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ABSTRACT: Nanohyperthermia therapies have appeared as a \
promising alternative for the treatment of diverse cancer tumors. PHT
Multifunctional nanosystems offer a step forward in these i
therapies. They harness more efficient and multistimuli hyper- e
thermia for low-dose application, as well as supplementary {
functions for imaging, targeting, controlled release, and sensing. e .

9 q LS N
Among them, Janus Au:Fe;O, nanoparticles (JNPs) are highly ‘) -« 2
versatile and a prominent example for dual photo- and magneto- | |
thermia capabilities. To achieve the highest efficiencies of these Q’ = / = y '
nanomaterials, which allow low-dose applications, optimization in MHT ) /
terms of size and shape is imperative. Here, we have expanded the - I >
synthesis of Janus nanostructures and carried out a systematic — H H
study to understand the structure—performance relationship and
improve their hyperthermia efficiency. JNPs were synthesized by seed-mediated growth processes to obtain Janus nanostars (JNSs)
and Janus nanospheres (JNSphs) with controlled sizes, together with initial heterodimers and indented F;0, NPs. The hyperthermia
abilities were then evaluated using AC magnetometry and under near-infrared laser irradiation. The results showed a clear effect of
size and shape on the tuning of both magnetothermia and photothermia. Iron oxide size showed the biggest effect on
magnetothermia, which could be tuned by the size and shape of the gold component. Likewise, for photothermia, JNSs offered the
best performance and a clear correlation between the proximity of the plasmonic band to the irradiation source and their
photothermal performance, modulated by the presence of iron oxide. A SAR,,,, of 3 kKW g~' for the strongest field and frequency
tested, 0.48 kW g~' for biological safety limits in magnetothermia, and 8.3 kW g™ per W cm™ of applied light for photothermia were
obtained. The acquired results support the proper selection of the best JNPs for dual hyperthermia and allow one to set up the
design rules for obtaining more efficient multifunctional nanosystems, opening new avenues toward advanced heating-based
therapies.
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Bl INTRODUCTION tumors and localized external stimuli limits the damage to the
surrounding healthy tissue and the possible side effects.'” >

Among the hyperthermia treatments, there are two main
modalities: photothermia and magnetothermia. Plasmonic
(PNPs) and magnetic (MNPs) nanoparticles such as Au and
iron oxide are considered excellent candidates for these
heating-based applications, respectively.””~*° Plasmonic Au
NPs have outstanding optical properties, provided by their

Noninvasive thermal therapies are considered to be more
efficient and have fewer harmful effects than conventional
therapies. This is especially relevant for deeply embedded
malignant tumors in organs that cannot be removed by
surgery.' — In other types of tumors, thermal therapies can also
be utilized as coadjuvants to increase the susceptibility of

cancer cells to radio- and chemotherapy via different heat localized surface plasmon resonance (LSPR), with high light
sources such as lasers, ultrasounds, or microwaves. However, absorption and photothermal transduction. This feature,
these methods can also harm healthy tissues situated in the together with its chemical stability and biocompatibility,
proximity and between the target and the heat source."”’

Nanoparticle-based thermal therapies provide a solution to the Received: August 16, 2023 e
limitations of traditional techniques.”” "> One of the key Accepted: September 21, 2023

advantages is that they can be directed to specific locations Published: October 4, 2023

within the body using magnetic fields, targeting ligands, or

passively through the enhanced-permeation-retention (EPR)

effect.'*"'® The combination of such NP accumulation at the
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Scheme 1. Schematic Illustration of the Synthesis of Au/Fe;O, JNPs with Structural Control through (A) Changing the Size of
the Fe;O, Component of JNPs via Variations in the Thermal Decomposition Method Followed by (B) Growing the Au
Component for Different Sizes and Shapes by a Seed-Mediated-Growth Synthesis
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makes Au NPs excellent candidates for noninvasive thermal
therapy.”””® Among the different types of Au NPs, Au
nanostars have shown excellent light absorption and photo-
thermal capabilities””” that can be tuned by adjusting the
width and length of the nanostar spikes.””*' Moreover, they
can be grown using seed-mediated growth large-scale wet
chemical methods from different types of Au seeds.”” On the
other hand, iron oxide NPs, have been demonstrated to be
good energy-to-heat converters in the presence of an
alternating magnetic field, offering high biocompatibility and
biodegradation, in the long term, into endogenous iron.”*™%

Despite their extraordinary capabilities, both hyperthermia
techniques are characterized by well-known limitations. This
includes the high dose needed for magnetothermia or the low
penetration depth of photothermia, that even in the biological
transparency window is limited to a centimeters scale. The
development of nanohybrid platforms based on the combina-
tion of gold and iron oxide unites the advantages of each
methodology. It offers a more complete and versatile platform
that can create dual magnetic and plasmonic hyperthermia
while acting as a contrast agent in multimodal imaging or
enabling magnetic targeting.”® In the case of hyperthermia, the
dual system can offer adaptability to tumor type in terms of
tissue and location and enhance the hyperthermia treatment
due to additive and synergistic biological effects. All of it
translates into a reduction of the nanoparticle (NPs) and
physical stimulus dose to improve performance and decrease
systemic toxicity.”> A few works have shown NPs that combine
the use of these two materials, including core—shell NPs,
assemblies of NPs, or just nanoparticle aggregates.”® We
recently developed the synthesis of Janus nanostars (JNSs)
with applicability as a dual nanoplatform for cancer treatment
and imaging.”>”"~*" Although they have been shown to be
promising candidates for tumor hyperthermia treatment, very
little is known about how their parameters, in terms of size,
shape, and component ratios, affect their efficiency to be used
in hyperthermia treatment.

