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Key Factors Influencing Magnetic Nanoparticle-Based

Photothermal Therapy: Physicochemical Properties, Ir-

radiation Power, and Particle Concentration In Vitro

Yilian Fernández-Afonso,a Laura Asín,a,b,c Juan Pardo,a Raluca M. Fratila,a,b Sabino
Veintemillas,d M. Puerto Morales,∗d Lucía Gutiérrez,∗a,b

A collection of magnetic nanoparticles with average particle sizes in the range between 9 and 78 nm
were prepared using several synthetic approaches that also rendered different particle morphologies
(spherical, octahedral and flowers). Some of those particles were also subsequently coated with
different molecules in order to generate a set of materials that allowed us to evaluate the impact that
the particle size, shape and coating had on the heating capacity of the nanoparticles when exposed
to a near infrared (NIR) laser light. Moreover, one of the prepared materials (octahedral particles
of ∼ 32 nm coated with dextran) were used to perform an in vitro assay to study the possible use
of this material in the frame of photothermal treatments to trigger cell death. It was found that
both the laser power and the particle concentration played a significant role in the reduction of the
cell viability. In the most extreme conditions of laser power and nanoparticle concentration, cell
viability was reduced to 11 % of the whole cell population using only a 10 min exposure to the laser
light. These results open the possibility of further studies of photothermal treatments using magnetic
nanoparticles, a material already approved for clinical practice.

1 Introduction
The photothermal properties of iron oxide nanoparticles are be-
coming trendy in recent years1,2. Although their heating proper-
ties may not be as strong as those of gold nanoparticles, with a
surface plasmon resonance absorption, the low toxicity of iron
may make them interesting competitors in the frame of pho-
tothermal therapies3. In addition, iron oxides have shown in-
teresting synergistic heating effects when exposed both to a NIR
light and an AC magnetic field4.

One of the main problems for the knowledge advancement in
this area is the existing difficulties to compare results obtained
from different laboratories. A huge variety of experimental con-
ditions is used to characterize the heating properties of the parti-
cles when exposed to the near infrared (NIR) light, from different

a Instituto de Nanociencia y Materiales de Aragón (INMA) CSIC-Universidad de
Zaragoza Zaragoza, Spain. E-mail: lu@unizar.es
b CIBER-BBN, Zaragoza, Spain.
c Institute for Biocomputation and Physics of Complex Systems (BIFI), University of
Zaragoza, 50018 Zaragoza, Spain.
d Instituto de Ciencia de Materiales de Madrid (ICMM/CSIC), Madrid, Spain.

wavelengths to different volumes irradiated among others5. This
plethora of measurement conditions hinders the comparison of
results obtained from different laboratories using different mate-
rials.

The role of the different materials properties (size, shape, coat-
ing, aggregation and composition) on their heating properties un-
der the exposure to a NIR light has been explored by different
groups studying series of materials with small differences obtain-
ing sometimes strikingly different results. In 2015, Shen et al.
reported the stronger heating capacity of multi-core nanoparti-
cles forming nanoflowers in comparison with single core ones6,
increasing the interest for this type of clustered materials. Next
year, Guo et al. prepared a series of multicore particles in the size
range between 60 and 310 nm, finding no significant differences
on their heating properties due to the different final particle size7.
However, very recently, nanoflowers with particle sizes between
40 and 160 nm have been characterized by Shaw et al.8 show-
ing an effect of the particle size on their heating properties, being
the smaller particle sizes the ones that produced a stronger heat.
In summary, the impact on clustering and the size of multi-core
particles on their heating properties under the exposure to a NIR
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light remains difficult to predict.
The role of the particle coating on the heating performance

of the material is difficult to dissentagle from other properties
and therefore not fully understood yet. As an example, in 2014,
Sadat et al. compared single-core particles, coated with PAA
(poly(acrylic acid)), with the same particles but embedded in
polystyrene spheres forming multicore structures either coated or
uncoated with a silica film, reporting that the individual particles
had a much higher photothermal heating efficiency than the clus-
tered ones9. Nemec et al. have also recently reported a decrease
on the heating properties of clustered particles in silica matrices
when compared with their individual counterparts10. However,
in such type of works, in which both the coating and the cluster-
ing are varied, it is difficult to extract which parameter is making
a bigger effect on the heating properties of the materials.

Regarding their composition, most of the magnetic materials
used for biomedical applications are generally iron oxides, mainly
magnetite or maghemite (Fe3O4 and γ-Fe2O3,). Recently, Roca et
al.1 have simulated the optical properties of both materials and
found that Fe3O4 would have better properties than γ-Fe2O3 for
photothermal applications. However, as these two materials have
a inverse spinel structure, it is often detected that both phases
coexist within the iron oxide particles.11 Moreover, the addittion
of other metals to the ferrite extructure would also have a signif-
icant effect on the heating properties of the particles. Rivero et
al.12 prepared a series of zinc doped iron oxide ferrites with sim-
ilar sizes but variable zinc content in the structure, finding that
increasing the amount of doping agent, reduced the heating effi-
ciency of the particles. Nevertheless, the addition of other metals
to the iron oxide structure has not been fully explored yet.

