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ABSTRACT: Iron oxide-based nanoparticles (NPs) have been used in
the clinic for decades, making them strategic for clinical applications.
Monitoring magnetic NP-mediated photothermal therapy (PTT) with
MRI thermometry is challenging due to susceptibility effects, which
might explain the limited progress in clinical translation. Here, we  pcc10 model
explore Mn-ferrite NPs for PTT and demonstrate ex vivo and in vivo
noninvasive MRI thermometry using the proton resonance frequency 0 min
shift (PRF) method. We observed a high external photothermal L
efficiency at 808 nm, 0.8 g~L_1-cm_1. Temperature-dependent NMR 2> il 2° B 5 o 3¢ IS
spectroscopy of the B16F10 tumor revealed a PRF coeflicient of ﬂ Q Q t! g!
—0.0091 ppm-°C~". The image artifact for this NP was quantified, which
resulted in a radius increase distortion of 0.7S mm using 1 mg-mL™" of
NP. PRF thermometry was effectively monitored at the boundary
regions of NP locations that guided the therapeutic procedure. In vivo experiments at a power density of 1.25 W-cm™ using the
melanoma model confirmed MRI-PRF thermometry and demonstrated that NP-mediated PTT improves the distribution of thermal
doses within the tumor compared to laser therapy alone. Challenges for ablation application are discussed, suggesting opportunities
for magnetic NP design. These results may pave the way for the clinical translation of PTT with magnetic NPs.

Magnetic photothermal MRI guided thermal

agent therapy
3 min 6 min 9 min 12 min
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1. INTRODUCTION frequency shift (PRF) method.'” ' This approach is currently
used to monitor brain tumor thermal therapy.””'" However,
an interesting advance of this strategy is the application of
nanoparticle-mediated PTT,”* where photoconversion agents
generate heat in a well-defined region of interest, minimizing

Thermal therapy is commonly used in the clinic to treat
cancer, but it might benefit other diseases.' ™’ Examples of
heating methods include high-intensity focused ultrasound
(HIFU), laser interstitial thermal therapy, magnetic nano-
particle hyperthermia (MNH), and nanoparticle-mediated
photothermal therapy (NP-PTT), among others.”*”"" The
localized temperature increase enhances blood perfusion and
cell membrane diffusion, contributing to excellent clinical
outcomes when combined with radiotherapy and chemo-
therapy.”'” In addition, heat-triggered drug release in situ has
been demonstrated.'”"” Perhaps the most exciting develop-
ment lies in the potential application of thermal therapy for

nonspecific heat generation.

The concept of monitoring PTT with MRI is not new.
Silica—gold nanoshells (SiO,@Au core@shell NPs) were
among the first nanostructures used to monitor PTT through
PRF thermometry.”> This idea was recently explored in a
clinical study involving patients with early stage prostate
cancer, who reported a high tumor ablation rate with negligible
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immunotherapy, since heat can activate innate and adaptive Received: August 5, 2025
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The major challenge is real-time temperature monitoring Accepted:  October 24, 2025

during therapeutic procedures. Different thermometry meth- Published: October 31, 2025

ods were proposed,'*™'® but the gold standard technology
remains MRI thermometry, particularly the proton resonance
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post-treatment morbidity, no increase in incontinence, and
preserved sexual function.” The findings highlighted the need
to localize NP before PTT, prompting the same group to
incorporate ultrasmall Gd-oxide NP (an MRI contrast agent)
into mesoporous silica.”* This approach may be useful for
determining the intratumoral biodistribution of photoconver-
sion agents and for improving treatment planning. Recently,
Gd-doped fluoride (NaBiF,:Gd) NPs and Pluronic-Gd-DTPA
NPs have also been proposed for MRI-guided PTT and HIFU,
respectively.g’25 Interestingly, there are concerns about Gd-
based materials due to their association with nephrogenic
systemic fibrosis in patients with chronic kidney disease,
leading to investigations of alternative strategies, such as Mn-
based contrast agents.26 Furthermore, most PTT-based
nanomaterials studied to date have not been approved for
clinical use.””** The selection of materials already approved for
clinical applications that can generate PTT-induced heat might
represent a promising strategy.

Iron oxide-based NPs are used in the clinic for decades,
primarily for applications such as anemia treatment, MRI
contrast agents, and magnetic hyperthermia.”’ In particular,
Feraheme, an iron deficiency therapeutic agent, has demon-
strated interesting immunotherapeutic properties in murine
models, slowing tumor growth and reducing metastatic focus
by promoting macrophage polarization to the M1 state.”
These NPs can biodegrade and release metallic ions (e.g., Fe,
Mn, Zn), which play a significant role in immunological
processes.”” The combination of NPs with thermal therapy is
expected to further enhance immunotherapy.”’ ™ For
example, PTT-induced immunogenic cell death has been
reported using Prussian blue NPs and Mn-doped iron oxide
NPs.”>** In addition, evidence of heat-induced abscopal effects
has also been reported.*>*°

In this study, Mn-ferrite NPs were selected due to their
diverse biomedical applications, including vaccine adjuvants,
magnetic hyperthermia and PTT agents, mazgnetic tracers, MRI
contrast agents, and immunotherapy.32’37_ * Previous in vivo
studies confirmed the safety of these theranostic NPs within
the concentration range tested.*”*?7**~* However, combin-
ing magnetic NPs for MRI-guided thermal therapy presents
significant challenges. High magnetic NPs concentrations can
affect spatial reconstruction and phase coherence, distorting
the MRI image. To our knowledge, no prior study has properly
quantified this effect. This limitation may explain why iron
oxide NPs have seen limited use as contrast agents in a real
clinical scenario, where T, contrast agents are generally
preferred. More importantly, susceptibility effects might affect
the application of magnetic NPs with PRF-MRI thermometry.
This belief likely impacted progress in the field with this type
of nanomaterial.