In the current work, we present the fabrication of Janus
multifunctional magnetic-plasmonic NPs composed of two
different domains of Au and Fe;O, bound epitaxially (Scheme

18467

1). The synthesis of the initial NPs (hereafter called
heterodimers) was performed by variations of the thermal
decomposition method,”** which expanded the size of the
Fe;O, component from 10 to 30 nm. The formed Au—Fe;0,
heterodimers were then used as seeds to form different
versions of NPs by the growth of the Au domain into several
morphologies. They were formed as nanostars to form JNSs or
as spheres of bigger size to form Janus nanospheres (JNSphs)
and with tunable sizes by adjusting the seed to reagent-Au
ratio, in this case from 18 to 75 nm. As a control, the Au of the
heterodimer was etched to obtain indented Fe;O, NPs with
the same size and size distribution of the heterodimer Fe;O,
lobes. Tuning their shape as well as dimensions provides a
wide range of characteristics in terms of magnetic and optical
properties that can be adjusted to improve efliciency. In water
dispersion, the heat conversion capabilities, such as specific
absorption rate (SAR), were evaluated when exposed to either
NIR laser at 785 nm (first biological window) or to an
alternating magnetic field at three frequencies, 143, 350, and
732 kHz, and magnetic fields up to 80 mT. We showed that
the relative sizes and morphology highly influence the
structure—performance relationship and demonstrate the
possibility of optimizing the morphologic and structural
features for generating superior magnetic and photothermal
efficiency. Thus, it paved the way for the implementation of
low-dose heating-based therapies based on multifunctional
nanoparticles.

B EXPERIMENTAL SECTION

Chemicals. Iron pentacarbonyl Fe(CO)s, l-octadecene (ODE,
90%), oleylamine (70%), oleic acid (90%), 1,2-hexadecanediol
(HDD, 90%), N,N-dimethylformamide (99.9%), polyvinylpyrrolidone
(PVP) (My, = 10 kg mol™"), poly(isobutylene-alt-maleic anhydride)
(M,, = 6000 g/mol), 1-dodecylamine, methoxypolyethylene glycol-
acetic acid (PEG-COOH, M,y = § kg mol™"), chloroform, 2-propanol,
ethanol (absolute, ACS grade), and Lugol’s solution were bought
from Sigma-Aldrich. Hydrogen tetrachloroaurate trihydrate (HAuCl,-
3H,0, 99.99%) was purchased from Thermo-Fisher. All reagents were
used as received without any further purification.

Synthesis of Gold—Iron Oxide Heterodimers with dg. o, = 10
nm. For a typical synthesis, in a three-neck flask, a solution containing

https://doi.org/10.1021/acsanm.3c03818
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2.58 g of 1,2-hexadecanodiol, 2 mL of oleylamine, and 2 mL of oleic
acid in 47 mL of 1-octadecane was stirred at 120 °C for 20 min under
N, flow. Then, 0.3 mL of Fe(CO); was injected at 120 °C, which
produced a decrease in the solution temperature. After reaching 120
°C again, a freshly prepared gold mixture (40 mg of HAuCl,-3H,O
dissolved in 0.5 mL of oleylamine and 3 mL of l-octadecane) was
injected and heated up to 310 °C at 3 °C/min. The system was aged
under reflux for 90 min at 310 °C. The reaction mixture was cooled to
room temperature followed by Fe-oxidation by exposing it to air. The
final solution was cleaned three times by centrifugation (7000 rpm, 30
min) using 2-propanol to destabilize the sample and small quantities
of chloroform (~1 mL) to disperse the NPs. The stock solution was
dispersed in S mL of CHCl; and stored in the fridge.

Synthesis of Gold—Iron Oxide Heterodimers with dg. o, = 24
nm. A methodology similar to the case above was followed. In this
case, 1,2-hexadecanodiol was not included in the reaction, and the
quantity used was 20 mL of 1-octadecane; 20 mg of HAuCl,-3H,O
and 0.08 mL Fe(CO); were added at 120 and 150 °C, respectively.
The reaction mixture was aged at 200 °C for 90 min and then at 300
°C for 1 h.

Synthesis of Gold—Iron Oxide Heterodimers with d¢. o, = 30
nm. A methodology similar to the case of 24 nm heterodimers was
followed with a change in the temperature profile. In this case, a
further increase of the holding time to 2 h at 200 °C and then 90 min
at 300 °C was applied. In a sequence of experiments, the iron oxide
size was controlled by ending the reaction at different holding times
and changing the relative amounts of surfactants. A summary of all
synthesis conditions can be found in the Supporting Information,
Table S1.

Synthesis of Star-Shaped Au—Fe;0,: JNSs. The synthesized
NPs were initially modified by place-ligand exchange with PEG to
improve their dispersibility in DMF. 21 mg of PEG-COOH was
dissolved in 1 mL of chloroform, added dropwise to 50 uL of gold—
iron oxide seeds, and then shaken for 30 min.

A solution containing HAuCl,-3H,0 (1.092 mL, 50 mM) was
added after the complete dissolution of 10 g of PVP in 200 mL of
DMF. After 6 min of stirring of the reaction mixture (prereduction of
the Au precursor), the solution containing the seeds was added. After
injecting the required volume of seeds solution, the reaction mixture
was left stirring for 2 h until the solution turned blue.

Different NPs were obtained by growing the Au domain in different
sizes of JNSs in which the size was controlled by changing the ratio
between the Au precursor and the amount of Au—Fe;0, seeds. Two
groups of nanoparticles were formed in this way, the first one named
big JNSs: A.1, B.1, C.1, with sizes between 57 and 75 nm and a
plasmonic band close to the laser used in the photothermia, and one
named small JNSs: A.2, B.2, C.2, with sizes between 26 and 34 nm,
showing only a shoulder in the tips-related plasmonic band. Specific
details of the synthesis parameters of these NPs can be found in Table
S2.

