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Background and Objective: Theranostics is the combination of the diagnostic
and therapeutic phases. Here we focus on simultaneous use of photothermal ther-
apy and magnetic resonance imaging, employing a contrast-photothermal agent
that converts incident light into heat and affects the transverse relaxation time, a
key magnetic resonance imaging parameter. Our work considers a gold-magnetite
nanoshell platform to gauge the feasibility of magnetic resonance imaging monitor-
ing of the heating associated with phototherapy, by studying the modification of
the transverse relaxation rate induced by laser illumination of a solution containing
these hybrid nanoparticles.

Methods: We simulate a system composed of an aqueous solution with hybrid
nanoshells under continuous laser irradiation, enabling the evaluation of spatial
variations of the transverse relaxation rate within the sample. We work with the
hybrid nanoshell platform comprising a metal/gold shell for thermoplasmonic effects
and a magnetite core for magnetic resonance imaging contrast enhancement. The
optical properties of the nanoshells are first obtained through simulations using
the finite element method. Next, the heating generated by the laser illumination
is calculated by numerical integration. Finally, the transverse relaxation rate is
obtained through the application of an analytical model. Additionally, we conduct
an optimization of the nanoshell geometry to fulfill requirements of both magnetic
resonance imaging and phototherapy techniques.

Results: Our findings demonstrate a narrow range of nanoshell sizes exhibiting
both a plasmonic absorption peak in the human biological window and a high
response to laser illumination of the transverse relaxation rate. Furthermore, the
illumination can induce up to a 30% modification in transverse relaxation rate
compared to the non-illuminated scenario in this range of nanoshell sizes.
Conclusions: In this work we establish the numerical understanding of the inter-
play between phototherapy and nuclear magnetic resonance imaging when employed
concurrently. This allows magnetic resonance imaging monitoring of the heating
associated with phototherapy.

Keywords: Theranostic agents, Phototherapy, Magnetic Resonance Imaging, Ther-
moplasmonics

I. INTRODUCTION

In recent years extensive research was conducted on theranostics, a medical field combin-
ing the diagnostic and therapeutic phasesl. Furthermore, a variety of inorganic nanomateri-
als has been developed for different medical applications. For example, these nanomaterials
include nano-morsel of semiconductors (for quantum dots), carbon nanotubes, porous silica
nanoparticles (NPs)2. These different platforms enable various combinations of imaging
methods and treatment approaches. Among these technical combinations, the integration
of nuclear magnetic resonance imaging (MRI) and photothermal therapy is important in
the literaturé®®. This can be explained by the fact that during an MRI examination, a
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contrast agent is often used to enhance the obtained image by modifying the relaxation of
the protons in the tissues?. Therefore, theranostics can be achieved by modifying this agent
to add the capability of providing additional photothermal therapy.

Photothermal therapy relies on a photothermal agent capable of converting incident light
energy into heat to kill cancer cells®. The temperature increase required to damage cancer
cells ranges between 3 and 7 °C%. When a gold NP is illuminated with laser light, localized
surface plasmons can be excited in the metal shell, which refers to a normal mode of
collective oscillation of the free electrons contained in the metal'?. For strong excitation to
occur, the frequency of the incident light must match the plasmonic resonance frequency
of the NP. This frequency is influenced by several factors, including the NP composition,
geometry, and the characteristics of the surrounding medium. This free electron oscillation,
driven by the Joule effect, converts incident light energy into thermal energy. Subsequently,
this thermal energy is dissipated into the surrounding medium, resulting in a temperature
rise!?. For biomedical applications the plasmonic metal is predominantly gold due to its
biocompatibility™.

MRI contrast agents can be divided into two main types?: Paramagnetic complexes,
which include gadolinium ions, and superparamagnetic particles, mainly composed of mag-
netite or maghemite NPs. The latter category can be modified to transform the particle
into a combination of a contrast and a photothermal agent, by adding a metallic plasmonic
shell, thus forming a magnetic-plasmonic nanoshell (NS) platform®®. An exemple of an NS
configuration, studied in this work, is shown in Fig. [Th, with the magnetite core radius
(reore) and shell thickness (tgpen) indicated.

a) b) Nanoshell

Gold shell

tshel <

Magnetite
core

Laser beam

Surrounding medium: water

FIG. 1. Combination of MRI and photothermal therapy with NS platform. (a) NS with a
magnetite core as MRI agent and a gold shell as photothermal agent. (b) The considered setup:
An aqueous solution of NSs under laser illumination.

