNPs were washed with ethanol and
centrifuged at 2000 rpm for 15 min. The precipitate attained
from the experiments was dehydrated in a vacuum oven and
last hand-milled to powder. Similarly, the same procedure was
followed for preparing DGdFO MNPs. Herein, dextran was
directly dissolved in double-deionized water instead of 0.1 M
acetic acid solution, as shown in Figure 2.

2.2. Characterization. The crystallographic statistics and
phase information on the reference MNPs were studied via X-
ray diffraction (Rigaku, Ultima IV) with Cu−Kα radiation (λ =
1.5406 Å). States of the elements and functional groups were
investigated via Fourier transform infrared spectra (FTIR)
(Cary 630, Agilent Technology). The morphology, average
particle size, alongside selected area electron diffraction
(SAED), and d-spacing were examined through a scanning
electron microscope (FESEM; ZEISS, Gemini 300) and a
high-resolution transmission electron microscope (TEM;
JEOL, JEM 2100), respectively. Furthermore, a detailed
investigation of the electronic and chemical states of the
MNPs was investigated by X-ray photoelectron spectroscopy
(XPS) (Thermo Fisher Scientific, Excalab Xi+ with Al Kα as
the source of X-ray). Using a Hitachi STA7300 thermal
analyzer, a thermogravimetric study (TGA) was carried out
from room temperature to 800 °C under the N2 atmosphere.
The magnetic behavior of the MNPs was examined using a
vibrating sample magnetometer (VSM; Lakeshore, 7410
series) and electron spin resonance (ESR) techniques
(JEOL, JES-FA200). The processed samples are subjected to

Figure 1. Schematic of dextran- and chitosan-coated Gd-doped Fe3O4
MNPs.

Figure 2. Synthesis scheme of processed MNPs.
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a self-heating study using an induction heating setup (Easy
Heat-8310, Ambrell make, UK).

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology Study. The powder

XRD scans of designed dextran- and chitosan-coated Gd-
doped Fe3O4 MNPS are portrayed in Figure 3a. The
experimental XRD peak positions fit competently with the
magnetite phase19 and show the high crystallinity of these
MNPs. Hereafter, the reflections from the atomic planes (220),
(311), (400), (422), (440), and (511) correspond to the
single-phase face-centered cubic spinel structure with the space
group Fd3̅m. Additionally, dextran and chitosan have a
noncrystalline structure; thus, no alternation of the crystal
structure was observed for DGdFO and CGdFO MNPs.20

Furthermore, Rietveld refinement (RR) has been carried out
via Full Proof software to delve further into the structure
parameter, in brief, the distribution of cations, and cell
constants, as portrayed in Figure 3b.21,22 Figure 3 depicts the
fine agreement of the experimental and theoretical curves, with
lower standards of various R-factors and Goodness-of-fit χ2

(∼2).22 The computed parameters from RR, cation distribu-
tion, and structure parameters (crystallite size, U parameter,

tetrahedral radius RA, octahedral radius RB, bond lengths (A−
O and B−O), and cell volume) are enclosed in Table 1. It has
been observed from RR analysis that functionalized dextran
and chitosan appear to have influenced the cation distribution

Figure 3. (a) XRD patterns of processed MNPs. (b) RR of the processed MNPs

Table 1. Distribution of Cation from RR and Structure Parameters (Crystallite Size, U Parameter, Tetrahedral Radius RA,
Octahedral Radius RB, Bond Lengths (A−O and B−O), Strain (ε), and Cell Volume)

sample name FO GdFO DGdFO CGdFO

cation
distribution

Fe3+[[Fe]2+Fe3+]
O2

δ = 0 [Fe0.989
3+ ]A

[[Gd]0.667
3+ Fe0.276

2+ Fe1.056
3+ ]O4

δ = 0.045
[Gd0.576

3+ Fe0.424
3+ ]A[Gd0.168

3+ Fe0.293
2+ Fe1.371

3+ ]BO4

δ = 0.045
[Gd0.691

3+ Fe0.309
3+ ]A[Gd0.269

3+ Fe0.279
2+ Fe1.452

3+ ]BO4

crystallite size
(nm)