Synthesis of Sphere-Shape Au—Fe;0,: JNSphs. 10 g of PVP
was initially dissolved in 200 mL of DMF. Immediately after that,
1.092 mL of HAuCl,-3H,0 (50 mM) was added to the solution and
stirred for 6 min. Then, a certain volume of Au—Fe;O, seeds was
added (identical to the one used for the small JNSs) to obtain JNSphs
named A.3, B.3, and D.3. Synthesis conditions can be found in Table
S2. Once added, the reaction flask containing the mixture was placed
in an oil bath at 120 °C and stirred for 1 h until a bright red solution
was obtained. The flask was then taken out and left until it cooled
down.

JNSs and JNSphs Purifying Procedure. The solution
containing the Au—Fe;0, Janus NPs was cleaned using ethanol by
3—4 centrifugation cycles at 6000—9000 rpm for 1 h. The final
precipitate was redispersed in 1—2 mL of Milli-Q water and stored in
the fridge.

PMAD-Functionalized JNPs: Transfer of Au—Fe;0, Hetero-
dimers to Water. Dodecyl-functionalized poly(maleic acid)
(PMAD) was synthesized according to a previous report,”® by
reacting poly(isobutylene-alt-maleic anhydride) (M = 6000 g mol ™",
Aldrich) with dodecylamine (75% with respect to PMA monomers).

A solution of heterodimers in chloroform was placed in a glass vial;
100, 350, and 150 uL of A, B, and C with (Au/Fe;0, concentration:
7.5, 0.74, and 1.5 mg/mL). PMAD polymer solution in chloroform
(0.08 M and 233, 36, and 25 uL, respectively) was added followed by
shaking at room temperature for 30 min. The added PMAD volume
was calculated according to the concentration of NPs (obtained by
drying part of the solution) to have approximately 100 monomer units
for each nm? nanoparticle surface. The solvent was completely
evaporated via a rotatory evaporator and then the dried solution was
dissolved in an aqueous solution of sodium hydroxide (1 mL, 0.1 M)
and sonicated in an ultrasound bath. The solution was then
centrifuged one time (12 X 10° rpm, 30 min) to remove the residual
polymer and redispersed in 1 mL of Milli-Q water.

Etching of the Au Domain from Au—Fe;0, Heterodimers.
Etching of Au—Fe;O, heterodimers with Lugol’s solution was
performed on PMA-functionalized JNPs. Strong oxidation of gold
with Lugol’s solution ([I, concentration: 2% (w/v)] and [KI
concentration: 4% (w/v)]) was used to etch the gold domain in
the heterodimers as previously reported.** 17 mL of a 50 times
diluted Lugol’s solution was mixed with 150 yuL of heterodimers in
water (Au concentration: 2.24 uM).

The solution was heated to 60 °C for 1 h. Afterward, the solution
mixture was lightly sonicated, and 2 centrifugation cycles were carried
out with Milli-Q water.

Transmission Electron Microscopy. All NPs were characterized
using transmission electron microscopy (TEM). Samples of JNPs
were fixed on 400 square mesh Cu grids with a carbon coating by
depositing a drop of solution and letting it dry. TEM images were
obtained by using JEM-1400 PLUS JEOL equipment working at 100
kV. Image] software program was used to obtain the relative sizes of
the nanoparticle components.

UV-Vis—NIR Spectroscopy. The absorbance of JNPs was
measured via UV—vis spectroscopy (Cary 60, Agilent) between
spectral ranges of 350—1100 nm using diluted aqueous solutions in a
standard cuvette. Au concentrations for JNSs and JNSphs were
calculated by assuming an absorbance of 1.2 for 0.5 mM at 400 nm.

X-ray Diffraction. Diffractograms were collected using a Philips
X’pert PRO automatic diffractometer operating at 40 kV and 40 mA,
in a theta—theta configuration, a secondary monochromator with Cu
Ka radiation (1 = 1.5418 A), and a PIXcel solid-state detector (active
length in 26 3.347°).

The samples were mounted on an Eulerian cradle with an
automatically controlled X—Y—Z stage. The diffractograms corre-
sponding to heterodimers and NSPhs can be seen in Figure S1 where
the peaks fit well to magnetite and metallic Au.

Vibrating Sample Magnetometer. Magnetic hysteresis loops
were assessed by a vibrating sample magnetometer (VSM, Micro-
Sense EZ7) with a sensitivity of 5 X 107 emu, up to a maximum
applied magnetic field of 18 kOe at room temperature.

AC Magnetometry. Measurements of the SAR [specific
absorption rate, a.ka. specific loss powers (SLP)] were obtained
using AC magnetometry in a homemade instrument that produced a
strong magnetic field capable of saturating the samples as previously
reported.*’ This instrument can operate in a broad frequency range
with high field strengths. At room temperature, the dynamic hysteresis
loops were measured at various frequencies of 143, 350, and 732 kHz.

The magnetometric measurements were made using JNPs
dispersed in Milli-Q water, which was introduced in a plastic capsule
and inserted in the instrument. Using the hysteresis loops, the SAR
was calculated by the loop areas and the applied frequency according
to the formula®®

SAR:J—(;AO ngdH W

where f is the frequency, ¢ the concentration, M the magnetization,
and H is the applied magnetic field. The sample mass was calculated
using a VSM and assuming a constant magnetization of saturation,
which is true for nanoparticles big enough, with negligible
contribution from surface atoms.
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Figure 1. (A—C) TEM images of synthesized JNPs with three different sizes of the Fe;O, component from 10 to 30 nm of iron oxide and different
morphologies and sizes of the Au component, JNSs (A.1—C.1), and (A.2—C.2)from 20 to 70 nm , and JNSphs (A.3—C.3) from 17 to 25 nm .
Actched—Cetchea correspond to Fe;O, NPs after etching the Au components of the related heterodimers.