There are various methods for adding the gold shell around the magnetite core, such as
co-precipitation, thermal decomposition, and reversed micelle techniques™®. Some synthe-
sis methods allow to obtain magnetite-gold NSs with good water solubility, which can be
further increased by adding a coating around the NS, The NS configuration offers many
advantages, such as the high tunability of its plasmonic resonanceél®, easy functionalizability
for achieving effective targeting of cancer cells'?, and biocompatibility™S.

This study aims at numerically estimating the relaxation induced by a contrast-photothermal
agent during a phototherapy treatment. The goal is to investigate the possibility of finding
a NS geometry that would enable real-time monitoring of temperature elevation due to
MRI-guided phototherapy. To this end, we combine two fields of study: Thermoplasmonics
(by plasmonic particles) and MRI relaxation (by superparamagnetic particles) to model
the behavior of an ideal aqueous solution. Our numerical method computes the spatial
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distribution of the modification of the transverse relaxation rate Ry in a NS solution,due
to the temperature increase produced by the (continuous-wave) laser illumination. This
modeling of temperature elevation takes into account collective thermal effects among the
NSs. The iron concentration is adjusted to 0.2 mM, a realistic concentration in a tumor
after intravenous injection of a solution of NPs*. Depending on the MRI relaxation regime,
appropriate effective methods to calculate Ry are identified and employed.

The numerical study of the optical properties of gold-magnetite nanoshells has already
been carried out in the literatureé??. The temperature increase generated by laser illumina-
tion of such structures has also been addressed in the literature both experimentally and
numerically?2, However, the optimization of the NS geometry with the aim of utilizing
this platform as a theranostic agent has never been achieved. These results fill a gap in the
joint study of MRI and photothermal therapy, and enables us to assess the possible out-
comes of using both photothermal therapy and MRI as part of a theranostic examination.
Our results show that, for specific NS geometries, the illumination can induce up to a 30%
modification in Re compared to the non-illuminated scenario, in addition to generating a
sufficient temperature increase for phototherapy. MRI could thus be used to monitor the
temperature increase caused by the photothermal therapy for NSs with a reore in the range
of 20-25 nm range and tgpey of 10 nm.

This article is structured as follows: Section [[ is dedicated to detailing the calculation
methods used in this work. This initial section is divided into three subsections, each
addressing a distinct aspect of the method: Optical simulations (Subsection 7 collec-
tive thermal effects (Subsection , and relaxation induced by superparamagnetic NPs
(Subsection . Section focuses on the obtained results. This latter section is also
subdivided into three parts: The first one deals with optical results (Subsection , the
second describes the results obtained for temperature elevation following laser illumination
(Subsection , and the last part addresses the modification of relaxation induced by
this temperature increase (Subsection [III C)).

Il. CALCULATION METHODS

In this section we detail the three modeling steps, within the context of a phototherapy
treatment performed at the same time as an MRI examination. In the end we compute the
spatial distribution of the modification of the relaxation rate in a solution of gold-magnetite
NSs under laser illumination. First, the optical cross-sections of a single NP must be
extracted (Section. Second, these properties are used to spatially map the temperature
increase collectively generated by the multitude of NPs in the solution (Section [[I B]). Third,
the generated map serves as a basis to apply the analytical theory of relaxation induced
by superparamagnetic NPs in order to obtain the corresponding map of the relaxation rate
modification (Section [[LC]).

The laser irradiance is set to 1.15 W/ecm?, which is close to the maximum permissible
irradiance exposure for human skin at 1000 nm?¥ and its beam radius is 0.28 cm, in agree-
ment with an experimental setup from the literaturé?#. The baseline temperature of the
sample is set to 310 K to align with the temperature of the human body. An ideal case
without aggregation is considered here.

