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Abstract

Nanoparticles are used as drug carriers to increase the selectivity and effectiveness of therapy, as well as for combined therapy that utilizes differ-
ent effects. Iron oxide nanoparticles are promising in this aspect. Due to magnetic properties, they can be used as a contrast agent for magnetic
resonance imaging. Also, iron oxide nanoparticles could be coated with a photosensitizer for photodynamic therapy and their laser or magnetic
heating can be used for phototherapy. Local enhancement of the electromagnetic field near iron oxide nanoparticles can increase the fluorescence
intensity of photosensitizers and the efficiency of singlet oxygen generation.

This paper presents the results of a study of iron oxide nanoparticles focused on the photophysical aspects of the formation of “hot spots” under
laser irradiation. The photoinduced effects of iron oxide nanoparticles observed in in vitro experiments lead to the rupture of lysosomes. Theoreti-
cal modeling showed that the heating of iron oxide nanoparticles with a radius of 35 nm under the action of laser radiation is about 89°C and 19°C
for wavelengths of 458 and 561 nm, respectively. Local field enhancement occurs in pairs of nanoparticles of various sizes and strongly depends
on the distance between them. The maximum gain is achieved at small distances between nanoparticles. For a dimer of nanoparticles with radii
of 10 and 35 nm at a distance of 1 nm, an enhancement factor of two orders of magnitude was obtained. The investigated phenomenon of «hot
spots» is in demand for precision therapy, because the photo-induced processes occur at small distances between nanoparticles, in areas of their
high accumulation.
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Pesiome

HaHouacTuubl NCnosnb3yloTca B KauecTBe HOCUTENeN NIeKapCTBEHHbIX CPEACTB AJIA MOBbILUEHWs CENeKTUBHOCTU 1 3bPEKTUBHOCTY Tepanmu,
a TaKXe [/1A CoYeTaHHON Tepanuu, ob6bearHAIoLEeN pasHble BUAbl BO3AENCTBUA. [lepCneKTUBHbIMM B 3TOM acreKTe ABATCA HaHo4YacTu-
Libl OKCMAa xenesa. bnarogapa MarHUTHbIM CBOWCTBaM, OHU MOTYT ObiTb MPUMEHATLCA B KAaYECTBE KOHTPAcTa AN MarHUTHO-PE30HaHCHOMN
ToMorpadun. TakxKe HaHOYACTHLbl OKCUZA »Kenle3a MOTYT ObiTb MOKPbITbl POTOCEHCUOMNM3ATOPOM Al GOTOAMHAMMYECKON Tepannu, a ux
Jla3ePHbI UM MAarHUTHDBIN HAarPEB 3TUX YacTUL, MOXET 1CMNOosb3yeTcA Ana npoBeaeHusa dototepanuu. Mpu 3TOM fIoKanbHOE YCUIIeHUE dNeK-
TPOMarHWTHOro NosnsA B6MM3M HAHOYACTUL, OKCMAA XKENEe3a MOXKET NMOBbICUTb UHTEHCUBHOCTb GpryopecLieHLMN GOTOCEHCMOUNM3ATOPOB U 3¢-
$EKTVBHOCTb reHepaLuy CUHIIETHOTO KUCIopozaa.

B pabote npeactaBneHbl pe3ynbTraTbl NCCNeA0BaHNA HAHOYACTUL, OKCUAA Xene3a, CHOKYCMPOBaHHOIO Ha GoToPr3NUYECKMX acneKTax obpa-
30BaHVIA <TOPAYNX TOUYEK» NPY JTa3epHOM 061yueHU. DoTorHAYLMPOBaHHbIe 3GdEKTbl HAHOUYACTUL, OKCHAA Kene3a, HabnoJaemble B SKCne-
PUMEHTaXx in vitro, NPUBOASAT K pa3pbIBy NM30COM. TeopeTnyeckoe moaennpoBaHve NoKasaso, YTo HarpeB HAHOUACTHL OKCHAA Xene3a paauny-
com 35 HM NoA AencTBrEM Jla3ePHOro U3NyueHUa coctaBnseT nopsaaka 89°Cu 19°C ana gnunH BonH 458 1 561 HM, COOTBETCTBEHHO. JlIoKanbHoe
YCWNEHVE NOJA BO3HUKAET B Mapax 13 HaHOYACTUL, PasfIMYHOro pa3mepa v CUITbHO 3aBUCUT OT PacCTOAHUA MeXAy HUMU. MaKcuManbHoe ycu-
NeHue JOCTUraeTCa NPV Masblx PACCTOAHNUAX MEXAY HaHoYacTMLaMu. [Ina Aumepa HaHoYacTuL ¢ pagmycamu 10 HM 1 35 HM Ha paccTosiHuK 1
HM MonyyeH GpaKTop ycuneHus Ha ABa nopanKa. PaccMOTpeHHOe fiBNeHre «ropsaYmMx ToYeK» BOCTPeboBaHO A MPeL3NOoHHON Tepanuu, Tak
Kak GOTOMHAYLIMPOBaHHbIE MPOLIECChl BO3HMKAIOT Ha MaJlblX PACCTOAHMAX MEXAY HaHOYaCcTMLaMK, B 06/1aCTAX C UX BbICOKVM HaKOMIEHNEM.
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Introduction