The NPs were also compared under the biological safety limits of
magnetothermia, It is usually considered that this limitation can be
mathematically expressed by the criterion H X f < L. The calculation
of the SARy;; takes into account that the magnetic field amplitude
and the frequency of the applied electromagnetic excitation must fit
within certain medically safe conditions. For instance, under the
widely accepted Hergt’s criterion, this number, L, is set to 5 X 10°
Am™" s7!. Note here that several limits, lower and higher, have been
proposed in the literature, and it is a topic of scientific debate.**™* If
SAR results from the product of the hysteresis loop area by the
frequency of the driven field, then the calculation of the SARy;; for a
given field amplitude H is just the product of SAR/f by the limiting

frequency fy = L/H. However, this is generally not true because the
hysteresis loop area can also depend, in turn, on the frequency. In
general, the SARj,; determination demands obtaining several
SAR(H) curves at different frequencies that should be conveniently
spaced out in order to get a reliable analytical SAR(H,f) function. This
function allows fitting the existing experimental data, and it is
expected to work only for a given sample and in the range of
frequencies between minimum (143 kHz in this work) and maximum
(732 kHz). In our case, we have used the following sigmoidal function

as previously described*’

https://doi.org/10.1021/acsanm.3c03818
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p*(f)

1 4 e WH-P) /P (1) @)

SAR(H, f) = p'(f) +

where a set of parameters (p', p? p°, p*) are fitted to any experimental
SAR(H) curve. Once the fittings of all SAR(H) curves are done, the
best-obtained parameters are fitted in turn to a polynomial function
(up to the second degree) of the frequency f

Pr=a g ©)

where n =1, 2, 3, 4.

When the polynomial functions given by (3) are inserted in eq 2, a
function of two variables (H,f) is obtained, which can be used to
calculate the SAR of a given sample for whatever excitation
conditions. (An example of the fitting can be seen in Figure S2).

Photothermal Measurements. A 785 nm laser (Lumics,
LuOcean Mini4) connected to a reflector collimator (Thorlabs)
was used to have a collimated beam of approximately 12 mm. The
light passed through a 1 X 1 cm? mask placed in front of a standard
UV—vis PS cuvette (I cm?® section) containing 1 mL of the NP
sample at a concentration of Au of 0.1 mM. In addition, a thermal
power meter (S425 Thorlabs) was placed behind the sample to
measure the light power before and after placing the sample. An
illumination power of 0.3 W cm™ was applied as a biological safety
value to induce the photothermal effect of the NP solution. On—off
experiments (20 + 30 min) as well as transmittance exyeriments
(regression line at different laser powers) were performed.”® 20 min
was chosen as a compromise time to avoid evaporation of the sample
(note here that this could give a slight underestimation of the
conversion efficiency) and reach a temperature saturation. An infrared
thermal imaging camera (Flir E4) placed on top of the cuvette was
used to monitor the temperature and assess the temperature by using
the Flir tools + software.

To obtain the SAR, the thermograms were analyzed using a
modification of the corrected-loss method described by Wildeboer et
als! Assuming a linear loss regime, the losses were calculated from the
cooling part and subtracted to the thermogram (a step-by-step
description of the protocol is included in the Supporting Information,
figure S3). The SAR was obtained using the corrected thermogram as

SAR=—"

myp

dT _dr
dt. dt

c,water

(4)

where C is the heat capacity of the sample (C = m,eCyater), Mxp is the
mass of NPs, and the derivatives of the temperature are taken in the
corrected-losses thermograms.

The photothermal conversion efficiency (17) can also be obtained
from the corrected-losses thermogram as

ar 4
dt, dtc,water
I(1-T) (%)

where I is the incoming power after subtracting the cuvette and water
absorbance, and T, is the transmittance of the sample at the
illumination wavelength.

n=_cC

B RESULTS AND DISCUSSION

Synthesis and Structural Control. To generate a library
of JNPs with different sizes and shapes, heterodimers of
Au:Fe;O, were initially synthesized. These heterodimers were
obtained by modifying different protocols,‘”’42 which involve a
one-pot two-step synthesis and can offer tunability on the size
of the Fe;O, component (see Experimental part). The two
steps involve the generation of Au NPs at intermediate
temperatures (120—150 °C) and then a temperature ramp to
the boiling point of the solvent, where the Fe grows on one
side of the Au NPs that act as seeds. While it could be expected
that by changing the ratio of iron pentacarbonyl to Au,

different sizes could be obtained, we observed that this
approach offers size tunability only when small changes in iron
pentacarbonyl are used. When the ratio is highly modified, like
in this case, this is not true due to the appearance of
homogeneous nucleation giving rise to homocomponent Au or
Fe;O, NPs. This can be solved by adjusting the synthesis
parameters, such as the temperature profile or the added
ligands, to obtain the heterodimers. Scheme 1 illustrates the
diagram of the Au:Fe;O, JNP synthesis with structural control
through (A) changing the size of the Fe;O, component of
JNPs via variations in the thermal decomposition method
followed by (B) growing the Au component for different sizes
and shapes by a seed-mediated-growth synthesis.

For standard initial conditions (see Experimental Section),
Au:Fe;0, heterodimers were formed with gold and iron oxide
domains, having average diameters of Au as 2.6 and Fe;O, as
10.8 nm. For bigger sizes, we started the reaction with the
surfactant mixture without adding HDD (similar to the
protocol by Pellegrino et al.*') and changing the holding
time and annealing temperature as described in Table S1,
which gave sizes of Fe;0, as 24.0 and Au as 10.88 + 2.44 nm.
Finally, bigger sizes were obtained by increasing the holding
time at 200 and 300 °C for 30 min more, which gave an Fe;0,
size of 30.6 nm and a Au size of 7.2 nm. As can be seen in the
TEM images (Figure 1A—C), while NPs with small Fe;O, tend
to show a spherical shape, for bigger sizes, there is a high
abundance of polyhedral shapes. These shapes are indicative of
single-crystal NPs and have been shown to present a good
capacity for magnetic hyperthermia.'”>*

