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Heating mediated by iron oxide nanoparticles subjected to near infrared irradiation has recently gained lots

of interest. The high optical loss values reported in combination with the optical technologies already

existing in current clinical practices, have made optical heating mediated by iron oxide nanoparticles an

attractive choice for treating internal or skin tumors. However, the identification of the relevant

parameters and the influence of methodologies for quantifying the optical losses released by iron oxide

nanoparticles are not fully clear. Here, we report on a systematic study of different intrinsic (size, shape,

crystallinity, and iron oxidation state) and extrinsic (aggregation, concentration, intracellular environment

and irradiation conditions) parameters involved in the photothermal conversion of iron oxide

nanoparticles under near infrared irradiation. We have probed the temperature increments to determine

the specific loss power of iron oxide nanoparticles with different sizes and shapes dispersed in colloidal

suspensions or inside live breast cancer cells. Our results underline the relevance of crystal surface

defects, aggregation, concentration, magnetite abundance, excitation wavelength and density power on

the modulation of the photothermal conversion. Contrary to plasmonic or magnetic losses, no

significant influence of nanoparticle size nor shape was observed on the optical losses released by the

studied iron oxide nanoparticles. Interestingly, no significant differences of measured temperature

increments and specific loss power values were either observed when nanoparticles were inside live cells

or in colloidal dispersion. Our findings highlight the advantages of optical heat losses released by iron

oxide nanoparticles for therapeutic applications.
Introduction

Light-matter interactions1–3 have been widely explored due to the
vast and assorted amount of related physical phenomena ranging
from plasmonic charge excitations4 to black holes.5 When light
reachesmatter, the interaction of photons with atoms depends on
the electronic properties of matter, photon energy and polariza-
tion.6 Photon absorption generally results in photocarriers
promoted to excited states dened by quantum mechanics, and
the return to their ground state is ruled by radiative (i.e. photon
emission) or non-radiative processes.7,8 The latter is related-
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among others-to phonon, charge or spin excitations, or photo-
carrier tunnelling processes between defect/impurity electronic
states when the transition energy is very low. At the nanoscale,
non-radiative processes result in highly efficient photothermal
conversion processes, for which the absorbed optical energy
dissipates into heat.9,10 One example is given by metallic nano-
particles that have been widely studied due to their outstanding
photothermal conversion efficiencies when irradiated by photons
whose energy is at/or near their plasmon resonance. The resulting
heat released from the photothermal conversion renders metallic
nanoparticles, such as gold nanoparticles, in extremely attractive
candidates for photothermal therapies.11 These therapies employ
nanoparticles as heating mediators to induce cell death by
generating thermal stress inside cells or tissues.12,13However, little
is known about the parameters ruling the photothermal conver-
sion in other nanomaterials such as organic nanoparticles (e.g.
cyanine14 and polyaniline15 derivates, or melanin16 nanoparticles)
or non-metallic inorganic nanoparticles (e.g. carbon nano-
structures,17,18 metallic oxides,19,20 or semiconductors21). In fact,
the photothermal conversion capabilities of these nanoparticle
families have shown more moderate efficiencies and broader
© 2021 The Author(s). Published by the Royal Society of Chemistry
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optical absorption than the metallic counterparts.15,22–24 Non-
metallic inorganic nanoparticles provide new possibilities for
combining optically activated heating capabilities with other
external stimuli such as alternating magnetic elds (HAC) in
biomedical applications.25 This is the case of iron oxide nano-
particles (IONPs), the most widely employed nanomaterial in
biomedical applications. IONPs can be precisely synthesized with
tailored structural, colloidal, and magnetic properties, and they
are highly biocompatible26 and fully biodegradated in few days.27

Recent studies have shown that the photoconversion capabilities
of IONPs under near infrared irradiation (NIR)20 and the subse-
quent heat release becomes a simultaneous strategy to enhance
the thermal stress supplied by HAC,28,29 which benets solid
tumour removal.25 Moreover, the use of NIR to activate IONP
optical losses is gaining interest because in this wavelength range:
(i) tissue absorption is low;30 (ii) no signicant phototoxic effects
are reported;31 (iii) NIR technologies are already present in clinical
practices;32–34 (iv) IONPs are reported to maintain highly stable
during photothermal performance, with no change in size or
crystallinity.35 However, the physical mechanisms driving the
photothermal conversion of IONPs are not yet fully understood.
Consequently, the parameters involved on modulating the IONP
optical losses are not totally identied. Several studies performed
in different laboratories using distinct IONPs assess the inuence
of IONPs shape,20 size,36 clustering,37–39 crystal defects,40 iron
oxidation states,41,42 irradiation power and wavelength20,41,43,44 on
the optically activated heating efficiency. More research is needed
to unambiguously dene the parameters inuencing optical los-
ses of IONPs when subjected to NIR.

Here, we report on a systematic study of the inuence of
different intrinsic (size, shape, crystallinity and Fe2+/Fe3+ oxida-
tion state) and extrinsic (aggregation, concentration, intracellular
environment, irradiation power density and excitation wave-
length) parameters on the photothermal conversion of a wide set
of IONPs. Our results supply new evidences on the relevance of
nanoparticle crystallite size, aggregation, and excitation wave-
length (between 700 and 1300 nm) on the benet of photothermal
conversion of IONPs. Interestingly, diffuse and direct optical
transmission and reectance components play an important role
on the fate of photon absorption/scattering by colloids, especially
when IONPs aggregate. The latest highlights the relevance of the
experimental methodologies for stressing the correlation between
optical absorption and heat losses. Contrary to plasmonic or
magnetic losses, no signicant inuence of IONP size or shape
was observed under the experimental conditions explored in this
study. We have conrmed that temperature increments and
optical SLP of IONPs dispersed in aqueous suspensions or inside
live breast cancer cells are maintained. Thus, we propose a novel
method to quantify the intracellular heat dose (HDC) released by
IONP under NIR. We also assessed the limitation of the employed
methodology to determine SLP values of IONP under NIR.