Nanoparticles (NPs) are attracting great attention
due to the recent progress in their synthesis and
surface functionalization, along with their ability of
photothermal conversion [1] and fluorescence in the
near infrared region [2]. The photothermal conversion
produces heating and leads to the formation of reactive
oxygen species, which destroy cancer cells [3]. NPs can
become an ideal drug carrier when modified for vector
delivery and controlled release [4].

Hyperthermia is an attractive physical approach for
cancer treatment [5-8]. When the tissue temperature
rises, usually to 40-45 °C, blood flow and tissue
oxidation increase [9], collagen fibers weaken [10], and
tumors become more sensitive to chemotherapy drugs
[11,12] or radiation [13-14]. Currently, there are various
clinical approaches that use special probes and needles
to generate heat using microwaves, radiofrequencies or
ultrasound [15, 16], but they do not allow local heating
of the targeted pathological areas.

Iron oxide exhibits amazing physical properties,
especially in the nanometer range. Iron oxide NPs
(IONPs) can be used for magnetic resonance imaging
(MRI) / optical multimodal imaging, as well as a
therapeutic mediator in the treatment of cancer [17].
IONPs themselves show promising preclinical results
in cancer therapy by modulating tumor-associated
macrophages [18]. Recently, data were published on
the therapeutic effect of Ferumoxytol — suppression of
cancer cells and activation of the immune response to

tumor [19]. IONPs have low cytotoxicity [20], and their
coating with silicon dioxide further reduces both histo-
and cytotoxicity [21, 22].

To localize the process of laser hyperthermia,
thermal sensitizers like magnetic or plasmon resonance
NPs are increasingly used [23]. Ultra small (about 30 nm
in size) superparamagnetic IONPs (SPIO) can effectively
inhibit tumor progression as photothermal agents [24].
The SPIO heat dissipation mechanism is closely related
to dipole-dipole interactions in an alternating magnetic
field. For a mixture of IONPs colloids with different
sizes, the possibility of simultaneously creating several
types of “hot spots” by varying the parameters of the
magnetic field has been demonstrated [25]. Thus,
the local temperature rise, measured by fluorescent
proteins on the surface of IONPs, reached 85 °C.
Superparamagnetic particles dissipate heat due to
the Néel-Brown relaxation [26, 27]. In magnetic
hyperthermia, intracellular aggregation of IONPs inside
endosomes is recognized as an important problem,
because both physical mechanisms are suppressed:
Brownian relaxation of nanoparticles —rotation of
whole magnetic nanoparticles in their environment,
and Néel relaxation, or rotation of the magnetic moment
inside magnetic circuits [28]. Additional disadvantage
of the clinical use of magnetic hyperthermia is the need
for high concentrations of IONPs, [Fe]=1-2 M, several
orders of magnitude higher than the concentrations
used for MRI [29]. Efforts are being made to optimize
the heating efficiency of the IONPs [30, 31].
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More recently, IONPs have been tested for in
vitro and in vivo photothermal therapy. The use of
iron oxide nanocubes as sensors for both magnetic
and laser hyperthermia has shown high efficiency of
hyperthermia in mouse tumor models [32]. The effect
of laser hyperthermia has also been demonstrated on
magnetic IONPs coated with infrared (IR) dyes Cyanine7
[33] and IR-780 [34]. It was noted that intracellular
aggregation of IONPs leads to some increase in the
photothermal heating of nanoparticles [35]. There
are also reports about the successful use of IONPs in
combination with photosensitizers for photodynamic
therapy [36,37].

When laser radiation interacts with nanoparticles,
light is absorbed and heat is scattered. The study of
these processes forms the currently actively developing
area of called thermoplasmonics [38]. The interaction of
an incident wave with a NP can be characterized using
the scattering and absorption cross sections of NPs. The
scattering cross section characterizes the part of the
radiation that, after interacting with the NP, is scattered
in different direction. The absorption cross section
describes the energy absorbed by the NP. However, the
absorption and scattering cross sections do not in any
way characterize the processes occurring in NPs in the
plasmon resonance region [39]. It was shown that in
the region of plasmon resonance, the energy flux lines
form vortex structures around the nanoparticle, which
explains the increase in the absorption cross section of
nanoparticles compared to the geometric cross section:
due to the formation of vortex structures, the energy
flux lines pass through the particle several times,
which enhances the interaction between light and the
material.