The obtained heterodimers show the Au component as the
smallest part of the NP (Figure 1A—C), which gives rise to a
poor and broad plasmonic band hindered by the metal oxide
component (Figure $4).>* In addition, the NPs are coated with
apolar ligands, and therefore, they are not water-soluble. These
two drawbacks can be solved by growing the Au part as a
nanostar, using a seed-mediated-growth method in the
presence of PVP which acts as a shape-directing and water-
stabilizing agent, as it has been previously described.””*” In
this synthesis, the size of the Au part can be perfectly tuned by
changing the ratio between the reaction Au and the seeds, as
the reaction has a nearly 100% yield and no homogeneous
nucleation takes place. We selected two nanostar sizes for each
heterodimer: one with a plasmonic band close to the laser
wavelength and one smaller, at the limit of the nanostars
formation, with a plasmon band blue-shifted with respect to
the laser wavelength. The TEM images in Figure 1 (A.1, B.1,
and C.1) show the produced large JNSs with an average
diameter of 55—75 nm and the small JNSs of 25—35 nm
Figure 1 (A2, B2, and C.2).

To determine the relevance of the shape of the Au
component for both photothermia and magnetothermia, we
developed the synthesis of PVP-coated sphere—sphere NPs
(JNSphs) by a modification of the JNSs synthesis. By
increasing the temperature of the synthesis reaction to 120
°C during the growing process, two competitive processes take
place. One is the formation of tips induced by PVP, and the
other one is a temperature-induced reshaping process that
tends to form spherical morphologies.”* The reaction can
change colors between red, purple, and blueish depending on
the reaction volume and therefore on the time needed to reach
the setup temperature. However, after waiting long enough, it
always ends up being red, indicative of a structure with
spherical Au shapes. In this case, for comparison reasons, the
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Figure 2. Optical and magnetic characterization of the obtained Janus nanoparticles. (a—c) UV—vis—NIR absorbance spectra of different shapes
and sizes of the Au component of JNPs at different sizes of iron oxide used as seeds. Letters, A—C, indicate the Fe;O, size and numbers to the type
(1) big JNSs; (2) small JNSs; and (3) JNSphs. (d) VSM magnetic hysteresis loops (M—H) of heterodimers with different sizes of the Fe;O,
component (A—C) normalized to the amount of Fe. The inset displays an enlarged image close to the zero magnetic fields. (A) [Fe;O,]: 10.8 nm,

(B) [Fe;0,]: 24.0 nm, (C) [Fe;0,]: 30.6 nm.

Table 1. Optical Characteristics of all Designed JNPs (JNSs and JNSphs)“

sample Amax (D) Amex— Gaussian fitting (nm) Erg5mm (M~ cm™) n (%) AT, (°C) SAR (kW/g)
peak 1 peak 2
Al 791 605 794 7053 443 + 4.5 12.0 2.48
A2 680 577 694 1890 222 + 4.2 6.2 1.87
A3 534 53.79 10.2 + 5.7 1.5 0.019
B.1 778 553 770 3502 49.5 + 13.6 8.8 2.54
B.2 561 577 704 1382 259 + 6.1 3.6 0.86
B.3 534 290.4 243 £ 8.5 2.3 0.23
C.1 751 591 756 3918 50.0 + 12.7 9.3 2.36
C2 53§ 561 761 1138 32.8 + 3.5 4.1 1.54
C3 532 561.8 114 + 4.4 2.1 0.28

“Jmax corresponds to the wavelength at maximum absorbance (nm); in the Gaussian fitting, the wavelength is given for the maximum absorbance of
the two main plasmonic modes; €55 . corresponds to the molar extinction coefficient; 7 (%) is the conversion efficiency, AT, and SAR are the
maximum temperature achieved in photothermia and SAR (785 nm, 0.3 W cm™, 0.1 mM).

synthesized JNSphs were obtained with the same component
ratios as the JNSs (fixing the amount of seed solution added to
a given growth solution). Although both sets of NPs should
have the same volume size, the TEM images of the JNSphs,
Figure 1 (A.3, B.3, C.3), show sizes of 18—27 nm, slightly
smaller than the corresponding JNSs, as a consequence of
using the equivalent diameter for its evaluation (obtained from
the area of the 2D projection of the TEM images and assuming
a spherical shape) (see Table S2).
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Finally, Fe;O, NPs with the exact same size and shape as
those of the rest of the NPs were obtained by etching the gold
component of the initial heterodimers. For that, the
heterodimers were transferred to water using a micellar coating
strategy with the amphiphilic polymer PMAD, which allowed
having all samples in the same solvent for their character-
ization. Once transferred to water, the NPs were exposed to an
aqueous mixture of I, and KI; (Lugol’s solution) for the Au
etching. As observed in the TEM images (Figure 1,A.cea—
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Figure 3. (a,b) M—H loops of Au—Fe;0, Janus NPs before and after etching the Au component (at 350 kHz at 20 °C). (c,d) SAR as a function of
the applied magnetic field (0—80 mT) of Au—Fe;O, heterodimers before and after Au etching (350 kHz at 20 °C). (e) Maximum SAR of all
heterodimers with and without etching at three different frequencies (143, 350, and 732 kHz).

Cetched) the Fe;O, NPs show similar shapes but contain a small
cavity where the Au was placed.