As a result, given that several parameters (size of the multi-
core particles, interparticle distances, coating material, crystalline
structure. . . ) may play an important effect on the heating prop-
erties of the material, drawing conclusions from the comparison
of results provided by different laboratories becomes challenging.
Therefore, further works are needed to disentangle the impact of
all these parameters on the heating properties of the materials.

Comparing in vitro literature results is also a complicated
task. A profound review work by Roca et al. concluded that
given the varied conditions across studies, such as different cell
lines, nanoparticle concentrations, capping layers, laser parame-
ters (power, spot size, wavelength), and irradiation durations, it
was difficult to draw general conclusions about the optimal ther-
apeutic conditions.1 It is interesting here to mention that most of
the in vitro studies until now have been performed using an irra-
diation light in the first biological window of the NIR light (NIR-I,
waveleght between 650 and 950 nm) 1,4,7,13,14 and there are few
in vitro studies in the second biological window (NIR-II, wave-
length between 1000 and 1350 nm) 1,5,15,16 , where the maxi-
mum permissible exposure (MPE), meaning the light that can be
administerd without damaging the irradiated area, that can be
achieved is much higher, allowing reaching higher temperatures.

In this work, in order to evaluate the impact that different par-
ticle properties have on the heating capacity of the material under
the exposure to NIR laser light, we have selected and character-
ized 12 different nanoparticles. This extensive catalog of iron ox-

ide magnetic nanoparticles has been prepared to isolate different
particle properties for their analysis on the impact on their heat-
ing properties. For example, to evaluate the impact of the particle
size, spherical particles with different sizes but the same coating
have been synthetized. Moreover, uncoated octahedral particles
of different sizes have also been prepared. In addition, to eval-
uate the effect of the coating, particles with the same iron oxide
core and different coatings have also been prepared. Finally, to
evaluate the impact of the aggregation, multi-core structures of
different core sizes or particle sizes have been prepared. The
heating capacity of the particles have been systematically mea-
sured. Finally, to go one step forward, one of those particles has
been selected to perform a proof-of-concept in vitro study, to eval-
uate the capacity of the particles to trigger cell death. To achieve
this, two cell models have been studied, one in which the particles
were only located inside the cells (NPs-In), and other in which the
particles were both inside the cell and in the extracellular media
(NPs-In&Out). This second model, mimics better the real situa-
tion that may occur in vivo after an intratumor administration.

2 Experimental
Nanoparticles Synthesis

Several synthetic approaches were used to cover a wide range
of particle sizes and shapes.

Octahedral nanoparticles were prepared by oxidative precipita-
tion method17–19 from some modifications made to the method
described by Andres et al.20. An FeSO4 (1 M) solution was pre-
pared dissolving 13.90 g of FeSO4·7H2O in 50 mL of H2SO4 (0.01
M). The ferrous solution was quickly added to a basic solution
prepared with 4.25 g of NaNO3 and 4.22 g of NaOH in a mix-
ture of water and ethanol. The obtained iron (II) hydroxide
suspension was stirred for 15 min and placed at 90 oC for 24
hours. The whole process was carried out in a glove box in a
nitrogen atmosphere. The final precipitate was washed with dis-
tilled water using magnetic separation. In water, particle size is
controlled by the excess of OH, in such a way that larger excess
leads to larger particles (50-75 nm). When the reaction is car-
ried out in the presence of ethanol, smaller particles are obtained
(25-30 nm). The nanoparticles obtained were subjected to acid
treatment and then, some were coated under high-pressure ho-
mogenization conditions with dextran21 and poly(sodium salt of
acrylic acid)19.

Flower-shaped nanoparticles were synthesized by the polyol
synthesis method22,23using a microwave reactor. For this, 0.13
g of FeCl3.6H2O were added to 20 ml of ethylene glycol in a
beaker and placed under magnetic stirring. Then, 2 g of PVP40
was added slowly and 0.39 g of NaAc·3H2O. When all reagents
were completely dissolved, the mixture was transferred to the re-
action vial and placed in the reactor. The reaction was carried
out at 200 oC with stirring. Different particle sizes were obtained
varying the reaction time (90, 120, and 240 min). The nanopar-
ticles were washed with milli-Q water and ethanol by magnetic
separation. Finally, the particles were resuspended in milli-Q wa-
ter.

Spherical nanoparticles of 9 and 16 nm were obtained by
the thermal decomposition of an iron oleate precursor in 1-
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octadecene in the presence of oleic acid24. The reaction was
carried out in a nitrogen atmosphere. For this, 3.5 g of iron
oleate were mixed with oleic acid previously dissolved in 39 mL
of octadecene and the mixture was placed in a heating mantle
with stirring. The system was kept tightly closed, refrigerated
and water refluxed. Two temperature ramps were performed:
for the smallest particles the temperature was increased at 2.6
oC/min up to 320 oC (NPs-9), and for the bigger particles, the
temperature was increased at 3.1 oC/min up to 200 oC, then it
was maintained 2 hours at this temperature and finally it was in-
creased at 2 oC/min up to 320 oC (NPs-17). The reaction was
finished after 60 min from the start of the maturation process at
320 oC. In order to generate a hydrophilic surface, the surface
of these nanoparticles was modified using an amphiphilic poly-
mer (poly(maleic anhydride-alt-1-octadecene (PMAO, MW 30-50
kDa) following previously described protocols25, resulting in par-
ticles named NPs-9@PMAO and NPs-17@PMAO.