The heating that occurs when light interacts with
nanomaterials can have different physical mechanisms,
which depend on the nature of the nanomaterial. The
absorption of photons usually leads to the excitation
of photocarriers into excited states determined by
quantum mechanics, and their return to the ground
state is regulated by radiative (i.e. emission of photons)
or nonradiative processes. The latter are associated
with photonic, charge, or spin excitations or processes
of photocarrier tunneling between defect / impurity
electronic states, when the transition energy is very
low. At the nanoscale, nonradiative processes lead to
highly efficient photothermal conversion processes in
which absorbed optical energy is dissipated into heat.

In semiconducting materials such as iron oxides,
the energy of optical radiation allows for a temporary
transition of electrons from the valence band to the
conduction band, which leads to the release of heat
with the electrons relaxation back to the valence
band [40]. Photothermal conversion of non-metallic
inorganic nanoparticles demonstrates moderate

efficiency and broader optical absorption than of their
metallic counterparts. Interestingly, diffuse and direct
optical transmission and reflection components play an
important role in the absorption / scattering of photons
by colloids, especially when IONPs are aggregated [41].

In plasmon-resonant NPs, a localized surface exciton
creates a high-intensity localized electromagnetic (EM)
field near the surface, which has a significant effect on
the probability of optical processes, such as absorption
and radiative transitions (Purcell effect) [42]. An
increase in the electric field strength between two gold
nanoparticles of different sizes by two to three orders of
magnitude is well described in the literature. However,
similar phenomena for dielectric nanoparticles, such
as iron oxide nanoparticles, are poorly studied. Large
resonant field increases were predicted in the gap (from
1 to 30 nm) between two dielectric silicon microdiscs
[43].

According to our experimental data, when studying
the accumulation of iron oxide nanoparticles in cells
using laser scanning microscopy, bright sparks or
“hot spots” were observed in the images. As shown
in in vitro experiments, the emergence of “hot spots”
between IONPs during laser irradiation leads to cell
death. Presumably, the emergence of “hot spots” and
the enhancement of the therapeutic effect may be
associated with an increase in the EM field between
several IONPs, by analogy with metal NPs [44], or
their heating. In this work, we performed theoretical
modeling of the EM field enhancement for individual
IONPs and their dimers.

Materials and methods

We used commercially available NPs of iron oxide
Fe,O, (IONPs) obtained by gas-phase condensation
(NanoArc® by AlfaAesar®, USA), particle size 20-70 nm,
surface area 30-60 m?%/g, y-phase.

Sizing and Spectral Characterization of IONPs

The size and morphology of IONPs were analyzed
by transmission electron microscopy (TEM) using a LEO
912 AB Omega microscope (Carl Zeiss Group, Germany).
The hydrodynamic sizes of NPs and the (-potential
were determined using a Zetasizer Nano ZS (Malvern
Instruments, UK) in dHZO at 25 °C. All measurements
were triplicated. The absorption of colloids IONPs
in the 0.4-0.8 pm spectral range was studied using
a Hitachi U-3400 spectrophotometer (Hitachi Ltd.,
Japan). The absorbance was measured in cuvettes with
an optical path length of 1 cm; the mass concentration
of IONPs was 0.02 mg/mL.

“Hot spot” detection
To detect “hot spots” under laser irradiation, a laser
scanning confocal microscope LSM-710 (Carl Zeiss,
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Germany) was used. For measurements, the samples
were placed between two cover glasses with a fixed
distance determined by the thickness of the silicone
spacer between them. Scanning was performed with
lasers with 488 and 561 nm wavelengths. The laser
power at the exit from the objective was determined
using a LabMax-TO laser power meter (Coherent, USA).

The intensity distribution of the scanning laser
spot was calculated from considerations of the size of
the area bounded by the first-order diffraction ring for
the PSF,, point (or Airy disk) distribution function, with
radius r:

0.61Aexc
r=—,

va D
where NAis the numerical aperture of the microscope
objective, A__is the excitation wavelength.

For a 458 nm laser and a 63x oil objective with NA =
1.4,r=200 nm, spot area S =0.13 um?, measured power
density at the lens exit = 1 mW, scanning power density
p =0.839 * P/S = 0.668 MW/cm?, at a scanning speed of
0.53 ps/pixel (for temperature measurements) and 1.62
ps/pixel (for cells), the radiation dose for a single scan A
= pxt was 0.35 J/cm? (for temperature measurements)
and 1.08 J/cm? (for cells).