Experimental section
Iron oxide nanoparticles

Table 1 lists the IONPs employed in this study, whose structural
and colloidal properties show typical values of high quality
© 2021 The Author(s). Published by the Royal Society of Chemistry
IONPs, with the exception of 18-IONP and P-IONP. The two
latest display magnetic properties strongly inuenced by spin
disorder. These disordered IONPs were intentionally selected to
provide experimental results that contribute to unambiguously
reect the distinct origin of magnetic and optical losses in
IONPs. On one hand, a set of IONPs with different sizes ranging
from 8 to 19 nm (8-IONP, 14-IONP, 15-IONP, 18-IONP, 19-IONP)
was synthesized at iMdea Nanociencia (iMdea) by a thermal
decomposition method.45 Then, IONPs were transferred to
aqueous media through ligand substitution with meso-2,3-
dimercaptosuccinic acid (DMSA), as previously described.45,46

On the other hand, a set of IONPs with comparable size
(between 15 and 18 nm) and different shapes: spheres (S-IONP),
cubes (C-IONP), platelets (P-IONP) and octopods (O-IONP) were
synthesized at Institut de Physique et Chimie des Matériaux de
Strasbourg (IPCMS) by a thermal decomposition method
described elsewhere.47–50 IONPs were transferred to aqueous
media following a well-established protocol.49,51,52 The resulting
IONPs were coated with dendrons bearing phosphonic acid
tweezers and three PEG chains for biocompatibility to ensure
a strong coupling to the IONP surface. Finally, two commercial
IONPs were used: (i) FluidMag-CT (FM-CT; product number:
4122-1) are manufactured by Chemicell GmbH (Berlin, Ger-
many); (ii) HyperMAG® C (LRL) are manufactured by Liquids
Research Limited (Bangor, United Kingdom).
Structural characterization

The size and shape of the studied IONPs were evaluated by
transmission electron microscopy (TEM) (see Fig. S1† at ESI):
JEOL 2100 microscope operating at 200 kV (point resolution
0.18 nm) was employed at IPCMS; and JEOL JEM 1010 micro-
scope operating at 100 kV was employed at Servicio Inter-
departamental de Investigación, Universidad Autónoma de
Madrid. TEM images were examined through manual analysis
of more than 150 particles randomly selected in different areas
of TEMmicrographs using Image-J soware to obtain the mean
size and size distribution listed in Table 1. The crystal structure
of IONPs with different sizes synthesized at iMdea was identi-
ed by X-ray powder diffraction (XRD) performed at room
temperature (RT) with a Bruker D8 Advance powder diffrac-
tometer (Bruker, Billerica, MA, USA) using Cu Ka radiation (l ¼
0.154056 nm) with an energy-discriminator (Sol-X) detector. The
patterns were collected in the range 2q ¼ 20�–80�. The XRD
spectra were indexed to an inverse spinel structure (as magne-
tite and maghemite). The average crystallite size was calculated
by Scherrer's equation using the half width of the (311) peak.
The crystal structure of IONPs with different shapes synthesized
at IPCMS were examined by XRD at RT with Bruker D8 Advance
powder diffractometer equipped with a monochromatic Cu Ka
radiation source and a Lynx-Eye detector in the range 2q ¼ 27�–
65�. High purity silicon powder (a ¼ 0.543082 nm) was
systematically used as an internal standard. Prole matching
renements were performed through the Fullprof program
using Le Bail's method53 with the modied Thompson–Cox–
Hasting pseudo-Voigt prole function. The iron oxidation states
(Fe3+ and Fe2+) present in the studied IONPs were examined by
Nanoscale Adv., 2021, 3, 6490–6502 | 6491
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Table 1 Summary of structural, and colloidal parameters from the studied IONPs at RT. L ¼ length; W ¼ width

Name IONP shape Coating TEM size (nm) Hydrodynamic size (nm)
Number of IONPs per gram
of Fe (number of IONP/gFe)

8-IONP Spherical DMSA 8 � 1 109 (PDI ¼ 0.26) 26.8 � 4.5 � 10 14

14-IONP Spherical DMSA 14 � 3 57 (PDI ¼ 0.24) 12.1 � 0.8 � 10 14

15-IONP Polyhedron DMSA 15 � 2 69 (PDI ¼ 0.25) 18.0 � 0.7 � 10 14

18-IONP Polyhedron DMSA 18 � 2 102 (PDI ¼ 0.24) 26.2 � 1.5 � 10 14

19-IONP Polyhedron DMSA 19 � 3 79 (PDI ¼ 0.36) 26.2 � 2.1 � 10 14

FM-CT Polyhedron Citric acid 11 � 2 50 (PDI ¼ 0.12) 4.6 � 0.1 � 10 14

LRL Polyhedron DMSA 16 � 4 93 (PDI ¼ 0.19) 23.3 � 0.7 � 10 14

P-IONP Platelet Dendron L: 17 � 5 51 (PDI ¼ 0.18) 41.2 � 5.6 � 10 14

W: 6 � 2
S-IONP Spherical Dendron 18 � 1 49 (PDI ¼ 0.25) 20.4 � 0.5 � 10 14

C-IONP Cubic Dendron 15 � 2 80 (PDI ¼ 0.42) 22.8 � 1.7 � 10 14

O-IONP Octopods Dendron 17 � 2 39 (PDI ¼ 0.16) 23.8 � 2.6 � 10 14
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Raman spectroscopy, whose vibrational spectra were acquired
using a confocal Raman microscope (CRM) integrated with an
atomic force microscope into an Alpha300RA Microscope
(WITec, Ulm, Germany). The employed Nd:YAG laser 532 nm
line was linearly p-polarized and focused by an objective with
numerical aperture of 0.95. A few IONP dispersion drops were
placed onto a silica buffer and dried for 10 minutes prior to the
measurements. The incident laser power was xed at 0.01–0.02
mW to prevent oxidation changes resulting on IONP composi-
tional modications. Average Raman spectra consisted of 30
single spectra with an integration time of 10 seconds. The
collected spectra were then analyzed with WiTec Project Plus
soware, and Raman mode positions were tted using Lor-
entzian functions.
Colloidal characterization: hydrodynamic diameter