Nanoparticle Characterization
The nanoparticle size and shape were determined through TEM

observations. Samples were prepared by placing a drop of the
diluted suspension onto a carbon-coated grid and allowing it to
dry at room temperature. Images were acquired on a Tecnai G2
TEM (FEI) operated at 200 kV.

Optical absorbance characterization was performed using mag-
netic nanoparticles suspensions at 0.1 mgFe/mL in the wave-
length range of 300-1200 nm. A volume of nanoparticles di-
lution (100 μL) was placed in a quartz cuvette (3 mm optical
path) and the absorbance spectra were acquired on a UV-VIS-NIR
spectrophotometer (Jasco V670). The absorbance of the suspen-
sion with 1 mgFe/mL needed to calculate the photothermal effi-
ciency was estimated from the experimental data obtained at 0.1
mgFe/mL, considering that there was a linear correlation between
the absorbance and the concentration.

The heating capacity of all the sets of particles was measured
using colloidal suspensions of 1 mL with an iron concentration
of 1 mgFe/mL. Additionally, a water sample was used as a con-
trol. The experimental set-up (See Figure S1 from the supporting
information) was designed to allow the stirring of the particle sus-
pension during the laser exposure. The nanoparticles were placed
in a quartz cuvette with 1 cm of optical path length (L) and 0.4
cm of width (W), with a teflon-coated magnetic stir bar (5 mm x 2
mm) inside. The cuvette was placed on a magnetic stirrer. A vol-
ume fraction of the suspension in the cuvette was irradiated with
a laser at λ = 1064 nm (Quantum Laser, mpc6000/Ventus 1064,
maximum power 3 W). The laser irradiation power used was 1.22
W, however, the power of sample irradiation was 1.17 W due
to the cuvette wall absorption. The laser irradiation power was
measured with a potentiometer (Ophir 10A). The laser beam di-
ameter was 2.2 mm, approximately, so that the irradiated sample
volume was 0.04 mL. The distance between the cuvette and the
laser source was 20 cm. The temperature increase was recorded
during the first 100 s using a thermocouple.

The calculation of the Specific Loss Power (SLP) was performed
using the Corrected Slope Method. Different methods can be used
to estimate the heating efficiency of these colloidal nanoparticle
systems: Initial Slope Method (ISM), Box-Lucas Method (BLM),

Corrected Slope Method (CSM), Incremental Analysis Method
(INCAM) and Decay Method among others26,27. In this work,
the Corrected Slope Method was used for the analysis of the SLP.
The CSM corrects the estimates made with the ISM by consider-
ing linear losses in the initial range of the heating curve. For this,
several linear adjustments were made at small time subintervals
at the initial curve, and the SLP was estimated using the following
equation26,28,

SLP =
1
N

N

∑
i=1

CH2O ∗mH2O ∗ ( dT
dt )i +L∗ΔTi

mFe
, (1)

where mH2O is the water mass corresponding to the total vol-
ume of the sample (1 mL), mFe is the iron mass of the sample
volume irradiated (0.04 mL), (dT/dt)i is the slope of the linear fit
in the subinterval i and ΔTi = (T −T0)i is the mean value of corre-
sponding to the subinterval i and L is the thermal loss parameter
and is estimated as the value giving the lowest standard deviation
for the SLP values calculated in each subinterval i.

To calculate the SLP using de CSM, the initial heating curve was
divided into four overlapping subintervals (0-16, 8-24, 16-32 and
24-40 s), a linear fit was performed at each subinterval and finally
the SLP was calculated with equation 1. The SLP was estimated
from two measurements of each nanoparticle’s suspension.

In vitro test

The in vitro photothermia study was performed on murine
macrophage cell line Raw 264.7. For this assay, cells were cul-
tured and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10 % fetal bovine serum, 1 % glu-
taMAX and 1 % antibiotic (Penicillin - Streptomycin). Cells were
seeded in a 96 well plate (10 000 cells in each well) and incu-
bated during 24 hours to let the cells to adhere. After that, 100
μL at 100 μgFe/mL (10 μgFe) of NPs-32@DEX nanoparticles in
DMEM were added to each well and incubated for 24 hours at 37
oC in a 5 % CO2 atmosphere. Some of these wells were washed
with DMEM to remove the particles that had not been uptaken
by the cells generating the NPs-In group. Other wells were kept
without this last washing step, so all the particles remained within
the well (NPs-In&Out group).