For a 561 nm laser, 63x oil objective with NA = 1.4,
r = 244 nm, spot area S = 0.19 pm?, measured power
density at the objective exit = 1 mW, scanning power
density p = 0.445 MW/cm?, at a scanning speed of 0.53
ps/pixel (for temperature measurements) and 1.62 us/
pixel (for cells), the radiation dose in a single scan was
0.24 J/cm? (for temperature measurements) and 0.72 J/
cm? (for cells).

The dependence of the “hot spots” number on
the concentration of IONPs, as well as on the ambient
temperature, was studied. For this, two colloids were
prepared with IONPs concentrations of 0.1 and 0.01
mg/L. To study the effect of heating on the “hot
spots” number, the studied samples were heated on
the microscope thermostat (PeCon GmbH, Erbach,
Germany) in the 20-60 °C temperature range.

The “hot spots” spectra were also studied using the
laser scanning microscope. The emission spectra of “hot
spots” were recorded with a 32-channel GaAsP detector
in the 400-750 nm spectral range. Each “hot spot” was
visualized by a microscope as a group of several pixels
with different brightness. At the initial moment of time,
which corresponds to the first pixel, the brightness is
low. Then there is a flare-up to maximum brightness,
after which the brightness decreases again. To obtain
the resulting spectrum, averaging was carried out
for several “hot spots” over pixels with the same step
after the occurrence, i.e. with approximately the same
brightness.

Registration of “hot spots” in cells in vitro

The intracellular distribution of IONPs and laser-
induced “hot spots” were studied in Hela cell culture.
Hela cells were cultured in RPMI-1640 medium
containing 10% fetal calf serum at 37°Cin 5% CO,. The
cells were subcultured every third day. For confocal
microscopy, cells were plated onto a Petri dish with a
glass bottom POC-R2 (PeCon GmbH, Erbach, Germany)
at a density of 100 x 10® /cm? one day before the
experiment. The next day, IONPs were added to the cells
4 hours before the start of microscopic examination.
Before microscopic examination, cells were washed
twice with pre-warmed phosphate buffered saline.

Theoretical modeling of the spectroscopic properties of
IONPs

We simulated the scattering and absorption cross
sections of individual IONPs in water, as well as local
field enhancement near individual IONPs and between
two nanoparticles of different sizes, forming a dimer.
Water was used as the surrounding dielectric medium
in the model.

The optical properties of individual spherical
IONPs with a radius of 10 and 35 nm in the near and
far fields were simulated using the T-matrix method
[45, 46]. The scattering was calculated for the 400-800
nm optical wavelength range. The complex refractive
indices of gold and iron oxide were taken from https://
refractiveindex.info/, where data from [47] and [48] are
presented.

The field enhancement near the surface of a NP can
be described by the formula:

u = ypu(vir), (2)

where u and u (v,) are the energy of the external field
in a unit spectral range with and without a nanoparticle,
Y, is the field enhancement factor equal to the ratio of
the field generated by the particle to the initial one:

E 2
A ,(3)

YE =

where E is the field created by the particle, E,is the
incident field.

The calculation made it possible to obtain the
dependences of the absorption and scattering cross
sections, as well as to calculate the field enhancement
factor depending on the wavelength of the incident
radiation in the medium containing the simulated NPs.
Scattering by dimers consisting of two NPs with a radius
of 10 and 30 nm located at a distance of 1, 5, 10, and
50 nm from each other was calculated using the finite
difference time domain (FDTD) method [49, 50]. The
finite difference method was used to numerically solve
partial differential equations for three-dimensional

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T.10, N24/2021

a7



(V)
r
O
—
oz
<
<
=
@)
o
O

Pominova D.V., Romanishkin I.D., Plotnikova E.A., Morozova N.B.,
Loschenov V.B., Wittig R., Linden M., Steiner R.W., Ryabova A.V.

Photo-induced processes of iron oxide nanoparticles to enhance laser therapy

objects. In the calculation, it was assumed that the
dimer is illuminated by a plane wave propagating along
the z-axis and polarized along x-axis. The calculation
takes into account the geometric parameters of the NPs
and the dielectric constants of the medium and NPs.
The calculation of the spatial distribution of the field
and the local field enhancement between the particles
was carried out for 458 and 561 nm wavelengths, which
were used in the experiment.

Simulation of NP heating under the laser irradiation
Heating was calculated using the formula derived in
[501:

Oaps! P
ATNP — abs _

,(4)

47TR Kwater 4’”R Kwater

where o, is the absorption cross section of the
nanoparticle, / is the intensity of the incident laser
radiation (W/m?), P is the absorbed power (W), R is the
nanoparticle radius, K oter 1S the thermal conductivity of
water, 0.56 W/(m-K). The heating was calculated using
the absorption and scattering cross-sections calculated
with the T-matrix method for the corresponding
wavelengths.