The hydrodynamic size (DH) of IONPs was determined by
dynamic light scattering (DLS) with a Zetasizer Nano ZS
equipment (Malvern Instruments, USA). IONP suspensions
were diluted in double distilled water (DDW) to a nal
concentration of 0.05 gFe L�1 in a commercial cuvette. The
energy source was a laser emitting at 633 nm, and the angle
between sample and detector was 173�.
Quantication of IONP concentration

IONP concentration is based in the iron (Fe) content in the
magnetic colloids. The Fe concentration was determined by
measuring the Fe content by inductively coupled plasma mass
spectrometry in ICP-OES (PerkinElmer Optima 2100 DV).
Table 2 Hydrodynamic size and polydispersity index (PDI) for aggre-
gated LRL nanoparticles employed to test the influence of DH on
magnetic and optical SLP values shown in Fig. 7a and S3 at ESI

DH (nm) PDI

81 0.18
88 0.17
103 0.24
133 0.29
154 0.28
246 0.49
Variation of hydrodynamic size

In order to study IONP aggregation effects, we have used LRL
IONPs. The original DH of LRL (80 nm and PDI ¼ 0.18) in DDW
was intentionally altered to obtain stable colloids of up to
246 nm (see Table 2). For this purpose, aqueous IONP suspen-
sions were diluted with phosphate buffered saline (PBS) 1X to
achieve different salt concentration ratios ranging from 0.2X to
0.45X at a nal iron concentration of 1 gFe L�1. Then, the
6492 | Nanoscale Adv., 2021, 3, 6490–6502
dispersions were sonicated for 20 minutes and incubated at RT
for 45 minutes.
Nanoparticle tracking analyse (NTA)

For the determination of number of IONPs per unit volume in
magnetic suspensions with iron contents of 0.5 and 1 gFe L

�1,
we employed Nanosight NS300 (Malvern Instruments, USA).
The 0.5 and 1 gFe L

�1 samples were diluted 1 : 5000 in DDW and
injected into the instrument chamber using a 1 mL syringe.
Camera settings were adjusted in order to focus the objective.
The video data was collected for 60 seconds and repeated 3
times per sample.
Magnetic characterization

Quasi-static conditions. Magnetic characterization of IONP
(ironmass of 200 mg) under quasi-static conditions was carried out
in a vibrating sample magnetometer (VSM, Oxford Instrument
MLVSM9 MagLab 2T) shown in Fig. S2a† at ESI. The variation of
sample magnetization as a function of the applied external
magnetic eld was acquired at RT by rst saturating the sample
under a eld of 1600 kA m�1. Saturation magnetization (MS)
values were calculated by extrapolating to innite eld the exper-
imental results obtained in the high eld range where the
magnetization linearly increases with 1/H. Magnetization units are
expressed in Am2 per kilogram of magnetic mass (i.e. iron mass).

Dynamical conditions. AC magnetometry measurements of
the magnetic colloids with an iron mass of 40 mgFe (Advance AC
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hyster) and 200 mgFe (LF AC Hyster) were carried out by
commercial inductive magnetometers (AC Hyster Series;
Nanotech Solutions, Spain). The LF AC Hyster Series magne-
tometer works at a single eld frequency (1.2 kHz) and ampli-
tudes are automatically tuned up to 120 kA m�1 (see Fig. S2b
and c,† at ESI). The Advance AC Hyster Series magnetometer
offers a wider eld frequency range from 10 kHz up to 300 kHz
and eld intensities up to 24 kA m�1 that are automatically
selected. Each magnetization cycle is obtained out of three
repetitions, resulting in the averaged magnetization cycle and
the related magnetic parameters (HC, MR, area). In order to
accurately quantify the magnetic losses of LRL suspensions
with intentionally increased hydrodynamic size, the specic
absorption rate (SAR) values were calculated according to SAR¼
A$f,54 where A is the magnetic area and f is AC magnetic eld
frequency. These magnetic SAR measurements take less than 1
minute, contrary to the calorimetry ones (�20 minutes). Thus,
colloidal stability (i.e. DH) is maintained during measurements
of optical and magnetic losses. Magnetization units were nor-
malised by the magnetic mass (i.e. iron mass).

Optical characterization

Optical transmissionmeasurements were carried out by UV-VIS-
NIR Spectroscopy (Varian Cary spectrometer) in the 600–
1300 nm spectral range (see Fig. S2d–f at ESI†). For the
measurements, iron concentration of IONP suspensions was 1
gFe L

�1 in a reduced volume quartz cuvette (200 mL) placed in
different congurations into the spectrometer. The optical path
of the cuvette has 2 mm length. Direct transmittance (TD) of
different size and shape IONPs was extrapolated from the
absorbance values obtained using the following expression: A ¼
�log TD. The total (TT), diffuse (Td), and direct transmittance
and reectance (RT, and Rd) measurements for LRL with distinct
DH were carried out by UV-VIS-NIR spectroscopy (LAMBDA 650/
850/950 spectrometer, PerkinElmer) in the spectral range from
600 to 1300 nm using the integrating sphere and universal
reectance accessories (see Fig. S4 at ESI†). The quartz cuvette
was rotated 6� with respect to the incident light beam in the
case of Rd measurements, in accordance with previous proce-
dures.55,56 The TD conguration is the one supplied by spectro-
photometers not having integrating sphere for transmission
measurements. Control samples were the quartz cuvette lled
with DDW or PBS.