13.23 15.06 17.32 17.11

particle size DTEM
(nm)

15 ± 3 16 ± 3 18 ± 3 17 ± 2

U 0.25 0.25 0.26 0.26
rA (Å) 1.86 1.86 1.87 1.88
rB (Å) 2.04 2.06 2.07 2.08
A−O (Å) 0.06 0.06 0.08 0.08
B−O (Å) 3.09 3.11 3.14 3.17
ε 0.004 0.006 0.007 0.005
cell volume (Å) 581.71 582.28 582.37 582.47

Figure 4. Space-filling representation of the fcc cubic spinel structure
of GdFO MNPs.
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in the FO matrix. Henceforth, due to the incomplete
coordination of oxygen ions, coordination symmetry can be
abridged at the surface of nanoscale spinel FO systems, which
further affects the magnetic properties of the processed MNPs.
Moreover, Figure 4 displays the Space-filling image of the fcc
cubic spinel structure of GdFO MNPs, generated from VESTA
software, where we can visualize that before coating the Gd
ions prefer to be at octahedral sides rather than tetrahedral
sites of the FO matrix.

The enhancing trend for crystallite size and cell volume
indicates an enlargement of average crystallite size for the
developed strain. Moreover, dextran and chitosan coating in
our respective ferrite matrix enriched bond lengths (A−O/B−
O) as represented in Table 1. An increase in bond length may
be caused by the substitution of cations, lattice strain, finite size
effect, and lattice stress,23 etc.

FTIR spectra of processed MNPs are depicted in Figure 5
around the frequency range of 400−4000 cm−1. The spectrum
of all the processed MNPs parades two distinct absorption
bands, ∼428 and ∼540 cm−1, which are in accordance with the
spinel ferrite structure.24 The absorption bands (υ1) ∼540
cm−1 and (υ2) ∼428 cm−1 appear due to the Fe−O stretching
vibration of the tetrahedral metal complex and an octahedral
metal complex, respectively.25 Figure 5 depicts the shifting of
the absorption band (υ2) ∼428 cm−1 toward the higher
wavenumber number side, which confirms the consequence of
Gd ions on the octahedral voids of the Fe3O4 system, which
ratifies the computed XRD results. Moreover, a broad

absorption peak within ∼3450−3550 cm−1 has been observed,
corresponding to the O−H stretching vibrations of the
absorbed H2O molecule.26 The additional absorption peak
that emerged at ∼1595 cm−1 and ∼1371 cm−1 refers to N−H
bending and C−O stretching observed for CGdFO MNPs,
implying the proper coating of chitosan on the surface of the
processed MNPs.15,16,26 For DGdFO spectra, the extra peak
observed in the range of ∼1000 and ∼1250 cm−1 ascribed the
presence of C−O stretching and C−O−C stretching of the
polymeric chain of dextran, indicating the proficient coating of
dextran on the GdFO system.14

Figure 6 presents the surface morphology image of the
chitosan- and dextran-coated characterized MNPs. The SEM
images parade grapes-like, nonuniform, and nearly spherical
morphology. Herein, due to the nonmagnetic coating of the
processed MNPs, the agglomeration is effectively controlled
for the coated NPs compared to the bare one, which is clearly
visualized from the respective SEM micrographs. Further, it
supports the TEM analysis.

The TEM micrographs displayed in Figure 7 illustrate that
most of the synthesized MNPs are nearly spherical, and
agglomeration is effectively controlled, which is in fine
accordance with the SEM results. The log-normal distribution
is used to estimate the particle size of FO, GdFO, DGdFO, and
CGdFO MNPs, which is highly consistent with the XRD
results and enclosed in Table 1 and shown in the Supporting
Information file (ESI Figure 1*). Moreover, in Figure 7, a
visible increasing particle size is observed, which can be

Figure 5. (a) FTIR spectra of the synthesized MNPs. (b) Detailed overview of the signature peak for CGdFO and DGdFO MNPs.