Cells in the well were irradiated with a NIR laser (Laser Quan-
tum, mpc6000/Ventus 1064, maximum power 1.5 W) at 0.5 and
1 W. In order to expand the laser beam diameter and irradiate a
larger area of the sample, a beam expander was placed between
the source and the sample. The 96 well plate was placed on top
of a surface with a hole (1 cm diameter) that only allows the
laser to irradiate a single well. The laser was expanded to fit such
hole, irradiating an area just sligthly larger than the well (0.28
cm2). The temperature of the sample during irradiation was ac-
quired with an infrared camera (FLIR E4 Wifi). Cell morphology
was analyzed before and after laser irradiation using an optical
microscope (Nikon Eclipse TE2000-S).

Cell viability was studied through MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay 24 hours
after being irradiated with the laser. The medium was removed
and washed 2 times with 100 μL of Dulbecco’s phosphate
buffered saline (DPBS). A volume of 90 μL of DMEM and 10 μL
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of MTT (5 mg/mL) was added and after 2 hours of incubation
at 37 oC, purple formazan crystals formed and the wells were
centrifuged at 2500 xg for 25 minutes. After removal of the
supernatant, 100 μL of dimethyl sulfoxide (DMSO was added to
dissolve the crystals formed and finally the absorbance was mea-
sured at 550 nm in a Varian Cary 100 UV-Vis spectrophotometer.
Each sample was analyzed in triplicate.

Cell viability was also analyzed by flow cytometry using an
apoptosis kit (Alexa Fluor 488 - Annexin V / Dead cell (Invitro-
gen)). To detach the cells from the bottom of the wells 24 hours
after being irradiated with the laser, these were washed with PBS,
incubated with 50 μL trypsin and fresh DMEM was added. The
cells were centrifuged, washed with PBS and resuspended in 100
μL of 1X annexin-binding buffer. After, 5 μL Alexa Fluor 488 an-
nexin V and 1 μL PI working solution (100 μg/mL, previously
prepared according to manufacturer’s instructions) were added
and incubated at room temperature for 15 minutes. A volume of
400 μL 1X annexin-binding buffer was added, mixed gently and
the samples were kept on ice. Measurements were performed
on a CytoFLEX flow cytometer (Beckman Coulter) and approxi-
mately 5000 cells were analyzed in each case and the results were
processed using CytExpert software.

Control cells and cells incubated with the particles and washed
(NPs-In) were submitted to nitric acid digestion (<1% of final
volume) before elemental analysis to determine the Fe (corre-
sponding to nanoparticles) uptake by cells. Iron concentration
on the digested samples was measured using an Inductively Cou-
pled Plasma (ICP) Atomic Emission Spectrometer PERKIN ELMER
model OPTIMA 2100 DV.

Statistical analysis

One-way ANOVA (p > 0.05 no significance) was used to com-
pare the SLP and photothermal efficiency values from the differ-
ent nanoparticles tested. Two-way ANOVA (p > 0.05 no signifi-
cance) followed by a Bonferroni test to compare the means was
used to compare the cell viability results of the three analyzed
groups (Control, NPs-In and NPs-In&Out) obtained from the MTT
assay.

3 Results

3.1 Preparation and characterization of a library of mag-
netic nanoparticles

Several synthetic approaches including oxidative precipitation,
thermal decomposition and polyol synthesis were used to pro-
duce a complete library of iron oxide magnetic nanoparticles that
included different types of particle size, coating and aggregation
(Figure 1). These procedures are known to produce either mag-
netite, maghemite or intermediate compositions along the oxida-
tion of magnetite into maghemite29, and in some case have been
scaled up to grams.17

Octahedral particles (Figure 1A) were synthesized following a
protocol previously described15 in which an iron(II) salt (FeSO4)
is precipitated in the presence of a base (NaOH) and a mild oxi-
dant KNO3. Variations of this procedure (see Materials and Meth-
ods) yielded four types of uncoated particles with sizes in the
range between 26 and 56 nm of average size (NPs-26, NPs-32,

Fig. 1 TEM images and particle size distribution for: (group A) uncoated
octahedral nanoparticles with sizes between 26 and 56 nm, (group B) 32
nm octahedral nanoparticles with different coatings , (group C) nanoflow-
ers with same core size (8-10 nm) and coating (polyvinylpyrrolidone) and
different particle sizes (52 - 78 nm), and (group D) spherical nanoparti-
cles with sizes of about 9 and 17 nm coated of approximately 9 and 17
nm coated with PMAO.

NPs-45 and NPs-56). The NPs-32 were also used to produce sam-
ples with the same core size but different coatings: NPs-32@DEX,
coated with dextran, and NPs-32@PAA, coated with polyacrylic
acid (Figure 1B). All particles after synthesis and before coat-
ing, were subjected to an acid treatment for improving colloidal
properties and stability against oxidation with time. Coating was
carried out by high-pressure homogenization leading to hydrody-
namic sizes below 100 nm.

Multicore particles (Figure 1C) were prepared using a polyol
synthesis method and a microwave reactor. This synthetic route
allowed the production of multicore particles (usually termed as
nanoflowers) in which both the core size or the nanoflower size
could be modified. In this synthetic route, polyvinylpyrrolidone
was used as part of the synthesis reagents remained as particle
coating. Using this synthetic procedure we were able to pre-
pare particles in which we observed the same core size, but the
nanoflower size was different (NFs-52-PVP, NFs-57-PVP and NFs-
78-PVP, with core size of ∼ 8-10 nm).