A. Optical cross-sections of the gold-magnetite NSs

The first step is to determine the absorption and scattering cross-sections of a single NS.
We employ the finite element method software COMSOL Multiphysics to solve Maxwell’s
equations and extract the cross-sections. These simulations were conducted in 3D using
the Electromagnetic Waves, Frequency Domain interface. Data for the dielectric function
of gold were obtained from [25], and those for magnetite from [26]. Because the mean free
path of free electrons is comparable to or larger than the dimensions of the gold shell, we
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apply a correction to the gold dielectric function [27]. We aim at highlighting the maximum
potential of each NS geometry for use as a photothermal agent, so the position of the
peak absorption maximum will be reported later on. We limit our analysis to peaks within
the near-infrared human biological window, ranging from 650 nm to 1350 nm. This range
corresponds to wavelengths where light achieves its maximum penetration depth in tissue?®.

As we discuss about the use of NSs in MRI, it is important to consider the potential
effect of an external magnetic field on their plasmonic resonances. If we want to simu-
late a phototherapy treatment performed simultaneously with an MRI examination, we
should also discuss the modification of the optical properties of our NPs when they are
immersed in a constant magnetic field, which is the bore of MRI. A constant magnetic field
has the effect of splitting the plasmonic resonance of metallic NPs when illuminated with
linearly polarized light. This phenomenon is due to the difference in absorption between
left-circularly polarized light and right-circularly polarized light. However, this split re-
quires a very high magnetic field, and is too small to be observed experimentally at normal
field strenghts?). At 30 Tesla the absorption peak wavelength shifts by only 1 nanometer
for silver NPs?". Since the magnetic field used in MRI is generally on the order of a few
Tesla®!, the magneto-optical effects are negligible.

B. Temperature elevation due to laser illumination

Although plasmonic NPs are well-known for efficient light energy conversion into heat,
due to the low laser powers used in the biomedical field, a single NP alone generates a too low
nanoscopic temperature gradient to have any impact on relaxation. Indeed, an irradiance
of 10 000 W/cm? is necessary to achieve a temperature increase of several degrees in the
vicinity of a single gold NP submerged in water®?. However, the maximum permissible
irradiance exposure for human skin is low (~ 1 W/cm?), which leads to negligible single-
particle temperature changes (< 10~% degrees). This fact justifies that the usual MRI
relaxation models will be used latter on.

On the other hand, the collective thermal effects of all the NPs creates a macroscopic
temperature gradient that can reach the temperature required for phototherapy?. The
macroscopic temperature rise occurs at a different time scale (1s) than the nanometric
temperature gradient around a single NS (1076 s)*3. Therefore, to map the steady-state
temperature increase inside a solution of NPs a continuous collective model is used™®34, In
this model the heat transfer is assumed to occur solely through conduction. This collective
approach implies open thermal boundary conditions, so with a (quasi-)uniform conductivity
around the zone heated by the laser beam. Heat transfer by convection can be neglected
due to the low Rayleigh number of water'”, and radiation transfer is also sufficiently low.
The NSs are assumed not to aggregate and to have a uniform concentration in the sample.
The spatial dependence of the temperature is given by:

Q(T_;) —
Teotective(T) = /// ————————dr 1
' (_j Laser beam 4 T Renwv ‘7‘/ — ’Fl ( )

with the heat power density defined as:
q(r') = I(r") (N Gabs + Awater) 2)

with NV the number of NSs per m3, I(+7) the intensity of the laser beam, oqps the absorption
cross-section of the NSs and Aarer is the water absorption coefficient expressed in m™!.
The constant Keny is the thermal conductivity of the surrounding medium (water in our
case, Kwater = 0.6071 Wm™! K‘l). This choice is justified because the addition of metallic
NPs only minimally alters the thermal conductivity of water?®. We suppose a localized
illumination, by a top-hat beam, along a cylindrical volume of radius 0.28 cm (so no laser
intensity outside this cylinder), representing the laser beam in the solution (red cylinder
entering the sample in Fig. ) The Beer-Lambert law is added to account for the expo-

nential decrease of the beam power through the solution (along the z-axis). The expression
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employed for the heat power density is the following:

