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Progress of thermal tumor therapies and their translation into clinical practice are limited by 

insufficient nanoparticle concentration to release therapeutic heating at the tumor site after 

systemic administration. We propose herein the use of Janus magneto-plasmonic nanoparticles, 

made of gold nanostars and iron oxide nanospheres, as efficient therapeutic nanoheaters whose 

on-site delivery can be improved by magnetic targeting. Single and combined magneto- and 

photo-thermal heating properties of Janus nanoparticles render them as compelling heating 

elements, depending on the nanoparticle dose, magnetic lobe size and milieu conditions. In 

cancer cells, a much more effective effect was observed for photothermia compared to magnetic 

hyperthermia, while combination of the two modalities into a magneto-photo-thermal treatment 
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resulted in a synergistic cytotoxic effect in vitro. The high potential of the Janus nanoparticles 

for magnetic guiding confirmed them to be excellent nanostructures for in vivo magnetically-

enhanced photothermal therapy, leading to efficient tumor growth inhibition. 

 

1. Introduction 

One of the main goals of nanomedicine is the development of efficient therapeutic and 

diagnostic tools that overcome the limitations of current treatments, through the use of inorganic 

nanostructures.[1] These nano-objects can overcome cellular and physiological barriers, target 

the entities of tumor environment and induce physical therapeutic effects after being stimulated 

by a remote signal, thereby enabling a site-specific treatment. Such strategies can prevent 

damage to surrounding healthy cells and limit the unwanted side effects of current treatments. 

However, although significant progress has been made in the transfer of nanotechnology to 

medicine, efforts are still needed to convert nanobiotechnology into a clinical reality.[2]  

In this context, treatments based on the elevation of local temperature for therapeutic purposes 

enabled by heating-activatable nanomaterials, also called nanothermotherapies, have emerged 

as a promising biomedical strategy.[3] Magnetic field-induced hyperthermal cancer therapy (or 

magnetic hyperthermia, MHT) is based on the use of magnetic particles as heating mediators 

when subjected to an alternating magnetic field (AMF).[4] An alternative hyperthermal modality, 

photothermal therapy (PTT), is based on the activation of nanoparticles when illuminated with 

laser radiation in the near infrared region (NIR), where absorption by biological tissues is 

minimal.[5] PTT has been traditionally focused on the highly efficient heating properties of 

photothermal nanoparticles, typically gold- or carbon-based.[6] MHT and PTT have evolved 

independently as two distinct therapeutic disciplines, and they have only recently been 

compared, identifying different windows of applicability.[7]  

From a theranostics perspective, the magnetic and plasmonic association has garnered particular 

attention over the past few years due to its multifunctional potential for biomedical applications. 
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Indeed, besides MHT, the magnetic part offers other functions such as contrast for magnetic 

resonance imaging (MRI) or magnetic-based targeting and drug delivery.[8] The plasmonic part 

endows the optical sensing ability to nanostructures to develop building blocks devices such as 

biosensors imaging agents[9] and nanophotonic entities.[10] Magneto-plasmonic hybrids thus 

combine complementary theranostic strategies in a unique structure, including multimodal 

MRI-optical imaging-based systems;[11] optically-guided magnetic separation;[12] MRI-guided 

gold-based photothermal therapy;[13] or stimuli-responsive drug delivery in dual- or multi-

functional action with magnetic and plasmonic features.[14] In this rapidly expanding domain, 

the combination of the two thermal modalities altogether (dual-action MHT and PTT) in one-

single magneto-plasmonic object[15] has been recently established as another appropriate and 

efficient thermal modality in cancer nanotechnology. Several studies based on nanoparticles 

made of an iron oxide core and a plasmonic shell (gold or silver) have demonstrated such 

efficiency (see Table S1). Besides, magnetic nanoparticles were recently found to be valuable 

PTT agents in the NIR, on top of their intrinsic heating potential for MHT,[16] which also 

allowed to combine both modalities in magneto-photo-thermal tumor treatment.[17] However, 

the association of magnetic guiding and PTT have thus far attracted less attention and has been 

only scarcely investigated in magneto-plasmonic nanohybrids,[14a, 18] with just a few works 

reporting in vivo results (see Table S2). Among them, Huang et al.[18a] recently showed efficient 

tumor eradication using magnetic homing of gold/iron oxide nanocapsules associated with 1 

W/cm2-PTT ablation and anticancer drug delivery. Furthermore, the combination of 

magnetically-guided targeting and subsequent 1.3 W/cm2-PTT irradiation of gold and iron 

multi-shells resulted in high therapeutic efficacy.[14a] In both studies, the treatments were 

complemented with the locally delivery of drugs. Yang et al.[18c] combined dual 

MRI/photoacoustic (PA) imaging with magnetically guided high-dose PTT (2 W/cm2) 

employing magnetic polymer-modified gold nanorods in a 10-days period treatment. 
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With regard to the nanosystem layout, different hybrid magneto-plasmonic configurations 

based on gold and iron oxide including core/shell,[13i, 19] heterodimer and dumbbell 

structures,[20] core-satellite,[21] and nanoclusters[12a, 22] have been designed for biomedical 

purposes. Among the broad range of possible architectures, Janus nanoparticles have attracted 

increased scientific interest in the technological and biomedical fields.[23] They possess an 

anisotropic structure with two chemically distinct faces that provide them with unique 

properties such as nano-amphiphilicity, or binary asymmetric biofunctionalization. Their 

simple anisotropic features make them interesting in a wide set of applications, including 

Pickering emulsions for nanoreactors, nanojets and nanomotors, enhanced catalysts, or just as 

building blocks for more complex supracrystals and molecular colloids.[24] Among biomedical 

applications, Janus nanoparticles have been proposed for cell-membrane penetration[25], 

biosensing[26], or nanozymes[27], but they can also be used for further straightforward selective 

biofunctionalization. From the possible Janus component nanoparticles, those made of gold and 

iron oxide have been proven as efficient theranostic platforms for multimodal imaging with 

enhanced resolution and sensitivity and a versatile multifunctionalization. Recently, Janus 

nanoparticles made of epitaxially-bound gold nanostars and iron oxide nanospheres were 

reported as efficient magnetically-manipulated probes for surface-enhanced Raman 

spectroscopy (SERS)[28] and for tri-modal imaging,[13c, 29] (computed tomography (CT)-

magnetic resonance (MRI)-photoacoustic (PA)) exhibiting a strong plasmonic response in the 

NIR, provided by the gold-based branched structures, which can be tuned by adjusting the tips 

aspect ratio.[30] These gold-branched partial shells were based on state-of-the-art gold 

nanostars[30-31], instead of other types of gold morphologies, because of their ease of synthesis, 

which is independent of the Au seed in heterodimers, their excellent photothermal efficiency, 

and the lack of toxic compounds such as Ag or cetyltrimethyl ammonium bromide (CTAB) as 

shape directing agents present on other gold morphologies.[32]  
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All magneto-plasmonic configurations assessed for combined bimodal MHT and PTT or for 

magnetically-guided PTT are based on either a core-shell or a multi-shell structure (see 

summary in Tables S1 and S2), whereas the Janus iron oxide-gold architecture has not been 

investigated, despite its promising potential. More specifically, Janus nanoparticles composed 

of an iron oxide nanosphere and a gold nanostar have not been evaluated, despite the high 

photothermal capability of gold nanostars.[13c, 33] Additionally, the magnetic features of iron 

oxide nanospheres can be used for in vivo targeting, offering the prospect of guiding the 

nanoparticles at the tumor site and increasing treatment efficiency.  

In this study, Janus nanoparticles composed of an iron oxide nanosphere and a gold nanostar 

were thus considered for both photo-magneto-thermal activation and magnetic guidance. 

Magnetic hyperthermia (MHT) and photothermal therapy (PTT) were compared in terms of 

thermal efficiency relative to the nanoparticles dose, iron/gold ratio, and magnetic core size. 

