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Abstract: Determination of the iron oxide nanoparticles (IONPs) local temperature during laser
heating is important in the aspect of laser phototherapy. We have carried out theoretical modeling
of IONPs local electromagnetic (EM) field enhancement and heating under the laser action near
individual IONPs and ensembles of IONPs with different sizes, shapes and chemical phases. For
experimental determination of IONPs temperature, we used fluorescence thermometry with rho-
damine B (RhB) based on its lifetime. Depending on the IONPs shape and their location in space, a
significant change in the spatial distribution of the EM field near the IONPs surface is observed. The
local heating of IONPs in an ensemble reaches sufficiently high values; the relative change is about
35 °C for Fe;O3 NPs. Nevertheless, all the studied IONPs water colloids showed heating by no more
than 10 °C. The heating temperature of the ensemble depends on the thermal conductivity of the
medium, on which the heat dissipation depends. During laser scanning of a cell culture incubated
with different types of IONPs, the temperature increase, estimated from the shortening of the RhB
fluorescence lifetime, reaches more than 100 °C. Such “hot spots” within lysosomes, where IONPs
predominantly reside, lead to severe cellular stress and can be used for cell therapy.

Keywords: iron oxide nanoparticles; laser induced heating; local field enhancement; fluorescent
thermometry

1. Introduction

IONPs are promising for diagnostics as magnetic resonance imaging (MRI) contrast
agents, and for therapy: they can be coated with a photosensitizer for photodynamic
therapy, and laser or magnetic heating of IONPs can be used for controlled drug release or
phototherapy [1].

Magnetic or plasmon resonance nanoparticles (NPs) are increasingly being used to
localize the process of hyperthermia [2] and to increase the selectivity of therapeutic action.
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Resonant nanostructures, so-called nanoantennas, are known to control the electrical
and magnetic components of the optical wave on the nanometer scale: they convert freely
propagating EM waves into a near-field and multiply the field intensity in the subwave-
length range [3-5]. The most commonly used nanoantennas made of noble metals, also
called plasmonic, which provide strong localization of the exciting EM field on the scale of
about 100 nm due to the occurrence of localized plasmon resonance [6]. There is a growing
interest in hybrid and dielectric nanoantennas made of materials with high refractive in-
dex [7]. Dielectric nanoantennas possess both electric and magnetic Mie resonances [8,9],
since the EM field can freely penetrate inside the dielectric nanostructures. The degree of
field localization and the local field enhancement factor for dielectric nanoantennas are
lower than for plasmonic nanoantennas; however, by optimizing the shape of NPs and by
using dimers and trimers consisting of two or three NPs, better field localization near NPs
can be achieved.

In semiconducting materials, such as iron oxides, the energy of optical radiation allows
the temporary transition of electrons from the valence band to the conduction band, which
leads to heat release as the electrons relax back to the valence band [10]. At the same time,
the photothermal conversion of nonmetallic inorganic NPs demonstrates a more moderate
efficiency than that of their metallic counterparts [7,11].

As a result of EM field localization and photothermal transformation, the so-called
“hot spots” can arise near the aggregates of NPs. The distribution of “hot spots” at the
nano- and microscale determines the thermal response of the entire sample.

In the case of magnetic hyperthermia, the times of Brownian, Neel and effective
relaxations as a function of particle diameter for different values of the anisotropy constant
have been studied in detail [12]. In magnetic hyperthermia, the intracellular aggregation
of IONPs within endosomes is recognized as an important problem because it suppresses
both physical mechanisms that explain heat release: the Brownian relaxation of NPs and
the Neel relaxation [13]. More recently, IONPs have been tested for photothermal therapy
in vitro and in vivo [14]. The use of iron oxide nanocubes as sensors of both magnetic
and laser hyperthermia simultaneously to perform dual mode hyperthermia has shown
the effectiveness of hyperthermia leading to cell death in mouse tumor models [15]. The
effect of laser hyperthermia was demonstrated on magnetic IONPs coated with the IR
dyes Cyanine? [16] and IR-780 [17]. It was observed that intracellular aggregation of
IONPs in vesicles leads to an increase in photothermal heating of the NPs and cell death by
hyperthermia (10 min of irradiation at 1064 nm with a power density of 300 mW /cm?) [18].

Works demonstrating the successful use of IONPs in combination with photosensitiz-
ers for photodynamic therapy are appearing [19,20].

Previously, we demonstrated a sparking effect during laser scanning of cell culture
samples with IONPs [21]. It was shown that IONPs accumulate in cell lysosomes, and
during laser scanning bright flashes are observed in the area of lysosomes, whose spectrum
corresponds to the black body emission spectrum, which may indicate a high heating
temperature and thermal luminescence.

Measuring the temperature of NP-containing cell organelles during laser heating is
a complex and challenging technique. Fluorescence thermometers are reliable tools for
measuring temperature fluctuations in nano-volumes because of their advantages such
as fast response, high sensitivity and spatial resolution, ease of use and non-destructive
detection [22].

For example, RhB is used in laser-induced fluorescence thermometry due to the prop-
erty that the quantum yield of emission decreases with increasing temperature, which is
a consequence of the rotation of diethylamine groups on the xanthene ring. The fluores-
cence lifetime of RhB depends on the local environment (temperature, pH, charge, etc.)
but is independent of dye concentration, excitation efficiency, or detection efficiency [23].
In biological samples, RhB was found to be generally non-toxic at low concentrations,
around 40 nM [24]. In general, RhB localizes inside mitochondria when accumulated
within cells [25,26]. Fluorescence thermosensors based on RhB have been developed in
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the form of functional polymer microparticles [27,28] and in the form of RhB molecular
solutions [29] for in vivo applications.