Calorimetry measurements in magnetic colloidal dispersions

In order to quantify the optical and magnetic losses of IONP
suspensions, non-adiabatic calorimetric measurements were
performed by recording the changes in temperature of IONP
suspensions while subjected to NIR or HAC. This experimental
methodology directly probes the heat losses released by IONPs
into colloidal suspensions by measuring the increment of the
colloid temperature (DT). For this purpose, IONPs dispersed in
DDW at a concentration of 1 gFe L�1 of 40 ml were placed in
a quartz Dewar under reduced thermal exchange losses condi-
tions.57 For calorimetry measurements of magnetic losses, IONP
colloids were subjected to a single eld condition (100 kHz and
© 2021 The Author(s). Published by the Royal Society of Chemistry
32 kA m�1) generated by a home-made frequency and intensity
adjustable eld generator. The interest of the employed HAC

frequency (100 kHz) relies on its availability in HAC generators
employed in human magnetic hyperthermia clinics.58,59 For
calorimetry measurements of optical losses, IONPs colloids
were irradiated from upper part (see Fig. S5† at ESI) using an
808 nm-laser coupled with an optical bre at different power
densities ranging from 0.01 up to 1.0 W cm�2. The spot diam-
eter size was adjusted to achieve the desired power density.
Temperature variations during the application of HAC or NIR
were recorded using a commercial optical bre thermal probe
(TS2/2) located at the bottom of the Dewar and connected to
a FOTEMP2-16 two-channel signal conditioner from Optocon
AG with an experimental error of � 0.2 �C. SLP values under
non-adiabatic conditions were determined57 by dT/dtjmax

according to the following expression:

SLP ¼ Cdmd

mFe

dT

dt

����
max

(1)

where Cd is the mass specic heat of the dispersionmedia,md is
the mass dispersion, mFe is the iron mass related to the IONP
diluted in the dispersion and dT/dtjmax is the maximal
temperature slope immediately aer switching HAC or laser on.
The value of Cd considered in this study was 4.18 J g�1 K�1 for
water dispersion. SLP and net DT values were obtained from
subtracting the initial slope (dT/dtjmax) of water/cell suspen-
sions (i.e. in absence of IONPs) to the ones recorded in IONP
suspensions under NIR. Fig. S6† at ESI plots typical heating
curves comparing the colloidal temperature raise in absence/
presence of IONPs (0.5 gFe L�1) in water suspension. The
observed temperature increments due to experimental artifacts
tightly depend on irradiation conditions, being #1 �C for all
power densities #0.5 W cm�2 at 808 nm.
Calorimetry measurements in cells

MCF-7 breast cancer cells (purchased from American Type
Culture Collection) were seeded in T75 asks and cultured in
Dulbecco's modied Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin
(VWR) and 2 mM L-glutamine in air atmosphere with 5% CO2 at
37 �C. Aer 48 hours, the culture media was exchanged with
freshmedia containing IONPs at 0.1 gFe L

�1. Cells were returned
to the incubator for 24 hours. At this point, cells were washed
with PBS 1X ve times to remove all non-internalized IONPs and
detached with trypsin (Biowest). 2 million cells were centri-
fuged, pelletised, and resuspended in 25 mL of supplemented
media. The quantication of optical heat losses was performed
by calorimetry measurements as described in the previous
section. The experiment was repeated three times, and
untreated cells were used as controls. Once calorimetry
measurements were nished, cell suspensions were treated
with a solution of hydrochloric acid and nitric acid (3 : 1) to
lysate cells and dissolve the particles, in order to quantify the
iron content. To compare the IONPs heating behaviour in
aqueous solution and inside cells, IONP colloidal dispersions
were prepared at the same iron concentration than cell pellets (2
Nanoscale Adv., 2021, 3, 6490–6502 | 6493
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gFe L�1) and subjected to the same NIR and HAC conditions
previously described. SLP values were determined by employing
an extension of eqn (1):

SLP ¼
XCimi

mFe

dT

dt

����
max

(2)

where i ¼ dispersion medium, cell pellet and IONPs; the total
sample volume (cells plus cell media) was 25 mL:mmedia¼ 25mg
for 25 mL of cell media, and Cmedia ¼ 3.91 � 0.03 J g�1 K�1; Ccell

¼ 3.71� 0.03 J g�1 K�1 andmcell¼ 2 mg (for 2� 106 cells); CFe¼
0.47 J g�1 K�1 and mFe ¼ [Fe/cell] � 2 � 106 cells ¼ 51 mgFe. The
product CFemFe is so small with respect to other Cimi values that
was neglected in SLP calculations. The mass specic heat values
of cell media, and cells were obtained at 25 �C with a calorim-
eter Discovery DSC (TA Instruments) at Servicio Inter-
departamental de Investigación, Universidad Autónoma de
Madrid. The HDC was determined according to recent report:60

HDC

�
J

cell

�
¼ SLP

�
W

g

�
$mFe

cell

� g

cell

�
$texpðsÞ (3)

where SLP (W gFe
�1) is the optical SLP value obtained when

IONPs are in cells, mFe/cell (g/cell) is the iron mass related to
IONPs per cell, and texp (s) is the time under NIR exposure.
Calculation of the photothermal conversion efficiency