Physical Characterization. Optical Properties. The LSPR
dipolar mode of the JNSphs (Figure 2a—c) takes place around
534 nm, which is slightly higher than for spherical Au NPs of
the same size,”” due to the effect of the refractive index of the
Fe;O, component. For JNSs, two hybrid dipolar plasmonic
bands appear: one related to the tips of the NSs at longer
wavelength and one related to the body of the NPs at shorter
wavelengths.56

The position of the tips” plasmonic mode red-shifts with the
tips” aspect ratios and therefore with the size of the nanostars.
For the large JNSs (A.1, B.1, and C.1), this takes place at the
near-infrared region with wavelengths close to 785 nm
(illumination laser for photothermia) (Table 1). On the
other hand, a small shoulder is observed at around 550—600
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nm, corresponding to the body plasmonic mode. For small
JNSs (A2, B2, and C.2), which present shorter tips, the
plasmonic band is presented at much shorter wavelengths.
Despite this blueshift with respect to big JNSs, they still show a
relatively high absorbance at 785 nm, definitely much higher
than the corresponding JNSphs. The deconvolution in peak 1
and peak 2 shows the two main peaks, with peak 2 of Al, BI,
and C1 being close to the excitation wavelength and slightly
lower wavelengths for the cases of A2, B2, and C2 (except C2
which was difficult to fit at these wavelengths). For peak 1, on
the other hand, a better fitting was obtained for A2, B2 and C2.
In any case, all values were obtained in the same interval
(553—605 nm).

Magnetic Properties. The magnetic characterization of the
obtained NPs was performed by conventional vibrating-sample
magnetometry (Figure 2d). The room-temperature magnetic
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Figure 4. (a) SAR values at 350 kHz as a function of the magnetic field in the range [0—80 mT] of Au—Fe;0, heterodimers and JNSs with
different sizes of the iron oxide domain (from 10 to 30 nm). (b) Comparative SAR,,,, values at three different frequencies [143, 350, 732 kHz] of
Au—Fe;0, heterodimers and JNSs. (c) SAR values at 350 kHz as a function of the magnetic field in the range [0—80 mT] of Au—Fe;O, JNSs and
JNSphs. (d) Comparative SAR,,, values at three different frequencies [143, 350, 732] kHz of Au—Fe;O, JNSs and JNSph. (e—g) Maximum
attainable SARy; under the biological safety conditions of A.2, B.2, and C.2 samples. The black curve represents the appropriate maximum
frequency, H X f=5 x 10° A m™" 57/, for a given magnetic field intensity and the yellow is the corresponding SARy,; at that frequency.

hysteresis loops for a range of Au—Fe;O, heterodimer sizes
displayed a low coercivity (poHc), below 0.3 mT, both as a
heterodimer and as a homocomponent after Au removal
(Figure SS). Both saturation magnetization and the hysteresis
loops are not significantly different among samples. This
behavior was maintained for all samples independently of the
Au component.

Hyperthermia Properties. Magnetic Hyperthermia. Due
to the different dimensions of the iron oxide components of
the three different sets of NPs, it is expected that they also
exhibit significantly different magnetothermal features. To
evaluate it, AC magnetometry was used instead of conventional
thermometry. AC magnetometry offers the possibility to
measure a wide set of conditions in a short time while giving
reliable results obtained directly from the integration of the
hysteresis loop.”” > The SAR obtained by this integration
accounts for the different mechanisms of magnetothermia,
including Neel and Brown relaxations.®’ In addition, it is
expected to avoid possible errors obtained in the measure-
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ments or analysis of the calorimetric data (temperature
gradients or too simplistic models).”" Despite this, when the
tests are well performed, they have been shown to offer similar
results.®'

The magnetothermal capabilities of iron oxide heterodimers
of the three different dimensions of Fe;O, were initially
assessed. At first sight, significant differences are observed in
the shape of AC hysteresis loops when comparing the three
different sizes, A, B, and C, at 350 kHz and 20 °C (Figure 3a).
Sample A displays the narrowest hysteresis loop, which grows
to a more squared shape as the NPs get bigger from A to C.
The magnetothermal capabilities of heterodimers were
compared with those of NPs of Fe;O, with the same size for
this component. For that, the Au in the heterodimers was
previously etched. Note here that removing the Au from the
initial heterodimers instead of synthesizing Fe;O, NPs with
similar sizes guarantees the exact same size and size
distribution of the Fe;O, component of the heterodimers,
including the little indentation where the Au was located
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(Figure 1). Interestingly, the shapes of the loops change after
the etching of the Au component (Figure 3b). For instance,
after etching the Au component from sample A, it shows a
much narrower hysteresis loop. This difference is less
significant for the cases of samples B and C, where only a
minimum effect is observed. The same observation was noticed
in the M—H loops values at lower and higher frequencies (143
and 732 kHz, Figures S6 and S7, respectively). The magnetic
SAR was extracted, according to formula 1, from the
mentioned hysteresis loops as a function of the magnetic
field for the three iron oxide diameters before and after etching
the Au component (Figure 3c,d). The results at 350 kHz show
the typical monotonous increase in the SAR with the magnetic
field. The smallest NPs, sample A, show the lowest values of
SAR, while for the other samples, the effect of size is
appreciable only at a high magnetic field above ~30 mT. The
same behavior was observed for lower and higher frequencies,
143 and 732 kHz, respectively (Figure S6c,d and S7c,d). When
the samples before and after etching are compared, a general
increase in SAR is observed for all conditions (Figure S8). This
can be easily observed in Figure 3e, which represents the SAR
at the highest magnetic field of our instrument, i.e., SAR,,, for
all heterodimers before and after etching at the three
frequencies. In this case, the bigger the Fe;O, component,
the bigger the SAR_,.. This SAR dependency on the size may
differ from what has been found in other works with magnetite
NPs, where the SAR grows only up to a certain NP size and
then decreases. The size of NPs at which the maximum of SAR
appears is not clear in the literature, as it depends on the
synthesis type and on the magnetothermia conditions
applied.””"®* In our case, the results indicate that at 30 nm,
we are still below that threshold for large magnetic fields. On
the other side, at lower magnetic fields below 30 mT, the NPs
showing the highest SAR correspond to the intermediate size,
in line with the previous results (Figure 3). Finally, the
presence of Au in the heterodimers produces a slight increase
in the SAR for all cases, probably due to a higher colloidal
stability of the Au-containing NPs.