In this work, an experimental study of the formation of “hot spots” of ensembles of
IONPs of different sizes and shapes during laser scanning with the estimation of the heat
distribution over the cell volume using the fluorescent RhB thermosensor was carried out.
In order to interpret the experimental data obtained, numerical simulations of the scattering
and absorption cross sections of the studied IONPs and their ensembles, as well as of the
field enhancement and heating during the interaction with the excitation EM radiation
were performed using the finite-difference time-domain method.

2. Materials and Methods
2.1. Materials

Iron (III) acetylacetonate (Fe(acac)s, 99%), 1,2-hexadecanediol (1,2-HDD, 90%), cyclo-
propanecarboxylic acid (95%), benzyl alcohol (99.8%), benzyl ether (98%), oleic acid (OA,
90%), oleylamine (OAm, 70%), iron (III) chloride (FeClz; >98%), polyethyleneimine (PEI,
Mw = 25 kDa, Mn = 10 kDa), biphenyl-4-carboxylic acid (95%), cobalt (II) acetylacetonate
(Co(AcAc),, 97%), 3,4-dihydroxyphenylacetic acid (DOPAC, 98%), bovine serum albumin,
glutaraldehyde 25% (w/v) aqueous solution, N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), sodium borohydride (NaBHjy), 2-propanol,
hexane, methanol, ethanol and toluene were purchased from Sigma-Aldrich (St. Louis,
MA, USA). Acetone (99.5%, ChimMed, Moscow, Russia), human serum albumin (HSA,
Microgen, Moscow, Russia), RhB (SSC NIOPIK, Moscow, Russia), monoamino terminated
poly(ethylene glycol) hydrochloride (2 kDa, PEG-NH,, Creative PEGWorks, Durham, NC,
USA) were used. Two types of commercially available IONPs were used in the work:
v-Fe;O3 NanoArc® [30] (Alfa Aesar, Kandel, Germany) and pharmaceutical preparation
Ferinject® [31] (Vifor Pharma, St. Gallen, Switzerland).

2.2. IONPs Synthesis

To experimentally change the temperature of colloids of IONPs, we used IONPs in
the form of spheres, spherical clusters, cubes, rods and octopodes of various sizes of the
magnetic core and different chemical compositions in them.

Spherical HSA-coated Fe,O3 NPs (cores 6 £ 2 nm, hydrodynamic diameter of clusters
37.28 £+ 0.11 nm, average number of magnetic cores in a cluster 4 + 2) were prepared
according to [32]. Briefly, magnetic cores were produced by thermal decomposition of
Fe(acac)3 (30 mmol) in benzyl alcohol (220 mL). After magnetic cores (80 mg) were covered
with HSA (0,8 mL, 20%) and e-NH; groups were cross-linked with glutaric aldehyde
(920 mkl, 25%) followed by NaBH4 (0.35 mmol) reduction. In the final step, carboxyl groups
from protein were linked with NH,-PEG-OH. Unbound PEG was removed from NPs by
gel filtration using a PD-10 column (Sepadex G25, Sigma-Aldrich, St. Louis, MO, USA,
eluent—phosphate-buffered saline).

OA-capped Fe30y spherical cluster-like NPs (35 &= 7 nm) were synthesized according
to [31]. Briefly, the mixture of 2 mmol of Fe(acac);, 8 mmol of 1,2-HDD, 6 mmol of
cyclopropanecarboxylic acid in benzyl ether (20 mL) was placed in a 250 mL three-necked
round bottom flask, equipped with a reflux condenser and thermometer. Then, the mixture
was heated to 210 °C at a rate of about 5 °C/min and held at this temperature for 1 h. Then,
the temperature was raised to 260 °C with a rate of 5 °C/min and held at this temperature
for 30 min. NPs were collected by centrifugation at 6000 rpm, 30 min after the addition
of 10 mL of 2-propanol-hexane mixture (v/v = 1/1). Finally, the NPs were redispersed
in toluene.

OA-capped cubic Fe304 NPs (15 & 4 nm) were synthesized as follows. 0.5 mmol of
Fe(acac)3, 4 mmol of 1,2-HDD, 2 mmol of OAm, 10 mmol of OA, and 20 mL of benzyl ether
were mixed together in a three-necked round bottom flask and heated to boiling point at
a rate of 3 °C/min under argon flow and vigorous stirring. The mixture was boiled for
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2 h followed by removal of the heat source. The NPs were separated by centrifugation at
6000 rpm after addition of ethanol (5 mL) and hexane (5 mL) and redispersed in toluene.

OA-capped cubic Fe304 NPs (37 £ 6 nm) were synthesized according to the [33].
Briefly, 1 mmol Fe(acac)s, 8 mmol of 1,2-HDD, 4 mmol of OAm and 20 mL of benzyl ether
were mixed together in a three-necked round bottom flask and heated to boiling point at
a rate of 3 °C/min under argon flow and vigorous stirring. The mixture was boiled for
2 h followed by removal of the heat source. The NPs were separated by centrifugation at
6000 rpm after addition of ethanol (5 mL) and hexane (5 mL) and redispersed in toluene.

