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Abstract

Control over temperature in space and time is of utmost importance in many
contexts, including photothermal therapies, where a good temperature
monitoring and control is expected to improve their clinical outcome. One of
the most promising techniques involves the use of magnetic resonance imaging,
exploring the temperature change of proton relaxometric properties or exploring
the temperature change of contrast agents. In real applications, the use of
contrast agents for thermometry is much better justified if thermometry comes
as an added value of a photothermal agent. Here we show iron selenide
nanoparticles (NPs) that are able to work simultaneously as efficient near
infrared photothermal and thermometry agents embedded in cellular models at
concentrations where their toxicity is low. The simultaneous heat generation
and temperature mapping around these NPs allow the control over the depth
achieved by the therapy and detection and control of hot spots that would be
otherwise overlooked, for instance.

Keywords: simultaneous heat generation and temperature mapping, magnetic
resonance imaging thermometry, near infrared heating, cellular hyperthermia

1 Introduction

Heat generation and thermometry are two complementary aspects of hyperthermia
therapies that are hard to combine. On one hand, there is a quest for thermal agents
with improved heat generation ability and, on the other hand there is a quest for
temperature sensing and mapping with improved space and time resolution, and
temperature sensitivity. Efforts to combine both include laser heating with optical
thermometry,[1] magnetic heating with optical thermometry,[2, 3] magnetic heating
with magnetic particle imaging (MPI) thermometry,[4, 5] and laser heating with
magnetic resonance imaging (MRI) thermometry.[6] Optical thermometry has an
excellent space resolution but it has intrinsic limitations for in-depth sensing, which
prevents its application in many clinical applications.[7] This can be partially
overcome by shifting the sensing to the infrared but in this case sensing and heating
overlap, with the heating hindering the sensing counterpart. MPI thermometry is
expected to be useful when combined with magnetic hyperthermia since there is
evidence that both the magnetic hyperthermia and MPI equipment can be
combined.[4] In the case of MRI thermometry, the best combination is with optical
hyperthermia, since no cross-interference is observed.[8] MRI thermometry is based
on the intrinsic variation of contrast parameters with temperature, such as proton
resonance frequency and longitudinal and transverse relaxation times. The advantage
of using intrinsic variation is that it is a totally noninvasive technique, while the
disadvantage is the small variation of contrast with temperature.[6] Larger
temperature variations can be obtained with the use of contrast agents, with the
clear disadvantage of making MRI thermometry an invasive technique.[9] The idea of
using contrast agents with a magnetic phase transition around body temperature as
a way to obtain a large variation of the magnetic response (and thus contrast)
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around that temperature emerged back in the ’90s, with the first example being a
millimetric piece of metallic gadolinium with a transition temperature of 18 °C.[10]
Clearly, the practical application of this example is limited and an improved version
with micrometric particles appeared later.[11] Anyway, it is quite difficult to make
smaller (nanosized) metallic gadolinium particles, as they undergo a spontaneous
oxidation upon exposure to air ambient conditions,[12] and it is not clear how to
increase their transition temperature from 18°C to ~ 42°C, which is required for
clinical applications. More recently, manganese, cobalt, and zinc ferrites appeared as
an option, with the advantage of tuning the transition temperature by
doping.[13-16] However, having simultaneously isolated NPs and a large decrease of
the magnetic response with temperature is proving difficult: in agglomerates of
nanocrystals the decrease of magnetization with temperature is high, leading to a
good temperature sensitivity, but when isolated NPs are obtained, the decrease of
magnetization is much smaller.[17] We believe that this is associated with the fact
that nanosized magnetic systems have a transition temperature broadened due to
surface effects,[18] and that this broadening is more dramatic in low anisotropy
materials such as ferrites, since the magnetic transitions are broader in 3D latices of
low anisotropy (Heisenberg) spins, when compared with 3D latices of high anisotropy
(Ising) spins (see, for instance [19]).

