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Hybrid nanogels containing nanoparticles could be one of the next-generation therapeutics in nanomedicine addressing the need for efficient remote onsite treatments minimizing side effects. Indeed, nanogels combine the intrinsic properties of a polymer network which can be pH, temperature or redox sensitive with functional nanoparticles embedded in the matrix. 1 The gel part was mostly developed for drug delivery applications with the possibility to control in space and time the drug release with an intracellular stimulus (pH, redox activation) and/or an external one (magnetic field, light, ultrasound). Among the nanoparticles that can be used for remote control, magnetic nanoparticles (MNP) and gold nanoparticles (AuNP) are particularly promising because they can deliver heat locally after alternating magnetic field stimulation or laser irradiation, respectively. [2][3][4][5][6][7][8] It then becomes logical to think about triggering a phase transition of the polymer network, which needs then to be thermoresponsive, by the nanoparticles-generated heat. Initially, such hybrid thermosensitive nanogels were achieved using the PNIPAM (poly-N-isopropylacrylamide) polymer, which may suffer from toxicity issues. Then, a new generation of biocompatible and thermosensitive polymers based on oligo(ethylene glycol) methyl ether methacrylate derivates (OEGMA) was developed. [9][10][11] Herein, the goal was to develop OEGMA-based hybrid nanogels and to endow it with both magnetic and plasmonic functions for ultra-efficient heating.

Recent works proposed the engineering of hybrid magnetic and plasmonic inorganic nanoparticles as theranostic nanoplatforms. Mainly the magnetic (generally iron oxide based) part is used to provide contrast for magnetic resonance imaging (MRI) and to achieve magnetic guidance and targeting, while the gold part was mostly exploited for its optical properties allowing photothermal imaging and heating. [12][13][14][15][16] Synergies resulted from the combination of these two materials, such as iron oxide nanoflowers with a gold shell 17 and iron oxide nanoparticles coated with a Fe3O4@Au gold layer. 18 To the best of our knowledge, effective magneto-plasmonic hybrid nanogels for bimodal thermotherapy (magnetic hyperthermia and photothermia) and the controlled drug release remain rare. 19,20 In this work, we propose an unprecedented synthesis of a magneto-plasmonic core-shell nanogel made of a biocompatible and temperature responsive OEGMA polymer. Importantly, the core-shell design was compared with a simple core nanogel where both magnetic and plasmonic nanoparticles are co-encapsulated within the gel. The choice of the inorganic parts, i.e. the magnetic and gold nanoparticles, was dictated by two criteria: their biocompatibility and their physical properties. Ferric oxide (maghemite g-Fe2O3) was chosen for magnetic nanoparticles (MNPs) because of their well-controlled magnetic hyperthermia properties and gold nanorods (AuNRs) were selected for their plasmon resonance band localized in the near infra-red region.

For the synthesis of the magneto-plasmonic nanogel assemblies (PlasmMagNanoGels) positively charged MNPs 21,22 of a diameter ~ 11.5 nm and zeta potential of +25 mV (see ESI and Figure S1) and CTAB (cetyltrimethylammonium Bromide) coated AuNRs (length ~40 nm; width ~12 nm, l= 753 nm) 23 and zeta potential at +45 mV (see ESI and Figure S2) were used as building blocks. Two approaches were envisaged for tuning the load in AuNRs and MNPs in the nanogels, with the synthesis steps described in Figure 1. The interplay between chemical functionalities, the swelling states of the gels and the order of addition of the NPs allowed the preparation of two different morphologies: Nanogels loaded with MNPs and AuNRs (MNPs+AuNRs; Figure 1A) and nanogels with a magnetic core Please do not adjust margins