OA-capped octopod-like Fe3O4 NPs (14 4+ 2 nm) were synthesized by thermal de-
composition technique. The mixture of 2 mmol of Fe(acac)s, 6 mmol of OA, 6 mmol of
biphenyl-4-carboxylic acid in benzyl ether (20 mL) was placed in a 250 mL three-necked
round bottom flask equipped with a reflux condenser and a thermometer. The mixture
was then heated to 210 °C at a rate of about 5 °C/min and held at this temperature for
1 h. Then, the temperature was raised to 260 °C at a rate of 5 °C/min and maintained for
30 min. NPs were collected by centrifugation (6000 rpm, 30 min) after adding 10 mL of
2-propanol-hexane mixture (v/v = 1/1). Finally, NPs were redispersed in toluene.

OA-capped octopod-like CoFe,O4 NPs (31 + 4 nm) were synthesized by thermal
decomposition technique. The mixture of 2 mmol of Fe(acac)s, 1 mmol of Co(acac),, 8 mmol
of OA, 2 mmol of OAm and 40 mL of benzyl ether was placed was paced in a 250 mL
three-necked round bottom flask equipped with a reflux condenser and a thermometer.
The mixture was heated up to 280 °C at a rate of 3 °C/min under argon flow and kept for
another 2 h. After cooling the solution to room temperature, NPs were separated from the
solution by centrifugation for 30 min at 6000 rpm, after which the formed precipitate was
dispersed in toluene.

Hydrophilization of OA-capped spherical cluster-like, octopod-like and cubic NPs was
performed using DOPAC as described in [34]. Surface modification of NPs with DOPAC.
The mixture of 24 mg of NaOH and 51 mg of DOPAC was dissolved in 10 mL of methanol.
Then, 10 mL of NPs in toluene ([Fe] = 0.5 mg/mL) were added to the prepared mixture,
followed by the incubation for 5 h at 50 °C under vigorous stirring. After cooling the
mixture to room temperature, the modified NPs were separated from the supernatant by
centrifugation at 6000 rpm for 20 min and redispersed in 10 mL of deionized water. The
NPs were washed three times with pure deionized water using centrifugal filters Amicon
Ultra-4, MWCO 30 kDa (Millipore, Burlington, MA, USA) and separated from aggregates
by passing through 0.45 syringe filter Millex-HV (Millipore, Burlington, MA, USA).

Rod-like NPs of B-FeOOH akaganeite (14 &= 4 nm length, 3 £ 1 nm diameter) were
synthesized according to [35]. A solution (100 mL) containing 0,2 M FeCl; and 8:10~* mM
PEI, was heated to 80 °C and held for 2 h. After that, NPs were separated by adjusting
pH to 7.0, followed by centrifugation at 6000 rpm. The precipitate was dispersed in pure
deionized water.

TEM analysis was performed using a JEM-1400 microscope (JEOL, Tokyo, Japan),
120 kV. Colloids of NPs (10 uL with [Fe] = 0.1 mg/mL) were dropped onto the surface
of a Formvar-coated copper grid, followed by the evaporation of the solvent. Core size
distribution analysis was performed using Image] software for 500 individual NPs.

XRD analysis of dried powders of NPs was performed at room temperature using an
X-ray power diffractometer DRON-4 (BOUREVESTNIK, Saint-Petersburg, Russia) with Co
Ko radiation. Data were collected from 26 = 20-100° at a scan rate of 0.1° per step and 3 s
per point. A qualitative phase analysis was performed by comparing the obtained spectra
with PHAN database (National University of Science and Technology “MISIS”, Moscow,
Russia) [36].

2.3. Temperature Measuring in IONPs Water Colloids

The fluorescence lifetime of RhB was used to experimentally analyze the temperature
during laser heating of the water colloids of IONPs. We used RhB at a concentration of
10 uM in distilled water. At this concentration, the fluorescence decay of RhB remained
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monoexponential. A thermostat in the microscope slide (PeCon GmbH, Erbach, Germany)
was used to calibrate the temperature dependence of the fluorescence lifetime of the RhB
solution. The temperature range of 20-60 °C with of 5 °C intervals was used. Equilibrium
was reached in approximately 5 min for each temperature point. A concentration of
10 mg/L by weight of iron was used to experimentally determine the temperature of
aqueous colloids of IONPs.

Fluorescence images were recorded using an LSM-710-NLO inverted laser scanning
confocal microscope (Carl Zeiss AG, Oberkochen, Germany). The fluorescence lifetime
of RhB was recorded with a FLIM module (Becker & Hickl GmbH, Berlin, Germany)
attached to the LSM-710-NLO, consisting of a time-correlated single photon counting
(TCSPC) system SPC-150, a GaAsP HPM-100-07 hybrid photodetector, and SPCM software.
RhB fluorescence excitation was performed at two-photon absorption at 840 nm with a
Chameleon Ultra II femtosecond laser (Coherent, Santa Clara, CA, USA), 140 fs pulse width,
80 MHz repetition rate. Time-resolved fluorescence images were processed using SpcImage
8.0 software (Becker & Hickl GmbH, Berlin, Germany).

Laser power at the lens exit was determined using a LabMax-TO laser power meter
(Coherent, Santa Clara, CA, USA). The laser power (1% of the laser power in the program)
corresponded to 1 mW measured at the lens exit.