Despite the improvement in sensitivity provided by contrast agents, in real clinical
practice, the use of thermometric contrast agents must be carefully considered in terms
of a risk/benefit balance. This balance is expected to increase dramatically towards
the benefit side in situations where the use of a photothermal agent is needed. In such
cases, the thermometric feature would be regarded as a great added value to an already
needed invasive practice. Here we show isolated and functionalized NPs that combine
low cytotoxicity, good efficiency in the 1% and 2"? windows of near infrared (NIR)
hyperthermia, and a high magnetic anisotropy granting an excellent thermometric
response that can be imaged in an MRI in the temperature window used in clinical NIR
hyperthermia. The combination of these three pillars - low cytotoxicity, good photo-
thermal efficiency and high-temperature sensitivity - in isolated NPs is critical for a
formulation able to eventually reach the market of photo-thermal-contrast agents.

2 Results and discussion

The particles here reported are iron selenide (FesgSeq) NPs with a rhombohedral
shape and an average size of 170 £ 10nm (see SI, Fig. S3, S4 and S5). The
production of pure Fe3Se; NPs requires a delicate tuning of parameters such as
temperature, temperature ramp, precursors, solvent, and stabilizing agents, since
other phases (FeSe; and FeSe) may also nucleate and grow. Here we explore the
production of Fe3Se; NPs using a simpler route, when compared to the current
state-of-the-art.[20] The route here presented involves the use of iron acetate and
selenium-octadecene as precursors, the wuse of octadecene as the solvent,
tetradecylphosphonic acid and 1-Dodecanethiol as stabilizing agents, and the
thermaldecomposition of the precursors into the NPs at 250°C with an heating
ramp of 5°C/min. Such a thermodecomposition route in organic media has the
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benefit of producing isolated and better controlled NPs and the drawback of
producing them with an hydrophobic surface, such that an extra phase-transfer step
is needed for their use in cellular medium. To this aim, we explored the use of caffeic
acid and dopamine, which are molecules with catechol groups that are expected to
interact with the iron atoms located at the surface of the NPs, as previously found in
FesSes [20] and Fe3Oy [21]. The final result is hydrophilic NPs with reactive amine
or carboxyl groups, ready to be dispersed in cell culture media and explored as a
photothermal and thermometric agent in cells.

As mentioned in the introduction, the first pillar on which a good
photothermal-contrast agent stands is low cytotoxicity. This was accessed using the
AlamarBlue® assay up to 72h after NPs being incubated with 1929 cells. Cells
remained viable (>85%) for all the time points tested for the incubation
concentration range of 0 - 500 pgmL ™" of NPs (Fig. 1a). Consequently, it is possible
to use incubation concentrations in this range for the remaining studies involving
simultaneous NIR hyperthermia and MRI thermometry in cell pellets.
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Fig. 1 (a) Evaluation of L1929 metabolic activity up to 72h after cells being incubated with FezSeq
NPs. Data are represented as mean + s.d. (n = 5), **p<0.05; (b) Heating curves of the cell samples
with FezSeq NPs at different incubation concentrations, obtained with a 808 nm laser at power density
of 1.48 W cm™—2 for 30s; and (c) Transmission Electron Microscopy images of FezSeq NPs.
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The FesSes NPs have a strong absorption in a broad range from UV, to visible
light, to NIR, including in the two relevant optical windows of tissues (see SI, Fig.
S6). The heating ability of FesSey NPs at 808 nm in the cellular samples was accessed
in the NPs incubation concentration range of 0 - 250 pgmL ™" with a laser at power
density of 1.48 Wcem~™2 for 30s. This NIR dose resulted in a temperature increase
between 12°C to 15 °C, depending on the NPs incubation concentration (Fig. 1b). The
maximum SAR value estimated from the initial slope of the time-temperature curves
was 80 W g~! for the sample with a NPs incubation concentration of 150 pg mL ™" (see
SI, Fig. S7). These results show the ability of FesSes NPs as photothermal agents.