The dual magneto-photothermal modality was also assessed. We demonstrate that our Janus 

nanoparticles are not only good nanoheaters for hyperthermia but also (and mostly) for 

photothermia. Magnetic guidance of nanoparticles was evaluated in vitro and in vivo, and 

associated with PTT for synergistically enhanced therapy. Upon magnetic intratumoral 

accumulation, photothermal tumor therapy enabled tumor treatment after 1-day shot exposure 

at moderate laser power (0.8 W/cm2, 680 nm). This in vivo magnetically-guided targeting added 

to photothermal treatment remarkably reduced tumor growth. 
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2. Results and discussion 

2.1. Tunable synthesis of Janus nanoparticles, with controlled magnetic core size of 16 and 

20 nm and growth of optimized gold tips 

Janus nanoparticles were synthesized using two seed-mediated synthesis steps (see 

experimental section). [28-29]  Briefly, gold-iron oxide heterodimers were first synthesized in one 

pot by formation of gold nanoparticles (d ~ 6 nm) and subsequent growth of iron oxide.[20a] The 

branched gold structure was grown from the gold lobe of the heterodimer seeds, using the 

polyvinylpyrrolidone/dimethylformamide (PVP/DMF) nanostar synthesis route and 

maintaining the initial Janus structure.[30, 34] The relative size of the two parts can be easily tuned 

by adjusting the seeds/precursor ratio, and the final nanoparticles are coated with PVP. This 

polymer coating provides stability in water, as well as further selective functionalization by 

ligand exchange of weakly bound PVP by ligands with higher-affinity chemical groups (for 

instance thiols for the gold surface, and catechols, silanes, or phosphonates for the iron oxide 

surface). 

Figure 1A shows representative transmission electron microscopy (TEM) images of two Janus 

nanoparticle samples, with different sizes. They were chosen to display a small size, with low 

Au:Fe ratio, while maintaining a plasmonic absorption in the red and NIR range of the spectrum 

(first transparency window). The iron oxide lobe size (16.2 ± 2.8 nm or 20.5 ± 4.0 nm) was 

adjusted by changing the Au:Fe ratio in the initial heterodimer formation process. The size of 

the nanostar was then tuned by varying the amount of heterodimer seeds to a growth solution 

containing chloroauric acid and PVP in DMF (see Experimental Section). The nanoparticles 

were denoted Fe(16)@Au (dMAG = 16 nm) and Fe(20)@Au (dMAG = 20 nm), with overall 

equivalent diameters of 28.5 ± 2.9 nm and 35.8 ± 5.0 nm, respectively, as measured by TEM 

and assuming a spherical shape (see size distribution histograms in Figure S1 and summary in 

Table S3). Both particles have relatively similar molar gold to iron ratios of [Au]/[Fe] = 1.6 

and 2.3, respectively (calculated from inductively coupled plasma mass spectroscopy, ICP-MS). 
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The high content in Au is needed to ensure the star-like branched architecture for photothermal 

heating. The magnetic part was also optimized to maintain their superparamagnetic properties 

with high saturation magnetization, in order to elicit the magnetic hyperthermia and magnetic 

guided targeting applications. Indeed, both demand a significant dose of magnetic nanoparticles, 

e.g. 5-15 mg/kg of Fe for magnetic drug delivery applications.[35] 

The two synthesized Janus nanoparticles displayed localized surface plasmon resonances 

(LSPR) in the Vis-NIR region (Figure 1B), with a small band due to a dipolar plasmon mode 

localized in the nanoparticle core at the 500-600 nm region, and a more intense band in the 600-

800 nm region attributed to a tips-core hybridized plasmon mode.[30] As the nanoparticle size 

is increased (from 16 to 20 nm for the iron oxide diameter), the number and length of embracing 

gold spikes is incremented and the LSPR maximum shifts accordingly toward the NIR region 

(from 600 nm for Fe(16)@Au to 680 nm for Fe(20)@Au). Energy-dispersive X-ray 

spectroscopy (EDX) mapping illustrates the anisotropic structure of the Janus nanoparticles and 

shows the two chemically distinct domains, corresponding to the Fe and Au atoms, in close 

contact and forming a two-phase structure (Figure 1C). Electromagnetic simulations predict 

that for Janus nanostars, light absorption is strongly dominant over light scattering (Figure S2 

and Figure S3). By performing diffuse reflectance spectroscopy measurements [36], we could 

experimentally confirm the simulations (Figure S4 and Figure S5). In fact, we found that at 

680 nm, regardless of the size of the iron oxide core, approx. 90% of light is absorbed and thus 

qualifying such Janus nanoparticles as highly efficient photothermal heaters [37]. 

Characterization of the Janus nanoparticles using X-ray absorption spectroscopy (XAS) at the 

Au-L3 edge is shown in Figure S6. The X-ray absorption near-edge structure (XANES) 

confirmed the existence of a metallic Au-rich branched-shell bonded to the iron oxide core in 

both nanoparticles (same energy edge as for bulk Au metal). The Fourier transform (FT) of the 

extended X-ray absorption fine structure (EXAFS) oscillation of the Janus nanoparticles and 

bulk Au reference (without phase correction) exhibited two peaks that correspond to the first 
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coordination shell of metallic Au (Au-Au = 2.86 Å, coordination number = 12).[38] Listed in 

Table S4 are the obtained EXAFS fitting parameters, which are further summarized in Figure 

S6. The decrease in the magnitude of the FT peaks in both Janus particles, relative to the gold 

foil, is ascribed to the inherently small length scale (nanometer range) of Janus nanoparticles 

compared to bulk foil, as can be quantitatively observed in the average number of atomic 

neighbors obtained by EXAFS (Table S4) for the nanoparticles (N = 11 ± 1) compared to bulk 

(N =12 ± 1)). The iron oxide part corresponds to a magnetite crystalline nanosphere (Fe3O4) as 

determined by X-ray photoelectron spectroscopy (XPS) analysis.[29] It is known that magnetite-

based iron oxide nanoparticles exhibit optical absorbance in the NIR[17], however, in dilute 

samples the absorption is much less effective than that attributable to LSPR (Figure S2B).[7] X-

ray diffraction (XRD) patterns also confirmed the presence of iron oxide spinel structures as 

well as metallic gold crystalline phases (see Figure S7A), and scanning electron microscopy 

(SEM) revealed the spiked morphology of the Janus nanoparticles (Figure S7B).  

Regarding their magnetic properties, both Janus nanoparticles yield a superparamagnetic 

response at room temperature (see Figure S8), maintaining their magnetic behavior after 

growth of the gold branches, with saturation magnetization Ms = 74-77 emu/g (see Table S3). 

2.2. Magneto- and photo-thermal heating capacities of Janus nanoparticles 

Magneto- and photo-thermal efficiency of Fe(20)@Au and Fe(16)@Au Janus nanoparticles 

was evaluated in aqueous dispersions using three protocols (Figure 2). First, the nanoparticles 

were subjected to an alternating magnetic field at 470 kHz and 18 mT to assess their magneto-

thermal heating (MHT). The nanoparticles were then irradiated with a laser at 680 nm and 0.5 

W/cm2 to measure photo-thermal heating (PTT). Finally, both thermal stimuli were applied 

simultaneously (DUAL, MHT + PTT).  

For Fe(20)@Au, the temperature increments ΔT reached under MHT, PTT and DUAL after 5 

minutes of treatment are displayed in Figure 2A. This temperature was assessed for Fe 

concentrations ranging from 0.05 to 24 mM and measured using an infrared thermographic 
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camera; typical infrared thermal images are shown in Figure 2B. Temperature elevation via 

magnetic hyperthermia (MHT) was only detected for concentrations superior or equal to 3 mM 

and was linear from 3 to 24 mM, reaching 5 °C as maximum temperature increment. For 

photothermia (PTT), two regimes were observed: i) at low concentrations (0.05 to 3 mM) the  

heating linearly increases up to ii) reaching saturation at high concentrations (≥ 6 mM), due to 

limited laser penetration (ΔT  28 °C). PTT is undoubtedly more effective than MHT at low 

doses, and MHT becomes competitive with PTT only at high doses of material. This marked 

difference in the concentration range of applicability is also evidenced by the DUAL mode, 

which is only improved compared to single-PTT modality at high doses. At [Fe] = 24 mM, the 

heating efficiency is amplified by about 20 % compared to PTT: heating increases from ΔT  

28 °C to 34 °C. 