The intensity distribution of the scanning laser spot was calculated by considering the
size of the area bounded by the first-order diffraction ring for the PSFy; (or Airy disk) point
distribution function, with radius r = 0.61-Aexc /NA, where NA is the numerical aperture of
the microscope objective, Aexc is the wavelength of excitation light. For the 840 nm laser,
63x oil objective with NA = 1.4, r = 366 nm, spot area S = 0.421 um?.

The power densities when scanning with a 1 mW laser corresponded to p = P/S =
0.24 MW /cm?. The heating of IONPs was studied in the range of excitation laser power
densities from 0.24 to 2.4 MW /cm? in steps of 0.15 MW /cm?.

The irradiation dose at a scan speed of 1.27 us/pixel for a single run was 0.3 J/cm?.

2.4. Temperature Measuring of IONPs “Hot Spots” in Cells In Vitro

Laser-scanning induced hot spots after incubation with IONPs were studied in HeLa
cell culture. Cells were grown in DMEM medium (Gibco, Paisley, UK) supplemented
with 10% fetal bovine serum (FBS, BioSera, Nuaille, France), 100 U/mL penicillin and
100 pg/mL streptomycin (Life Technologies, Carlsbad, CA, USA), 2 mM glutamine (Life
Technologies, Carlsbad, CA, USA) and 1 mM sodium pyruvate (Life Technologies, Carlsbad,
CA, USA) in standard conditions (37 °C, 5% CO,). Cells were subcultured every third
day. For confocal microscopy, cells were seeded in a POC-R2 glass-bottom Petri dish
(PeCon GmbH, Erbach, Germany) at a density of 100 x 103 cell/cm? one day before the
experiment. Twenty-four hours later, IONPs at a concentration of 10 mg/L by weight
of iron and RhB at a concentration of 1 uM were added to the cells 30 min before the
microscopic examination. The cells were washed three times with prewarmed phosphate-
buffered saline before microscopic examination. A thermostat in the microscope slide
(PeCon GmbH, Erbach, Germany) was used to calibrate the temperature determination in
the cells by the fluorescence lifetime of RhB. Cells with RhB were recorded at temperatures
of 20-60 °C at 5 °C intervals.

2.5. Modeling of Local Field Enhancement and Heating for IONPs Ensembles under the Action of
EM Radiation

In order to interpret the experimental results and investigate the local heating of
particles at the nanoscale as a result of interaction with EM radiation, finite-difference time-
domain method was used [37,38]. In this method, the numerical solution of the Maxwell
equation in the time domain for three-dimensional objects is carried out. The advantage of
this method is a good description of the near fields near the interfaces.

A step-by-step procedure was used, including the calculation of the absorption and
scattering cross sections (0,,s and 0sca), EM field enhancement near the surface of IONPs
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(COMSOL Multiphysics module Electromagnetic Waves, Frequency Domain), and the
temperature changes with respect to the ambient temperature during resonant excitation of
the IONPs by an EM wave (COMSOL Multiphysics module Heat Transfer in Solids). This
procedure allows calculating the response of the response of NPs for different configurations
in terms of the scattering and absorption cross sections and field enhancement near the
NP surface, as well as the temperature change relative to the ambient temperature during
resonant excitation of NPs by an EM wave for NPs of various shapes and sizes, as well as
for ensembles of NPs.

The simulation was carried out for individual cubic and spherical Fe304 NPs of 15 and
35 nm size, as well as for 5 x 5 x 3 and 3 x 3 x 3 NPs arrays. The distance between the
particles in the array was set equal to 5 and 15 nm.

To evaluate the effect of the magnetic core material on the heating temperature, we
also simulated the heating of Fe,Os NPs of a cubic and shaped shape with a size of 15 nm,
as well as flat “flakes” with a size of 35 nm and a thickness of 5 nm (corresponding to the
NanoArc experimental sample).

The complex refractive index of iron oxide was taken from (https:/ /refractiveindex.
info/, accessed on 18 March 2021) where the data from the works [39,40] are presented, the
dependence of the refractive index n and the extinction coefficient k on the wavelength,
used for calculation are shown in Figure 1.

4 A —n Fe,05 2 q ——k Fe,03
——n Fes0, ——k Fes04
3.5 1.5 4
c 34 ~ 1 4
2.5 e il - 0.5 1
e o F——
320 420 520 620 720 820 320 420 520 620 720 820
A, nm A, nm

Figure 1. The dependence of the refractive index n and the extinction coefficient k on the wavelength.

The scattering and absorption cross sections were calculated in the 320-840 nm wave-
length range. The calculation of the EM field spatial distribution and the local enhancement
of the field between particles was carried out for wavelengths of 420 nm (two-photon exci-
tation) and 840 nm (single-photon excitation). The light beam intensity has been evaluated
as 0.24 MW /cm?, corresponding to the laser power used in the experiments (1% of the
laser power). The exposure time of the particles to EM radiation was assumed to be 1.27 us
(the time of one pixel registration).

In the calculation, the array of IONPs was assumed to be illuminated by a plane wave
propagating along the z-axis and polarized along the y-axis. In the case of anisotropic NPs,
the interaction with EM wave was calculated for particles oriented along the x, y and z
axes and then averaged. The permittivities of the medium and the NPs were taken into
account in the calculation. Water or a cell membrane was used as the surrounding dielectric
medium in the model. The parameters of the materials used in the simulation are shown in
Table 1.