Here, we show that, although the exact location of the NPs
cannot be monitored because of rapid relaxation effects, the
boundary regions can still be visualized. This enables clinicians
to plan and control the therapeutic procedure, particularly in
ablation applications, where accurate monitoring of treatment
boundaries is crucial for therapeutic success. Iron oxide-based
NPs are excellent photoconversion agents that require a lower
amount of NPs, which might minimize the susceptibility effects
on the PRF method. An experiment was designed to quantify
the image artifact distortion, which results in apparent larger
boundaries depending on NP characteristics. We explore the
role of Mn-doped iron oxide NPs for photothermal therapy
and demonstrate ex vivo and in vivo the possibility of

monitoring the thermal dose during PTT with the PRF
magnetic resonance thermometry method. This breakthrough
might accelerate the clinical translation of PTT, as iron oxide-
based NPs can also trigger cancer immunotherapy, affecting
patient survival and quality of life. The challenges for ablation
application are also discussed, suggesting new opportunities for
magnetic NP design.

2. MATERIALS AND METHODS

2.1. Chemicals. Manganese(II) chloride tetrahydrate (MnCl,-
4H,0), iron(III) chloride hexahydrate (FeCly-6H,0), methylamine
solution 40 wt % in H,0 (CH;NH,), and sodium citrate tribasic
dihydrate (NayCeH;O,2H,0) were purchased from Sigma-Aldrich
(St. Louis, Missouri, USA).

2.2. Magnetic Nanoparticle Synthesis. The magnetic NPs were
synthesized using the hydrothermal method. The precursor ions
(Mn** and Fe®") were obtained from 1 M solutions of manganese
chloride tetrahydrate (MnCl,-4H,0), and iron chloride hexahydrate
(FeCly-6H,0). Methylamine (CH;NH,) was used as the precipitating
agent, with 10 mL of CH;NH, diluted in 40 mL of Milli-Q water.
First, 10 mL of the FeCl;-6H,0 solution and $ mL of MnCl,-4H,0
solutions, were mixed in a Teflon recipient. The CH;NH, solution
was then added to the mixture, forming a dark precipitate. The
resulting solution was stirred for 10 min. Subsequently, the Teflon
recipient holding the mixture was placed in a stainless steel autoclave
and heated to 160 °C for 4 h. After the reaction time, the NPs were
magnetically separated and washed 3 times with Milli-Q water. Then,
the NPs were prepared for citrate coating to ensure their colloidal
stability at physiological pH. For coating, NPs were diluted in Milli-Q
water and sodium citrate (Nay;C4H;O,) was added in a ratio of 1 mol
of citrate for every 10 mol of iron in the sample. The resulting
solution was heated to 80 °C and stirred for 10 min. After being
cooled to room temperature, the NPs were magnetically separated
again and the supernatant was discarded. The sample was washed 3
times with acetone and, after complete evaporation of the acetone, the
NPs were suspended in Milli-Q water, completing the preparation of
the magnetic fluid.

2.3. Morphology, Crystallinity, Size, Surface Charge, Optical
and Magnetic Properties of NPs. Morphology was assessed by
transmission electron microscopy (TEM) using a JEOL JEM-2100
microscopy (Tokyo, Japan). The magnetic fluid was diluted in water
and a droplet was deposited on the carbon film of a TEM copper grid.
SAED images were captured with a 40 cm camera length and analyzed
using GATAN’s Digital Micrograph software, including FFT, IFFT,
and HRTEM techniques. NP size analysis, assuming spherical
symmetry, was performed with Image] software. A log—normal
distribution was applied to the diameter histogram, providing the size
dispersity and the median diameter. XRD measurements of powder
sample of MnFe,O -based NPs were performed using a Bruker
Discover D8 X-ray diffractometer with Cu Ka radiation (wavelength
= 0.1S nm). Zeta-potential measurements were performed using a
Zetasizer Nano ZS90 (Malvern Panalytical, Westborough, United
States). Room-temperature magnetization data was obtained using a
VSM model EV9 from ADE Magnetics. The absorbance data were
acquired using a Kasvi K37-UVVIS spectrophotometer. AC
susceptometry were measured using a DynoMag AC susceptometer
(RISE, Boras, Sweden).

2.4. MRI Characterization. MRI measurements were performed
at 20 °C with the 1.0 T M7 Compact MRI system from Aspect
Imaging. The MnFe,0, sample were diluted in 14 mL of water from
their original batch to obtain concentrations in the range of 0.06 mM
to 024 mM of [Mn] + [Fe]. The determination of T, used an
snapshot flash sequence. The sequence used a short echo time (TE =
1.9 ms) to reduce the influence of T, on the intensity of the MRI
signal. Inversion times ranged from 25 to 800 ms with repetition time
TR = 4500 ms, flip angle FA = 6° and voxel dimension of (0.75 X
0.75 X 1) mm®. T, is obtained using a spin echo pulse sequence with a
high repetition time (TR = 4000 ms), to minimize the effect of
longitudinal relaxation T on the signal. The same voxel dimension
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was used. Echo times ranged from 7.5 to 25 ms. The same pulse
sequences were used for the contrast agent ProHance with slight
variations in inversion and echo times. The samples were diluted to
concentrations in the range of 0.25 to 0.55 mM of [Gd] for the
determination of T| and S to 20 mM for the determination of T, to
produce a significant decay. The signal intensity profiles of the
samples are shown in Supporting Information, Figure SI.