Equation (4) makes it possible to calculate the
heating of nanoparticles located in water irradiated
with continuous laser radiation. The source of heat is
optical absorption, which is locally proportional to the
electric field strength and the imaginary part of the
dielectric constant. We considered that water does not
absorb the incident laser radiation. Thus, laser radiation
is absorbed only by IONPs and creates a heating source
located completely inside the nanoparticle. Due to
the large difference in the thermal conductivity of
water and Fe,0, (0.56 and 7 W/(m-K) for water and iron
oxide Fe,O,, respectively) we can assume that heat
is distributed inside a particle so quickly, compared
to the external environment, that its temperature is
almost uniform for medium-sized particles, and thermal
energy accumulates at the particle boundary before
diffusing into the water. It should be noted that this
approach was proposed by the authors of [51] for gold
NPs in water, the difference in the thermal conductivity
of gold and water is significantly higher (318 W/(m-K)
for gold). However, in addition to the ratio of thermal
conductivities, one should also take into account the
time required to reach the steady state 7, which can be
calculated as:

pc, R?
~R2—:—, 5
t x ~op’®
where R is the radius of the nanoparticle, D is

the thermal diffusivity (m?/s). For water, the thermal
diffusivity is 1.43x10% m?%/s.

The authors considered gold NPs 100 nm in size.
The largest size of the NPs considered in this work is 70
nm. Due to the quadratic dependence of T on the NP
radius, the time to reach the steady state for our NPs is
significantly shorter.

Since the temperature distribution corresponds
to the Poisson equation, which is scale-invariant, it
depends on the particle size only indirectly, through the
absorbed power P. For a small sphere, the distribution
P(r) is uniform, and the temperature rise inside the NP
can be described by the equation:

p(R* —1?)

AT(r) = o
NP

+ ATNP , (6)

where AT yr is the temperature calculated using (4).

The temperature is the highest at the center of the
particle, and tends to T,, at the surface of the particle.
Thermal heterogeneity can be calculated using the
formula:

ATmax
ATmin

= 1+K
B 2KNp

For Fe,O, NPs, the ratio AT /AT . is 1.04. It can be
said that the heat inside the NPs propagates rather
quickly compared to the external environment, and the
temperature is almost uniform inside the particles of the
considered sizes. Thus, the approach proposed for gold
nanoparticles is applicable to the IONPs considered in
this work.

Results

The TEM results show that the IONPs of hexagonal
shape and have diameters ranging from 20 to 70 nm
(Fig. 1). The hydrodynamic size of particles in the colloid
is 130£65 nm, which indicates some aggregation, the
(-potential measured in distilled water (pH = 7.0) was
354 mV.

The intracellular distribution of IONPs in Hela cell
culture obtained using laser scanning microscopy is
shown in Fig. 2.

In cells, “hot spots” are localized within
endolysosomes, which is confirmed by the rapid
discoloration of the lysosomal dye LysoTracker™ Green
DND-26 (Invitrogen, USA), data not shown. A similar
intracellular localization of IONPs is observed in many
works, for example [32]. The emission spectra of “hot
spots”are shown in Fig. 3.

The shape of the recorded spectra of “hot spots” is
characteristic for thermal radiation, which indicates a
high local temperature. To analyze and interpret the
observed effect, we performed theoretical modeling
of the local field enhancement between IONPs with a
radius of 10 and 35 nm (the largest and smallest NP size
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Puc. 1. a — cneKTpbl nornoweHus BogHoro Kosionaa IONPs; b — M3M IONPs, wkana 200 HM, Ha BcTaBke — 30 HM.
Fig. 1. a — absorption spectra of IONPs water colloid; b — TEM of IONPs, scale 200 nm, scale on the inset — 30 nm.

in the studied colloids) and the heating of IONPs under
the laser irradiation. The scattering and absorption
cross-sections for single IONPs with a radius of 10 and
35 nm, calculated using the T-matrix method, are shown
in Fig. 4.

The dependence of the field enhancement for
single IONPs with a radius of 10 and 35 nm from the
wavelength, calculated using the T-matrix method, is
shown in Fig. 5.

It can be seen that the observed field enhancement
for individual IONPs is rather low. For a pair of two

particles, the field enhancement is much higher,
Fig. 6.

The maximum enhancement is achieved at a small
distance between nanoparticles and is 112 and 96 at a
distance between nanoparticles of 1 nm for 458 and 561
nm wavelengths, respectively. These field enhancement
values are comparable to the enhancement obtained
with gold NPs. The field enhancement factor
exponentially depends on the distance between
particles, Fig. 5, and tends to the value for a large particle
at large distances between particles. The calculated

Puc. 2. MUKpOCKONUYECKNE N306ParKeHUs Kylb-
Typbl Knetok Hela, nony4yeHHble Npu nasepHom
CKaHUMPOBaHUU C AJIMHOM BONHbI 561 HM. Puo-
IeTOBbIM LBETOM NOKa3aHbl UHAYLIUPYEMbIE NPU
Nla3epHOM CKaHUPOBaHUMU «rOPSIHUE TOYKU».