Table 1. Parameters of the materials used in the simulation, k—thermal conductivity, p—density, c,
-specific heat capacity.

k [W/m-K] p [kg/m3] ¢p [J/Mol K] References
Fe, O3 7 5240 104 [41,42]
Fe30y4 59 5170 104 [43]
water 0.6 1028 4182 [44]
cells 0.4 1028 4182 [45]
cell membrane 0.2 997 30 [44,46]
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The field enhancement near the surface of the IONPs was estimated as the ratio of the
field generated by the interaction of the NPs with an EM wave to the initial value of the
field Ey.

The energy absorbed by the IONPs is then converted into heat [47], thus the NP is a
source of EM heating that releases heat into the environment. The region of interaction
with the EM wave was set (IONPs surfaces and the environment), it was considered that
the system is at room temperature. NPs interact with EM radiation, the power absorbed by
the NPs was estimated as the integrated power dissipated in the volume (i.e., total system
losses) based on the calculated EM fields.

3. Results
3.1. NPs Characterization

The phase composition of the synthesized NPs was studied by XRD analysis (Figure S1).
The position and relative intensity of crystal planes for all samples, except Rods 14 nm,
indicate the formation of pure cubic spinel structures (space group Fd3m). The XRD pattern
of Rods 14 nm represents the pure tetragonal phase of akaganeite f-FeOOH (a = 10.521 A,
¢=3.030 A, space group I4/m), identical to the JCPDS card #34-1266 of a standard ak-
aganeite. The diffraction peaks of the 6 nm spherical NPs are broadened, indicating a
small size of the NP crystallites, consistent with the TEM data. Based on the molar ratio
Co:Fe = 1:2 determined by atomic emission spectroscopy in Octopodes-31 NPs, they can be
attributed to the CoFe,Oy4 phase.

Since it is rather difficult to distinguish between the phases of complex ferrites, mag-
netite, and maghemite from the XRD data, some samples were additionally studied by
Mossbauer spectroscopy. It should be noted that we have previously shown using > Fe
Mossbauer spectroscopy, that 6 nm spherical NPs are maghemite (y-Fe;O3), rather than
magnetite (FesO4) [48]. For Spherical cluster NPs, the formation of a pure Fe304 phase
was also previously shown [49]. The hyperfine magnetic structure of other samples was
additionally studied by > Fe Mossbauer spectroscopy (Figure S2).

The roomtemperature Mossbauer spectrum of 37 nm Cube NPs shows the superpo-
sition of two sextets indicating the presence of Fe?* and Fe®" ions in two different local
environments. The calculation of the sextet’s parameters gives the isomer shifts IS and
hyperfine magnetic field By values: ISy = 0.281 & 0.004 mm/s (Bpg = 48.6 = 0.1 T) and
1S; =0.662 £ 0.005 mm/s (Bpg = 45.6 = 0.1 T). These values are in good agreement with
previously reported values for Fe3O4 NPs [50].

The NPs used in the experiments, their TEM images, and size distribution are given in
Table 2.

Table 2. Size of IONPs, studied in the work.

Shape

Size of Magnetic Core [nm] Microphotograph of NPs Size Distribution

Phase Composition

Spheres 6 nm
6 = 2nm
F6203

Hydrodynamic diameter of clusters
37.28 £ 0.11 nm, average number of
magnetic cores in a cluster 4 £ 2

Intensity, %

0 5 10 15
Size, nm
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Table 2. Cont.

Shape
Size of Magnetic Core [nm] Microphotograph of NPs Size Distribution
Phase Composition

60 D
o\o 50 T |
=01
Sphere-clusters 35 nm 2 30 +
2 35+ 7nm gzo + “ “
Fe;0, =10 4+
304 %] — 8
5 152535455565
Size, nm
30
X 25 -
= 20 A
Cube 15 nm @ 15 4
3 154+ 4nm g 10
Fe30, = 5
0 I T T T
5 10 15 20 25 30
Size, nm
O\O
=
Cube 37 nm g
4 37+6nm 2
Fe3O4 E
5 20 35 50 65
Size, nm
40 [3+1]
°\_30 : o !
= I
5 20 N | v
c !
2 i
£10 1 L
0 - |i I - T
Rods 14 nm 1T 2 3 4 5

Diameter, d, nm

14 £ 4 nm (length),
3 + 1 nm (diameter)
B-FeOOH

Intensity, %

0 10 20 30 40
Size, L, nm
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Table 2. Cont.

Shape
Size of Magnetic Core [nm] Microphotograph of NPs Size Distribution
Phase Composition

50
R 40t
2 30+
2 20 4+
L
c 10 +
0 o
Rods 20 nm 0 10 15
6 20 £ 5 nm (length) Diameter, d, nm
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3.2. Measurements in RhB Solutions

The change in the fluorescence lifetime of RhB in aqueous solution was preliminarily
measured in the operating range of the excitation laser radiation at 25 °C room temperature.
The RhB solution at a concentration of 0.01 mg/mL had a sufficient fluorescence signal
level and a monoexponential fluorescence decay profile. When the power density of the
scanning laser radiation exceeded 0.48 MW /cm?, a slight heating of the RhB solution
began, as evidenced by the reduced fluorescence lifetime of RhB (Figure 2a). Therefore,
excitation power densities less than 0.48 MW /cm? were used in experiments on cells with
IONPs. The measured fluorescence lifetime of RhB aqueous solution as a function of the
thermostat temperature in the range 20-60 °C, recorded at an excitation power density of
0.24 MW /cm?2, showed a linear relationship with (r2 = 0.987) from 1.65 + 0.06 ns at 20 °C
to 1.39 £ 0.05 ns at 60 °C (Figure 2b).