Similar AC-magnetometry experiments were performed for
the NPs after growing the Au component with the two possible
Au shapes (set 2 for JNSs and set 3 for JNSphs). In general,
the NPs with larger Au content (A2—C.2 and A.3-C.3)
showed higher SAR values compared to the heterodimers and
the magnetic NPs alone, as can be seen in Figure 4a,c for the
350 kHz. These higher values of SAR were also found for lower
and higher frequencies (Figures S9 and S10) and in the
summary of SAR_, in Figure 4b—d, following the same
tendency observed above for the heterodimers with and
without etching, i.e., the growth of the Au component tends to
increase the SAR and therefore the magnetothermal
capabilities of the multicomponent Au:Fe;O, NPs. Note here
that the Au component does not contribute to the magnetic
properties. Although the effect is not completely understood,
this could be due to an increase in dipolar decoupling, similar
to what has been observed for core@shell NPs.>*®> At the high
concentrations used in the experiments, of around 1 mg mL-,
some aggregation could take place. The Au component could
help to stabilize the NPs or act as a spacer for the case of the
aggregated or agglomerated NPs, improving the decoupling
among the Fe;O, nanoparticle lobes and therefore improving
the SAR. The higher Au quantity from etched to heterodimers
and finally to JNSs and JNSphs produces a monotonous
increase in the SAR.

When comparing the different shapes, i.e., JNSs and JNSphs,
less clear differences have been observed (Figure 4c—d). For
instance, at 350 kHz, JNSs showed higher SAR values than
JNSphs for sample C, while for samples B and C, the values
were almost identical (slightly higher for A and lower for B).
For 143 and 732 kHz (Figures S6, S7, and 4b), JNSs also
showed higher values of SAR than JNSphs for sample C. For
samples A and B, JNSs show almost the same behavior as the
JNSphs at 732 kHz and relatively higher for JNSphs at 143
kHz.

Regarding the effect of the frequency, SAR/f can be
obtained directly from the integration of the hysteresis loops
according to formula 1. In general, for the frequencies used
here, higher frequencies generated a higher SAR/f (Figure
S11), which tends to be more evident in higher magnetic fields.
Here, it is important to consider the limitation of using
magnetothermia in healthy tissue, which limits the value of H
X f applied to the patient.”~® Several biological safety limits
have been proposed in the literature, which depend on many
factors such as preclinical or clinical application, the method of
evaluation (biochemical or discomfort feeling), the size of the
coil, or the region or type of tissue where they have been
applied."~* These limits go from low values like the one
found by Atkinson, 4.8 X 10° Am™" s~ for the thorax,” or the
6, 7.5, and 13.5 X 10 A m™! s7! found for the thorax, neck,
and head/brain of humans (both based on discomfort),”” and
the high-value limits like the 9.5 X 10° A m™ s™' found on
biochemical preclinical assays.”” Here, we have used the
Hergt’s limit, H X f < 5§ X 10° A m™! 57}, as an intermediate
limit and highly used in the literature.”*™** To perform this
analysis, we have empirically fitted the obtained results as a
function of the frequency and magnetic field using formula 2
described in the Experimental Section. Figure 4 represents this
limit at different magnetic fields and the corresponding
frequency for the three JNSs with varying Fe;O, lobe sizes.
A maximum SARy;, is observed for all NPs (Figure S12). The
maximum values occur between 14 and 28 mT and 110 and
429 kHz, depending on the sample (Table 2), and reaching the

Table 2. Values of H, f, and SAR Obtained From the
Empirical Fitting of SAR (f, H) and the Biological Safety
Constraints, H X f=5 X 10° Am™' s7!

sample  optimal (H X f); (mT kHz)  maximumSARy o (W/g)

A 28 X 219 196
A2 27 X 232 243
A3 19 X 339 140
Asiched 14 X 429 77
B 15 X 110 297
B2 17 X 374 309
B3 26 X 232 340
Beched 24 X 259 258
C 23 X 263 273
c2 27 x 231 486
c3 21 x 297 348
Cetched 28 X 216 252

highest value at 486 W g~' for samples C.2 but also high
values, above 300 W g~', for NPs with medium and big Fe,0,
lobe sizes and both shapes JNSs and JNSphs. These values are
in line with what has been in the literature for efficient NPs like
nanoflowers or highly crystalline nanoparticles’”" (between
400 and 700) and not too far from the best Fe;O, NPs like the
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Figure S. (a) Thermogram in an on—off experiment under NIR-laser irradiation of JNPs with the same size of the Fe;O, component and different
sizes and shapes of the Au component (A.1, A.2, and A.3) and fixed illumination conditions (1 mL, 0.1 mM of Au, 785 nm, and 0.3 W cm™2). (b)
Maximum temperature increment and SARs for the tested Janus NPs. (c) Photothermal conversion efficiency (17) for the different JNSs and
JNSphs. (d) Maximum temperature variation as a function of the molar extinction coefficient.

ones of magnetosomes or the truncated octahedra NPs, which
are around 1 kW g™'.*>”" Note here that this value is highly
dependent on the safety limit considered. For instance, when
9.5 X 10° A m™' s7! is considered instead of Hergt’s limit, a
SARjicmax close to 1kW g™! is obtained for sample C2.

Opverall, the presence of the Au component appears to be
efficient for improving the SAR, which allows the use of a
lower concentration of NPs or lower magnetic fields for
magnetothermal applications at diverse frequencies, partic-
ularly for the NPs with large sizes of the Fe;O, component.
Additionally, the shape of the gold component does not seem
to have a clear effect on the magnetothermal effect in the
SAR,,,, except for sample C, where the nanostar shape seems
to improve the SAR,..° As mentioned above, the Au
component should not contribute to the magnetic properties;
therefore, this effect could be related to a separation
mechanism in aggregation induced by concentration and a
decoupling effect among the Fe;O, lobes. From that point of
view, the JNSs could act as slightly better spacers due to a
more steric separation. Finally, considering H X f biological
safety constraints for the use of magnetothermia, increasing the
Au component has a beneficial effect but the highest values are
also obtained for the biggest Fe;O, lobe size and high Au
content.