Q(T_;) =1 e (et N Awarer) 2 (N Oabs 1 Awater) (3)
with oey¢ the extinction cross-section and z the the z-coordinate as defined in Fig. [Ip. Note
that the model (Eq.[1]) does not account for secondary attenuation from the light scattered
by the NPs. Such approximation is valid here due to the relatively low NS concentrations
considered®®. The validity of this model for an open physical system has been experimentally
proven4,

Eq. |1] takes into account the temperature increase due the direct heating of both the
solvent and the NPs. Discussing the contribution of the solvent, Terentyuk et al.** report a
temperature rise of 6 degrees for the solvent (physiological solution) under laser irradiance
of 4 W/ecm?. We consider a lower laser irradiance of 1.15 W/cm? and water as solvent
(with data for Ayater from [37]). In this case, the solvent contributes negligibly to the
temperature increase (on the order of tenths of a degree) for wavelengths below 900 nm.
Above 900 nm, it contributes to a temperature increase of approximately 2 degrees.

Subsequently, a temperature map is computed: The sample volume is divided into several
voxels (volume elements), and the temperature increase is averaged over each of these
voxels. A slice passing through the center of the laser beam is then selected. This plane is
represented in a 2D image where each pixel corresponds to a property of the corresponding
voxel. This procedure aims to align with the way an MRI signal is represented after signal
sampling and a Fourier transform, through an image comprising multiple pixels®l. The
voxel size is chosen to be equal to 1 cubic millimeter to be similar to an MRI pixel?L.

C. Transverse proton relaxation due to magnetic particles

Superparamagnetic (SPM) NPs act as contrast agents in magnetic resonance imaging.
Upon accumulation in specific tissues, they influence the proton relaxation process, thereby
altering the longitudinal relaxation rate (R;) and the transverse relaxation rate (R)*S.
The larger these rates, the more efficient the MRI contrast. Different relaxation measure-
ment sequences exist in MRI. In the following we will consider a standard measurement
sequence called Carr-Purcell-Meiboom-Gill (CPMG). The latter allows overcoming instru-
mental magnetic field inhomogeneities by using a succession of excitation and refocusing
pulses.

For SPM NPs the relaxation arises from the magnetic inhomogeneities generated by the
dipolar magnetic field of the particles. In an aqueous sample each proton undergoes mag-
netic fluctuations due to its free bulk diffusion in these magnetic inhomogeneities (referred
to as the outersphere mechanism). Three different regimes exist for the relaxation induced
by SPM NPs at high magnetic field: The Motional Averaging Regime (MAR), the Static
Dephasing Regime (SDR), and the Partial Refocusing Model (PRM)=%.

The parameters that determine the relaxation regime of the NP are its radius and magne-
tization, with the latter defined as the ratio between the amplitude of the magnetic moment
and the volume of the NP. The Redfield factor Fregfierd, defined as the product of the proton
Larmor frequency shift at the equator of the particle and the diffusion correlation time3Z,
allows to determine the relevant regime:

Yp o M, R
P NMR (4)

FRredficia = 5D

with v, = 2.675 x 10® rad s~1T~! the gyromagnetic ratio of the proton, po the vacuum per-
meability equal to 47 x 10~"Hm™', M, the saturation magnetization of magnetic particles
expressed in A m~!, Ryyr the minimal NP-proton distance of approach expressed in m,
and D the diffusion coefficient of water expressed in m2s~'. In this study, the diffusion
coefficient is determined for each pixel based on the mean voxel temperature using data
from Easteal et al2Y,
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FIG. 2. a) Models of transverse relaxation caused by magnetic particles at high field (MAR:
Blue line, SDR: Orange line, PRM: Green line). The simulation data (blue dots) is sourced from
referencé®. b) Effect of temperature elevation on transverse relaxation. Blue lines: 310 K; red
lines: 325 K.