At the core of the temperature sensitivity observed in MRI is an order-disorder
magnetic phase transition observed in FegSes NPs at around 40°C (Fig. 2(a)), a
temperature that makes these NPs suitable for sensing in the context of
bio-applications. This magnetic phase transition is quite immune to surrounding
parameters other than temperature, such as viscosity, pH, and saline concentration,
making magnetic NPs with such a phase transition particularly suitable for
temperature sensing. The magnetic phase transition is associated with a strong
decrease of the net magnetic moment of each NP. This net magnetic moment is the
vector sum of the magnetic moments of all Fe?t and Fe3* ions of the NP, being well
ordered at low temperature. When approaching 40 °C, their fluctuation increases and
their long-range (intra-NP) order is lost, resulting in the above-mentioned decrease
of the net magnetic moment of each NP. The net magnetic moment is responsible for
creating a dipolar magnetic field that disturbs the relaxation of the spins of the
surrounding protons: the higher this disturbance is, the more ”efficient” the contrast
agent is expected to be, being this ”efficiency” measured as a longitudinal and
transverse relaxivity (r; and ro, respectively). It is thus expected that the decrease of
the net magnetic moment with temperature leads to a decrease of the relaxivity. It
was observed that the magnetic properties of the FesSey NPs did not undergo
significant changes following functionalization (see SI, Fig. S8).

The obtained values of rq and ro with the cell samples with different NPs incubation
concentrations (Fig.2(b) and Fig. S9) are modest when compared with benchmark NPs
explored as simple non-thermometric contrast agents [22, 23] but, when comparing the
obtained rs/rq ratio (25.5 at 29°C, 0.55 T, see SI Fig. S10), our particles have a good
performance co andpared to other NPs that are commercially available as MRI Ty
contrast agents (which are in the range of 12 - 20 at 1.5 T [24]) and compared to other
reported NPs (which are in the range of 13 - 26 at 1.5 T[24]). The r2/r; ratio indicates
how eligible for negative or positive contrast a contrast agent is. Usually, if the r2/rl
ratio is >10, the material is a good Ty contrast agent [25]. Thus, the relaxivity of
the FesSey NPs is enough to generate a contrast suitable for clinical applications. As
temperature increases, ro decreases while ry increases, confirming the ability of the
FesSes NPs to generate a temperature-dependent contrast, which is the base of MR
thermometry based on contrast agents (Fig. 2(b) and Fig. S9).

The existence of a relevant variation of r; and ro with temperature opens the
possibility to obtain MRI images with temperature-dependent intensity when
exploring sequences weighted in T; or Ts. In fact, Ty weighted gradient echo (GE)
images obtained with temperature (where the temperature of the samples was
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increased in a controlled way) in cell pellets loaded with FesSes NPs show a
temperature-dependent increase of intensity up to 5.9%°C~! and 8.8%°C~!, for
the samples with NPs incubation concentration of 150 pgmL ™" and 200 pgmL ™",
respectively, while the control sample without NPs had an intensity decrease up to
1.2%°C™" (Fig. 2c and Fig. S11). The relative image intensity of the GE images,
representing the ratio between the control sample and samples with NPs, are
presented in Fig. 2d. Similarly as observed in another reported studies
[11, 13, 15, 16], the relative image intensity increases with NPs concentration and
decreases with temperature.

The controlled temperature experiments allows to establish a calibration curve
for each NPs incubation concentration based on the relation between intensity and
temperature (see SI, Fig. S11). In the temperature-controlled experiments, taking a
one-point optical thermometer as reference, a good accuracy was obtained in the
temperature range between 30 and 45°C (< 1°C), when comparing the ”real”
temperature value, measured with the optical thermometer, and the temperature
measured with our calibration method (see SI, Fig. S14). The obtained accuracy is
similar to the values reported in other studies.[11, 13, 15, 16]