Figure 6. SEM micrographs: (a) chitosan-coated Gd-doped FO MNPs and (b) dextran-coated Gd-doped FO MNPs.
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attributed to functionalized chitosan and dextran having
influenced the structure and modified the particle size and
shape. One possible explanation for the difference in size
between the chitosan- and dextran-coated NPs is the presence

of charges attributed to chitosan macromolecules that are not
present in dextran. Chitosan is well-known to have high
biocompatibility due to the reactive functional groups present,
namely, (−OH) and amino (−NH2) groups. In the presence
of the positively charged amino groups of coated MNPs, the
chitosan-coated NPs may be repelled from each other due to
electrostatic interactions, limiting their aggregation and
resulting in smaller and more isolated particles.27 On the
other hand, the absence of charges in dextran may lead to
partial agglomeration of the NPs, resulting in larger particle
sizes. The SAED pattern has concentric rings with spots,
indicating the MNPs are polycrystalline in nature.28 The spotty
rings anticipated to the Bragg reflection planes (220), (311),
(400), (422), (511), and (440), respectively, which is
consistent with the XRD results. Accordingly, the d-spacing
consistent with the (311) plane perfectly matches the XRD
data.

In addition, Figure 8 depicts the elemental mapping of
GdFO MNPs from EDX analysis to convey the existence of the
elements Fe, Gd, and O, and Gd, respectively. The atomic % of
GdFO MNPs from the elemental analysis closely matches the
experimentally determined stoichiometric values.

Figure 7. TEM images: (a) GdFO MNPs, (b) SAED inset of GdFO MNPs, (c) d-spacing of GdFO MNPs, (d) DGdFO MNPs, (e) SAED inset of
DGdFO MNPs, (f) d-spacing of DGdFO MNPs, (g) CGdFO MNPs, (h) SAED inset of CGdFO MNPs, and (i) d-spacing of CGdFO MNPs.

Figure 8. Elemental mapping of GdFO MNPs.
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The chitosan coating with Gd-doped MNPs was investigated
by using XPS analysis. The binding energies of the Gd and Fe
peaks can be used to determine the chemical bonding and
oxidation states of the elements in the NPs. The peaks at ∼143
and ∼150 eV signify the incorporation of Gd ions in the FO
system, and the peak indicates the spin−orbital characteristics
of 4d5/2 and 4d3/2, respectively, as directed in Figure 9a, and
the Gd exhibit 3+ valence state. Additionally, the occupying
two bonds with octahedral and tetrahedral sites can be
visualized via satellite peaks of the Gd 4d scan. However,
Figure 9b illustrates the core Fe 2p electron scan of the
processed MNPs at high resolution, exposing the spin−orbital
characteristics of 2p3/2 and 2p1/2 at the peaks ∼711 and ∼722
eV, respectively. Herein, the scan specifies that Fe ions have

valence states of 2+ and 3+, and the satellite Fe peaks represent
the bond formation initiated by octahedral (Oh) and
tetrahedral sites (Th).

9 The observed C 1s, N 1s, and O 1s
spectra in Figure 9c,d, with a precise nitrogen peak at around
399 eV, confirm the presence of chitosan on the surface of the
NPs. Henceforth, the complete survey scan displayed in Figure
9e shows peaks corresponding to iron, gadolinium, oxygen,
carbon, and nitrogen, indicating the presence of both the Gd-
doped magnetite core and the chitosan coating. The overall
survey scan of GdFO MNPs, as depicted in Figure 9f, displays
the successful doping of Gd in the FO matrix. The Gd and Fe
peaks were shifted in the coated NPs compared to those in the
uncoated NPs, indicating successful doping and coating with
chitosan in the Gd-doped FO system.