The photothermal conversion efficiency (h) of the studied
IONPs was calculated61 from the cooling rate, according to the
following expression:

hð%Þ ¼ hS½ðTmax � TminÞ � DTwater�
I
�
1� 10�A808

� � 100 (4)

where h is the heat transfer coefficient, S is the sample surface
area, Tmax is the maximum temperature of the IONP suspension
aer NIR, Tmin is the ambient temperature, DTwater is the
temperature increment of the same volume of solvent (DDW)
under the studied irradiation conditions, I is the incident laser
power and A808 is the optical absorbance of the IONP suspen-
sions at 808 nm. The value of hS was obtained from the tting of
the decay time in the temperature decay (see Fig. S7†) by using
the following equation:

ss ¼ ms Cs

hS
(5)

where ms and Cs are the mass and the heat capacity of the
solvent (DDW) respectively, and ss is the sample system time
constant, which is calculated through the exponential t of
water decay (see Fig. S7†). The value of ss was 80 ms in the
Dewar container employed for calorimetry measurements. The
value of A808 in our irradiation set up was calculated from the
attenuation coefficient (a), according to the following
expression:

a ¼ 2:3A808

d
(6)

where d is the optical path length. In order to calculate
a constant, A808 and d were substituted by the optical
6494 | Nanoscale Adv., 2021, 3, 6490–6502
absorbance and the light path length measured in the UV-VIS-
NIR spectrophotometer. Once we determined the value of
a constant, A808 was calculated using the value of d in our SLP
experimental set up (d ¼ 8 mm).

Results and discussion
IONP concentration effects on the photo-thermal conversion

In order to unveil the inuence of nanoparticle concentration
on the photothermal conversion of IONPs, optical SLP values
were determined under non-adiabatic calorimetry measure-
ments (see Experimental section). For this purpose, we studied
spherical shape IONP (S-IONP) to determine optical losses when
Fe content ranges from 0.25 to 2 gFe L�1. SLP is a well-
established physical parameter related to the heat power
released per mass of iron (W gFe

�1). Since the inuence of the
studied parameters (such as IONP aggregation, concentration,
size, crystal defects, or shape) on the magnetic SLP have been
widely studied,28 magnetic SLP values were also obtained for the
same IONP suspension in order to guide how the studied
parameters modulates optical losses. It is worth noting that
magnetic SAR shows slight increase from 210 to 260 W gFe

�1 in
the studied IONP concentration range (see Fig. S8†). As
mentioned above, photon absorption by IONPs results in pho-
tothermal conversion processes in which optical energy dissi-
pates into heat. When photon energy couples with the energy
transitions of Fe2+/3+ into IONP crystal,62,63 light extinction
becomes more and more pronounced when crossing colloidal
suspensions. At the same time, the number of IONPs in
colloidal suspensions (i.e. IONP concentration) plays also
a relevant role on increasing light extinction (i.e. absorbing light
for heat release) across colloidal suspensions. As shown in
Fig. 1a, optical absorbance increases linearly with S-IONP
concentration from 0.25 gFe L�1 to 2 gFe L�1, in agreement
with recent studies.25,40,41 However, the observed optical SLP
values progressive decrease from 211 W gFe

�1 to 46 W gFe
�1

when increasing IONP concentration, in spite photothermal
efficiency (h) values remain invariable (z12%). These results
conrm that IONP photothermal conversion is highly efficient
at low iron concentrations resulting in measurable optical los-
ses. However, the progressive increase of absorbance (see
Fig. S9†) in the studied IONP concentration range is not re-
ected in temperature increments (DT). The latest rises with
concentration up to 1 gFe L�1, and beyond this value, DT
remains constant. This behaviour can be understood in terms
of the Lambert–Beer's law for the distinct experimental set-ups
employed for optical absorbance (2 mm optical path) and
optical SLP (8 mm optical path) measurements (see Experi-
mental section): our experimental SLP calorimetry set-up
exclusively irradiates the colloidal suspension from its top
part while reading temperature from the bottom (Fig. S5†).
Under this condition, photons are mainly absorbed and/or
scattered in the top of IONP suspension. The saturation of DT
values beyond 1 gFe L

�1 (i.e. when Abs808 nm > 0.2) indicates that
the IONP suspension is homogenously shined. Consequently,
when light absorption is not homogenous along the IONP
suspension, the release of heat will be inhomogenous, resulting
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photothermal response of S-IONPs at different iron concentrations: (a) optical absorbance values at l¼ 808 nm. Solid line is a guide to the
eye; (b) optical SLP (colour columns) and temperature increment (DT) values (white columns) at l ¼ 808 nm, 0.3 W cm�2; (c) photothermal
conversion values at l ¼ 808 nm, 0.3 W cm�2. IONPs were dispersed in DDW at [Fe] ¼ 1 g L�1.
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in temperature gradients along the irradiation direction (see
Fig. S10†), in contrast to magnetic activation (i.e. IONPS sub-
jected to HAC). Under NIR irradiation, larger temperatures are
observed at the upper part of colloidal suspension (i.e., where
more photons are absorbed) than at the bottom of colloid
(where less photons are available to be absorbed). When the
overall absorbance of IONP suspension is low, the temperature
gradient diminishes (see Fig. S10†). Therefore, our experi-
mental conguration is limited to observe direct correlation
between optical absorbance and SLP when IONP absorbance is
higher than 0.2.

Morphology, surface defects, iron oxidation state and size
effects on the photo-thermal conversion of IONPs

In order to unveil the inuence of IONP morphology, crystal
defects, size, and iron oxidation state on their photothermal
efficiency, optical SLP values of different-size and shape IONPs
were determined. The studied IONPs (see Table 1) were
dispersed in DDW at 1 gFe L

�1. Fig. 2a and b show the optical
SLP values obtained in suspensions for IONPs of different sizes
between 8 and 19 nm subjected to NIR (808 nm and 0.3 W
cm�2). The observed optical SLP values vary from 68 W gFe

�1 (at
8-IONP) up to 93 W gFe

�1 (at 14-IONP). As expected,64 magnetic
SLP values (see Fig. S11†) are more sensitive to IONP size than
the optical ones. Nevertheless, there is not a clear correlation
between optic SLP values and TEM size. However, this changes
when representing SLP values versus XRD size, i.e. crystallite
size (see Table 3): both absorbance and optical SLP values at
808 nm rise when increasing crystal size. The role of crystallite
size is also reected on the magnetic SLP (see Fig. S11b†). The
© 2021 The Author(s). Published by the Royal Society of Chemistry
latest linearly increases (from 0 to 325 W gFe
�1) with crystallite

size from 8 to 15 nm. Recent reports correlate the inuence of
IONP size and surface defects on the magnetic properties
(including magnetic losses) due to spin canting and the
modulation of magnetic anisotropy barrier.45,65 Interestingly,
the optical SLP and absorbance values at 808 nm also benet
when IONP crystallinity is high.