NPs with a Fregrieta value below 1 fall into the MAR regimézg. The equation providing
the transverse relaxation in the MAR regime at high magnetic field is:

647 /poN? 2 C
e (2 :
2= 135 Ui Hspmp RxmnD (5)
with pspps the SPM NP’s magnetic moment and C' the NP concentration expressed in
m~3. When the size or the magnetization of the NP increases, the protons appear static
during the relaxation compared to the NPs. In this regime the SDR model takes over with
the following expression for the relaxation raté*!:

27T 1o
Ry = 0v3 ——=Cvplispm (6)

As the size of the NP continues to increase, it reaches a point where the echo time (7echo)
of the CPMG sequence influences relaxation®®. The PMR predicts:

5/3
4rCR3
RSPMG — 3540 3C DRy v [1_34 + w (7)
v /ivu pspy (8)
20 P Oﬂ_R:];VMR echo

The three different relaxation models used in this study are summarized in Fig. 2h. The
three straight lines representing the various models take the form of a hat, on such a log-
log graphical representation. This is related with an optimal NP size that maximizes the
Ry relaxation raté®d, as indicated by the more detailed simulation results (blue dots in
Fig.2h). Note that the simulation results (blue dots) agree well with the models (lines), es-
pecially for smaller radii, which is the most interesting regime later on. Magnetic resonance
thermometry has been experimentally verified using these relaxation models??.

Upon heating, the sample temperature impacts the relaxation rate Ry by altering the
water diffusion coefficient D, higher temperature leading to larger D. Thus, an increase in
temperature will shift the lines associated with the models to the right (blue hat to red hat
in Fig. [2b), indeed D is in the denominator of Eq. |5/ (MAR model), but in the numerator
of Eq. [7] (PRM model).

Contrarily to classical pure magnetite particles, the NSs considered here have a gold shell
that is impermeable to water molecules; therefore, the Ry psr considered for the NPs in the
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above models is the total radius of the NS (reore + tshen). In relaxation models, NSs can
be treated by considering the dilution of the magnetic moment ugpys of the magnetite core
within the total volume occupied by the NS=®.

In the research field dedicated to superparamagnetic contrast agents, it is common to fix
the iron concentration to compare different contrast agents. Therefore, we are working with
a fixed iron concentration in this study (0.2 mM), as mentionned in Section

In each voxel of the temperature map obtained in the previous step, a discrimination
procedure is applied to determine which relaxation model must be used, via the calculation
of FRredfieta- We compare this value to the pivot value of Fregricia calculated from the
intersection of the MAR (Eq. and SDR (Eq. @ models. This first step determines
whether the MAR model should be used. To discriminate between the SDR and PRM,
both relaxation values are calculated and compared (Egs. , and the model returning the
smaller value is then chosen. This workaround allows us to bypass the issue of calculating
the intersection between the SDR and PRM models. The intersection between the MAR
model and the SDR model, on the other hand, can be found analytically.

To quantify the illumination impact on Ro, we define its change:

R ocus_R am
AR2:< 2fR2 b2 b)xlOO (9)

where Rj focyus 18 the extremum value for Ro, so which is most changed with respect to the
ambient value R amp (uniform 310 K human body temperature, no illumination). This
extremum value R focys i8S @ maximum or a minimum that appears at the warmest point
of the temperature profile. Note that both Rg amp and Rs focus depend on the specific NS
geometry employed, where Ry .mp is calculated via the constant 310 K, and Rs focus 1
determined via the detailed temperature map focal point.

Ill. RESULTS

The following section is divided into three parts: The first reports the results obtained
for the optical properties of NPs, the second deals with the temperature elevation by laser
illumination, and the final part discusses the influence of temperature increase on the trans-
verse relaxation rate Ry. This last part shows a significant influence of the temperature on
the Ry in the case of small particles.

A. Obtained optical cross-sections of the gold-magnetite NSs

The evolution of the absorption spectrum with the core radius for a gold-magnetite NS,
with a fixed thickness gold shell (10 nm), is depicted in Fig. [3p (COMSOL simulations, see
Section . The human near-infrared biological window is highlighted in orange, ranging
from 650 nm to 1350 nm. For smaller radii, a single peak is observed in the absorption
spectrum, whereas for larger radii, three peaks are present. The emergence of these peaks
is attributed to the interaction between the sphere and cavity plasmons?®. As the NP size
increases, more modes can be excited.