The heating efficiency (or specific absorption rate, SAR, see Experimental section for 

description) of the material was then calculated by measuring the initial slope of the temperature 

increase versus time (where thermal losses can be neglected) and normalized to the total amount 

of material (Fe3O4 and Au content) (Figure 2C). Results show that MHT heating capability 

remains constant at increasing concentrations, with values around 15 W/gFe3O4+Au, which 

corresponds to 140 W/gFe if only the iron mass is considered. This SAR value, expressed per 

mass of iron, is competitive within the MHT field. It can be compared for instance with iron 

oxide nanocubes, which are some of the best MHT nanoheaters, with SAR values around 400 

W/gFe in the same experimental parameters setting.[7] For PTT, two regimes were observed with 

a first linear increase in heating at low concentrations, and a very efficient photothermal effect, 

with remarkably high SAR values (e.g. 18 kW/gFe3O4+Au at [Fe] = 0.05 mM). At high 

concentrations, the heating capacity saturates due to limited laser penetration (ΔT  28 °C). As 

a result, SAR decreases (e.g. 199 W/gFe3O4+Au at [Fe] = 12 mM falling to 104 W/gFe3O4+Au at 

[Fe] = 24 mM). The heating transfer of nanoparticles produced by PTT is then strongly 
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dependent of nanoparticle concentration, where light absorption of laser intensity increases with 

concentration according to the Beer–Lambert law (see Experimental section). At high 

concentration, the heating then saturates, and increasing the concentration is not anymore 

beneficial to heat generation. In the DUAL mode, the interesting contribution of MHT at high 

concentrations only is also observed, with the SAR increasing from 104 to 130 kW/ gFe3O4+Au 

at [Fe] = 24 mM when compared to the single-PTT modality.  

Figures 2D and 2E focus on the heating effect of Fe(16)@Au nanoparticles, for Fe 

concentrations ranging from 12 to 48 mM. At first sight, it appears that the MHT outcome is 

higher than for Fe(20)@Au. For instance, at [Fe] = 24 mM, the temperature elevation generated 

by Fe(16)@Au (ΔT  10 °C) is amplified 2-fold compared to Fe(20)@Au and the SAR is 26 

W/gFe3O4+Au (245 W/gFe). This is in agreement with previous experimental and theoretical 

studies, which reported an optimal magnetic heating performance for a diameter of 12-16 nm 

in iron oxide nanoparticles.[39] Besides, a SAR value of 245 W/gFe is highly competitive for the 

MHT field. However, concerning PTT with Fe(16)@Au, temperature increments and SAR 

values are lower than the ones obtained with Fe(20)@Au (e.g. ΔT  10 °C, 150 W/gFe3O4+Au at 

[Fe] = 12 mM; ΔT  16 °C, 98 W/gFe3O4+Au at [Fe] = 24 mM). This is due to the lower absolute 

absorption at the selected 680-nm irradiation wavelength (see UV-Vis-IR spectra in Figure 1). 

As a result, for Fe(16)@Au, the DUAL modality is more relevant, with an increase of 14, 18 

and 40 % compared to PTT stand-alone treatment, at [Fe] = 12 mM (174 W/gFe3O4+Au), [Fe] = 

24 mM (120 W/gFe3O4+Au), and [Fe] = 48 mM (70 W/gFe3O4+Au), respectively.  

The above values were compared with the photothermal heating efficiency of standard gold 

nanostars of similar size (25 nm), which also yielded a maximum absorbance around 700 nm.[7, 

31] For these nanostars we obtained SAR values of 1.5 kW/gAu at [Au] = 2.5 mM and 135 W/gAu 

at [Au] = 30 mM (using a 680 nm laser at 0.5 W/cm²).[7] For comparison, we normalized the 

PTT SAR value of both Fe(16)@Au and Fe(20)@Au samples, at the same laser setting, only 
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by the Au content. For Fe(20)@Au, SAR is 0.7 kW/gAu at [Au] = 2.6 mM, and for Fe(16)@Au, 

SAR value is 77 W/gAu at [Au] = 30 mM, i.e. in the same order of those obtained for gold 

nanostars. Therefore, the windows of applicability of MHT and PTT have been defined for the 

first magnetic-plasmonic hybrids depending on the nanoparticle size, design and dispersion 

medium.   

2.3. Impact of the cell environment on heat generation with Janus nanoparticles in vitro  

The clinical development of any nanoparticle aiming at cancer treatment requires a complete 

understanding of their behavior when in contact with their targeted environment and in 

particular with cancer cells, into which they would eventually be internalized. Their 

physicochemical properties, such as magnetic- and photo-activated thermal capabilities can 

indeed be altered by the cellular environment. For instance, the confinement of magnetic 

nanoparticles inside cells and subsequent increase of dipole–dipole interactions, can 

significantly reduce their global magnetic heating response.[40] On the contrary, optical spectral 

shifting and broadening of metal nanoparticles aggregated in cells can be favorable to PTT in 

the near-infrared range.[31, 41] Both types of Janus nanoparticles, Fe(20)@Au and Fe(16)@Au, 

were incubated with CT-26 cancer cells for 24 hours at an extracellular iron concentration of 

[Fe] = 100 µM. Figure 3A illustrates the cellular uptake for Fe(20)@Au, by transmission 

electron microscopy (TEM) imaging, which clearly demonstrates the sequestration of the 

nanoparticles within endosomes (endocytosis-mediated pathway). For both Fe(16)@Au and 

Fe(20)@Au, the 24 hours incubation at [Fe] = 100 µM resulted in similar mass of iron uptaken 

by cell, of 2.9 ± 0.5 and 3.1 ± 0.6 pg of Fe per cell, for Fe(16)@Au and Fe(20)@Au, respectively. 

After incubation, cells were detached and suspended in small pellets with high cell density 

mimicking tumor cell assemblies. The goal was to reach similar concentrations in Fe as those 

previously investigated in water, and the cellular pellets were adjusted to reach exactly [Fe] = 

6 mM, corresponding to approximately 6 million cells dispersed in 50 µL (see Table 1 for exact 

cell density). Figure 3B and 3C show the heating of the corresponding cell samples, under MHT 
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and PTT respectively, which clearly illustrates that the MHT heating performance is much 

lower (ΔT  1-2 °C) compared to PTT response (ΔT  30 °C). Supplementary MHT and PTT 

data at additional incubation concentrations and the resulting internalized iron concentrations 

are presented in Table 1. The difference between MHT and PTT is striking, with PTT efficiency 

disproportionately higher than that for MHT. This difference is further evidenced by calculation 

of SAR values (Figure 3D and 3E, for MHT and PTT respectively), at 3-4 W/g(Fe3O4+Au) with 

MHT, for both nanoparticle types, increasing to 200-400 W/g(Fe3O4+Au) with PTT. It is important 

however to emphasize here again that these SAR values are expressed as W per total mass of 

nanoparticles (mass of Fe3O4+Au). If expressed in W per gram of Fe, the SARs of Fe(16)@Au 

and Fe(20)@Au, have values at 68 ± 6 and 53 ± 5 W/gFe, respectively. Besides, we must 

emphasize that, for the most efficient nanoparticles for MHT (e.g. magnetic nanocubes or 

magnetosomes), their SAR decreases, once in the cellular environment, below 100 W/gFe (88 

W/gFe for magnetic nanocubes[7], and 60 W/gFe for magnetosomes[42], for the same magnetic 

field setting), therefore the both Janus nanoparticles still have significant cellular SAR values, 

respective to the MHT field. Representative infrared thermal images of the samples subjected 

to MHT and PTT are displayed in Figure 3F. Magnetization curves of nanoparticles in cells 

measured at 300 K are shown in Figure S9. For both nanoparticles (Fe(16)@Au and 

Fe(20)@Au) the magnetization saturation in cells yielded values similar to those in aqueous 

dispersion (71 ± 11 emu/gFe for Fe(16)@Au in cells and 68 ± 8 emu/gFe for Fe(20)@Au in cells) 

but slightly reduced initial susceptibility (see Figure S8 and S9B). The Janus nanoparticles 

remain thus competitive MHT agents in the cellular environment, even if the heating 

characterization in cancer cells unequivocally confirms a remarkable superiority of PTT as a 

thermal treatment.  