a y =-0.0058x + 1.7582
.70 R?=0.9863
1.7
1.65
z z
=165 ; = 160
g 3
£ 16 = 155
=]
£ £
8 155 g 150
g g |
g 3 1.45
g * 3 140
=] = -
&= )
<
g 145 ® 135
o
1.4 1.30
0 0.5 1 1.5 20 30 40 50 60
840 nm 2P excitation laser density [MW/cm?] Tlcl

Figure 2. Fluorescence lifetime of RhB as a function of the power density of the 840-nm excitation
laser (a) and temperature (b).

Aqueous colloids of 0.1 mg/L of IONPs with RhB at an initial temperature of 25 °C
were scanned with an 840 nm laser at increasing power densities, and the fluorescence
lifetime of RhB was recorded, from which the heating of the colloids was determined
(Figure 3a). The relationship between temperature and power density was analyzed by
linear regression, and the values of the slope and their standard errors were obtained
(Figure 3b).
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Figure 3. Dependencies of the temperature determined by the RhB fluorescence lifetime during laser
scanning (a) and slopes between temperature and laser power density +SE (b).

Almost all colloids of the studied NPs showed insignificant heating of the surrounding
aqueous medium by no more than 10 °C, as determined from the fluorescence lifetime of
RhB when laser scanned at power densities up to 1.44 MW /cm?.
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3.3. Assessing the Temperature in Cells

First, the fluorescence lifetime of RhB accumulated in cells when heated by an in-
cubator in a microscope slide in the temperature range of 20-60 °C was recorded. The
characteristic lifetime of RhB bound to mitochondria was longer than in aqueous solution,
ranging from 2.5 £ 0.1 ns (20 °C) to 2.2 & 0.1 ns (60 °C). The longer fluorescence lifetime of
RhB inside cells can be explained by its localization in mitochondrial membranes, which
have a viscosity two orders of magnitude higher than water [51].

After accumulation of IONPs, cells were scanned with an 840 nm laser at a power
density of 0.48 MW /cm? at room temperature and images of the fluorescence lifetime
of RhB were recorded. Areas of cytoplasm were observed in the cell volume (when
imaged in transmitted light, these areas contained vesicles) that exhibited a shortened RhB
fluorescence lifetime (Figure 4). To analyze these areas, pixels with short lifetimes were
extracted from the time-resolved image using a phasor diagram (Figure 4).

3.0

o 2.8 0.7
[
® 0.6 2 ns
E 0.54 3 ns
D 2.6 ' 4ns = 1ns
= 0.44 5ns
@
e 0.3-
@ oyl
o 24 0.2-
o
=) 0.1
=
l.|_ 22' 00 T T T
0 0.25 0.5 0.75 1

o

Figure 4. Fluorescence lifetime image of RhB in HeLa after accumulation of spherical cluster NPs
under laser scanning at 0.48 MW /cm? power density (top left). Selection of “hot spots” in cells
established by the fluorescence lifetime of RhB (bottom left, colored pixels). Phasor diagram of the
fluorescence lifetime image with “hot spots” highlighted in red.

The results for the temperature assessment for IONPs in cells are shown in Figure 5.

When the temperature dependence of the fluorescence lifetime of RhB inside cells is
approximated by a straight line, the estimated temperature for “hot spots” with IONPs
exceeds 100 °C and reaches 120-150 °C. The temperature for “hot spots” also increases
with the increase of NPs size: Fe,O3 spheres 6 nm—(122.574 + 48.5) °C, Fe3O4 cube
15 nm—(129.295 £ 55.4) °C, Fe304 cube 37 nm—(133.777 £ 68.5) °C, Fe304 sphere-clusters
35 nm—(139.335 + 59.4) °C, Fe,O3 hexagons 50 nm—(154.077 + 47.0) °C. “Hot spots” for
B-FeOOH 14 nm rods—(95.7655 + 30.3) °C coincide with “hot spots” for Fe3O4 14 nm
octopods—(95.6931 + 41.3) °C. For slightly larger iron carboxymaltose rods, 20 nm, with
Fe(OH)3 nuclei, “hot spots” of (119.036 £ 46.0) °C coincide with “hot spots” of CoFe;O4
31 nm octopods—(120.614 & 48.6) °C. Such uncertainty in temperature values is due to the
variation of fluorescence lifetimes in “hot spots”.
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Figure 5. Distribution of RhB fluorescence lifetimes inside cells during thermostat heating (gray
dots) and approximation by the temperature dependence for “hot spots” in cells with IONPs. The
dotted line and the shaded area correspond to the temperature-lifetime relationship with a 95%
confidence interval.

We did not find refractive indexes and extinction coefficients for B-FeOOH, Fe(OH)3
and CoFe;O4 materials in the databases. However, there are separate publications with
measurements that allow us to conclude that f-FeOOH is close to the Fe3O4 oxide in terms
of optical properties [52], and the CoFe,Oy is greater to the Fe;O3 [53]. Here, in cellular
experiments, we can only observe the most obvious patterns related to the temperature
of the “hot spots”, as we have not studied the uptake of synthesized NPs by TEM and we
cannot reliably assess the number of NPs in the ensemble inside lysosomes.