2.5. NMR Spectroscopy. The 'H HR-MAS NMR experiments
were acquired on a Bruker Avance III 500 spectrometer (Bruker,
Rheinstetten, Germany) operating at 11.7S T (500 MHz for 'H),
fitted with a 4 mm four radiofrequency channels ('H, *H, 3C and
5N) HR-MAS probe with a magic angle gradient. The samples

were spun at S kHz. For data acquisition, 0.12% (m/m) of a solution
of DMSO-d, and trimethylsilyl propionate-d, (TMSP-2,2,3,3-d,) was
used. The amounts of sample and solvent used in each experiment are
described in Supporting Information, Table S1.

2.6. Photothermal Conversion Efficiency Measurement. The
photothermal properties of the MnFe,0,-based NPs were inves-
tigated using a laser with a 808 nm wavelength, model Laser iZi 808,
bought from LASERline (Sao Paulo, Brazil). The temperature was
monitored with an infrared thermal camera (FLIR, SC620 model,
Wilsonville, United States). A region of interest (ROI) centered on
the laser spot was selected to report the mean temperature during
PTT.

The photothermal conversion efficiency (PCE) was estimated
using the droplet method and calculated using the equation

hs(Tmax - T()) - Qo
P(1 — 1074y (1)

PCE =

where h is the heat transfer coefficient, S is the surface area of the
sample, T, is the maximum temperature reached under laser
irradiation, T, is the room temperature, P is the laser power and A(w)
is the absorbance of the sample at the laser wavelength. The
parameter Q, is the heat absorbed by the liquid carrier and sample
holder and is determined experimentally. PCE was calculated using
Roper’s method,”® with 7 estimated from the PTT cooling curve
immediately after the laser was turned off.>> The external photo-
thermal conversion efficiency (ePCE) was obtained according to
Pasciak et al,”" which is defined as ePCE = a,PCE. In this equation,

a; is given by a; = ﬁ, where A, represents the absorbance at a specific
wavelength, ¢ is the mass concentration (mg-mL™"), and L is the
optical path (cm).>" The absorbance profile of the sample are shown
in Supporting Information, Figure S2.

2.7. PRF Implementation. To implement PRF thermometry in
our preclinical MRI system, we addressed two challenges: irradiating
the sample within the MRI equipment, and writing a script python to
process raw MRI data from consecutive spoiled GRE pulses.

The near-infrared homemade fiber optic laser system was
developed using a commercial diode laser bought from Zhuhai
AIKE Photonics Technology, China, that had a SMA-90S fiber
connector. The 808 nm laser diode has core diameter of 400 ym and
a maximum power of 15 W. The system has a current controller board
that tunes the laser power. On the front panel of the system is a
display that shows the voltage and current supplied to the diode, an
on/off key and a button to adjust the current supplied to the laser.
The fiber optical cable was bought from Thorlabs (New Jersey,
United States) and is coupled to the laser through the SMA90S
connector. Fiber optic cables have a length of 2 m and a diameter of
200 ym and guide the laser beam to the sample inside the MRI
equipment while the script calculates phase changes at each voxel to
determine temperature changes.

MRI images contain signal intensity (influenced by spin density,
relaxation time, and pulse sequence parameters) and phase (¢),
defined as ¢p = @TE, where TE is the spin echo time. The resonance
field frequency w depends on the MRI magnetic field (B,), chemical
shift (¢), susceptibility (y), and field inhomogeneity (6B) as

® = y[By(1 — o(T) + ¢x(T)) + 8B] )

where ¥ is the proton gyromagnetic ratio. For low NP concentrations,
the susceptibility term is negligible, and the PRF temperature
dependence is modeled by ¢ = aT, with a as the PRF coefficient.
The temperature change is determined by the following.

AT = B¢
yB,aTE (3)
This analysis enables real-time temperature mapping during PTT.
The GRE sequence used for the MRI thermometry consisted in a
single slice (0.75 X 0.75 X 2) mm® spoiled GRE sequence with
repetition time TR = 80 ms, echo time TE = 4 ms and flip angle FA =
15°, acquisition time was 12 s.

2.8. Ex Vivo Experiments. Small pieces of pork loin were
perforated with a glass capillary tube holding 50 L of magnetic NP at
multiple concentrations. GRE and SE sequences were performed to
evaluate the capillary tube width in the central slice of the sample with
varying concentrations of NPs. The outer diameter of the tube was
measured at 1.50 mm with a caliper.

For the PTT trials, two samples were evaluated, one with 50 uL of
magnetic NPs at 1 mg-mL™", and another with S0 yL of water. The
initial temperature of the material was measured to be 21 °C. The
PTT trials consisted of 3 min at constant temperature (laser off) to
evaluate the mean deviation of the PRF data at constant temperature,
followed by 10 min of irradiation at 2.5 W-cm™> or 1.0 W-cm ™ (laser
on) and 10 min of cooling (laser off). During the trial, a series of GRE
sequences were acquired and used to perform MRI thermometry with
a time resolution set to 12 s and an estimated temperature accuracy of
0.8 °C for the 1 T MRI system.