The assessment of thermally-triggered death of cancer cells is shown in Figure 3G, which shows 

cells metabolic activity 24 hours after the different thermal treatments (MHT, PTT, and DUAL 

for 15 min) in CT-26 cells labeled with Fe(16)@Au. Results show that MHT did not impact 
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cell viability (100%) compared to unlabeled cells used as controls, in agreement with the low 

magnetic heating response in cells (Figure 3B). On the other hand, PTT modality significantly 

affected cell viability, which dropped below 20%. Remarkably, the DUAL action yielded even 

higher heat-mediated cell mortality (3-4% surviving rate), despite the insignificant individual 

MHT outcome. DUAL (magneto-photo-thermal effect) application thus resulted in a synergistic 

efficacy rather than a combinatorial effect. The cooperative therapeutic exploitation of heat 

upon alternating magnetic field exposure and laser irradiation has been previously reported, 

exhibiting a symbiotic efficiency using iron oxide-based nanoparticles (Fe3O4, MnFe2O4, and 

Fe2O3-CuS) on cell death, despite the low heating performance of MHT in cells.[17, 43] Herein, 

the imperceptible initial MHT input in cells turned into an efficient therapeutic adjuvant partner 

for PTT. This result confirms the ability of MHT to produce local effects in the absence of a 

macroscopic temperature increase, also exploited to enhance drug cytotoxicity by MHT-

mediated local nanoscale heating.[44]  

2.4. Magnetic guiding potential of the Janus nanoparticles and magnetically-enhanced 

photothermia in vitro 

We next investigated an alternative asset from the magnetic component: the possibility for the 

nanoparticles to be remotely guided by a magnet. To test how such a magnetic guidance can 

enhance the capture of Janus nanoparticles by cancer cells, we focused on Fe(20)@Au, because 

of their larger magnetic diameter of 20 nm, associated with a higher photothermal potential. 

With this strategy, the cytotoxic heating response of nanoparticles may be amplified inside cells 

for a more efficient photothermal therapeutic effect. Cells were then incubated with Fe(20)@Au 

for 3 hours, at the extracellular concentrations of [Fe] = 25, 50 and 100 µM. A permanent 

magnet (B = 0.2 T, grad B = 50 T/m) was placed (MAGNET condition) or not (NO MAGNET) 

below the culture dishes during all incubation. The permanent magnet was removed after the 

incubation protocol. The cellular uptake of nanoparticles was measured at the single cell level 

by magnetophoresis, which allows quantifying the iron mass per cell, mFe, as shown in Figure 
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4A. The nanoparticles internalization was clearly boosted by the use of the external magnet 

(MAGNET), yielding values per cell at 1.3-4.5 pgFe versus 0.2-0.5 pgFe for the NO MAGNET 

condition. For each condition, the cells (3 million) were detached after incubation, and 

suspended in 50 µL medium. Figure 4B shows the resulting cell pellets, which feature a dark 

color perfectly illustrating the enhanced uptake under the magnetic field. As a consequence, the 

photothermal response was also remarkably increased under application of the magnet. Figures 

4C and 4D show the thermal images and temperature elevation curves after 5 min of 680 nm-

laser irradiation at 0.5 W/cm². Magnetically-guided PTT was significantly more effective 

(Figure 4E), especially at the lowest extracellular dose of [Fe] = 25 µM: temperature elevation 

then increased from 12 °C (NO MAGNET) up to 28 °C (MAGNET). The corresponding 

concentrations for each condition are also indicated in Figure 4E: incubation at 25, 50, 100 µM 

with magnet resulted in cellular pellet concentration of [Fe] = 2.4, 3.2, 4.6 mM versus [Fe] = 

0.15, 0.3, 0.6 mM without magnet. These pellet concentrations are in perfect agreement with 

temperature increments reported in Figures 2 and 3, for nanoparticles in aqueous dispersion or 

in cells, respectively. TEM images (Figure 4F) confirmed the enhanced internalization of the 

nanoparticles under magnet application, with more nanoparticles observed per cell, densely 

packed within endosomes. 

The magnetic attraction potential of the Janus nanoparticles was finally also evidenced by the 

formation of chains of endosomes containing the nanoparticles within the cells (Figure 4G), 

upon application of a 0.2 T horizontal magnetic field created by two magnets facing each other 

around the cells dish. Iron specific Prussian blue staining of the cells was performed after 1 h 

of magnetic field application, revealing the numerous chaining of endosomes between them, 

along the magnetic field lines.  

The Janus design allows providing magneto-plasmonic nanomaterials with such a highly 

efficient branched-shell morphology on one side (based on gold nanostars as the most efficient 
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gold-based photothermal agents), and all magnetic-based functions for magnetic hyperthermia 

and guiding on the other side.  

2.5. Magnetically-guided photothermal treatment with Janus nanoparticles in vivo 

The final step was to evaluate in vivo the combined action of Janus nanoparticles for magnetic 

guidance toward the tumor site and subsequent photothermal treatment. 200 µL of Fe(20)@Au 

suspension ([Fe] = 3.5 mM and [Au] = 8 mM) were administered by intravenous tail injection 

in CT-26 tumor-bearing mice. A small permanent magnet generating a 0.2 T magnetic field was 

positioned on the mouse tumor for the MAGNET group. The objective was to generate a higher 

concentration of nanoparticles around the tumor tissue, where the magnet was placed. 24 hours 

after magnet application, tumors were irradiated with 680 nm laser (0.8 W cm-2, 1 cm spot 

diameter) for 15 min. The NO MAGNET group corresponded to intravenously-injected and 

irradiated tumors without the magnet application. Non-injected but irradiated tumors were 

considered as treated controls (LASER ONLY) and non-injected and non-treated as normal 

controls (CONTROL). The average tumor local temperatures after 15 min of laser irradiation 

are displayed in Figure 5A. The increase of temperature at the tumor region in the MAGNET 

group reached ΔT = 20 ± 2 °C, which corresponds to a final temperature around 48 ± 4 °C. This 

temperature elevation is almost 2-fold that for the NO MAGNET group (ΔT = 13 ± 2 °C), 

heated at temperatures of about 41 ± 2 °C. The increase of temperature only considering the 

effect of laser heating (LASER ONLY) at the tumor region is ΔT = 10 ± 1 °C. 

The increased temperature or the MAGNET group indicates an enhanced accumulation of 

nanoparticles around the tumor tissue mediated by the magnetic field application. The tumor-

bearing mice were then monitored for tumor growth status every day after the treatment (Figure 

5B). Compared to the control, magnetic-guided and photothermally treated mice (MAGNET) 

exhibited tumor growth inhibition, even at day 8 after treatment. Comparatively, even if the 

photothermal-treated group without magnetic guiding of nanoparticles (NO MAGNET) did 
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reduce tumor growth, it was not fully inhibited, exhibiting a still significant progression of the 

malignant tissue.  

Histological staining of tumors (Prussian Blue and hematoxylin/eosin (H&S)) was performed 

at the end of tumor progression monitoring (8 days post-treatment), as shown in Figure 5C. 

Prussian blue staining revealed iron-positive areas in mice, injected with nanoparticles under 

magnetic-guided targeting (MAGNET) while for those without targeting (NO MAGNET), 

nanoparticles were hardly detected. The H&S staining revealed no clear damage effect for the 

NO MAGNET treated condition compared with the control, where dense and connected tissue 

was observed. However, tissue damage was clearly identified in the MAGNET treated tumor 

sections, with a loss of cell cohesion and necrotic areas.  

In order to quantify the effective nanoparticle accumulation in tumor tissues, the magnetic 

response of the tumors were investigated 24 hours after injection (equivalent to treatment day). 

Typical magnetization curves at room temperature of excised tumors without and with magnet 

application are displayed in Figures 5D and 5E, respectively. Higher magnetization (in μemu) 

is clearly observed for mice under the MAGNET condition. Magnetization can be converted 

into mass of iron (or equivalently mass of nanoparticles, Fe3O4+Au), leading to values of 14 ± 

2 µgFe/gtum versus 9 ± 3 µgFe/gtum for MAGNET and NO MAGNET conditions respectively. In 

terms of total mass of nanoparticles (µgFe, iron) reaching the tumor (after renormalizing by the 

each tumor total mass), the MAGNET and NO MAGNET conditions correspond to 1.3 ± 0.3 

µgFe and 0.6 ± 0.2 µgFe, respectively. The averaged total mass (in μgFe) of accumulated 

nanoparticles in tumors is shown in Figure 5F for both MAGNET and NO MAGNET conditions, 

clearly evidencing the potential of the magnetic guiding strategy to accumulate nanoparticles 

at tumor site. The NO MAGNET condition represents the passive accumulation of 

nanoparticles in tumors due to the enhanced permeability and retention (EPR) effect. For 

subcutaneous tumors with low vascularization, the EPR effect generally achieves accumulation 

of about 1 % of nanoparticles, related to the injected dose.[45] Here, considering that 60 µgFe 
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was injected intravenously, the EPR outcome for the NO MAGNET group is 1.5 % of the 

injected dose. Remarkably, for the MAGNET condition, this value is increased to 3.4 %, which 

is a very significant value for a targeting strategy.[14a, 46] 

 

3. Conclusions 

We have explored the use of Janus gold-iron oxide nanoparticles as heat generators when 

subjected to stand-alone or combined MHT and PTT protocols, according to different 

parameters of application such as nanoparticle design (both magnetic and plasmonic), 

nanoparticle concentration, and exposure settings. In general terms, MHT is found to be 

effective at high nanoparticle dose, while PTT is much more suitable at low doses. MHT 

efficiency is severely affected by cellular uptake, with only minor magneto-active heating 

observed in the cellular environment. However, when combined with PTT, MHT displays again 

a synergistic cytotoxic effect, with the dual modality (PTT + MHT) killing almost all cancer 

cells (< 5 % of cell viability).  