Spherical particles (Figure 1D) were prepared by thermal de-
composition of either iron acetylacetonate or iron oleate precur-
sors in the presence of oleic acid following previously described
protocols25,30. This synthesis produces particles that are only sta-
ble in organic media and therefore a coating protocol using PMAO
was used, to be able to transfer them to an aqueous medium25.
This approach allowed us to prepare smaller particles than with
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the previously described synthesis route. Two sets of particles of 9
and 16.5 nm average particle size were prepared (NPs-9@PMAO
and NPs-17@PMAO).

Optical absorbance was a parameter required for the pho-
tothermal efficiency calculations. Measurements of the ab-
sorbance of all the prepared particles were performed with col-
loidal suspensions with the same iron concentration in the wave-
length range of 300-1200 nm. In general, the spectra showed
a maximum at wavelengths below 450 nm, together with a de-
crease in the absorbance from the near-UV to the NIR region
(Figure 2). Although significant differences were found among
the absorbance values of the particles at the lowest wavelengths,
smaller differences were found for all particles at the wavelength
of interest (1064 nm) independently of the particle size, shape or
coating, being the absorbance values in the range between 0.1
and 0.2. Adittional differences that could occur at this wave-
lenght, associated to the crystalline structure of the materials
being either magnetite or maghemite,1 were also not observed
here. In our case, previous works on octaedral particles obtained
through the same synthetic procedure have reported the coexis-
tence of both magnetite and maghemite.11.

For the subsequent analysis of the particles heating perfor-
mance, we chose 1064 nm as excitation wavelenght. The rea-
sons for this selection were that this particular wavelenght is part
of the second biological window, the good performance of iron
oxides at such wavelenght, the higher maximum permissible ex-
posure (MPE) at λ = 1064 nm and the lower number of works
using magnetic nanoparticles performed in the NIR-II in compar-
ison with the more widely studied first biological window.1

Fig. 2 UV-Vis-NIR spectra at 0.1 mgFe/mL in the range of 300-1200
nm of A) uncoated octahedral nanoparticles with sizes between 26 and
56 nm, B) nanoflowers with same core size (8-10 nm) and coating
(polyvinylpyrrolidone) and different particle sizes (52 - 78 nm), C) 32
nm octahedral nanoparticles with different coatings, and D) spherical
nanoparticles with sizes of about 9 and 17 nm coated of approximately
9 and 17 nm coated with PMAO.

The heating capacity of all the sets of particles was measured

using colloidal suspensions of 1 mL with an iron concentration
of 1 mgFe/mL. The nanoparticles were placed in a quartz cu-
vette that was irradiated from one side. As not the whole par-
ticle suspension could be irradiated (the laser beam diameter was
2.2 mm), the experimental set-up was designed to allow the stir-
ring of the particle suspension during the laser exposure (see Ex-
perimental section) to allow the measurement of a homogeneous
temperature. The temperature increase was recorded during the
first 100 s using a thermocouple. Additionally, a water sample
was used as a control, showing a very low temperature variation
(ΔT100s = 1.4 oC) over time (See Figure S2 from the supporting
information). All samples displayed very similar heating curves
(Figure 3A) regardless of the size, shape, or coating. In pho-
tothermal treatments, the heating produced by iron oxide parti-
cles is related the amount of light that they can absorb1. As in
this case, absorbances determined at 1064 nm were very similar
for all cases, it makes sense that similar heating curves were also
obtained. Therefore, the differences in size, shape, aggregation
or coating studied in this case did not have a great impact on the
heating properties of the particles.

The heating efficiency of magnetic nanoparticles suspension is
generally quantified through the Specific Absorption Rate (SAR)
or the Specific Loss Power (SLP). Although several methods have
been proposed to estimate the heating efficiency of these col-
loidal nanoparticle systems (Initial Slope Method (ISM), Box-
Lucas Method (BLM), Corrected Slope Method (CSM), Incremen-
tal Analysis Method (INCAM), Decay Method, etc.)26,27, all of
them present some limitations for their application. The ISM and
INCAM models consider that the system is adiabatic and therefore
heat losses are not considered. The CSM, BLM and Decay Method
consider that heat losses have a linear behavior, however, linear
losses can only be considered in a limited temperature range. As
described in the experimental section with more details, in this
work, the Corrected Slope Method was used for the analysis of
the SLP. At first sight, the average SLP value for each particle
presented great variability (Figure 3B), despite the similarity be-
tween heating curves. However, the statistical analysis revealed
that values calculated for all the particles were not significantly
different. This uncertainty in the determination of the SLP values
may be one of the reasons why so many different behaviors are
observed when comparing results described in the literature. SLP
values are very difficult to compare between different authors in
the literature because they depend a lot on measurement setups
and irradiation conditions.