Figure 9. XPS scans of chitosan-coated Gd-doped FO (CGdFO): (a) Gd 4d spectra, (b) Fe 2p spectra, (c) C 1s spectra, (d) N 1s spectra, (e)
complete survey of CGdFO MNPs, and (f) complete survey of GdFO MNPs.
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3.2. Thermogravimetric Analysis (TGA). Thermogravi-
metric analysis (TGA) is being performed between room
temperature and 800 °C in an N2 atmosphere to determine the
thermal stability, phase crystallinity, and the weight percentage
(wt %) of chitosan and dextran at the surface of the Gd-doped
Fe3O4 NPs. Figure 10 portrays the degradation of the watery
compounds, metal hydroxides, and unreacted organic traces.
The weight loss under 100 °C for all of the synthesized MNPs
is ∼9%, attributed to the purging of absorbed water on the
uncoated FO MNPs. Furthermore, Gd doping affects thermal
stability as weight loss decreases to 5%, incorporating Gd ions
in the FO matrix. In contrast, dextran- and chitosan-
functionalized MNPs exhibited a considerable amount of
weight loss of 12.14 and 27.55 wt %, respectively, within 150
and 600 °C, which is in good agreement with the reported
previous studies.20,29 Above 600 °C, a slow weight loss is
observed in Figure 10; henceforth, only the residual of MNPs

remains after the whole degradation of dextran and chitosan.
Based on TGA results, the amount of dextran- and chitosan-
coated on the surface of uncoated GdFO MNPs was calculated
at approximately 3.14 and 18.55 wt %, respectively.

3.3. Magnetic Analysis. To analyze the magnetic
parameters of the characterized MNPs, spin-related phenom-
ena, and relaxation mechanisms, an ESR is employed, as
depicted in Figure 11. A summary of the calculated ESR
measurements, spin−spin relaxation time (τ1), spin−lattice
relaxation time (τ2), the resonance field (Hr), resonance line
width (Hpp), effective g value, and fwhm of the absorption
spectra (ΔH1/2) is enclosed in Table 2. The listed Hr values
follow an increasing trend due to the constant drop in the
saturation magnetization and magnetic anisotropy of their
internal fields and can be further established via a VSM study.
Hereafter, the broad ESR graph with g ∼ 2 implies the
superparamagnetic phase of the processed MNPs.30 Most
interestingly, the broadening of the curves indicates the
presence of dominating dipolar−dipolar interaction.31 Fur-
thermore, the small value of g and Hpp signifies the strong
superexchange interaction. Henceforward, the lower g and Hpp
values for dextran- and chitosan-coated Gd-doped MNPs
suggest a random alignment of magnetic moments with
improving particle size.32−34

In particular, for the MFH analysis, the SAR is a key
parameter for determining the heating efficacy of the magnetic
ensemble, and it relates inversely to the relaxation time. As
listed in Table 2, the observed lower spin−spin relaxation time
(τ1) results in a higher SAR, as validated by induction heating
analysis.35 Additionally, spin−lattice relaxation time (τ2)
ensues the spin−orbit coupling of the characterized MNPs
whereas spin−spin relaxation time (τ1) correlates with the
exchange energy among themselves.36

The magnetic states of processed MNPs are portrayed in
Figure 12, and the performed Langevin fit of each hysteresis
graph indicates the superparamagnetic nature of the NPs.37 As
part of accurately estimating saturation magnetization (Ms)
and effective anisotropy (Keff) constant, we have fitted the
hysteresis graphs with the Law of approach to saturation
magnetization (LAS).38 The calculated magnetic parameters,
viz., saturation magnetization (Ms), effective anisotropy
constant (keff), retentivity (Mr), and coercivity (Hc) from the
S-shaped hysteresis graphs, are listed in Table 3.