Regarding a second virtue of the magnetic component, we have explored the use of Janus 

nanoparticles for targeting, under application of an external field gradient. Cellular 

internalization of the nanoparticles was largely enhanced by the use of a magnet during 

incubation, thus revealing a more effective photothermal therapy of cancer cells in vitro. 

Magnetic-guided photothermal therapy was also tested in vivo, using a one shot exposure at 

moderate laser power (0.8 W/cm2, 680 nm). Under the application of a magnet, increased 

nanoparticle concentration was achieved at the tumor site after systemic intravenous injection, 

which in turn elicited an improved therapeutic action, which led to total tumor inhibition growth. 

Janus magnetic-plasmonic nanoparticles are therefore positioning themselves as effective 

therapeutic tools to be delivered by blood for cancer nano-therapy. 

 

4. Experimental section 
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Chemicals 

All chemicals were used as received, without further purification: hydrogen 

tetrachloroaurate(III) trihydrate (99.99%, Alfa Aesar), oleylamine (80-90%, Acros Organics), 

1-octadecene (90%, Aldrich), oleic acid (90%, Aldrich), iron(0) pentacarbonyl (99.99%, 

Aldrich), 1,2-hexadecanediol (90%, Aldrich), methoxypolyethylene glycol acetic acid (PEG, 

80%, Mn = 5000 g/mol), polyvinylpyrrolidone (PVP, Mn=10000 g/mol, Aldrich), additional 

solvents were reagent grade from Aldrich. 

Synthesis of Janus magnetic nanostars 

The Janus magnetic nanostars were synthesized as previously reported.[29] Starting with the 

synthesis of asymmetric gold-iron oxide heterodimers and a further nanostar growing step.  

Asymmetric heterodimers with 16 and 20 nm iron oxide lobe 

The synthesis of heterodimers with 16 nm iron oxide lobe was carried out as previously 

reported.[20a, 29] A solution in 1-octadecane (40 mL) was prepared containing oleic acid (6 mmol, 

1.90 mL), oleylamine (6 mmol, 1.97 mL) and 1,2-hexadecanediol (10 mmol, 2.58 g) and stirred 

for 20 min at 120 ºC under N2. Fe(CO)5 (0.3 mL) was then injected and after 3 min a solution 

containing HAuCl4·3H2O (0.1 mmol) dissolved in a mixture of oleylamine (0.5 mL) and 1-

octadecane (5 mL) was injected and heated up to 300 °C at approximately 1 °C/min. The 

solution was left to react for 45 min under magnetic stirring. After cooling down, the dispersion 

was exposed to air for 30 min to cause Fe oxidation.[47] 

The synthesis of the 20 nm sample was similar but adding 2 mL of Fe(CO)5 at 160 °C. In this 

case the sample was mechanically stirred (instead of magnetically) and was heated up to 310 °C. 

To purify the nanoparticles, 50 mL of isopropanol was added and the solution centrifuged at 

4500 g for 30 min. The nanoparticles were cleaned two more times after redispersion with 

hexane and aggregation with isopropanol. Finally, oleylamine (100 μL) was added to store the 

nanoparticles for long periods of time in a hexane-chloroform solution. 

Janus magnetic nanostars 
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The heterodimers were cleaned three times in ethanol and redispersed in a small quantity of 

chloroform to remove as much as oleylamine as possible. Finally, they were redispersed in 

chloroform at a concentration of 2 mg/mL. A small quantity of carboxyl-terminated PEG was 

added to the solution (to have approximately 2 mg/mL of polymer) and left for 1h stirring. This 

step was performed to obtain a good dispersion when the seeds were added to the DMF gold 

precursor solution.  

A solution of HAuCl4·3H2O (2.184 mL, 50 mM) was added to a solution of 

polyvinylpyrrolidone (PVP) (40 g, MW = 10 Kg/mol) in DMF (400 mL). The freshly prepared 

solution was left stirring to allow gold salt prereduction from Au3+ to Au+ as described 

elsewhere[30] (this time was highly dependent on the PVP batch and needed to be adjusted by 

UV-vis spectroscopy, in this case it was 5 min). The dumbbell nanoparticle colloid (4.65 mL 

for Fe(20)@Au and 4.3 mL for Fe(16)@Au) was then quickly added and the reaction was left 

reacting for 1 h, showing a fast color change into blue. The nanoparticles were purified in 4 

centrifugation cycles, redispersed 2 times in ethanol and 2 times in water and at a relative 

centrifugation force of 2500-4000 g, depending on the nanoparticle size. The nanoparticles were 

finally redispersed in 40 mL of ultrapure water. 

Elemental analysis 

Elemental analysis was performed by inductively coupled plasma mass spectrometry (ICP-MS) 

with a helium collision cell. An internal standard was introduced by adding 100 L of Yttrium 

at 500 ppb. The measured selected isotopes to perform the quantification were 57Fe and 197Au. 

The aqueous solution for ICP was prepared by adding 200 L of aqua regia to a 50 L solution 

of nanoparticles and left for 30 min. The sample was then diluted to have a final volume of 3 

mL. 

Transmission electron microscopy (TEM) 

TEM images were acquired in a JEOL JEM-1400PLUS instrument operating at 120 kV, after 

nanoparticles were deposited on a carbon coated TEM grid. The nanoparticles morphological 
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features were analyzed with the Image J software package. Energy-dispersive X-ray 

spectroscopy (EDX) mapping were obtained in a JEOL JEM-2100F UHR (80 kV–200 kV), 

equipped with STEM and OXFORD INCA EDXS systems. 

Scanning electron microscopy (SEM) 

SEM images were measured in a Hitachi S4800 equipped with a FEG gun. Nanoparticles were 

deposited on a Si wafer, dried and inserted in the instrument without further coating. The 

measurement was performed at energies between 5 and 10 KeV. 

X-ray diffraction (XRD) 

X-ray powder diffraction patterns were collected by using a Philips X’pert PRO automatic 

diffractometer operating at 40 kV and 40 mA, in theta-theta configuration, secondary 

monochromator with Cu-K radiation (λ = 1.5418 Å) and a PIXcel solid state detector (active 

length in 2θ 3.347º). Data were collected from 5 to 90° 2θ, step size 0.026º and time per step of 

300s at RT. 1º fixed soller slit and divergence slit giving a constant volume of sample 

illumination were used. 

UV-Vis-NIR spectroscopy 

The absorbance of nanoparticle solutions was recorded using a Cary 8453 UV-Vis diode array 

spectrophotometer (Agilent) over the 300−1100 nm range of wavelengths. The absorption and 

scattering contributions of the total extinction were quantified using a home-made diffuse 

reflectance setup using a BaSO4-coated integrating sphere (UPB-150-ART, Gigahertz-Optik), 

equipped with a white-light halogen source (HL-2000-FHSA, Ocean Optics), a light trap (UPB-

150-ART-Z04), and a spectrometer (MAYA Pro, Ocean Optics) as detector.[37] For the 

measurements, a quartz glass cuvette with four clear sides was positioned at the center of the 

integrating sphere and a fixed set of measurements was performed as described by Höller et 

al.[36a]: sample measured without light trap (scattered and transmitted light); sample measured 

with light trap (scattered light); and water measured without light trap (as background). 