Additional PTT trials were conducted to compare MRI
thermometry with surface temperature monitoring using an infrared
thermal camera. The heating of one sample containing 10 yL of Mn-
ferrite NPs at 10 mg-mL ™" was evaluated through measurements with
the thermal camera and by MRI thermometry during irradiation at
1.25 W-cm ™

2.9. In Vivo Experiments. As a proof-of-concept experiment,
female CS7B1/6 mice, 8 to 10 weeks old and with an average body
weight between 20 and 30 g, were used for in vivo studies. The animal
maintenance conditions and experimental procedures for the animal
study, as well as general anesthesia (isoflurane) and euthanasia
protocols, were reviewed and approved by the Ethics Committee for
the Use of Animals (CEUA) of the Federal University of Goias under
protocol 109/22. Cells from the B16F10 murine melanoma lineage
were obtained from the Rio de Janeiro Cell Bank (BCRJ, Rio de
Janeiro, Brazil). Solid tumors were induced in the dorsal region of the
animals by inoculating, by subcutaneous injection, 50 uL of solution
with 1 X 10° viable cells. Tumor volume measurements were
performed with a digital caliper daily. Tumor volume was calculated
as follows

pd
2 4)

where D is the long axis and d is the short axis of the solid tumor in
mm.

Six animals were divided into two groups (control and NP) and
used for the PTT study, while two additional animals were euthanized
for PRF coeflicient determination. Animals in the NP group received
an intratumoral administration of 10 uL of Mn-ferrite NPs at 10 mg-
mL™". Both control and NP group animals were evaluated using
coronal and sagittal T, W spin—echo pulse sequences with TR = 600
ms, TE = 10 ms, and a voxel dimension of (0.25 X 0.25 X 1.0) mm? to
assess the tumor area. A series of spoiled GRE sequences were
acquired to perform MRI thermometry during thermal therapy, which
consisted of 10 min of irradiation at 1.25 W-cm™ followed by an
additional 5 min of cooling monitoring. All procedures were
performed under general anesthesia.

2.10. Histopathology. A histopathological examination was
performed on the spleen, kidneys, heart, lungs, liver, and tumor of
both control and NP-injected groups using hematoxylin and eosin
(HE) staining. The tissues were fixed in 4% paraformaldehyde in a 0.1
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Scheme 1. Scheme of the Hydrothermal Synthesis of Mn-Ferrite NPs Surface-Coated with Citrate Molecules®
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“The application of the nanomaterial for photothermal therapy was investigated in vitro, ex vivo, and in vivo using the BI6F10 murine melanoma
tumor model. Ex vivo and in vivo heat delivery studies during thermal therapy were monitored by the MRI proton resonance frequency shift

method.

mol-L™! phosphate buffer solution at pH 7.2 for 24 h. They were then
dehydrated in a graded series of ethanol solutions (70%, 80%, 90%,
and 100%), diaphonized in xylene, and embedded in histological
paraffin paraplast. The blocks were sectioned into 5 ym-thick slices
using a Leica RM2245 microtome and stained with HE. Additionally,
S um tumor sections from treated animals were stained with Perls’
Prussian blue, consisting of a 10% hydrochloric acid and 5%
potassium ferrocyanide solution for 30 min at room temperature,
followed by counterstaining with safranin for 1 min. HE and Perls-
stained sections were examined under a light microscope (Carl Zeiss
Axiovert, Gottingen, Germany), and images were captured using Zeiss
Microscopy Zen Software (XS, X 10, and X 20).

2.11. Statistical Analysis. The results were expressed as mean +
standard deviation from multiple experimental replicates. Non-
parametric unpaired samples were compared using the Mann—
Whitney test, while paired samples were compared using the
Wilcoxon test, with statistical significance defined at p < 0.05. All
analyses were performed using the scipy library in python.

3. RESULTS AND DISCUSSIONS

Scheme 1 shows the overall process of synthesizing Mn-ferrite
NPs via a hydrothermal route and their surface functionaliza-
tion with citrate molecules. The performance of these citrate-
coated Mn-ferrite NPs was subsequently evaluated in photo-
thermal therapy experiments conducted in vitro, ex vivo, and in
vivo using the BI6F10 murine melanoma model.

3.1. Characterization of the MnFe,0, Nanoparticles.
Figure la shows a TEM image of Mn-ferrite NPs coated with
citrate (MnFe,0,/cit), revealing spherical morphology. The
inset displays an HRTEM image and FFT analysis, identifying

21777

planes of the inverse spinel Mn ferrite ((311) and (220)) with
a 0.14 nm interatomic distance. Figure 1b presents SAED
patterns, indicating the polycrystalline nature of the NPs, with
rings matching XRD data for planes (220) — 0.29 nm, (222)
— 0.25 nm, (400) — 0.20 nm, (551) — 0.16 nm, and (440)
— 0.14 nm. Figure lc shows a size histogram, fitted with a
log—normal function, yielding a mean NP diameter of 13 + 3
nm. Figure 1d confirms the spinel cubic ferrite structure (space
group Fd3m, ICSD reference 00-010-0319). Figure le displays
the magnetization curve, typical of a soft magnet, with a low
coercive field (2.6 kA-m™") explained by larger particles in the
blocked regime. The saturation magnetization of 301 kA-m™ is
lower than the bulk value, consistent with a core—shell model
suggesting a weakly magnetic 1 nm shell that might be related
to surface spin disorder.””>® The zeta potential of —32 mV
confirms a successful citrate coating (see Supporting
Information, Figure S3). The hydrodynamic size (Dy),
measured by the imaginary AC susceptibility peak at 1 mg:
mL™! is 90.7 nm, suggesting a cluster of NPs, as shown in
Figure 1f.