Fig. 2. Microscopic images of a HeLa cell culture
obtained by laser scanning at a wavelength
of 561 nm. The «hot spots» induced by laser
scanning are shown in purple.
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Puc. 3. a — cneKkTpbl MHAYLUPYEMbIX NPU Na3€PHOM CKAHUPOBAaHUM «FOPSAYNX TOUEK», b — nanocTpaLmMa Ucnosib3yemoro Metoaa ycpea-
HeHus. [ToKa3aHbl TPU «ropsiuve TOUKWU», NpeacTaBisiiowne co6omn rpynny NnMKcenen ¢ pasiMyHon APKoCTblo. /1 NoNy4eHUs pe3ynbTu-
PYIOLWKUX CNEKTPOB NPOBOAUIN yCPEeAHEHUE NO NUKCENAM C OAMHAKOBOW IPKOCTbIO (MMKcenb 1, NnuKcenb 2 U T.A.) ANA YeTbipex «ropsYnx
TOYEK».

Fig. 3. a — spectra of laser-scanned «hot spots», b — illustration of the averaging method used. Three <hot spots» are shown, which are a
group of pixels with different brightness. To obtain the resulting spectra, averaging was performed over pixels with the same brightness
(pixel 1, pixel 2, etc.) for four «<hot spots».
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Puc. 4. CeveHus paccesHus u nornoweHus ana ogmHouHbix IONPs paguycom 10 HM u 35 HM, paccuMTaHHble NpY NOMOLLUK MeToaa
T-martpuu,.

Fig. 4. Scattering and absorption cross sections for single IONPs with a radius of 10 nm and 35 nm, calculated using the T-matrix
method.
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Puc. 5. PakTop ycuneHus nons ans oauHodHbix IONPs paguycom
10 HM 1 35 HM, paccyuTaHHbIi Npy NomowmM metoga T-maTpuu.
CHOCKamMMu MokKa3aHbl 3HayeHus ¢aKTopa ycuneHus nons Ans
ANVH BOMH 458 HM 1 561 HM.

Fig. 5. Field enhancement factor for single IONPs with a radius
of 10 nmand 35 nm, calculated using the T-matrix method. Data
labels show the values of the field amplification factor for the
wavelengths of 458 nm and 561 nm.

Puc. 6. dakTop ycuneHus nons ana aumepos u3 aAsyx IONPs pagu-
ycamu 10 HM 1 35 HM, paccyUTaHHbIA NPU NOMOLLU METOAA KOHeY-
HbIX pa3HOCTEW BO BPeMEHHON o6nactu Ana AAvH BONH 458 HM
1 561 HM B 3aBUCUMOCTH OT PacCTOSIHUSI MEXJy HaHo4YacTULamu d.
Fig. 6. Field enhancement factor for dimers from IONPs with a
radius of 10 nm and 35 nm, calculated using the finite difference
method in the time domain for wavelengths of 458 nm and
561 nm depending on the distance between nanoparticles d.

enhancement values for single IONPs and dimers are
shown in Table 1.

When analyzing the results obtained for the spatial
distribution of the field, several characteristic zones can
be distinguished in the EM interaction of two particles,
Fig. 7.

At distances of more than 10 nm, the particles
practically do not interact with each other. The
enhancement is almost the same as for individual IONPs
(Table 1). As the distance decreases to less than 10 nm,
the field enhancement zones around the nanoparticles
begin to overlap and local “hot spots” appear, the
enhancement in which significantly exceeds the field
enhancement for individual NPs. With a change in the
distance from 10 to 1 nm, an exponential increase in
the field enhancement factor is observed, as well as
localization of the resulting enhancement in a small
region of the space between NPs.

The values of the heating temperature under the
laser irradiation, calculated for IONPs with a radius of
10 and 35 nm (the smallest and largest particle size in a
colloid), under the laser irradiation with wavelengths of
458 and 561 nm, are shown in Table 2.

It is shown that the heating temperature of large
NPs (70 nm in size) approximately corresponds to
the heating temperature of 100 nm gold NPs by
laser radiation at the absorption maximum. The total
heating of a 100 nm NP by two wavelengths is 107.9
°C. Despite the rather high heating temperature, the
occurrence of thermal emission of nanoparticles at

BIOMEDICAL PHOTONICS T.10, N24/2021

Ta6nuual

(daKTop YCUAEHHUSA NOASA, pAaCCUMTAHHbIN AAA OAMHOUHDbIX IONP
1 UX AMMEpPOB

Table 1

Field enhancement factor calculated for single IONPs and
their dimers

Aumepbi IONPs

apaverp |E/Eo|? |E/Eo|?
d, Hm A =458 Hm A=561HM
d, nm A=458nm A=561nm
1 112 96
5 29 26
10 20 18
50 8 7
OpaunHouHble IONPs
Single IONPs
|E/Eo|? |E/Eol|?
A\ HM R=10HMm R=35HMm
A, nm R=10nm R=35nm
460 6 8
560 5 7

MpumeyaHve: d — paccTosiHMe MeXay HaHouacTULamu, N — AnvHa Bon-
Hbl, R - pagunyc HaHovacTu.