The validation of the NPs low cytotoxicity and their incorporation in 3D cell
pellets mimicking tissues, together with the validation of a good photo-thermal
efficiency and high temperature sensitivity in a single nanoparticle system, opens the
way for a real-time temperature mapping of the non-controlled temperature increase
in the 3D cell pellets under NIR (Fig. 3, Fig. S15 and videos available as SI). Before
the laser is turned on, the MRI intensity is fairly constant across the cell pellet and
so does the temperature, as seen in the first frame of Fig. 3a and 3b, and in the first
points of Fig. 3c and 3d (please see also SI Videos). As the laser is turned on, the
average intensity increases steadily. A few seconds after the laser is turned on, an
increase of temperature is readily detected on the top of the cell pellet (the region of
incidence), expanding to regions farther away as time increase. After the laser is
turned off, the temperature decreases back to a value close to the initial value,
showing the reversibility of the system and the reversibility of the temperature
sensing method. In other words, whatever changes occur in the cell pellet that can in
principle contribute to a change in MRI intensity, like dehydration, changes in the
density of protons or their environment, they do not have a relevant contribution to
the image when compared to the dominant contribution of the
temperature-dependent relaxivity of the FesSey NPs. When the average across the
volume is taken, an increase from 31°C to 57 °C is measured. However, this average
hides transient temperature differences within the sample of more than 20 °C, since
the top of the sample is constantly being irradiated during the heating time,
differences that would be overlooked in a simple measurement with a thermocouple
or equivalent. While the average reveals the exponential increase and decrease of
temperature that is often observed and expected for a conduction mechanisms, the
heat and the temperature maps provided by the FesSey NPs reveal the details of the
temporal and space evolution of temperature and the details of its heterogeneity.

https://doi.org/10.26434/chemrxiv-2024-7w4xg ORCID: https://orcid.org/0000-0003-3140-3542 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-7w4xg
https://orcid.org/0000-0003-3140-3542
https://creativecommons.org/licenses/by-nc/4.0/

16.5
0.45

0.4+

M (emu/g)

0.35¢ 15.5

r (s'1mM'1)

0.1F 0sl

025

00 1 1 1 1 1 1 L 1 1 L L L L L

20 25 30 35 40 45 50 55 60 65 70 25 30 35 40 45 50
0,

T¢C) T(°C)

30°C 35°C 40°C 45°C : = 150 pg/mL

8 351 ® 200 pg/mL
0
2

= a e

45

o

0 ug/mL

150 pug/mL
Relative image intensity (%)
N
o

-
£
=]
Ed
=3
1=
«

150pg/mL

Fig. 2 (a) Dependence of the magnetization of Fe3Ses NPs with temperature at 0.5 T; (b) Variation
of r1 and ro with temperature of the cell samples with FezSes NPs; (c) 2D GE images of cell
samples with 150 and 200 pg mL~! incubation concentration of NPs and without NPs over controlled
temperature; (d) Relative image intensity variation of the 2D GE images of cell samples with NPs with
temperature (data presented as average value + s.d.); (e) Images of cell samples with and without
NPs, and (f) 3D GE images of cell samples with (150 pg mL~! incubation concentration) and without
NPs over controlled temperature.

3 Conclusions
In summary, the FegSes NPs here reported open the way for a simultaneous and

efficient local NIR cellular heating and temperature mapping in space and time. This
enables temperature monitoring and control during laser photothermal therapy:
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Fig. 3 (a) T2-weighted images obtained with a cell sample (150 pg mL~! incubation concentration
of Fe3Ses NPs) before, under NIR irradiation for 82s at 0.67 Wem™2, and after that irradiation
(8s integration time per image, pixel size of 0.16 mm); (b) Associated temperature maps determined
through the obtained calibrations; (c¢) Variation with time of the average MRI intensity and (d)
variation with time of the average temperature estimated from the intensity images (data presented
as average value + s.d.). Please see the SI Videos with the temporal evolution of the MR images and
temperature maps.
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control on the maximum achieved temperature, and control of the depth and
extension of the therapy. The ultimate space, time resolution and temperature
resolution are entangled and are constrained both by the FesSey NPs and the MRI
scanner. The high temperature sensitivity presented by the FesSes NPs contributes
to a good performance in all these resolutions. The combination of the two invasive
thermal agents and contrast agents in a single agent is expected to widen the range
of real situations where the benefit of the temperature-controlled thermal therapy
overcomes its associated risks, opening to way to real applications of thermometric
photothermal agents.
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