3.2. MRI Contrast Agent Properties. The MRI contrast
properties of Mn-ferrite NPs were characterized using a
preclinical 1 T MRI system (Aspect Imaging, model M7) and
compared to the Gd-based contrast agent ProHance at 20 °C.
Figure 1g shows the longitudinal relaxivity (r,) of the NPs as
23 + 1 mM™" 57!, compared to 6.10 + 0.15 mM™" s for
ProHance. For transverse relaxivity (r,), Figure 1h shows 442
+ 4 mM™' s7! for the NPs versus 7.20 + 0.66 mM™" s™! for
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Figure 1. (a) TEM and HRTEM (inset) images for MnFe,O, NPs. (b) SAED ring patterns of MnFe,O, NPs confirming the spinel structure. (c)
Log—normal size distribution of the NPs. (d) Powder X-ray diffraction data. (e) Room temperature magnetic hysteresis curve of the MnFe,0,
NPs. (f) AC susceptibility measurements of the Mn-ferrite based magnetic fluid. (g) Longitudinal relaxation (R1) of MnFe,O, colloid and
ProHance. (h) Transverse relaxation (R2) data of same samples. (i) r|, r,, and r,/r, relaxivity values for MnFe,O, colloid and ProHance. (j)
Representative droplet image of MnFe,0, colloid before and after PTT. (k) Temperature profile during the PTT study of distinct Mn-ferrite
aliquots. (1) Temperature variation, PCE and ePCE values of MnFe,O, NPs.

ProHance. The r,/r; ratio, shown in Figure 1i, was 19.21 +
0.85 for the NPs and 1.18 + 0.17 for ProHance, confirming
that ProHance is a T contrast agent, while Mn-ferrite NPs act
as T, agents. Mn-ferrite NPs are among the best T, contrast
agents,”” but reducing their size may allow them to be tuned to
T, agents.55

3.3. Mn-Ferrite Nanoparticles Show Great Photo-
thermal Performance. The photothermal performance was
evaluated using the droplet method.’’ Figure 1j shows a
representative droplet image before and after PTT for
MnFe, O, NPs. A slight volume change was observed, but
this did not affect the determination of PTT efficiency.
Aliquots at a concentration of 0.2 mg-mL™ (to prevent
evaporation) with 13 yL droplet volume were tested at 90 mW
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at 808 nm. Figure 1k shows the temperature variation of the
aliquots, with a mean temperature increase of 3.0 + 0.3 °C.
The photothermal conversion efficiency (PCE) was 26%, and
the external photothermal conversion efficiency (ePCE) was
0.8 + 0.1 gL ™"cm™ (Figure 11). The ePCE for Mn-ferrite
NPs is approximately 10 times higher than previously reported
for maghemite NPs,*! highlighting their excellent PTT
performance in the near-infrared region.

3.4. PRF Coefficient for the B16F10 Tumor Model.
Murine B16F10 melanoma tumors were induced in the dorsal
region of female C57Bl/6 mice by subcutaneous injection of
viable cells. Two mice were euthanized, and tumors were
collected for '"HR-MAS NMR analysis. The inset of Figure 2a

shows images of two tumors: control tumor A (900 mm?, no
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Figure 2. (a) '"HR-MAS NMR spectra of the extracted tumor A (position Al). The inset shows images of tumor A (without NPs) and tumor B
(with NPs) and number each corresponding position. It also shows the triacylglyceride formula, highlighting the hydrogens 1 to 7 signals. (b) 'HR-
MAS NMR spectra of the tumor Al at distinct temperatures. (c) "HR-MAS NMR spectra of the tumors Al and Bl at distinct temperatures with a
focus on HOD signal. (d) Chemical shift temperature dependence at A1, A2 and A3. (e) Chemical shift temperature dependence at B1, B2, B3, B4
and BS. (f) Mean PRF coefficient values estimated for tumor A and tumor B.

NPs) and NP-injected tumor B (1070 mm?, with NPs injected
for PTT). The holes in the tumors mark the sampling locations
used to determine the PRF coeflicient (see Supporting
Information, Figure S4). Tumor spectroscopy data points are
numbered in the images. Although the PRF coeflicient is
established for many tissues,*® the impact of magnetic NPs and
the specific analysis for the BI6F10 model have not yet been
explored. '"H HR-MAS NMR spectra were acquired using a
Bruker Avance III S00 spectrometer (11.75 T, 500 MHz for
'H) with a 4 mm HR-MAS probe spinning at S kHz. The
samples were prepared with 0.12% (m/m) DMSO-d, and
TMSP-d,; details are in Supporting Information, Table S1.
Figure 2a shows the "HR-MAS NMR spectrum for the control
tumor (Al position), highlighting the signals for triacylgly-
cerides (H1—H?7). Figure 2b displays temperature-dependent
spectra for Al, where only the HOD signal changes with
temperature, confirming the inapplicability of PRF thermom-
etry to fat tissues.””>’ Figure 2¢c compares the HOD resonance
shifts for control (Al, black) and treated tumors (B1, red),
showing temperature-dependent shifts due to changes in the
strength of hydrogen bonds in water.”” The presence of NPs
slightly alters the resonance position, likely due to suscepti-
bility effects,”” but PRF shifts remain observable. Figure 2d,e
show the dependence of the temperature of the chemical shift
for control and treated tumor samples, respectively, with linear
fits describing the data. Figure 2f presents the mean PRF
coefficient, with values of —0.0091 + 0.0012 ppm-c’C_1 for the
control tumor and —0.0086 + 0.0005 ppm-°C™~" for the tumor
treated with PTT. These values align with those reported in
the literature for similar tissues,’ indicating that low
concentrations of NP minimally affect susceptibility effects,
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and resonance remains dominated by the linear temperature
dependence of chemical shift. The effect of higher NP
concentrations on the PRF coeflicient was evaluated using a
pork loin sample. As shown in Figure SS (Supporting
Information), a linear temperature dependence was still
observed within the investigated range. The coeflicient
exhibited a slight variation with increasing NP concentration,
but this difference was not statistically significant (p = 0.125).
For example, a value of —0.0098 + 0.0002 ppm-°C™" was
obtained for the control sample, which changed to —0.0107 +
0.0003 ppm-°C™" at 10 mg-mL™".