Note: d - distance between nanoparticles, A — wavelength, R - radius
of nanoparticles.
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d=1wm/d=1nm
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Puc. 7. lpocTpaHCTBEHHOE pacnpeaeneHue nosjs U 1IoKkaabHoro ycunexus nona mexay IONPs ¢ paguycamu 10 Hm 1 35 HM B 3aBMCUMO-

CTH OT PAacCTOSIHUA MeXy HaHoYacTULaMM d.

Fig. 7. Spatial field distribution and local field enhancement between IONPs with 10 nm and 35 nm radii depending on distance

between NPs d.

Ta6nuua 2

Bpems AOCTMXXEeHUA yCTaHOBUBLLETOCA PeXuma T U OTHOCUTeAbHOE U3MeHeHUe Temnepatypbl AT noa AENCTBUEM Aa3epHoro us-

Ay4yeHUs AN uccrepoBaHHbIx IONPs
Table 2

Time to reach steady state conditions T and relative temperature change AT under the laser irradiation for the studied IONPs

2
cpeAa /

Fe,0, 10 0.001
Fe,O, BOAa 35 0.003
Au 50 0.019

50 (458 H™m) 4.4 3Ta paborta /
18 (560 HM) 1.1 this work
3522 (458 HMm) 88.9 3Ta pabota /
1157 (560 Hm) 19.0 this work
(B pabote
He yKasaHo) / 100 [50]

NA

MNpumeyaHune: R - paanyc HaHO4YacT1L, T - BPEMA AOCTUKEHNA YCTAHOBMBLLETOCA peXXMa, 0, — Ce4eHne NOornoweHnA HaHOYaCTULbl, AT - oTHOCK-
TeNbHOE U3MeHeHNe TeMmnepaTypbl No4 nencTsnem Na3epHOro n3nyyeHus.

Note: R - radius of nanoparticles, T - time to reach steady state conditions, o

change under the laser irradiation.

s — @bsorption cross section of nanoparticle, AT - relative temperature

such temperatures is unlikely. In this regard, we assume
that the observed “hot spots” arise mainly due to the
local field enhancement.

Since the field enhancement is highly dependent
on the distance between particles, we investigated
the effect of temperature on the number of observed
“hot spots”. Presumably, as the temperature rises, the
particles more often find themselves at a close distance

from each other and the number of observed“hot spots”
should increase.

The IONPs colloid image obtained by laser scanning
at wavelengths of 488 and 561 nm is shown in Fig. 8a. The
dependence of the number of “hot spots” on temperature
and particle concentration is shown in Fig. 8b.

With an increase in temperature by 30°C, the number
of“hot spots”increased by about 7000 on average. This is
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due to the fact that with an increase in temperature, the
diffusion coefficient increases, which is proportional to
the temperature, and the particles more often approach
each other. Thus, due to more frequent approaches of
nanoparticles, enhancement occurs more often, which
confirms the assumption made about the appearance of
the observed “hot spots” due to the local enhancement
of the electromagnetic field between NPs.

Discussion and conclusion

Over the past 20 years, there has been a significant
increaseinthe numberofreports on hyperthermia. Many
focused onthelocal heating effect, a special temperature
profile near NPs with little or no macroscopic heating.
This approach has many benefits. First, the effect
becomes less dependent on the number of NPs usually
required to significantly increase the macroscopic
temperature in the target area. Consequently, biological
tissues are not exposed to serious stress, and the toxic
effects are highly localized. Second, the thermal profile
around the NP can cause drug release without thermal
damage to the treatment area.

The temperature profile of heating near a
nanoparticle is difficult to study due to its nanoscopic
size and short event time. Measurements can be
an indirect (for example, using thermosensitive

reactions) or a direct estimate of the thermal gradient
in the region of interest. Direct estimation of the local
temperature profile around nanoparticles is less studied
[52]. Using nanotherometers, such as up-conversion
NPs [53], sensors based on DNA hybridization [54],
thermosensitive polymers [55], a strong temperature
gradient was recorded from the surface of nanoparticles
to the environment.