Thus, in addition to SLP, the photothermal efficiency of the
samples was determined. The photothermal efficiency is an in-
trinsic property of the sample and depends mainly on the size,
shape, composition and coating of the nanoparticle and solvent.
Therefore, the photothermal efficiency values obtained using dif-
ferent configurations and different irradiation conditions can be
directly compared as long as similar materials are characterized.

The photothermal efficiency (η) of all nanoparticles was calcu-
lated using the equation 23

η =
mFe ∗SLP

I ∗ (1−10−A)
, (2)
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Fig. 3 A) Heating measurements of the different nanoparticles suspen-
sions at 1 mgFe/mL (1 mL) using a 1064 nm laser and 1.17 W power.
Two measurements for each particle suspension were performed. B) SLP
values of the nanoparticle suspensions calculated using the Corrected
Slope Method (CSM). C) Photothermal efficiencies of nanoparticle sus-
pensions. Statistical significance between the means from data in panels
B) and C) was determined using a one-way ANOVA (p > 0.05 no signif-
icance). No significantly different values were found.

where mFe is the irradiated iron mass, I (1.17 W) is the laser
power incident in the sample and A is the absorbance of the sam-
ple at the irradiation wavelength.

As the SLP is needed to calculate the photothermal efficiency,
the variability observed in the SLP values in our case was thus
translated into the photothermal efficiency ones (Figure 3C).
Again, the statistical analysis revealed that values were not sig-
nificantly different. Moreover, no specific trends were observed
for those series of particles in which just one parameter (either
the size, shape or coating) was varied. Strikingly, a wide range
of photothermal efficiency values was determined for all particle
suspensions (0.5 < η< 1).

As explained in the introduction, contradictory results regard-
ing the effect that different physicochemical properties have on
the heating performance of magnetic nanoparticles for photother-
mal treatments have been previously reported. A similar behavior
to what we observed in this work was reported by Sadat et al.9 In
their work, similar heating curves were reported for 10 nm PAA-
coated nanoparticles and agglomerates of these nanoparticles
coated with polystyrene and with polystyrene-silica polystyrene
with a diameter of 100 nm. In contrast, Zhao et al. characterized

similar samples and found differences in their heating curves31.
In adittion, other studies had also showed some differences in
heating curves between uncoated and silica-coated 12 nm parti-
cles and 95 nm agglomerates10. Moreovoer, previously reported
photothermal efficiency values of iron oxide nanoparticles using
different experimental and calculation approaches have shown a
great disparity of values. For example, lower photothermal effi-
ciency values have been reported: 0.29 for iron oxide nanocubes
(20 nm) irradiated at 808 nm3 , 0.21 for aggregated nanoparti-
cles (200 nm) irradiated at 1064 nm16 . Other works have also
reported values in the same range as our results, as the 0.76 pho-
tothermal efficiency for nanoparticles (10 nm) irradiated at 808
nm9.

Despite the contradictory results found in literature, our results
indicate the weaker sensitivity of the photothermal performance
of iron oxide particles to size changes, and this behaviour may
be especially relevant for further in vivo applications in which
nanoparticles will degrade over time32.

3.2 In vitro test of the photothermal activity of the particles

In order to go one step forward and test the real activity of this
particles in a photothermal treatment, a murine macrophage cell
line (Raw 264.7) was selected for the in vitro test given the high
capacity of this cell line to uptake nanoparticles observed in previ-
ous works33–35. The NPs-32@DEX particles were selected for this
study. This particles were selected given that iron oxide nanopar-
ticles coated with dextran have already been approved by the FDA
(U.S. Food and Drug Administration) for clinical applications.36

Cells were seeded in a 96 well plate and 100 μL of the NPs-
32@DEX suspension with an iron concentration of 100 μgFe/mL,
equivalent to a total mass of iron of 10 μgFe, was added to each
well. Cells were incubated with the particles for 24 hours and
after that, two different strategies were used: either the cells did
not receive any additional treatment so all the particles were kept
within the well (NPs-In&Out) or they were washed to remove the
particles that had not been uptaken by the cells (NPs-In) (Figure
4A).

Using the same laser as described before, several changes in the
set-up were made to allow the irradiation of individual wells from
the bottom. A holder for the 96 well plate with a specific-sized
hole was used, allowing irradiation of a single well. Additionally,
a laser beam expander was employed to fit the diameter of the
hole and enable irradiation of the entire well.

An infrared camera was used to record the temperature of the
irradiated wells (Figure 5). An increase in temperature of ∼1 oC
was observed over a 10 min period both for the control cells and
the NPs-In group when irradiated with a 0.5 W laser power. A
slightly higher temperature increase was achieved in these two
groups when the power was increased to 1 W (∼2.5 and ∼4 oC
for the control and NPs-In group). Interestingly, a remarkable dif-
ference was observed for the NPs-In&Out group compared to the
other two groups when exposed to both the 0.5 and 1 W laser
powers. For the NPs-In&Out group, an increase of the global tem-
perature of ∼4 oC was detected when using the 0.5 W power and
a ∼8 oC increase was measured using the 1 W power, both within
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Fig. 4 Schematic representation of the in vitro tests showing: (A) the
three types of cell treatment: i) the control group, which was not incu-
bated with NPs, ii) the NPs-In group consisted of cells incubated with the
particles in which the particles that were not uptaken where subsequently
washed, so there were no particles in the cell culture media, and iii) the
NPs-In&Out group, in which the cell culture media was not removed and
particles were located both inside and outside the cells; and (B) scheme
of the irradiation procedure. Figure created with Biorender.com.

the same time frame. This observation is clearly related to the
larger amount of NPs present in this group.