3.5. Boundary Determination and Image Artifacts:
The Effect of Magnetic NPs in GRE Pulses. Magnetic
materials are known to promote image artifacts that might limit
their application. Interestingly, we could not find studies that
detail and quantify this issue. So, we designed an experiment to
determine the effect for our magnetic NP. Figure 3a shows the
experimental design, in which a glass capillary is introduced
into a piece of pork loin. The pulse sequences of GRE and Spin
echo (SE) of the pork loins are shown in Figure 3c,d,
respectively. It is clear that the SE image is not significantly
affected by the susceptibility effect under these conditions,
while the GRE is highly sensitive. The results suggest that if
PTT treatment planning is necessary, the NP distribution is
better simulated using SE images for this particular NP. The
GRE artifact might arise from NP aggregates that promote
high magnetic field inhomogeneities that change the effective
transverse relaxation time (T,*). Since the GRE pulse is the
one used for PREF, it can be concluded that the dark regions in
the image of the pork loin using 1 mg-mL™" have a larger
volume than the real NP distribution. Figure 3b shows the

https://doi.org/10.1021/acsanm.5c03647
ACS Appl. Nano Mater. 2025, 8, 21774—21787


https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c03647/suppl_file/an5c03647_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c03647/suppl_file/an5c03647_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c03647/suppl_file/an5c03647_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c03647?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c03647?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c03647?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c03647?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c03647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Width (mm)
Now

g
o
L

-
o
1

-
o

GRE Images

Control

20 mm

1.0 mg/mL

SE Images

2.0 mg/mL 3.0 mg/mL

Figure 3. (a) Pork loin pieces with distinct capillaries containing water (control) and the magnetic NPs. (b) Width of the capillary estimated using
the spin echo (SE) and gradient recalled echo (GRE) sequences for distinct NP concentration. (c) GRE and (d) SE magnetic resonance images for
the capillary inserted pork loin filled with water (control) and different concentrations of NPs.

width estimated in both the SE and GRE images as functions
of NP concentration. A statistically significant increase in width
was observed in the GRE images (p = 0.031), whereas the SE
images remained mostly stable. We found a width increase of
around 1.5 mm for the sample of 1 mg:mL™', indicating a
distortion in the image of 0.75 mm for each direction for the
GRE case. This effect is certainly a limitation on the use of this
particular magnetic NP since it enhances the boundary region
containing NPs. However, in the following, we discuss new NP
designs that might minimize the effect. The objective of the
study is to demonstrate the viability of monitoring the thermal
dose in the NP regions using the MRI-PRF method, while it
can still be pursued with the knowledge that in the cases
reported here the real boundaries are distinct.

3.6. Monitoring Ex Vivo PTT with PRF Thermometry.
The PTT studies were performed in two different experimental
configurations for the ablation study: one using the glass
capillary design and the other directly injecting NPs into the
tissue (see Supporting Information, Figure S6). In both cases,
magnetic NPs at 1 mg-mL™" were used. The NP concentration

was chosen to generate enough heat during PTT. Figure 4a,b
show the experimental setup, including a closer look with the
RF coil, the pork loin, the capillary and the fiber optic system
used for PTT. Figure 4c shows the GRE MRI images of the
control (water) and magnetic NP samples, and the ROIs
selected to monitor temperature. As discussed above, the width
is distorted due to the susceptibility effect. Figure 4e,f show the
PRF MRI thermometry maps at different irradiation times for
both samples at 2.5 W-cm ™ and 1.0 W-cm™?, respectively. It is
clear from the 2D MRI temperature variation maps that the
NPs considerably enhance the heat distribution within the
tissue during PTT. The control samples only show
considerable heat for the high power case close to the laser
irradiation region, while the NP-mediated PTT allows heat
distribution at deeper conditions, as expected. Figure 4d shows
the mean temperature profiles within ROIs for both cases,
control and NP, confirming NP-mediated heat generation. The
results show statistical difference between the groups. A similar
conclusion is obtained for the case where 100 yL of magnetic
NPs at 1 mg-mL™" are injected directly into the pork loin and
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Figure 4. (a) Image of the laser system, fiber optic, RF coil apparatus, and MRI equipment used for PRF thermometry. (b) Close-up view of the RF
coil, pork loin, fiber optic, and capillary tube. (c) Reconstructed GRE MRI images of a pork loin with the capillary inserted; on the right, the
capillary is filled with S0 L of water (control—CN), and on the left, it is filled with SO ug of MnFe,O, NPs. Two ROIs and the fiber optic laser
positions are highlighted. (d) Temperature profile during the PTT trial for different laser powers (2.5 W-cm™ and 1.0 W-cm™). (e) 2D
temperature variation maps obtained via MRI-PRF thermometry at different times during NP-mediated PTT and water-mediated PTT, both at 2.5
W-cm™2 (f) 2D temperature variation maps at 1.0 W-cm™

irradiated at 2.5 W-cm™ (see Supporting Information, Figure of T, is clear, as well as the distortion effect. Three ROIs were
S6, for details). Figure S6c shows that the NPs are distributed evaluated, one of them close to a temperature probe. The MRI
in a complex arrangement from the injection site. The contrast temperature maps are shown at different irradiation times. As
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Figure S. (a) From left to right: setup for the thermal camera study containing a pork loin and sample holder; thermal camera images of the front
and back of the setup; setup for the MRI-PRF study with an inset showing the placement of the capillary tube; and reconstructed GRE MRI image
of the pork loin with the inserted capillary filled with 10 uL of MnFe,O, NPs at 10 mg-mL™". ROIs and fiber optic laser positions are highlighted.
(b) Temperature variation during the studies for a laser fluence of 1.25 W-cm™ (c) 2D images obtained from the thermal camera study at different
times during NP-mediated PTT. (d) 2D temperature variation maps obtained from MRI-PRF thermometry at different times during NP-mediated