Fig. S2† shows the absorption spectra of the studied IONP
colloidal suspensions. Those spectra are characterized by the
same asymmetrical V shape with a more pronounced absorp-
tion increase at wavelengths shorter than 700 nm, and a weaker
absorption beyond 750 nm. However, absorption values vary
depending on IONPs. Indeed, optical absorbance is tightly
sensitive to crystallite size, more than optical SLP values.
Indeed, when IONP crystallinity increases, absorbance raises
but the optical SLP values increase or remain constant as
a general observation (see Fig. 1b–d). Such different behaviour
of optical absorption and SLP can be understood again in terms
of the Lambert–Beer law for the aforementioned optical trans-
mission and SLP set-ups employed in this work. In overall, our
ndings underline that optical and magnetic losses are both
sensitive to IONP surface disorder in agreement with previous
reports40,64,65 but to a different extent. This is clearly observed for
18-IONPs, whose reduced Ms value (see Table S1†) reects
a strong spin disorder onto the nanoparticle surface, resulting
in very low magnetic SLP values (18 W gFe

�1). However, the SLP
value (83 W gFe

�1) obtained in the same sample under NIR is
comparable to other IONP crystallite sizes.

Fig. 3 shows the SLP values obtained for IONPs of different
morphologies subjected to the same NIR (and HAC) conditions
Nanoscale Adv., 2021, 3, 6490–6502 | 6495
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Fig. 2 Optical SLP (bars) and absorbance (empty dots) values for IONPs of different (a) TEM sizes; (b) crystallite sizes (see Table 3). Irradiation
conditions: 808 nm, 0.3 W cm�2. IONPs were dispersed in DDW at [Fe] ¼ 1 g L�1. Absorbance values obtained at 808 nm from Fig. S2d.†

Table 3 Optical transmission values at 808 nm for studied IONPs, and
averaged nanoparticle sizes obtained by TEM and XRD

IONP name TEM size (nm) Crystallite size (nm)

8-IONP 8 8
14-IONP 14 13
15-IONP 15 15
18-IONP 18 10
19-IONP 19 13
P-IONP 17 9
S-IONP 18 12
C-IONP 15 —
O-IONP 17 13
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than in Fig. 1. At a rst sight, optical SLP values of this set of
IONP are larger than themagnetic ones (with the exception of C-
IONP, see Fig. S12†), and the optical ones observed in Fig. 1.
Similar to IONPs of different size, the optical SLP values vary in
a narrow range between 111 and 147 W gFe

�1. Moreover, crystal
defects modulate the optical SLP, absorption, andmagnetic SLP
as observed for P-IONPs. The latest show the lowest MS (see
Fig. S2b†), magnetic and optical SLP values. However, it is worth
noting that the optical SLP value for P-IONP is almost 10-fold
higher than the magnetic one. Suspensions of IONPs with
different shapes showed distinct optical transmission: S-IONP
Fig. 3 Optical SLP (bars) and absorbance (empty dots) values at
808 nm for different shape IONPs. Irradiation conditions: 808 nm,
0.3 W cm�2. IONPs were dispersed in DDW at [Fe] ¼ 1 g L�1. Absor-
bance values were obtained from absorption spectra from Fig. S2e.†

6496 | Nanoscale Adv., 2021, 3, 6490–6502
and C-IONP have the largest absorbances (see Fig. S2e, and
S13†). However, such different absorbance values are not fully
reected on the optical losses due to the aforementioned
experimental limitation related to Lambert–Beer law. Our
results underline that IONP shapes are not a clear variable for
photothermal conversion, contrary to plasmonic66,67 or the
magnetic losses68–71 (see Fig. S12†).

Besides, the pronounced differences of IONP absorbance
values can be also attributed to their intrinsic optical properties
of iron oxide phases. Thus, magnetite (Fe2+ and Fe3+) displays
a charge transfer band in the NIR range, while in case of
maghemite with oxidized Fe cations (Fe3+), there is a reduction
of its optical performance at this NIR range due to its spinel
structure.42,72 Raman spectra of the studied IONPs provide
valuable information to conrm such electronic and optical
properties as shown in Fig. 4. All studied IONPs with different
sizes and shapes display typical active vibrational phonon
modes around 670 cm�1, 720 cm�1 (associated with the A1g
mode), 365 cm�1 (T2g) and 511 cm�1 (Eg) for maghemite
structure.72–74 The presence of a magnetite phase that would
mainly contribute to the intensity of the 670–675 cm�1 mode
(A1g) cannot be excluded.75 Specically, S-IONP show the largest
intensity of the 670 cm�1 vibrational band with respect to that at
720 cm�1 in addition to an emerging band around 550 cm�1,
which could be indicative of a greater presence of the magnetite
phase. Other iron oxide phases have not been identied in the
studied IONPs. Modications in the position, full width high
maximum (FWHM) and relative intensity of the Raman bands
are found. The differences in the relative intensity (mainly at
670 and 720 cm�1) could be attributed to different morphol-
ogies of IONPs and their orientation or arrangement during the
measurement, in addition to possible contributions of magne-
tite phase.76 Indeed, the magnetite abundance seems to be
correlated to optical absorption and SLP values, showing the
maximum expression for 15-IONPs and S-IONPs. The variations
in the Raman shi and the FWHM may be associated with
changes in the particle size, phonon connement agglomera-
tion state or strain in the structure. Thus, as previously seen64

the magnetite band (670 cm�1) gains intensity when IONP size
increases from 8 to 15 nm.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra from 150 to 1000 cm�1 for IONPs of different (a) sizes; (b) shapes.
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Altogether, our ndings indicate that IONP size and shape
are not a determinant factor for photothermal performance,
while crystallinity is extremely sensitive to enhance optical
absorption. Iron oxidation state is also an important parameter
modulating optical and magnetic losses.77 IONPs with magne-
tite phase abundance show higher optical absorption than
maghemite.
Irradiation effects on the photo-thermal conversion of IONPs