3.4. Modelling

The extinction cross sections for the studied single Fe304 and Fe;O3 NPs of various
shapes and sizes depending on the wavelength are shown in Figure 6.

It can be seen that with an increase in the NP size, the extinction cross section increases,
while the extinction cross section is slightly larger for cubic NPs. The shape of the depen-
dence for Fe,O3 oxide differs significantly from that of Fe3O4: for Fe,O3, a clearly defined
maximum is observed at a wavelength of 420 nm, while the dependence for Fe3O4 does
not have clearly defined maxima; more intense absorption is observed in the blue part of
the spectrum.

The scattering, absorption, and extinction cross sections for ensembles of Fe304 NPs
are shown in Figure 7.
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Figure 6. The extinction cross sections for the Fe;0, and Fe,O3 NPs of various shapes and sizes
depending on the wavelength. The graphs on the left show the curves for the NPs with the smallest
extinction cross sections values.
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Figure 7. The extinction, absorption and scattering cross sections for the Fe3O4 NPs single NPs and
arrays 5 x 5 x 3, distance between NPs d = 5 and 15 nm.

The shape of the dependence of the extinction cross section on the wavelength does
not change for an ensemble of NPs. An increase in the number of particles in an ensemble
also leads to a decrease in the distance between the particles, resulting in an increase in the
absorption cross section.

Maps of the normalized electric field (E/Ep) distribution for Fe3O4 NPs of various
shapes and sizes, as well as maps of the temperature distribution in the medium (irradiation
time—1 ps) for 420 nm wavelength are shown in Figure 8.

Depending on the NP shape, a significant change in the spatial distribution of the field
near the NP surface is observed. For cubic NPs, a high-intensity EM field is observed, local-
ized in nanometer-sized regions near the cube vertices. The temperature field is uniformly
distributed in the volume near the NPs. The obtained values for field enhancement and
temperature are shown in Table 3.
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Figure 8. Maps of the normalized electric field (E/E) distribution and temperature for the studied
Fe3O4 NPs as a function of size and shape: cubes and spheres of 15 and 35 nm size (left). Depen-
dence of the heating temperature on the size, shape and material of the NPs for a wavelength of
420 nm (right).

Table 3. Local field enhancement and temperature increase relative to surrounding medium for
studied IONPs for 420 and 840 nm wavelengths.

NDs AT, °C | E/Eg | AT, °C | E/Eo |
A =420 nm A =840 nm
Fe;0,4
single NP 2.5 1.4 5.6 1.2
cubes 15 nm array 3 x 3 x 3 55.9 15 127.0 13
array 5 x 5 x 3 154.0 1.7 355.0 15
cubes 35 nm single NP 28.8 1.8 66.7 1.2
spheres 15 nm single NP 1.0 22 23 1.8
spheres 35 nm single NP 11.8 2.0 26.7 1.8
single NP (along x) 0.0 1.6 0.1 1.5
rods 15nm single NP (along y) 0.1 23 0.2 15
single NP (along z) 0.0 1.6 0.1 22
single NPs (along x) 0.1 1.6 0.3 1.5
rods 20 nm single NP (along y) 0.4 25 0.8 17
single NP (along z) 0.1 1.6 0.3 1.6
Fe, O3
cubes 15 nm single NP 76.8 1.6 0.8 14
cubes 35 nm single NP 450.0 3.1 9.5 1.7
spheres 15 nm single NP 22.6 2.9 0.3 21
spheres 35 nm single NP 292.0 2.6 3.3 21
flakes 35 nm single NP 124.0 2.3 1.2 1.7

It can be seen that the heating temperature increases with increasing nanoparticle
size, while the heating is higher for cubic NPs, which is probably due to a large field
enhancement due to higher localization. The higher heating temperature of the Fe;O3 NPs
is due to the higher absorption cross section at the 420 nm wavelength. At the same time,
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practically no heating is observed for Fe,O3 NPs at a wavelength of 840 nm, where the
absorption cross section is significantly lower than for Fe3Oj.

However, the heating temperatures obtained for single IONPs are lower than those
measured experimentally in cells. We assumed that the higher temperature measured
experimentally may be due to the local accumulation of NPs in lysosomes, resulting in a
large number of NPs in close proximity. To test this hypothesis, heating simulations were
performed for the ensembles. The dependence of the heating temperature on the ensemble
size for 15 nm cubic NPs is shown in Figure 9.

180 - >>3>§>>?>>>>>\>
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160 - >>?§>>>§>§'
D 6055650 50 4
140 9 PSS
120 A
100 - 93' }>> >>3'
é') > 53
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<
60 - » 5
40 -
20 -
o
0
single NPs array 3x3x3 array 5x5x3

d=15 nm

Figure 9. Dependence of the heating temperature on the ensemble size for 15 nm cubic NPs.

It has been shown that the local heating of NPs in an ensemble reaches sufficiently
high values, the relative temperature change is about 154 °C for Fe3O4 5 x 5 x 3 NPs array
d=15nm.

To interpret the experiment on estimating the heating temperature of the studied NPs
in water, we simulated the heating of an ensemble of Fe304 NPs 5 x 5 x 3 in size in water.
Distribution maps of the relative temperature change (difference between the NP heating
temperature and room temperature) for the studied ensembles in a cage and in water are
shown in the Figure 10.