PTT.

before, heat generation is monitored at the boundary of the
NPs, including in deeper regions. In addition, we observe an
agreement between measurements in Figure S6b of the ROI
close to the temperature probe that validates the methodology.
In summary, both studies demonstrate that the boundaries of
the NP injection can be monitored using the PRF method.
In addition, we performed a comparison between thermal
camera and MRI-PRF thermometry. Figure 5a shows a pork
loin with a capillary inserted near one surface to illustrate the
limitations of thermal camera thermometry. For the thermal
camera study, conducted under the same experimental
conditions, the pork sample was placed in a sample holder.
In this case, the capillary tube was inserted halfway into the
pork loin. Figure Sa also presents the initial images of the back

view (far end) and front view (near end) of the pork loin,
along with the GRE image used for the PRF thermometry
study. All studies—thermal camera (front view), thermal
camera (back view), and MRI-PRF—were performed with the
capillary tube filled with 10 yL of NP fluid at 10 mg-mL ™" and
irradiated at 1.25 W-cm™ for 10 min. Temperature maps are
shown in Figure 5c,d. The temperature variation graph in
Figure Sb shows that the MRI-PRF study detected higher
temperature variations (~1S °C), as it measured directly
within the capillary tube slice, whereas both thermal camera
studies showed significantly lower variations. In the front-view
study, where the capillary tube was closer to the surface,
temperature change ~3 °C were observed, while the back-view
study showed no significant variation. These results clearly
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Figure 6. (a) Reconstructed GRE MRI image (at 0 min) merged with 2D temperature maps during laser irradiation for the control group animals.
(b) Temperature variation for control group animals. (c) Reconstructed GRE MRI image (at 0 min) merged with 2D temperature maps during
laser irradiation for the NP-injected group animals. (d) Temperature variation for NP-injected group animals. (e) Animal position on RF coil. (f)
Sagittal T, images of one control and one NP-injected animal. (g) Mean temperature increase for the two groups.

demonstrate that MRI-PRF thermometry is more suitable for
monitoring temperature in deep-seated tissues, while the
thermal camera only detects surface temperature variations.
3.7. MRI-PRF Thermometry during In Vivo NP-
Mediated PTT. The control and NP groups, each consisting
of three mice, were analyzed in the in vivo study. Figure 6a
shows the reconstructed GRE images for each animal in the
control group before PTT (0 min) and their respective regions
of interest (ROIs) used for temperature monitoring. It also
presents temperature maps in the tumor region merged with
the baseline image at 3 min intervals. The temperature
increases observed for CN1, CN2, and CN3 are shown in
Figure 6b. Figure 6¢ displays the images obtained for the NP
group, where the T, contrast effect of the NPs is visible in the
tumors. All animals in this group exhibited a temperature
increase, with NP1 and NP2 showing pronounced heating, as
evidenced by both the temperature maps and the temperature
variation plots in Figure 6d. The third NP-injected animal
(NP3) showed lower heating, which could be attributed to a

21783

possible misalignment in the irradiation region, as suggested by
the heating map distribution. Additionally, higher blood
perfusion in the ROI of this animal may have contributed to
the reduced temperature rise. The differences observed among
NP1—NP3 likely reflect variations in both perfusion and NP
distribution within the tumors. This effect has been previously
reported in another PTT study by our group, in which heat
delivery was monitored using a thermal camera.’” A
comparative video of the temperature maps for CN1 and
NP1 is provided in Supporting Information, Video S1. Figure
6e shows the positioning of one of the animals in the holding
system and the optical fiber laser access to the tumor. Figure 6f
presents sagittal T\W SE images of CN3 and NP3, where
tumor visualization and NP distribution can be better observed
in the latter. Figure 6g shows the mean temperature increase
after 10 min of laser irradiation for both groups. The mean
temperature variation during PTT was 19.8 & 6.2 °C for the
control group and 48.1 + 20.8 °C for the NP-injected group.
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The difference was statistically significant (p = 0.0186),
confirming NP-mediated heat generation.

3.8. Histopathological Analysis Revealed Higher
Efficiency in the NP-Treated Group after PTT. Histo-
pathological analysis revealed that tumors from both the
control and NP-treated animals exhibited typical features of
apoptosis/necrosis (Figure 7a,b). However, NP-treated tumors

Tumor: NP Animal

Tumor: Control Animal

HE

PERLS

| S

Figure 7. Histopathological analysis. Hematoxylin and eosin (HE)
and Perls (iron identification) staining in tumors. (a) Tumor control
(HE)—more organized parenchyma and few aspects related to
apoptosis/necrosis, showing lower lesion intensity. (b) Tumor control
with NP (HE) shows clear evidence of necrosis/apoptosis. (c) Tumor
control (Perls staining)—iron-free. (d) Tumor control with NP
(Perls staining) —there is intense Perls iron content in the tumor with
NP (blue spots). Scale bars are equivalent to SO um at 20X
magnification.

showed greater intensity and extent of tissue damage, with
granular parenchyma, amorphous, and eosinophilic, charac-
terized by extensive and confluent areas of apoptotic/necrotic
cells. Cellular analysis of NP-treated tumors revealed large
regions of cells with pyknotic nuclei, heterochromatic bodies in
the cytoplasm (karyorrhexis), and apoptotic bodies (karyol-
ysis) (Figure 7b). This level of damage was not observed in
control tumors, which maintained greater tissue and cellular
integrity (Figure 7a). These results correlate with the higher
thermal dose delivered to the NP-treated group. No iron was
detected in the tumors of control animals (Figure 7c), whereas
NP-treated tumors exhibited considerable iron (Fe) accumu-
lation, as indicated by Perls’ staining, with a heterogeneous
distribution throughout the tissue (Figure 7d). This confirms
that the NPs remained at the injection site after intratumoral
administration.