Electromagnetic simulations 
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Numerical simulations were performed using the commercial software FDTD Solutions 

(v.8.23.2152) from Lumerical Solutions, Inc. The dielectric functions were fitted to tabulated 

experimental data by Johnson and Christy for Au and by Querry for Fe3O4 (RMS errors <0.9, 

Figure S2).[48] The background index was set to 1.33 to mimic water. Total-field scattered-field 

(TFSF) plane-wave sources, ranging from 400 to 1000 nm, were used to separate the 

computation region into two distinct regions – one containing the total field (i.e., the sum of the 

incident field and the scattered field), and another that contains only the scattered field. Mesh 

values were set to 1 nm for the empty space and 0.5 nm for the particle space. All simulations 

reached a convergence of 10−7 before reaching 300 fs simulation time. 

Magneto- and photothermal effect measurements in aqueous suspensions 

Nanoparticles in aqueous dispersion (at the concentrations [Fe] = 0.05 to 24 mM for 

Fe(20)@Au and [Fe] = 12 to 48 mM for Fe(16)@Au) contained in a 0.5 mL-tube (150 uL) were 

subjected to an alternating magnetic field (MHT) at 470 kHz of frequency and 18 mT of field, 

irradiated with a 680 nm laser (PTT) at the power of 0.5 W cm−2 (spot size of 1 cm2 ), or both 

effects at the same time (DUAL). The temperature values were recorded with a real-time 

infrared thermal imaging camera (FLIR SC7000, FLIR Systems, USA). The heating 

capabilities were quantified using the SAR parameter (Specific Absorption Rate) determined 

experimentally using the formula: 

SAR= 
CV

mFe3O4 + Au
.
dT

dt
 

where (dT/dt) is the temperature rise slope at early times (first 30 s) to simulate adiabatic 

conditions, Cv the volumetric specific heat capacity of the sample (Cwater =4185 J L−1 K−1) and 

mFe3O4 + Au is the mass of nanoparticles.  

The photothermal SAR can also be expressed as follows:  

SAR= 
1

mFe3O4 + Au
.[I0.S.(1-10-A).η] 
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where I0 is incident laser power in W, S is the illuminated area in cm2, A is the optical 

absorbance (following the Beer-Lambert law) at the selected wavelength (680 nm) and η is the 

photothermal conversion coefficient.  

Cell culture, incubation of nanoparticles and uptake quantification 

Murine colorectal carcinoma cell lines (CT-26) were purchased from ATCC®. CT-26 cells 

were cultured with Dulbecco’s modified Eagle medium (DMEM) supplemented with 5 % FBS 

and 1% penicillin at 37 °C in a 5 % CO2 environment. 

Cells were incubated with Fe(16)@Au or Fe(20)@Au nanoparticles at the extracellular 

concentration of [Fe] = 20-100 µM, for 24 h (for the evaluation of nanoparticle internalization 

profile) and for 3 h (for the evaluation of magnetic targeting uptake effect in the presence of  a 

permanent magnet (MAGNET condition) or not (NO MAGNET)) in DMEM medium 

supplemented with 5 % FBS. At the end of the incubation time, the medium was then removed, 

the labeled cells were washed with culture medium and detached. Inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) and magnetophoresis were used to quantify the 

amount of iron and gold either per single cell (in pg/cell). They were then resuspended at a 

concentration of about 5 million cells in 50 μL of culture medium adjusted to match [Fe] in the 

range of 1.5-6 mM. Magnetophoresis measurements consist of tracking labeled cells subjected 

to a magnetophoretic flow due to the presence of a permanent magnet (B = 0.14 T, grad B = 17 

T/m). The magnetic moment of each cell (Mcell) is obtained after balancing the magnetic force 

(Mcell·gradB) and drag force (6πη·rcell·vcell, where η is the viscosity of the suspension medium, 

rcell and vcell are the radius and velocity of the cell, respectively) by calculating the motion 

(velocity and size) of 50 cells with a camera coupled to an optical microscope. The magnetic 

mFe per cell can be thus obtained considering the calculated Mcell (emu) and the magnetization 

curves (emu/gFe) from VSM measurements (providing relative magnetization at 140 mT and 

the saturation magnetization). 

In vitro magneto- and photothermal study 
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A magneto- and photo-induced heating experiment in vitro was designed to evaluate the thermal 

capabilities of Fe(20)@Au and Fe(16)@Au samples. Labelled cell pellets as described above 

were subjected to the same experimental protocols as the aqueous solution samples: an 

alternating magnetic field (MHT, 470 kHz and 18 mT), 680 nm-laser irradiation (PTT) at the 

power of 0.5 W/cm2, and both effects at the same time (DUAL).  

Viability assay 

Cell viability was assessed by Alamar blue assay, according to the supplier’s protocol (Life 

Technologies). After applying the individual and combined treatments, the cells in suspension 

were computed and seeded in 24-well plates with complete culture medium. An Alamar Blue 

solution (10% in DMEM without red phenol) was added, incubated for 2 h, and then transferred 

to a 96-well plate. The fluorescence was analyzed by a microplate reader (excitation 570 nm, 

emission 585 nm, SpectraMax M5, Molecular Devices). Viability was normalized with 

unlabeled control cells. All reported experimental results were done in triplicate. A 

thermostated device was used to ensure physiological temperature conditions (37 °C).  

Magnetic properties 

The magnetic characterization of samples in aqueous suspension and internalized in cells was 

carried out using a Vibrating Sample Magnetometer (VSM, Quantum Design, Inc.) at the Paris 

Sorbonne University, France. Magnetization curves were measured at 300 K as a function of 

the external field (till saturation, 3T). For cells, a sample corresponding to about 4 x 105 cells 

dispersed in 20 µL was measured (each cell containing 3 pg of Fe in average). The 

magnetization curves are shown in emu/gFe. 

X-ray absorption measurements (XAS) 

XAS measurements in the XANES (X-ray absorption near edge structure) and in the EXAFS 

(Extended X-Ray Absorption Fine Structure) regimes were performed at the CRG beamline 

(BM25-SpLine) of the European Synchrotron Radiation Facilities (ESRF) in Grenoble (France). 

The spectra were acquired at the Au L-edge (11919 eV) at room temperature in the transmission 
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mode using ionization chambers as detectors. An Au foil was measured as a reference and 

during the measurements to correct energy drifts by using a third ionization chamber. Data 

reduction and analysis of the XAS data were carried out using the Demeter package software 

identifying the absorption edge (E0).
4  

In vivo magnetically-guided photothermal experiment 

All procedures involving animals were performed in accordance with the European standards 

of animal care and well-being use of Animalerie Buffon (Institute Jacques Monod, Paris). Six-

week-old female BALB/cJRj mice (weighing 30 g, provided by Janvier, France) (a total of 17) 

were used in this study. All animal experiments were approved by Buffon ethics committee 

(Project Ref. No. CEB-07-2016). In order to induce solid tumors, CT-26 cells (1 × 106) in 0.1 

mL of PBS were injected subcutaneously in the right and left flanks of mice. Tumors were 

allowed to grow for about 3 weeks until the volume was approximately 125 mm3. The tumor 

volume was calculated as 𝑉 = length × width2/2 using a caliper. 200 μL of Fe(20)@Au saline 

dispersion ([Fe] = 3.5 mM and [Au] = 8 mM, corresponding to 1.3 mg/kg of Fe and 10.5 mg/kg 

of Au) was intravenously (i. v.) injected into tail of tumor-bearing mice the previous day. In 

some of them an external magnet was placed closed to the tumor area (cylindrical magnet, 10 

× 5 mm, grad B = 17 T/m). Twenty-nine tumors in 17 animals were divided into several groups: 

MAGNET (i. v. injected, PTT treated, external magnet field, n = 8), NO MAGNET (i. v. 

injected, PTT treated, no external magnet field, n = 8), LASER ONLY (non-injected, PTT 

treated, n = 7), and CONTROL (non-injected, non-treated, n = 6). The PTT treatment consisted 

on the illumination of CT-26 tumor-bearing mice with the 680 nm laser (at 0.8 W/cm2) for 15 

min. During the treatment, mice were anesthetized with isoflurane. An infrared thermal camera 

(FLIR SC7000, FLIR Systems, USA) was used to monitor the temperature over the tumor 

region. The animals were sacrificed before tumors reached 1 cm3. Small excisions of harvested 

tumors were also analyzed in the VSM to obtain the magnetization versus magnetic field curves 

(in μemu) at 300 K. The saturation magnetization obtained in cells (around 70 emu/gFe in cells, 
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Figure S6) was applied to estimate the concentration of iron (and then, of nanoparticles) in the 

tumors with or without an external magnetic field (MAGNET or NO MAGNET condition). 