The different modes between the inner and the outer metallic surfaces of the sphere and
the cavity will couple together, giving rise to a complex spectrum. Using Mie theory for
multi-layered shells or multipole decomposition?™8 the nature and relative contribution
of the modes (such as dipolar or quadrupolar) can be calculated (not shown), or one can
inspect the global field profiles. The peak appearing around 500 nm (for reore > 40 nm, left
side of Fig. ) is attributed to the magnetic dipole mode. The central peak corresponds
to the electric quadrupole mode (see red dash-dotted guide-line) and the rightmost peak in
the spectrum is the electric dipole mode (see blue dash-dotted guide-line). The respective
mode profiles are shown in Fig. [3p).
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FIG. 3. a) Absorption spectrum for NSs with a 10 nm gold shell and a variable reore. Increasing
the core radius leads to the appearance of a new absorption peak in the biological window. b)
Position of the largest absorption peak in the biological window as a function of reore for a fixed
shell thickness of 10 nm. Inset: Profile of the electric field around the NP for rcore = 100 nm
(upper inset: Dipolar mode, lower inset: Quadrupolar mode). In the case of reore = 100 nm, the
electric dipolar mode exhibits higher absorption than the quadrupolar mode, so we would excite
at the wavelength (1115 nm) with the maximum of the electric dipolar mode.

As the size of the magnetite core increases, the electric dipole peak shifts rapidly to the
right. When the electric dipole peak exits the biological window, the quadrupole peak
becomes the most important one, from a radius of about 130 nm. This allows NPs with
a larger magnetite core to still possess an absorption peak within the biological window.
We can also observe that absorption increases with the core radius (curves shift upwards
in Fig. ) This is an expected phenomenon since increasing the core radius requires more
gold to form the shell, and it is understood that absorption scales with plasmonic metal
volume*?,

Fig. Bp depicts the evolution of the position of the absorption peak maximum for a NP
with a variable core radius and a fixed shell thickness of 10 nm. Here, we consider only
the peaks located within the human biological window, so the dipole and quadrupole mode,
with their corresponding core radius reore. For the fixed shell thickness of 10 nm, the reore
must be above about 20 nm to yield a usable peak. We limit reope to a maximum of 150
nm to remain within the range of synthesizable magnetite NP5,

The results regarding the optimization of tgmen are depicted in Fig. [d] with Fig. dh for
tshenn = 50 nm, and Fig. for tspen = 150 nm. This data (also checked for other radii, not
shown) reveals that the optimal shell thickness to achieve maximum absorption in the bio-
logical window is around 10 nm, see the large overlap between the orange curves in Figs. [dh
and b and the biological window. This holds true regardless of which mode dominates
within the biological window, be it the dipolar (Fig. for smaller r¢or) or quadrupolar
(Fig. for larger rcore) mode. Thus, in order to maximize the heating efficiency of the
considered NSs, we chose the shell thickness t,.;; = 10 nm for the remainder of this work.
It should be noted for tshen = 5 nm in Fig. [dp that the dipolar resonance peak is outside
the frequency range considered here, which gives it a particular shape.

B. Mapping of the temperature elevation due to laser illumination

The temperature maps were calculated for different sizes of magnetite cores reore and a
fixed gold shell thickness of 10 nm (see Fig. , the iron concentration is set at 0.2 mM.
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biological window. b) Absorption spectrum for NSs with a 150 nm reore and a variable gold shell:
The quadrupolar peak dominates the dipolar peak in the biological window.

Each NP solution is illuminated at its maximum absorption peak (see Fig. , each reore
corresponds to a specific excitation wavelength). The temperature maps are generated using
the collective thermal model (Eq. utilizing data from optical simulations (absorption
cross-sections o,ps at the excitation wavelength, see Section :HI A|).
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FIG. 5. Map of the temperature after laser illumination. a) reore: 20 nm. Gold concentration:
0.69 mM. NS concentration: 8.875 x 10*® m™3. b) reore: 95 nm. Gold concentration: 0.10 mM. NS

concentration: 8.28x10' m 3. €) Teore: 150 nm. Gold concentration: 0.062 mM. NS concentration:
2.10 x 10 m~3.