The tissues of both animal groups (heart, liver, kidney,
spleen, lung, and brain) showed no changes in parenchyma and
no signs of cellular infiltration, hyperemia, necrosis, or
apoptosis, as shown in Supporting Information, Figure S7a.
No NPs were detected in the heart, kidneys, lungs, liver, or
brain of NP-inoculated animals (Supporting Information,
Figure S7b). However, a very small amount of iron was
detected in the spleen, which could be related to the presence
of endogenous iron resulting from the recycling of aged red
blood cells. We cannot, however, exclude the possibility of NP
uptake by intratumoral macrophages followed by trafficking to
the spleen. Interestingly, no evidence of this phenomenon was

observed in the liver. These results suggest that the NPs were
largely restricted to the tumor after intratumoral adminis-
tration.

3.9. Mn-Ferrite Nanoparticles for Intratumoral PTT
Are Active within a Safe Concentration Range. NPs can
biodegrade by releasing metal ions due to the acidic
environment inside cells (endosomes/lysosomes) or the
tumor microenvironment, and PTT can enhance this effect.’®
The release of Fe and Mn can promote ferroptosis through
Fenton-like reactions or modulate macrophage polarization
from the M2 to the M1 state.>”*® Indeed, Mn has been
recognized as critical for metalloirnmunother:1py,3’0’60 being
associated with enhanced natural killer cell activity in mice,
release of inflammatory cytokines, amplification of the STING
signaling pathway, and induction of robust antitumor T cell
responses.””®" All of these effects are beneficial for tumor
treatment. However, concerns mainly arise for Mn ions due to
a well-known neurological disorder called manganism, which
can occur in workers exposed to manganese through inhalation
in occupations such as mining, welding, and battery
manufacturing. Neurological damage is expected if Mn levels
in the brain exceed a threshold. According to a recent study,
the median lethal dose of MnCl, in mice is 1715 mg/kg,éo
whereas neurodegenerative disorders may occur at concen-
trations above 38—175 mg/kg.61 In our study, the estimated
intratumoral dose was 4.5 mg of MnFe,O, NPs/kg. Mn ions
may be released locally from the NP surfaces at much lower
levels. Mn is an essential cofactor for several enzymes,’’
making it unlikely that significant amounts of Mn ions would
enter the bloodstream and accumulate in the brain at harmful
doses. In Supporting Information, Figure S8 shows that the
tumor of an NP-treated animal exhibits significant T, contrast
differences compared with a control animal, while other organs
show no changes. Brain MRI images further confirm the
absence of Mn accumulation, at least up to 2 weeks after
intratumoral PTT. Previous studies using the same type of NP
administered intravenously indicate that NPs accumulate in
the liver, with most being eliminated via the hepatic route.*’
Smaller NPs (less than S nm) released into the bloodstream
are expected to be cleared by the kidneys and should not cross
the blood—brain barrier. For humans, a similar NP
concentration is expected to generate the reported thermal
dose. Notably, Western diets provide up to 10 mg/day of Mn,
which is far higher than the amount administered intra-
tumorally for PTT.%

3.10. Challenges and Opportunities for Magnetic NP-
Mediated PTT Using MRI-PRF Thermometry. The
susceptibility effect, in particular the magnetic field inhomo-
geneities due to the magnetic NP arrangements (single—core or
multicore nanostructures), is certainly one of the great
challenges in using magnetic NPs for PTT while monitored
by MRI-PRF thermometry. The term should depend on the
square of the saturation magnetization and the NP volume.
Therefore, we expect that, with decreasing particle size, the
artifact volume effect will decrease considerably, resulting in
better-determined boundaries. Surface effects also decrease the
NP saturation magnetization that can influence the phenom-
ena.”” Core—shell engineering might also play a role, for
instance, gold-coated magnetic NPs might reduce the
susceptibility effect and enhance PTT performance.®”
Furthermore, there are even reports in the literature that low
particle sizes make magnetic NPs T, contrast agents,” which
could allow thermal dose monitoring even where the NP is
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distributed. The above discussions suggest that there is plenty
of room for improvement.

4. CONCLUSION

In summary, we demonstrated that magnetic NPs can be used
for MRI-guided PTT despite signal loss in accumulation areas
due to relaxation effects, provided the concentration of NP
remains low enough to minimize susceptibility effects. A
temperature-dependent 'HR-MAS NMR study of B16F10
tumors containing NPs supported this conclusion. Thermal
therapy monitoring using the MRI proton resonance frequency
shift (PRF) method is feasible at the injection site boundaries.
However, susceptibility effects resulted in apparent larger
boundaries for this magnetic NP size. Using Mn-doped iron
oxide NPs with T, contrast properties and high photothermal
conversion efficiency, we implemented the PRF method in a
preclinical MRI system. Ex vivo validation confirmed the
thermometry method, while in vivo experiments showed
advantages of nanoparticle-mediated PTT over laser therapy
alone, including improved tumor temperature distribution and
potential nanoparticle-mediated immunotherapy effects. Given
that iron oxide-based NPs have been clinically used for
decades, their application in PTT, combined with MRI
thermometry for thermal dose monitoring, holds significant
potential for clinical translation. We hope that this study
inspires further advances in magnetic NPs and the design of
NP-mediated thermal immunotherapies.
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