In the case of the NPs-In&Out sample, the total amount of iron
adminitered to each well was considered (10 μgFe, that accounts
both for particles inside and outside the cells). However, it was
necessary to measure the amount of iron in the control cells and
cells incubated with the particles and washed (NPs-In). ICP-OES
measurements revealed values of iron mass per well several or-
ders of magnitude different for the two groups with particles. In
contrast with the 10 μgFe for the NPs-In&Out, only 19 ngFe were
measured for the NPs-In, which corresponds to 0.6 pgFe per cell
that would mainly be located within the lysosomes37,38. These
values clearly explain the different temperatures reached in both
groups during the treatment.

The morphology of the cells was assessed by optical microscopy
before and after the irradiation. While no significant differences
were found in the control group and the NPs-In group, less cells
were found in the wells corresponding to the NPs-In&Out group
24 h after the treatment and also some changes in morphology
were observed for those remaining cells. In normal conditions,
RAW cells typically present an heterogeneous morphology, being
some of them more rounded and others more spread like, what
makes this cell line to be not the most convenient one to study
the effect of any stimulus in terms of morphology change. How-
ever, the cells in the NPs-In&Out group 24 h after the irradiation
showed a slight loss of adherence and spread morphology, with
most of them, compared to the other conditions, floating on the
cell medium. This observation was an indication that cell death
could be triggered in these conditions both at 0.5 and 1 W of laser
power (Figure 6). In order to quantify the cell death and eluci-
date the mechanism triggered after the photothermal treatment,

Fig. 5 Representative images, taken with an infrared camera, of the well
plate in which the cells were treated with the laser. The two upper rows
correspond to different time points of the experiment at the same laser
power (0.5 W), the top row is the initial time point while the bottom
row corresponds to the same well at the final time point (10 min of
NIR irradiation). The lower row corresponds to the final time point of
an experiment performed at a higher laser power (1W). Each of the
columns corresponds to a different group of cells: (left) control cells,
(middle) NPs-In and (right) NPs-In&Out. The color scale is related to
the temperature going from blue in the coldest area to white in the hotter
one (blue< green< yellow<red< white). The temperature indicated in
the image corresponds to that on the irradiated well.

cell viability was studied 24 h after the irradiation using two dif-
ferent viability tests: a cell proliferation test (MTT assay) and an
apoptosis-necrosis assay for flow cytometry (Figure 7).

The MTT assay showed that neither the MNPs nor the irradi-
ation alone produce cell damage in terms of a cell viability de-
crease. Besides, the NIR laser treatment in the group NPs-In does
not induce any alteration in the cell viability 24 hours post treat-
ment. However, cell viability decreased in the NPs-In&Out group
24 h after the irradiation during 10 min (Figure 7A). Indeed, a
cell viability of 75 % was observed in the group irradiated with
the 0.5 W power. A further decrease of the cell viability (down to
11 %) was observed in the same group but irradiated with the 1
W laser power.

This assay measures the activity of mitochondrial en-
zymes that reduce the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to a purple formazan product. The
information that gives this assay is a combination of the mito-
chondrial metabolic state of the cells and its proliferation capabil-
ity, but it does not provide any information regarding the type of
cell death occurring. So, in order to complement these results, an
apoptosis-necrosis assay by flow cytometry was performed.

Two different biological events were studied and analyzed by
flow cytometry for elucidating the cell death mechanism triggered
by the treatment. First, the cell membrane permeability was stud-
ied by using propidium iodide (PI), that penetrates the cells when
the membrane is damaged (either during late apoptosis or necro-
sis). Besides, the translocation of the phosphatidylserine (PS) was
evaluated. PS is a molecule normally expressed in the internal
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Fig. 6 Optical microscopy images of the cells taken before (top row)
and 24 h after the photothermal treatment (bottom rows). Each of the
columns corresponds to a different group of cells: (left) control cells,
(middle) NPs-In and (right) NPs-In&Out group.

part of the plasmatic membrane but translocated to the outer part
of the membrane in the initial stages of apoptosis. Cells were in-
cubated with Annexin V, that binds the PS. The analysis of these
two markers allowed the identification of cells that were alive
(negative for both markers), cells in an early apoptosis stage that
present translocation of PS maintaining the membrane integrity
(positive only for Annexin V), necrotic cells that presented mem-
brane integrity alteration (positive only for PI) and those in a late
apoptosis or late necrosis stage (positive for both Annexin V and
PI).