According to optical absorption spectra (see Fig. S2d–f†), the
excitation wavelength (lexc) are extremely relevant to the pho-
tothermal conversion in the NIR range. Depending on photon
energy (i.e. lexc), light is differently absorbed, transmitted and/
or reected.78 Furthermore, power density delimits the use of
optically activated IONPs in vitro or in vivo, as not all lexc and
power densities are suitable for tissue penetration and safety.
On one hand, the maximum permissible exposure of NIR light
on the skin ranges from 0.2 W cm�2 at 630 nm to 0.4 W cm�2 at
850 nm. These limits vary depending on many factors such as
wavelength, coherence, duration and area of exposure, accord-
ing to Strangman et al.31 Thus, we have studied the effects of
power densities ranging from 0.01 to 1 W cm�2 on the SLP
values. Fig. 5a shows that optical SLP values increase linearly
when raising power density, independently of IONP size or
shape (see Fig. S14†). It is important to highlight that IONPs
exhibit high SLP values (up to 150 W gFe

�1) in the safe power
range31 (<0.33 W cm�2). Higher power densities (up to 1 W
cm�2) result in higher SLP values up to 323 W gFe

�1. Fig. 5b
shows the evolution of optical losses of 8-IONPs when varying
lexc from 700 to 1300 nm under safe optical intensity values (i.e.
0.33 W cm�2), which comprises the so-called rst and second
biological window where optical radiation is minimally absor-
bed by blood, skin or fat,79–81 allowing light to penetrate deeper
© 2021 The Author(s). Published by the Royal Society of Chemistry
into tissues.82 As shown in Fig. 5b, optical SLP values linearly
increases from 40 to 110 W gFe

�1 when lexc increases up to
1300 nm. Such SLP enhancement is related to the linear
increase of the optical absorption. Interestingly, photothermal
efficiency increase with the wavelength in the studied range. To
date, the majority of photothermal studies using NPs have been
focused in rst biological window (690–900 nm) due to the peak
of transmission for tissues at approximately 800 nm.82 However,
based on our results, future research should consider second
biological window (1000–1350 nm) as an efficient option for
IONP photoconversion.

Besides, it is worth noting that NIR does not inuence
magnetic losses, as shown in Fig. S15.† The absence or presence
of NIR at different power densities up to 0.8 W cm�2 does not
seem to inuence the shape nor the magnetic area of the AC
hysteresis loops recorded for 19-IONPs under HAC. Hence, this
result unveils that IONP optical losses have a totally different
nature than the magnetic ones.
Photothermal conversion efficiencies of IONPs

Photothermal conversion efficiency (h) is a parameter that
reects the percentage of optical energy (i.e. absorbed photons)
that is transformed into heat.61 This particular parameter
reects the capability of nanomaterials to dissipate heat under
NIR.83 Fig. 6 shows the values of h obtained from IONPs with
different size, and shape and under different lexc (only for 8-
IONPs). While the set of IONPs with different sizes shows an
averaged photothermal efficiency of 13%, IONPs with different
shapes almost double the average h value (21%). Such differ-
ences of h values between the sets of size and shape IONPs can
be related to distinct compositions and/or optical absorbance.
The obtained h values are lower than others reported for iron-
based nanomaterials which used to be around 30%.39 Finally,
Nanoscale Adv., 2021, 3, 6490–6502 | 6497
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Fig. 5 Optical SLP values (a) as a function of irradiation power densities at lexc ¼ 808 nm for IONPs of different sizes. Solid line is a guide to the
eye; (b) comparison of optical absorption spectrum (solid line) and optical SLP values (solid dots) obtained at different lexc and power density:
0.3 W cm�2 for 8-IONPs. IONPs were dispersed in DDW at [Fe] ¼ 1 g L�1.
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Fig. 6c reects the spectral dependence of h for the 8-IONP
sample. h values show a progressive 2-fold increase favoured by
the optical absorption enhancement in the studied spectral
range (see Fig. 5b). This underlines the tight correlation
between optical absorption and photothermal conversion in the
studied excitation wavelength range.
IONP aggregation effects on their photo-thermal conversion

In order to unveil the role of aggregation on IONP photothermal
performance, LRL nanoparticles were intentionally aggregated
to vary their hydrodynamic size (DH) from 80 to 236 nm while
maintaining colloidal stability during measurements (see Table
2). Fig. 7a shows the net temperature increments (white
columns) and the optical SLP (colour columns) values of IONPs
suspensions on increasing DH at two different iron contents (0.5
and 1 gFe L�1, black and blue columns, respectively). Optical
SLP and DT differently decrease depending on iron content
(32% reduction at 0.5 gFe L

�1 and 19% at 1 gFe L
�1) when their

DH increases 2-fold. Interestingly, the number of LRL aggregates
is reduced to half when doubling DH (see Fig. S16†) indicating
that the absorbance per LRL aggregate increases more than
twice. The latest observation is in agreement with recent reports
that show that IONP clustering leads to an signicant increase
of their photothermal capacity.37,84 Hence, the signicant
enhancement of the optical absorption induced by IONP
Fig. 6 Photothermal conversion efficiencies for (a) IONPs of different siz
constant power density (0.3 W cm�2). The studied IONPs were dispersed
cm�2. Solid line is a guide to the eye.