Histological and microscopy analysis of tumors  

Mice were sacrificed 8 days after each treatment and the tumors were harvested. The tumors 

were fixed in buffered formalin-saline (10%) overnight. Then they were embedded in paraffin, 

cut in 5 μm thick slices that were stained with hematoxylin/eosin (H&S) and Prussian Blue 

(performed at Cochin HistIM Facility) and analyzed by optical microscopy.  

Unlabeled/labeled cells or 1 mm3 tumor tissue pieces were fixed for 2 h with 2% glutaraldehyde 

in 0.1 M cacodylate buffer (7.4 pH) at 4 °C. Then they were post-fixed with 1% osmium 

tetroxide and 1.5% potassium cyanoferrate in cacodylate buffer. They were subsequently 

dehydrated in ethanol, and embedded in Epon resin. Thin slices of 70 nm were collected onto 

copper grids and observed with a Hitachi HT 7700 TEM operated at 80 kV (MIMA2 platform, 

INRA, Jouy-en-Josas, France). 
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Figure 1. Janus gold-iron oxide nanoparticles with tunable gold branched-shell and iron 

oxide core. (A) Transmission electron micrographs of Janus nanoparticles with different 

morphologies and gold nanostar sizes: (upper panel) 16-nm iron oxide core nanoparticles, 

Fe(16)@Au (average total diameter of 28.5 nm) and (lower panel) 20-nm iron oxide core 

nanoparticles, Fe(20)@Au (average total diameter of 35.8 nm, respectively). (B) UV-Vis-NIR 

spectra of the previous set of samples. (C) EDX Au elemental map (red), EDX Fe elemental 

map (green), overlaid elemental maps and bright field micrograph of Fe(16)@Au nanoparticles. 
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Figure 2. Heating properties of gold-iron oxide nanoparticles in aqueous dispersion. (A) 

Temperature increment plots of Fe(20)@Au nanoparticles (molecular ration Au/Fe = 2.3) 

subjected to 5 min of magnetic hyperthermia (MHT, 470 kHz and 18 mT), 680 nm-laser 

photothermia (PTT, 0.5 W/cm2) and both treatments simultaneously (DUAL) at different 

concentrations in Fe (in the 0.05-24 mM range). (B) Corresponding panel of thermal images 

acquired by the IR camera for Fe(20)@Au nanoparticles suspension, after 5 min of MHT, PTT 

and DUAL protocols. (C) Heating capacity of previous samples under the three thermal 

protocols (in W per mass of material (mFe3O4+Au)). (D) Temperature increase of Fe(16)@Au 

nanoparticles at high Fe concentration (12-48 mM, Au/Fe = 1.6), after 5 min of each treatment 

(MHT, PTT and DUAL). (E) Heating capacities of Fe(16)@Au nanoparticles.  
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Figure 3. Heating properties of Janus gold-iron oxide in the cellular environment. CT-26 

cancer cells were incubated with Janus nanoparticles (Fe(20)@Au or Fe(16)@Au) at incubation 

iron concentration [Fe]inc = 100 µM for 24 hours. (A) TEM of Fe(20)@Au after cell incubation 

show all nanoparticles clearly localized within the cells, densely confined inside intracellular 

endosomes. All cells contain endosomes-loaded nanoparticles (B-G) Upon incubation, cell 

pellets were formed, to reach a global iron concentration of [Fe] = 6 mM (see Table 1 for 

corresponding cell density in the pellet), and further exposed to magnetic hyperthermia (MHT, 

470 kHz and 18 mT) or illuminated with a laser (PTT, 680 nm and 0.5 W/cm²) for 5 minutes. 

(B-C) Average temperature elevations reached by MHT (B) or PTT (C). (D-E) SAR values of 

the cells pellets similarly exposed to MHT (D) or PTT (E). (F) Typical infrared thermal images 

of the cell pellets containing Fe(20)@Au (top) and Fe(15)@Au (bottom) exposed to MHT (left) 

or PTT (right). (G) Viability of CT-26 cells incubated with Fe(16)@Au under MHT, PTT and 

DUAL (MHT+PTT).  
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Figure 4. Magnetic guiding-assisted photothermia of Janus gold-iron oxide (in vitro). (A) 

Magnetic guiding effect was evaluated placing a permanent magnet (B = 0.2 T, grad B = 50 

T/m) below the culture dishes (MAGNET conditions) and compared with standard culture 

conditions (NO MAGNET). The cells where incubated with Fe(20)@Au for 3 h at the 

extracellular concentrations of [Fe] = 25, 50 and 100 µM, then  3 million cells were resuspended 

in 50 µL (see Table 1 for resulting iron concentrations of the cellular pellets). (A) Mass of iron 

measured by magnetophoresis of nanoparticles internalized in cells at both incubation 

conditions. The mass values were retrieved by monitoring the magnetic attraction of single cells 
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toward a magnet (B = 0.14 T, grad B = 17 T/m). (B) Camera images of cell pellets under 

different incubation conditions. The dark color is linked to the high dosage of iron and gold 

load in the cell pellets. (C) Infrared thermal images, (D) typical heating curves and (E) average 

plateau temperature elevation of cell pellets illuminated with laser (680 nm-laser 0.5 W/cm²) 

after 5 min, for all conditions. (F) TEM images of CT-26 cells incubated with nanoparticles. A 

significant increase of cellular uptake of nanoparticles is observed under magnet application. 

(G) External magnetic field application along the cell incubation plane (scheme). Prussian blue 

staining of cells fixed after 1 hour of magnetic field application, where formation of magnetic 

chains of endosomes in the cell tissue are observed. 
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Figure 5. Magnetically guided photothermal effect in tumors (in vivo). (A) Temperature 

increment of CT-26 tumor-bearing mice after intravenous injection of Fe(16)@Au 

nanoparticles and exposed to 680 nm laser (0.8 W/cm2) for 15 min with the assistance of 

magnetic field guidance (MAGNET), without magnetic field (NO MAGNET). Temperature 

increase of non-injected control tumors was also monitored (LASER ONLY). Non-injected and 

non-treated tumors served as CONTROLS. (B) Tumor growth from mice after the different 

treatments. (C) Prussian blue and hematoxylin–eosin (H&E) stained tumor sections from mice 

with different treatments. Magnetic hysteresis loops measured at 300 K (in μemu) of tumors 

after intravenous injection of nanoparticles (D) without the assistance of magnetic field 

guidance (NO MAGNET) and (E) with (MAGNET). (D) Average total mass of iron (in μg) of 

accumulated nanoparticles in tumors at both conditions.  
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Nanoparticles 
[Fe]inc  

(mM) 
tinc 

(h) 
mag 

mFe  

(pgFe/cell) 

cell sample  

density 

(million/mL) 

[Fe]cell 

sample  

(mM)

T (°C)  

MHT 
T (°C) 

PTT 

Fe(16)@Au 0.1 24 no 2.9 ± 0.5 116 6 2.2 ± 0.1 29.7 ± 3.6 

Fe(16)@Au 0.1 24 no 2.9 ± 0.5 58 3 1.2 ± 0.4 30 ± 1.6 

Fe(16)@Au 0.02 24 no 0.8 ± 0.2 106 1.5 0.6 ± 0.2 25 ± 4 

Fe(20)@Au 0.1 24 no 3.1 ± 0.6 108 6 1.1 ± 0.15 32.3 ± 2.3 

Fe(20)@Au 0.1 3 no 0.6 ± 0.1 60 0.6 - 22.5 ± 1.1 

Fe(20)@Au 0.05 3 no 0.29 ± 0.04 60 0.3 - 17.8 ± 0.9 

Fe(20)@Au 0.025 3 no 0.15 ± 0.1 60 0.15 - 13.2 ± 1.2 

Fe(20)@Au 0.1 3 yes 4.4 ± 0.7 60 4.7 - 32.7 ± 1.2 

Fe(20)@Au 0.05 3 yes 2.7 ± 0.25 60 3 - 31.5 ± 1.4 

Fe(20)@Au 0.025 3 yes 1.35 ± 0.35 60 1.4 - 28.6 ± 1.5 

 