Plasmonic Photothermia. The same Au—Fe;O, JNSs and
JNSphs were evaluated for photothermal applications. In this
case, given the significantly superior efficiency of plasmonic
photothermia with respect to magnetothermia, a lower
concentration of 0.1 mM Au was used. Regarding the
excitation wavelength, the first transparency window takes
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place in the range ~650—950 nm,”” being the lower limit due
to proteins such as hemoglobin and the upper one due to the
first band of the IR water absorption. Thus, we selected an
intermediate value of 785 nm, which is in the middle of the
first transparency region and a typical laser wavelength. On the
other hand, a low power density of 0.3 W cm ™ of illumination
was chosen to be below the safety limit to avoid any damage to
healthy tissue.”*”

The JNPs exhibited remarkable photothermal efficiency,
even at this low concentration and power. For instance, sample
A.1 reached a temperature increase close to 12 °C after 20 min
of illumination (Figure Sa). Under similar conditions, the small
JNPs (A.2), in which the LSPR takes place at much lower
wavelengths, reached an increase of temperature of 6 °C,
enough to cause cell apoptosis.”® When compared with the
JNSphs (A.3), which show a plasmonic band around 540 nm,
no absorption appears at 785 nm, therefore no increase in
temperature is detected with respect to the water control. It is
worth noting that although Fe;O, NPs could have absorption
of light at the NIR and therefore photothermal effect, the
required concentration to cause a measurable increase in
temperature is much higher than the one used here.”**

When the AT, and SAR for all samples are compared
(Figure Sb), both parameters show similar trends. In all sets of
JNPs, the best results were achieved for the large JNSs,
followed by the small JNSs, and finally the JNSphs (Figure Sb).
In these cases, the effect of the size of iron oxide was minimal,
with a slightly better performance of the NPs with smaller iron
oxide lobes. The SAR values were in the kW g™ order of
magnitude without the need to use high powers. For the best
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case, the Al and BI, the SAR was 2.5 kW g_l, which
corresponds to 8.3 kW g~' per watt-cm ™ of illumination light
(note that the SAR is proportional to the power while it
decreases with the concentration). This value is in the order of
the highest obtained SAR for PVP/DMEF-synthesized nanostars
around 9.1 kW g™ at 1 W ecm™2?

The photothermal conversion efficiency, 7, was obtained
from the thermograms as indicated in the Experimental
Section (Figure 5¢). Interestingly, a clear increase in 7 is
observed with the increase in Au size for the case of JNSs and
also of the JNSs with respect to the JNSphs. On the other
hand, as expected, no big differences are observed with varying
sizes of the Fe;O, component; the changes in the nanostar size
and shape among the different sets play the most important
role. The extinction coefficient, & (capacity to interact with
light at a given concentration), and # (capacity to transform
the interaction light into heat) are the two parameters that
govern the performance in terms of AT, and SAR. In our
case, both hyperthermia parameters follow a similar trend as a
function of € and #, producing a clear synergy toward the best
performance of large JNSs when compared to small JNSs of
JNSphs. This is easily visible when comparing the AT, and
SAR of Figure Sb with # of Figure Sc or the almost linear trend
of AT, and SAR vs ¢ of Figures 5d and S13, respectively, and
it reflects the importance of the structure parameters, size and
shape, on the photothermal performance.

Regarding the best choice for dual magneto- and photo-
thermia, the final hyperthermia effect, in terms of SAR, is
cumulative, i.e., the final SAR corresponds to the sum of the
magnetothermia and photothermia SARs, as has been
previously shown.””* Thus, it is evidenced that the NPs with
30 nm iron oxide and bigger NSs, C.1, are the best choice in
terms of SAR, both for the maximum attainable and for the
one under biological safety limits. The presence of Au is
beneficial for the magnetothermal effect, while the size of iron
oxide does not seem to negatively influence the photothermal
effect. Moreover, as the relative mass of the two components
also changes with the component sizes, the NSs component
could be decreased to have a better balance of Fe;O,:Au
relative components and favor the lower capacity of the
magnetothermia with still adequate photothermia. In that case,
C.2 would be a well-balanced choice for dual-modality with
additional magnetic guiding and contrast for imaging
capabilities.

B CONCLUSIONS

Briefly, a challenging strategy was followed to build a library of
multicomponent heterostructures by tuning the size and
morphology of multicomponent Janus Au:Fe;O, NPs. This
library was used to study the rules for generating superior
plasmonic and photothermal efficiency in biological environ-
ments. The developed Au:Fe;O, heterodimers, JNSs, and
novel JNSphs showed structural and functional heating
properties by an alternating magnetic field and a near-infrared
(NIR) laser stimulation, achieving highly efficient heat
conversion for both modalities. In a direct comparison, the
evaluation of the heating efficiency for the different JNPs in
water suspension demonstrated that the ones with bigger iron
oxide components produced better magnetothermia perform-
ance, while the presence of Au improved this effect in all cases
and where the Au shape could also give rise to small changes to
tune the response. Values of SAR close to 3 kW g~' were
obtained for the best case and of 0.48 kW g™! when H X f
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Hergt’s limit was applied. On the other hand, JNSs with large-
sized Au component were the best-performing ones to produce
high SAR and temperature increments in photothermia. SAR
values up to 8.3 kW g™ per W cm™ of light were obtained in
this case. Additionally, noticeable differences appear in the
photothermal conversion efficiency, which follows trends
similar to those of the molar extinction coeflicient,
contributing positively to better performance. The results
shown here, of the Janus design of multifunctional Au—Fe;O,
NPs, open the door to producing an efficient magnetic and
plasmonic hybrid agent, in which the synergistic effect can help
lower the therapeutic doses of NPs with appropriate magnetic
field and frequency, as well as laser power.
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