For a small core radius of magnetite of 20 nm (Fig. ), the temperature increase obtained
after illumination is significant, around 18 degrees (background temperature fixed at 310
K). However, this heating is localized near the laser impact point, mainly due to the high
NS concentration. In contrast, for larger reore of 95 nm (Fig. [fp) and 150 nm (Fig. [5),
the temperature increase is smaller, around 6 degrees, but it is more diffuse throughout
the sample. This can be explained by the fact that the NP concentration and the gold
concentration in the different samples inevitably vary with the size of the magnetite core
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due to the fixed iron concentration. Even though the absorption cross-section increases
with the growing size of NPs, the particle concentration decreases significantly. The NP
size variation alters the excitation wavelength used, which also leads to a modification of
the water absorption coefficient. We can observe that all three NP geometries generate a
sufficient temperature increase to fall within the minimum range of 3 to 7 degrees required
for phototherapy™.

C. Temperature influence on the relaxation time

AR5 as a function of reore (at a fixed iron concentration of 0.2 mM, with a gold shell
thickness of 10 nm) is shown on Fig. @ We can distinguish the three different relaxation
regimes (MAR, SDR or PRM) in the figure, indicating which model is appropriate at the
extremum point for Ry (called R focus): The MAR regime extends below reore around 25
nm, SDR is from 25 nm to 90 nm, and PRM extends above 90 nm.

For NPs in the MAR regime, a 30% decrease of the relaxation rate is observed, for reore
below 20 nm. Between 20 and 25 nm, the transition between the MAR and SDR regime
occurs, during which ARs is highly dependent on reoe. In the SDR regime, temperature
has no influence on relaxation, so ARy remains 0. Between 90 and 100 nm, the transition
between the SDR and PRM regime occurs. An increase in the relaxation rate of about 20%
can be observed in the PRM regime. The jump in ARy around 120 nm radius is attributed
to the transition from the dipolar peak to the quadrupolar peak, so we keep an excitation
wavelength in the biological window (see Fig. ) The shape of the curve observed between
120 and 150 nm is explained by the variation in the water absorption coefficient between
wavelengths of 900 nm and 1050 nm, indicating a strong contribution from the solvent in
this range. Although nanoparticles of these sizes show a 20% change in ARy, their efficiency
is partially due to the heating of the solvent. For biomedical applications, nanoparticles
between 20 and 25 nm are preferred, as they do not require excitation wavelengths that
significantly heat the water. This allows for better laser penetration into human tissues,
resulting in a more effective therapy.

The inset in Fig. [6] shows the relaxation rate Ry directly. Circular blue points represent
data calculated at background temperature (i.e. without laser illumination), while triangular
orange points represent data after laser illumination. As expected, the values obtained for
laser illumination are shifted to the right compared to those calculated at background
temperature.

The intersections between the models (MAR-SDR and SDR-PRM) in Fig. |§| and Fig.
are not identical, which is due to the addition of the gold shell. Indeed, besides increasing
the size for each NP, we also increase the total volume in which the magnetization of the
magnetite core will be diluted, which results in shifted model intersections.

If we compare the position of the absorption peak in the biological window (Fig. ) and
the modification of the relaxation rate (Fig. @, we see that there is a range of reope between
20 and 25 nm that allows a significant modification of the relaxation rate (large |Ag,|) and
an absorption peak at the beginning of the biological window (around 630-670 nm). Thus,
NPs with reore between 20 nm and 25 nm and a tgpe of 10 nm could serve as theranostic
agents, with their heating monitored by MRI.

Fig. [7] displays three maps of relaxation rates for the three geometries from Fig. [f] For
Teore = 20 nm (Fig. @1), the relaxation regime is MAR everywhere. This particle size leads
to a reference Ry = 141 s~ ! at the background temperature 310 K (see Fig. |§| inset, blue
dots). Therefore, the laser illumination decreases the relaxation rate with about 30% in an
area extending up to 5 mm in the sample.