Hereafter, Figure 13 shows the comparative behavior of
saturation magnetization (Ms), coercivity (Hc), and effective
magnetic anisotropy (Keff) of the synthesized MNPs. The
comparative analysis reveals that (Ms), (Hc), and (Keff)
decreased for the chitosan- and dextran-coated MNPs in
comparison to the bare FO and GdFO NPs. The processed
GdFO exhibit lower Ms than FO MNPs due to the inflow of
cations toward the octahedral site enhanced compared to bare
FO MNPs and resulting increment of magnetic moment in the
FO matrix.39−41 Additionally, as observed in Table 3, the
saturation magnetization (Ms) for chitosan- and dextran-coated
Gd-doped magnetite NPs has decreased compared to GdFO
and FO MNPs. Moreover, the RR exemplified the influence of
the cation distribution for CGdFO and DGdFO. Hence-
forward, the decrement of Ms is basically due to the surface
effects, magnetic dilution as chitosan and dextran are
nonmagnetic in nature, and interfacial effects.14,15,42,43 In this
regard, the structural and magnetic states of the synthesized
MNPs have a clear and direct correlation.44 As mentioned
above, according to the XRD study, chitosan and/or dextran

Figure 10. TGA study of the synthesized MNPs.

Figure 11. ESR spectra of the reference MNPs.

Table 2. Measured ESR Parameters (Spin−Spin Relaxation
Time τ1, Spin−Lattice Relaxation Time τ2, Effective g Value,
Resonance Line Width Hpp, FWHM of the Absorption
Spectra ΔH1/2, and Resonance Field Hr)

sample
details

τ1 ×
10−11 (s)

τ2 ×
10−12 (s) g

Hpp
(Gauss)

ΔH1/2
(Gauss)

Hr
(Gauss)

FO 1.29 5.50 2.03 2495 4321 2706
GdFO 1.44 4.93 2.02 2251 3898 2877
DGdFO 1.47 4.85 2.02 2217 3839 2879
CGdFO 1.53 4.62 2.01 2115 3663 3210
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influences the tetrahedral and octahedral sites and initiates the
enriching bond length compared to the bare ones.

It has been observed that the Ms value has increased in the
case of CGdFO compared to DGdFO, which can be explained
via ligand field theory,45,46 as chitosan and dextran behave as a
ligand and further impact the crystal field splitting. The theory
of ligand field stabilization energy suggests that when a cation
is under the influence of a strong field ligand, the energy of its

d-orbitals splits (Δo), and it adopts a low spin state to achieve a
stable configuration.45,46 In the case of chitosan-coated MNPs,
it has been observed that due to the domination of the amine
group present in chitosan, it has a greater tendency to prefer
the low spin state of Fe3+ in the octahedral site. On the
contrary, due to the existence of a hydroxyl group in dextran-
coated MNPs, it behaves as a weak field ligand with a high spin
state,45 as displayed in Figure 14. The anisotropy values (keff)
for the samples doped with Gd and surface-functionalized
GdFO were observed to be lower than those of the FO. In this
regard, the reason for the reducing the anisotropy constant in
CGdFO and DGdFO MNPs is the weak interaction between
Gd−Fe which decreased the ratio of orbital to spin moments
of 4f electrons and further weakened the spin−orbit
coupling.47 The decreasing trend of coercivity (Hc) for the
processed MNPs due to the lower value of the anisotropy

Figure 12. (a) M−H hysteresis loops of prepared MNPs and Langevin fit of (b) GdFO MNPs, (c) DGdFO MNPs, and (d) CGdFO MNPs.

Table 3. Magnetic Measurements [Saturation Magnetization
(Ms), Coercivity (Hc), Retentivity (Mr), and Effective
Anisotropy Constant (keff)]

sample details Ms (emu/g) Hc (Oe) Mr (emu/g) keff × 105 (erg/cm3)

FO 70.61 22 2.59 2.59
GdFO 60.68 9 1.49 2.23
CGdFO 36.78 6 0.91 1.40
DGdFO 11.21 4 0.86 0.51

Figure 13. Variation of (a) saturation magnetization, (b) coercivity, and (c) magnetic anisotropy of the reference MNPs.
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constant (keff), which can be explained via Stoner−Wohlfarth
model.48