6498 | Nanoscale Adv., 2021, 3, 6490–6502
agglomeration may explain why SLP and DT decrease in terms
of the aforementioned Lambert–Beer's law. It is also worth
noting that, the effect of IONP aggregation onmagnetic losses is
more pronounced than on optical SLP (Fig. S3†).85

Finally, Fig. 7b and c show how aggregation inuences
optical transmission across IONP suspensions. Direct trans-
mission (TD) drops, and diffuse transmission (Td) decrease
when increasing DH from 80 to 150 nm as a result of scattering
between light and IONP clusters, in agreement with previous
studies.38 Fig. 7b and c also reveals that optical absorbance (A) at
808 nm slightly increase from 25% (for DH ¼ 80 nm) to 35% (for
DH ¼ 150 nm). The same trend is found at lower iron concen-
trations (0.5 gFe L�1); indeed, the variations of TD, Td and A
when increasing DH are more pronounced at 0.5 gFe L

�1 than at
1 gFe L

�1 (see Fig. 7b, c and S17†). On this basis, for the sake of
an accurate determination of the optical absorbance in IONP
suspensions, it is important to track the evolution of both TD,
and Td when DH > 100 nm.
Cell internalization effects on the IONP photo-thermal
conversion

The assessment of cell internalization effects on the optical
thermal losses is key for in vitro and in vivo application
purposes. Magnetic losses have been recently shown to be
reduced87 due to immobilization and agglomeration of IONPs86
e (b) IONPs of different shape; (c) 8-IONPs subjected to different lexc at
in DDW at [Fe] ¼ 1 g L�1. Irradiation conditions: lexc ¼ 808 nm; 0.3 W

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Photothermal response of LRL IONPs at different DH. (a) Optical SLP values (colour columns) and temperature increments (white
columns) at [Fe] ¼ 1 gFe L�1 and 0.5 gFe L�1 (black and cyan colour); (b and c) total (TT), diffuse (Td) and direct (TD) transmission, total (RT) and
diffuse (Rd) reflectance and absorbance (A) of LRL nanoparticles for DH ¼ 80 and 150 nm at 1 gFe L

�1. Irradiation conditions: 808 nm, 0.3 W cm�2.
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when located into intracellular environment (i.e. subcellular
vesicles). In our case, Fig. 8 shows the net temperature incre-
ments and optical SLP values of FM-CT IONPs in colloidal
dispersion or inside cells at similar iron content, irradiation
(and HAC) conditions. On one hand, our results show that FM-
CT exhibits better heating efficiency under optical activation
than upon HAC (see Fig. S18†). Indeed, the optical SLP and DT
values are twice higher than the magnetic ones. At the same
time, optical SLP values inside cells are comparable to those
obtained in colloidal dispersions. In agreement with recent
reports,41 the average DT or SLP values are slightly larger for
IONPS under NIR into cells than in suspensions. However, the
variability of the values does not result in signicant differ-
ences. Therefore, optical losses are not signicantly inuenced
by the biological environment. This trend was also observed for
magnetic SLP values. The small FM-CT size (11 nm) minimizes
interacting phenomena, resulting in no variation of magnetic
SLP, in agreement with recent reports.86 The related values of
DT under NIR (and HAC) reect a similar behaviour than SLP
ones (see Fig. S19† in ESI). Indeed, the values of DT are twice
higher under NIR than under HAC, while they are independent
on IONP location (i.e. in suspensions or inside live cells). The
invariability of the IONP optically losses inside biological
matrices simplies the procedure to determine the heat dose
Fig. 8 Optical SLP values (colour columns) and temperature incre-
ments (white columns) of FM-CT IONPs ([Fe] ¼ 2 g L�1) inside MCF7
breast cancer cells and dispersed in DDW suspension under NIR irra-
diation. Measurements the averaged of three repetitions on three
independent samples. Irradiation conditions: 808 nm, 0.3 W cm�2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
released by IONP into intracellular environments.60,86–90 Recent
works60 have shown how to determine the average heat dose per
cell (HDC) out of procedures based on calorimetry measure-
ments in cell pellets. According to this methodology (see
Experimental section), we determined that the intracellular
HDC released by FM-CT IONPs was 1 mJ per cell. The quanti-
cation of HDC provides valuable information to perform in vitro
and in vivo dose ranging studies for treating cancer by exposure
to thermal stress mediated by IONPs.73,80,81
Conclusions

We systematically investigated the inuence of different
intrinsic (size, shape, surface defects, and iron oxidation state)
and extrinsic (aggregation, concentration, cell internalization,
and irradiation conditions) parameters on the heat losses of
IONPs activated under NIR. Our results provide unambiguos
evidences of the distinct origin of magnetic and optical losses.
Moreover, our results reect the need of probing the direct and
diffuse transmission and reectance components for an accu-
rate determination of IONP optical absorption. In addition to
irradiation conditions, IONP concentration, and magnetite
abundance, our results probe that IONP crystallinity, and
aggregation benet optical absorption and SLP values. At the
same time, our experimental evidences show that cell inter-
nalization, IONP shape, and size do not signicantly inuence
optical losses. Thus, we propose a methodology to quantify the
intracellular HDC released by IONPs under NIR. Our experi-
mental results provides better understanding on the relevant
parameters that play a role on the modulation of optical losses.
The identication of these parameter will allow to develop
theoretical models for simulating sustained heating prole
mediated by IONPs under NIR into biological matrices.
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E. K. Ehimiadou, J. Gaudet, P. Goodwill, J. Manseld,
U. Steinhoff, J. Wells, F. Wiekhorst and D. Ortega,
Materials, 2021, 14(4), 706.

30 E. Hemmer, A. Benayas, F. Légaré and F. Vetrone, Nanoscale
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