Another interesting effect is the local enhancement
of the electromagnetic field near nanoparticles,
which can lead to an increase in the luminescence
intensity of nanoparticles and dyes [56], an increase
in the Raman scattering signal [57], and an increase
in the efficiency of singlet oxygen generation by
photosensitizers [58]. It was shown in [59] that the field
enhancement for non-spherical gold nanoparticles £/
E,is 25 to 35 times. The use of dimers made of non-
spherical gold nanoparticles and careful optimization
of their parameters made it possible to obtain a field
enhancement of 270 for two gold nanoparticles,
elliptical and spherical, differing 1000 times in volume,
located at a distance of 17 nm from each other. The
field enhancement between two spherical silver
nanoparticles with a radius of 0.5 and 5 nm exceeds
the field enhancement of one NP by a factor of 75 and
is about 400 at the resonance wavelength.

Yucno croprumrx Tosess / Number of "hot spots”™

35000

30000 /
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g =4=0.1 mr/an /
T 20000 - 0.1 mg/ml
= 15000 - ~4-0.01 mr/mn /
& > 0.01 mg/mi
Z 10000 —
B -

5000 ~
-
o T !
20 30 40 50 60 70
T°C
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Puc. 8. a — KpacHbIM LBETOM NpeAcTaB/eHbl «ropsiuue TOUKU» Ansi BogHoro komonaa IONPs ¢ KoHueHTpauuen 0,1 mr/mn npu o6nyye-
HUU OJ4HOBPEMEHHO na3epamMu ¢ AIMHaMu BoJIH 488 HM 1 561 HmM npu 100% mouwHocTH; b — 3aBMCMMOCTU KonlMdyecTBa HabnlogaemMbix

BCNbIWeEK oT KoHueHTpauuu IONPs n Temnepartypbl.

Fig. 8. a — red color represents «hot spots» for an aqueous colloid of IONPs with a concentration of 0.1 mg/ml under
simultaneous irradiation with 488 nm and 561 nm lasers at 100% power; b — dependences of the number of observed «hot spots» on

the concentration of IONPs and temperature.
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In our work, we have demonstrated that, upon
laser excitation of the investigated IONPs, individual
regions with a bright glow, the so-called “hot spots”,
are observed in the obtained images. In the case of in
vitro studies, these points were localized in areas of
accumulation of nanoparticles inside cells, presumably
in lysosomes. Exposure of cell cultures to high power
density laser radiation leads to cell death. It was
assumed that the cause of the observed effect may
be laser-induced heating and / or local enhancement
of the electromagnetic field near the surface of
nanoparticles.

Based on our recorded luminescence spectra of “hot
spots” in an aqueous colloid of polydisperse IONPs at
a sufficiently high laser scanning power density (MW/
cm?) characteristic of thermal radiation, conclusions can
be drawn about a very high local temperature.

However, using theoretical modeling, it was shown
that the heating temperature of large NPs (70 nm
in size) approximately corresponds to the heating
temperature of 100 nm gold NPs by continuous laser
radiation to the absorption maximum. The total
heating of a 100 nm NP by two wavelengths is 107.9
°C. Despite the rather high heating temperature, the
occurrence of thermal emission of nanoparticles
at such temperatures is unlikely. However, upon
reaching 100 °C, water begins to boil, the NP will end
up in a vapor bubble, this will reduce the rate of heat
dissipation and lead to even greater overheating. It
should be noted that, according to the literature data,
in the case of pulsed laser excitation, heating can be
significantly higher and reach 1000 K at the end of the
laser pulse [60].

Theoretical modeling of the local field enhancement
for IONPs with a radius of 10 and 35 nm showed that
the dependence of the enhancement for single NPs
is rather low. For a pair of particles with a radius of 10
and 35 nm, the field enhancement is much higher. The
maximum enhancement is achieved at a small distance
between nanoparticles and is two orders of magnitude
at a distance between nanoparticles of 1 nm. Such
values of the field enhancement are comparable to
the enhancement obtained for plasmonic NPs made of
noble metals.

At distances more than 10 nm, the particles
practically do not interact with each other. When the
distance changes from 10 to 1 nm, an exponential
increase in the field enhancement factor is observed,
as well as localization of the resulting enhancement in
a small region of the space between nanoparticles, and
local “hot spots” appear. It was also shown in [60] that,
in contrast to single spherical nanoparticles, for which a
uniform temperature distribution is observed in the bulk
of the nanoparticle, in the case of dimers and trimers
from gold nanoparticles, hot and cold zones arise in
the bulk of the particles with plasmon resonance. The
location of the maximum density of the plasma of free
electrons surrounding the nanoparticles coincides with
the location of the “hot spots” of the hot zones with high
temperature and with the location of the maximum
enhancement of the electric field inside the particles.
Thus, the observed thermal emission may be due to the
local enhancement of the electric field in IONPs dimers.
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