3.4. Self-Heating Efficiency Study. To validate the
applicability of the reference MNPs for hyperthermia
application, their magnetic heating effect is most likely
stimulated by an AC magnetic field at a frequency of 336
kHz, an alternating current of 250 A, and the magnetic field
strength of 14.91 kAm−1, under the clinical safety limits (H.f ≤
5 × 109 Am−1s−1).49 The “self-heating” of MNPs is a
procedure that can produce heat by utilizing an external AC
magnetic field. In the present study, highly researched Fe3O4
MNPs have been elected as a reference material and tried to
tune its properties with appropriate Gd doping and further
coating with biocompatible chitosan and dextran.15,43,46,50

Figure 15 portrays the time-dependent temperature variant
curve for processed MNPs at 1 mg/mL concentration. As
indicated in Figure 15, excluding FO MNPs, all the reference
NPs displayed the hyperthermic threshold regime (40−47
°C).51 As soon as the temperature rises, it drops to a saturation
regime after a specific time frame.52,53 Overall, the ability of
MNPs to generate heat is a crucial parameter in MH, and
optimizing this process is essential to the success of the
therapy. To do so, the heat generation capability of the MNPs
can be evaluated by the Box−Lucas model to estimate the SAR

and intrinsic loss power (ILP), as displayed in Figure 16.54

Moreover, apart from moderate saturation magnetization, the
controlling dipolar interaction enhances the self-heating
efficiency of the dextran- and chitosan-coated Gd-doped
Fe3O4 MNPs compared to GdFO and FO MNPs, as portrayed
in Figure 16. At the outset, each MNP is probably undergoing
a combination of Neel relaxation, which entails flipping its
magnetic dipole moment along the easy axis, and Brownian
relaxation, which involves the rotation of its entire magnetic
dipole.31,55 It is well documented that the dipole−dipole
interactions between MNPs can significantly impact the SAR
in MFH.56 These interactions arise from the magnetic dipole
moments of the NPs, which can align with each other in the
presence of an external magnetic field.57 Controlling dipole−
dipole interactions can improve the SAR in several ways: (i)
Increasing NP spacing: by increasing the spacing between NPs,
the strength of the interactions can be reduced, leading to a
slower relaxation time and hence a higher SAR. (ii) Orienting
NP magnetic moments. The orientation of the magnetic
moments of the NPs relative to each other can affect the
strength of the dipole−dipole interactions. The interactions
can be enhanced or weakened by aligning the moments in a
specific direction depending on the desired outcome. Hence-
forth, understanding the role of controlling dipole−dipole
interactions is essential for maximizing the SAR for MH
application.58−60

According to Figure 17, the particle size is a crucial
parameter to heat generation, as SAR varies with the size of
MNPs. In vivo studies of superparamagnetic MNPs support
our assumptions based on (i) NP composition and size range
compliance with FDA requirements.61 (ii) A living body can
anchor NPs to target tissues so that they are unable to rotate
their crystallographic axes (e.g., MNPs inside cells).62 Addi-
tionally, the XRD and TEM analysis reveals that the particle
size is in the range of ≥17 nm and SAR increases with the
particle size, as depicted in Figure 17. It was found by Zubarev
et al. that the intrinsic interaction of MNPs with diameters of
17−20 nm can significantly lead up to 30% higher heat
production.63 According to the magnetic analysis, MNPs are
near enough to superparamagnetic, indicating that relaxation
losses (Brownian and Neel relaxation losses) govern the heat
generation instead of hysteresis losses.64 Due to the control of
dipolar interaction, Brownian and Neel relaxation mechanisms
can withstand together, and the assumption was made that
surface coating would result in a reduction of the dipole−

Figure 14. d5 orbital spin arrangement of Fe3+ ion (a) with tetrahedral
split and octahedral split and (b) octahedral split (Δo) under the
effect of high field ligand (low spin) and weak field ligand (high spin).