Flow cytometry results showed that the cell viability remained
above 80 % for the control and NPs-In groups after the irradia-
tion either with 0.5 or 1 W of irradiation power. As it was also
observed in the MTT assay, 24 h after the treatment cell viability
was significantly reduced for the NPs-In&Out group achieving a
cell death rate of 42 % and 76 % for the two irradiation powers.
In both cases, most of the dead cells were in a late apoptosis/late
necrosis stage. Similar results were found by Cabana et al show-
ing also that 24 h after the irradiations most of the dead cells were
positive for both PI and Annexin V, indicating that cells undergo
similar death mechanism as the one observed with our nanopar-
ticles and our experimental conditions39. Although shorter anal-
ysis times would be needed to confirm which cell death mecha-
nisms were occurring, a bigger proportion of cells was found in an
early apoptosis stage, compared to the necrosis one, so probably
the irradiation is causing cell death through apoptosis.

Here, it is important to mention that although most of the stud-
ies using photothermal treatments have focused on the genera-
tion of an increase in temperature as a cause of cell death (e.g,

Fig. 7 Cell viability study after irradiation during 10 min using two laser
powers (0.5 and 1 W). Percentage of cell viability analyzed by A) MTT
assay and B) flow cytometry for control, NPs-In, NPs-In&Out groups.
Dot Blots are shown in Figure S3 from the supporting information.

though the analysis of the production of heat shock proteins40),
recent works have also pointed out the photothermal irradiation
accelerates nanoparticle degradation inside cancer cells leading
to Fe2+ release, ROS generation, lipid peroxidation and cell death
though ferroptosis41.

Our results indicate that even if the particles administered do
not achieve enough internalization to generate a great cell death
(NPs-In model) per se, having the particles also in the extracel-
lular environment (NPs-In&Out model) is helpful to reduce cell
viability after photothermal treatments. This result is especially
interesting, as in a real application, if the particles are admin-
istered intratumorally, the NPs-In&Out model better mimics the
clinical scenario42–45

Related to this, the work of Cabana et al.39 showed that, when
comparing cell viability on a PC3 prostatic cancer cell line using
two types of particles after photothermal treatment using iron
oxide magnetic nanoparticles, cell death was only generated with
the biggest particles. However, those biggest particles were also
the ones showing a much larger internalization. In such work,
authors stated that the smaller particles were then not suitable
for therapy in such conditions. Although it is difficult to com-
pare our results with others in the literature, as generally several
parameters (nanoparticle size, amount of NPs uptaken, cell type,
irradiation conditions, etc) differ among the different works, our
results, showing the effect of the extracellular particles on cell
death would open the possibility to use for the therapeutic treat-
ment particles that are not well internalized.

Indeed, a recent work by Lázaro et al.46 evaluated the effect
of the cell uptake on the cell death needed after the photother-
mal treatment. They found that the location of the particles was
fundamental to ensure the cytotoxic effect of photothermal treat-
ments, showing that lower NPs concentration was needed if those
particles were located intracellularly instead of extracellularly.
However, it is important to highlight that in an in vivo scenario,
probably a combination of particles located inside and outside the
cell will occur, similar to our NPs-In&Out model.

In summary, our findings suggest that magnetic nanoparticles,
even if not efficiently internalized by cells, hold potential for
photothermal treatments, expanding the range of materials that
could be used for this biomedical application.

8 | 1–10

Page 8 of 11Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
23

/2
02

4 
5:

05
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NA00384E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00384e


4 Conclusions
A set of 12 different iron oxide magnetic nanoparticles was pre-
pared to analyze the impact of the particle size, shape and coating
on their heating capacity when exposed to a NIR laser light in the
frame of photothermal therapies. No significant differences were
observed between the different materials, both on the SLP and
the photothermal efficiency. These results point to the need of a
standardized methodology to characterize the heating properties
of these materials in order to be able to compare literature results.

Furthermore, one of the characterized particles (NPs-32@DEX)
was selected to perform in vitro tests to evaluate the efficacy
of the photothermal treatment in order to generate cell death.
Cells were incubated with the particles and two different models
were prepared. The NPs-In model was generated by removing
all the NPs that were not uptaken by the cells after the incuba-
tion, and leaving only those particles inside the cells. In contrast,
the NPs-In&Out model consisted of cells incubated with the par-
ticles in which the cell media was not removed, so in addition to
the uptaken NPs, there were also particles within the cell culture
medium.

These two models were irradiated during 10 min with two dif-
ferent laser powers (0.5 and 1 W). A remarkable global tem-
perature increase was detected for the NPs-In&Out model com-
pared to the other groups. This difference was associated with
the higher NPs concentration in such group of cells.

Moreover, cell viability was assessed by different methods (op-
tical microscopy images, MTT assay and flow cytometry). Results
from all these techniques were in agreement showing a much
higher decrease of the cell viability in the NPs-In&Out group than
the NPs-In group. Moreover, within the NPs-In&Out group, a
higher decrease of the cell viability was observed when the ir-
radiation power was 1 W compared to the 0.5 W, reaching cell vi-
abilities between 11 and 24 %, depending on the technique used
for the analysis, for the 1 W power.

These results indicate that magnetic nanoparticles are able to
trigger cell death within photothermal treatments, but to modu-
late the biological outcome both the laser power and the amount
of particles need to be optimized to generate the required cell
death.
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