AT =154°C

Figure 10. Distribution maps of the relative temperature change during heating of ensembles of iron

oxide NPs Fe3O4 array 5 X 5 x 3 d = 15 nm in cells and in water.
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We assume that when NPs are placed in a medium with a higher thermal conductivity,
an effective heat exchange with the medium occurs, resulting in heat dissipation occurs,
and the heating temperature of the ensemble does not reach high values.

4. Discussion

Photothermal therapy is based on raising the temperature of the tumor cells above
42 °C. This is done by illuminating the cells must be illuminated with a laser and converting
the radiation energy into heat. Certain types of NPs, called photothermal agents, can
convert light into heat. The temperature increase in the tumor depends on the efficiency
of the photothermal conversion, the concentration of photothermal agents in the tumor,
and the dose of the light applied [54]. Since reliable biosafety in the human body is a
basic requirement for any cancer treatment, IONPs appear to be promising photothermal
agents [55]. They have several advantages, such as excellent magnetic properties, good
compatibility and no toxicity [56]. The magnetic properties of IONPs allow their use as
contrast agents in MRI. The main disadvantage of IONPs is the high radiation dose required
for complete tumor ablation. One approach to solve this problem is through clustering of
IONPs, which demonstrated a significant increase in laser radiation absorption and heating
compared to non-aggregated IONPs [18,57,58]. On the other hand, the heating efficiency
can be increased by magnetic hyperthermia, which gives the ions the dual ability to act as
magnetic and photothermal agents.

A large number of studies are devoted to modeling the field enhancement near the
surface of noble metal NPs [59,60]. Efforts are aimed at optimizing the size and shape
of the NPs in order to obtain resonance in the near-infrared (NIR) region [61,62]. The
Fe304 NPs studied in this work have resonance in the NIR region of 820-840 nm, which
is promising for bioapplications. For ensembles of metal NPs, even a small change in the
position of the NPs leads to a significant shift in the position of the plasmon resonance
maximum and, consequently, the heating temperature [63]. The degree of localization
and field enhancement near the surface of dielectric NPs is lower [7], but the resonance is
observed in a wider wavelength range, so that they are not as sensitive to excitation, which
is important for the reproducibility of experimental results on biological objects, such as
cells, in which NPs are randomly distributed.

Infrared macro-scale thermal images actively demonstrate the heating of IONPs after
laser irradiation in water, in cells, and in vivo [13]. There is no direct method for measuring
the heating of IONPs. There are several works on indirect measurement of the local heating
temperature of IONPs. For example, for a mixture of colloids of IONPs of different sizes, it
has been demonstrated that it is possible to create several types of hot spots simultaneously,
by selectively activating each population of IONPs by varying the magnetic field parameters.
Thus, the local temperature increase measured using fluorescent proteins as a molecular
thermometers on the surface of IONPs reached 85 °C [64]. The local thermometry results
were in good agreement with the magnetic properties of each IONP and decreased slightly
in the case of a thick polymer coating of the IONP, which creates a spacer between the
surface of the IONPs and the molecular thermometer. An additional difficulty in the
use of fluorescence thermometers is that the fluorescence signal intensity decreases with
increasing temperature, which complicates the evaluation.

5. Conclusions

As a summary of modeling, we can say about four regularities for heating IONPs
with light: (1) large NPs heat up better than small ones; (2) NPs ensembles are heated
better than single NPs; (3) Fep;Oj3 is better than Fe3;Oy; (4) efficiency grows in a row of
rods/flakes/spheres/cubes. However, the results with water IONPs colloids did not
confirm such regularities. On the contrary, large spherical and cubic NPs heated up worse
than small ones, and about the same as rod-like NPs. This distribution is probably due
to different properties of the hydrophilic shells of NPs in relation to accessibility for RhB,
-carboxymaltose and PEI for nanorods, DOPAC for cubic and spherical NPs.
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In the experiment on cells, RhB bound to the mitochondrial membrane, and the
IONPs uptaked in lysosomes; therefore, the thermometer and the IONPs ensemble were
separated in space, and the NPs surface should not have affected the RhB fluorescence
lifetime. In the experiment on cells, IONPs were heated more efficiently in the series:
hexagonal (modeled with a flakes), spherical, cubic, rod-like, octopod-likes (modeled with
a cubes). The regularities are also observed that large NPs of the same shape heat better
than small ones and Fe;Oj is better than FezO4. Possibly, the incomplete compliance with
the regularities derived from the modeling was due to a different cellular uptake of NPs,
which we did not study in this work.

It has been demonstrated that the local heating of NPs in an ensemble can reach
sufficiently high values for cell damage. When IONPs are placed in a medium with a higher
thermal conductivity (for example, water), an effective heat exchange with the medium
occurs, resulting in heat dissipation, and the heating temperature of the ensemble does
not reach high values. The situation is different when IONPs are trapped inside the cell in
lysosomes—Ilipid sacs with lower thermal conductivity. As a result, so-called “hot spots”
with temperature above 100 °C can appear inside cells around the accumulation of IONPs
in vesicles. The distribution of “hot spots” determines the thermal response of the entire
biosample. It should have a certain effect on the cell death mechanism by hyperthermia
and the reaction of lysosome destruction.
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