Table 1: Uptake of the nanoparticles in cells, at extracellular concentration of [Fe] = 100 µM, 

for different incubation times (tinc), with or without the application of a magnet (mag). Mass of 

iron per cell (mFe, expressed in pgFe per cell). Heating (T, expressed in °C) of the cellular 

samples (final concentration for the cells suspension [Fe]cell sample), upon magnetic hyperthermia 

(MHT) or photothermia (PTT). Note that the cells pellets contain about 2.5 or 5 million cells in 

50 µL (cell density in the range of 50 or 100 million cells per mL, respectively).  
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Supporting Information  
 

 

Janus Magnetic-Plasmonic Nanoparticles for Magnetically Guided and Thermally 

Activated Cancer Therapy 
 

 

 

Tables and Figures 

 
 

Nano-

materials 

 

Structure 

type 

Environ-

ment 

[Fe] 

(mM) 

[Au] 

or 

[Ag] 

(mM) 

HAC 

(mT) 

MHT 

f 

(kHz) 

MHT 

Power 

irradiation 

(W/cm²) 

PTT 

 

(nm) 

PTT 

Time 

(s) 

Heating 

T (°C) 

    MHT + 

PTT 

Ref. 

Fe3O4@Au Core-shell In solution 7.0 
7.9-

37.2 
25 900 0.3 680 300 9-19 [15a] 

Fe3O4@Ag Core-shell In solution 18 6 10-80 310 0.5-0.9 442 300 10-50 [15b] 

Fe3O4@Au Core-shell In solution 7 2.3 6.2 560 0.3 800 300 22 [15c] 

Fe3O4@Au Janus In solution 
0.05-

48 

0.06-

62.4 
18 470 0.5 680 300 13-44 

Present 

work 

 

Table S1. Magneto-plasmonic nanostructures for combined MHT and PTT based on gold (or 

silver) and iron oxide including different nanostructures configurations (core-shell and Janus), 

nanoparticle concentration, MHT and PTT experimental parameters (alternating magnetic field 

amplitude (HAC), frequency (f), power irradiation and wavelength ()), time of application and 

temperature elevation T.  

 
 

Nano-

materials 

 

Structure 

type 
Environment 

Administra

-tion 

Material 

injected 

(mg) 

Power 

irradiation 

(W/cm²) 

PTT 

 

(nm) 

PTT 

Time 

(s) 

Heating 

T (°C) 

 

Ref. 

Drug loaded 

Au@Fe@Au 
Muti-shell In vivo I.v. 0.15 1.3 808 

600 

(2 days) 
45 [14a] 

Drug loaded 

Au@Fe3O4 

Core-

mesoporous 

shell 

In vivo I.v. 0.2 1.0 808 
420 

(1 day) 

47,  

57 

(magnet) 

[18a] 

Polymer 

modified 

Au@Fe3O4 

Core-

mesoporous 

shell 

In vivo I.v. 0.15 2.0 808 
180 

(10 days) 

67 

(magnet) 
[18c] 

Fe3O4@Au Janus In vivo I.v. 0.5 0.8 680 
900  

(1 day) 

20 

(magnet) 
Present 
work 

 

Table S2. Magneto-plasmonic nanostructures for in vivo magnetic-guided PTT based on gold 

and iron oxide including different nanostructures configurations (multi-shell, core-shell and 

Janus), administration type, mass of injected material, PTT experimental parameters (power 

irradiation and wavelength ()), time of treatment and temperature elevation T.  
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Sample Iron oxide 

diameter 

(nm) 

Initial gold 

seed diameter 

(nm) 

Average 

total 

diameter 

[Au]/[Fe] Ms (emu/gFe) 

Fe(16)@Au 16.2 ± 2.8  5.3 ± 0.8 28.5 ± 2.9 1.6 74 ± 3 

Fe(20)@Au 20.5 ± 4.0 5.7 ± 1.2 35.8 ± 5.0 2.3 77 ± 4 

 

Table S3: Structural and magnetization characteristics of Fe(16)@Au and Fe(20)@Au NPs: 

iron oxide diameter (nm), gold diameter (nm), average total size (nm), gold/iron molar ratio 

and saturation magnetization (emu/gFe).  

 

 

Sample Bond R (Å) N σ2 

Fe(16)@Au Au-Au 2.86(1) 11(1) 0.0089(5) 

Fe(20)@Au Au-Au 2.85(1) 11(1) 0.0086(5) 

Au metal foil Au-Au 2.85(1) 12(1) 0.0085(5) 

 

Table S4: Fitting structural parameters of the Au shell obtained from experimental EXAFS 

results of Janus nanoparticles and Au foil reference at the Au L-edge. R is the interatomic Au-

Au distance, N is the coordination number and σ2 is the Debye-Waller (DW) factor. The 

amplitude reduction factor S0
2 was fixed to 0.9, according to the fitting results of the Au bulk 

data to the structural model. The on-structural parameter, E0, was constrained in a range of +/- 

2 eV respect to that obtained in the bulk, which was 5(1) eV. All the other parameters were kept 

free during each fitting. 

 

 

 
Figure S1. Size distribution histograms of Fe(16)@Au and Fe(20)@Au NPs obtained from 

TEM measurements of (A) iron oxide diameter (magnetite) and (B) average equivalent total 

diameter (to a sphere) of the whole nanoparticle. 

A 

Magnetite diameter Average total diameter Maximum total diameter 

B C 
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Figure S2. Optical properties used for the FDTD simulations: (A) refractive index n and (B) 

mass attenuation coefficient k of Au (solid line) and Fe3O4 (dashed line). The complex 

refractive index was defined as n + ik. 

 

 
 

Figure S3. Extinction (black, dashed), absorption (blue), and scattering (red) cross-sections as 

calculated by FDTD numerical modelling: (A) Fe3O4 nanospheres of 16 nm and 20 nm in 

diameter, showing minute scattering contributions below 500 nm. (B) Fe(20)@Au Janus 

nanoparticles, averaged over 16 morphologies and orientations to the excitation plane. The 

nanoparticles are dominantly absorbing throughout the entire spectral range, with a minor 

scattering contribution at the plasmon peak wavelength. 
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Figure S4. Characterization of spectral losses by diffuse reflectance spectroscopy of (A) 

Fe(16)@Au and (B) Fe(20)@Au nanoparticles: raw transmittance spectra of nanoparticle 

dispersions without (green) and with light trap (violet); for both samples, the transmittance 

spectrum of water, measured without light trap, served as a reference (gray).  

 

 
Figure S5. Spectral losses measured by diffuse reflectance spectroscopy of Fe(16)@Au and 

Fe(20)@Au dispersions, showing contributions from absorption (blue) and scattering (red) to 

the total extinction (black) for samples after a storage time of 48 months (A) and freshly 

prepared samples (B). The experimental absorption/extinction ratios at 680 nm indicate the 

radiative losses due to diffuse light scattering. Owing to reshaping, the scattering losses of older 

samples increased from below 12% up to 19%. Please note that the pronounced data scattering, 

visible below 550 nm and above 950 nm, is not noise but reflects the sensitivity profile of the 

detector under low light conditions (c. f. Figure S4). 
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Figure S6. (A) X-ray absorption measurements: XANES (X-ray absorption near-edge structure, 

left) and (B) EXAFS (X-ray absorption fine structure, right) spectra at the Au-L3 edge of 

Fe(16)@Au and Fe(20)@Au samples compared with Au metallic bulk. (C) EXAFS filtered 

signal and EXAFS fitting results for the Fourier transform of previous samples.  
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Figure S7. (A) X-ray diffraction pattern and (B) scanning electron microscopy (SEM) image 

of Fe(20)@Au nanoparticles. Scale bar: 200 nm 

 

 

 
Figure S8. Magnetization curves at 300 K of (A) Fe(16)@Au and (B) Fe(20)@Au 

nanoparticles in solution. Left panels show a detail of the normalized magnetization at low-

field region (-1500 - 1500 Oe). 
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Figure S9. (A) Magnetization curves at 300 K of Fe(16)@Au and Fe(20)@Au nanoparticles in 

cells. (B) Comparison of normalized magnetization curves of both nanoparticles in solution and 

inside cells at low-field region (-1500 - 1500 Oe). 

 

 

 