Figure 15. Time-dependent temperature deviation curve (a) for 1 mg/mL concentrations. (b) Box−Lucas fit for the synthesized MNPs.
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dipole interaction strength, which in turn, resulted in a slightly
higher SAR for the dextran- and chitosan-coated samples
compared to the uncoated one.65 Additionally, the surface
coating of MNPs causes them to disperse and enhances the
Brownian relaxation process by reducing their hydrodynamic
volume, leading to an improved SAR for the coated MNPs. In
this regard, the above-mentioned ESR analysis reflects the
dominance of spin−spin relaxation, signifying the predom-
inance of the controlled dipole−dipole interaction for
enriching SAR in our system.66 It has been reported that the
dipolar interaction energy67 (εDipolar) per particle is εDipolar =
αμ2/d3, where α represents the proportionality constant, μ is
the magnetic moment of the MNPs, and d is the mean
interparticle distance. Notably, the dipolar interaction energy is
directly proportional to the demagnetizing field.68 Therefore,
the existence of εDipolar induces a random torque, which
perturbs the spin relaxation process by the competition
between intraparticle interactions and anisotropy among the
MNPs.56 As a consequence, the competition gives rise to
frustrated magnetic moments or randomization of easy
anisotropy axes orientation, so a demagnetizing effect arises
in the system, which may cause reduced heating efficacy in
uncoated MNPs. The reduced coercivity observed in the
coated samples compared to their corresponding uncoated
samples can be better understood through the M−H loop
analysis, as shown in Table 3. A remarkable aspect of the
comparative study shows that the processed MNPs with
enhanced SAR are effectively controlled over the particle size
and magnetization. Henceforward, by using MNPs with a
maximum SAR value, it is possible to minimize the relative
dose assigned to the patient, as portrayed in Figure 14.69 In
summary, with high heating efficacy, chitosan-coated Gd-
doped Fe3O4 MNPs can be considered a safe and effective
hyperthermia agent.

4. CONCLUSIONS
In conclusion, the use of dextran- and chitosan-coated Gd-
doped magnetite NPs provides a promising strategy for
achieving controlled dipolar interactions for MFH applications.
Incorporating Gd doping and coating with biocompatible
polymers results in excellent structure, morphology, magnetic
properties, and increased SAR value, making them suitable for
hyperthermia applications. Furthermore, the controlled dipolar
interactions between the NPs can be precisely regulated by
adjusting the concentration of MNPs and the strength of the
magnetic field. Additionally, self-heating efficacy for chitosan-
coated Gd-doped FO MNPs directed the maximum SAR
(684.99 W/g) value over all the processed samples. Therefore,
there is a finite possibility for future investigations to explore
the feasibility of using these MNPs in vivo and to optimize the
treatment parameters for an exciting new avenue toward
successful MFH applications.
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Á.; Orue, I.; Phan, M. H.; Srikanth, H. Improving the Heating
Efficiency of Iron Oxide Nanoparticles by Tuning Their Shape and
Size. J. Phys. Chem. C 2018, 122 (4), 2367−2381.
(2) Park, J. C.; Lee, G. T.; Kim, H. K.; Sung, B.; Lee, Y.; Kim, M.;

Chang, Y.; Seo, J. H. Surface Design of Eu-Doped Iron Oxide
Nanoparticles for Tuning the Magnetic Relaxivity. ACS Appl. Mater.
Interfaces 2018, 10 (30), 25080−25089.
(3) Fantechi, E.; Innocenti, C.; Zanardelli, M.; Fittipaldi, M.; Falvo,

E.; Carbo, M.; Shullani, V.; Di Cesare Mannelli, L.; Ghelardini, C.;
Ferretti, A. M.; Ponti, A.; Sangregorio, C.; Ceci, P. A Smart Platform
for Hyperthermia Application in Cancer Treatment: Cobalt-Doped
Ferrite Nanoparticles Mineralized in Human Ferritin Cages. ACS
Nano 2014, 8 (5), 4705−4719.
(4) Gupta, R.; Tomar, R.; Chakraverty, S.; Sharma, D. Effect of

Manganese Doping on the Hyperthermic Profile of Ferrite Nano-
particles Using Response Surface Methodology. RSC. Advances. 2021,
11, 16942−16954.
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