For reore = 95 nm (Fig. [7p), interestingly, we have a critical size where both SDR and PRM
regimes are present in the map. Below a depth of about 17-21 nm in the sample, we need to
use SDR (yellow zone). Beyond this transition depth, we need to apply PRM (blue zone), as
the different temperature (Fig. ) leads to a different local Redfield parameter Fredficid-
Indeed, laser illumination increases the water diffusion coefficient, causing a decrease in
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FIG. 6. AR3 as a function of rcore. Significant decrease (-30%) in the relaxation rate due to laser
illumination between 20 and 25 nm for reore. Significant increase (+20%) for reore above 100 nm.
The three relaxation regimes are delimited by dashed orange vertical lines. Inset: Relaxation rate
R> as a function of reore.

the value of the Redfield factor. This allows the NP to shift in the SDR regime in the
warm zone. When laser illumination no longer produces enough heat, due to decreasing
irradiance with the distance traveled in the sample (Eq. , the Redfield coefficient will
increase, causing the NSs to return into the PRM regime. Overall there is only a small
change of Ry, with respect to the background value R, = 135s~!, corresponding to the
background temperature of 310 K, in the PRM regime for this size.

For reore = 150 nm (Fig. Ek), the relevant relaxation regime is PRM, with a background
Ry, = 545~ !, The laser illumination slightly increases the relaxation rate in an area that
extends up to half of the sample, but overall the values are much lower than in Fig. [Th and
Fig.[7p. This is because larger particles correspond to a lower NS concentration, due to the
fixed iron concentration (downward right side of the hat in the inset of Fig. @

In general, we observe qualitatively different trends as a function of the core size. For
smaller sizes the warmer zone decreases Ro, whereas for larger sizes the opposite is observed.
Furthermore, we see important differences in the penetration distance and modulation effect:
Smaller particles have a stronger effect, but over a smaller distance, whereas larger particles
lead to a smaller variation of Rs but over a larger distance. Depending on the particular
situation, one should be aware of the different behaviours when combining photothermal
therapy and MRI using these hybrid nanoparticles.

IV. CONCLUSION

This work studies the combination of phototherapy and MRI with an extensive numer-
ical approach. We examine the spatial modification of the transverse relaxation rate Rs
in a uniformly concentrated solution composed of gold-magnetite hybrid NPs under laser
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FIG. 7. Map of the transverse relaxation rate due to laser illumination for a iron concentration
of 0.2 mM. The parameters used are as follows: a) reore: 20 nm. Gold concentration: 0.69 mM.
Concentration NS: 8.875x 10 m 3. b) reore: 95 nm. Gold concentration: 0.10 mM. Concentration
NS: 8.28x10™ m~3. ¢) Teore: 150 nm. Gold concentration: 0.062 mM. Concentration NS: 2.10x 10
m”3.

irradiation. An optimization of this configuration is conducted, revealing that the optimal
shell thickness for maximizing absorption within the biological window is 10 nm. Further-
more, it is illustrate that a wide range of reore (20-150 nm) achieves an absorption peak
within the human biological window. It is also demonstrated that laser illumination of a
solution of NPs, with an iron concentration acceptable for human use, generates sufficient
heat for phototherapy. Furthermore, for a certain range of reore for the NPs (5-25 nm and
95-150 nm), the heating alters the relaxation rate of the solution, with the strongest change
for small NPs that also have an important and useful optical dipolar resonance peak in
the biological window. In addition, depending on the nanoparticle size the position of the
maximum R, change varies within the sample.

These findings highlight the possibility of real-time monitoring, via MRI, of the temper-
ature increase resulting from phototherapy. For example, this can be used in neuroscience,
where NPs under laser illumination are used to directly activate neurons via a temperature
increasé®. Future work can focus on adapting this framework closer to a biological environ-
ment, e.g. by taking NP aggregation in cells into account®® or by including biological tissue
turbidity in the modelisation, which could affect the phototherapy and relaxation results.
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