Please do not adjust margins containing MNPs with AuNRs in the shell of the nanogel (MNPs@AuNRs, Figure 1B). The first step for all the assemblies is the synthesis of the OEGMA based nanogels functionalized with carboxylic acid groups (OEGMA-COOH) by incorporation of methacrylic acid during the reticulation step. The nanogels were obtained using the conventional precipitation radical copolymerization in water as described in ESI. 24 To assemble the co-encapsulating PlasmMagNanoGels (MNPs+AuNRs), the second step (Figure 1a, step 2) consisted in swelling of the nanogels at 25°C to allow first the passive diffusion of the positively charged AuNRs in their core and electrostatic attraction to the carboxylate groups of the methacrylic acid. To achieve high Au loading different Au mass ratio of AuNRs initially added was varied in the mixture (see ESI). The third and final step (Figure 1a, step 3) consisted in encapsulating the MNPs, 24 after swelling the nanogels at 25°C by complexation and binding of the carboxylate groups of the OEGMA matrix to iron atoms on MNPs surface. To ensure a good complexation of the MNPs the initial pH of the nanogels was adjusted from 3 to 7. The amount of AuNRs was fixed to 3.1% (mass ratio) but different preparations were tested by adding a variable amount of MNPs. We observed that when the amount of MNPs added increased, the amount of AuNRs incorporated in the nanogels decreased in turn. This phenomenon is visible on the transmission electron microscopy (TEM) images presented on Figure 2b-d of nanogels containing an Au initial mass ratio constant (3.1%) and an increasing Fe initial mass ratio of X = 4.4%, 15.5% and 26.9% for images b, c, and d, respectively. This observation was also confirmed by ICP-AES, the final mass ratio of Au is 0.79%, 0.31% and 0.15% for X= 4.4%,15.5% and 26.9% respectively. The driving force behind the encapsulation of AuNRs and MNPs in the nanogels is diffusion. Consequently, the diminution of encapsulation of AuNRs within the nanogels can be attributed to the fast diffusion of MNPs driven by a stronger concentration gradient from the outside to the core of the gel in addition to their smaller size in comparison with AuNRs. The most efficient structure corresponding to a loading with AuNRs at [Au] = 5.4.10 -4 mol.L -1 and with MNPs at [Fe] = 1.14 mol.L -1 (Figure 2d) was additionally observed by energy dispersive energydispersive X-ray spectroscopy analysis (EDX-STEM) as shown in Figure 2e (Au cartography), Figure 2g (Fe cartography) and Figure 2g (merged). All confirmed the presence of both type of NPs with MNPs and AuNRs extending in the entire gel. Finally, at 25°C and pH 5.5, the hydrodynamic diameter (dh) of MNP+AuNRs nanogels increased from 423 to 515 nm when the added amount of MNPs increased from 4.4% to 26.9%. Motivated by increasing the load in AuNPs and MNPs in the nanogel structure we used a second strategy which consist in attaching AuNPs around the magnetic core gel. To produce the MNPs@AuNRs core@shell organization (Figure 1b), OEGMA-COOH nanogels loaded with MNPs at 25°C and as described previously were prepared (steps 1 & 2). Next thiol (SH) anchoring groups were created for the attachment of the AuNRs on the surface of the nanogels using a thiol-epoxy click chemistry reaction. To do that, first a polymer shell incorporating glycidyl methacrylate (GMA, Figure 1b, step 3) was created around the magnetic cores. Upon heating at 70°C the magnetic gels shrunk and the OEGMA-epoxy shell (Figure 1b, step 3) grew by radical copolymerization around the cores. In this step, the cores serve as nucleation sites to start the shell copolymerization process. The final step of the functionalization (Figure 1b, step 4) was achieved by reacting 1,4-dithiothreitol (DTT) with the epoxy groups generating SH groups. 25 The assembly of the AuNRs around the magnetic cores was achieved by forming covalent bonds between the thiol groups (-SH) and the surface of the AuNRs at 25°C (Figure 1b, step 5).

Images obtained for the core shell structures (MNPs@AuNRs, Figure 2h) are shown in Figure 2i-l, using TEM (Figure 2i) and EDX-STEM (Figure 2j and 2k for Au and Fe cartography respectively and Figure 2l for Au + Fe). Finally, the addition of a surfactant (sodium dodecyl sulfate, SDS) during core synthesis allowed to control later on the overall size of the prepared core-shell. For SDS = 0, 1.7, 4.4, 8.8 and 19.1 mg, the dh of the core was 475, 350, 319, 261 and 252 nm, respectively (see ESI, Figure S3). For both nanogels, the loading of Au and MNPs is efficient and the spatial distribution appears significantly different for the two structures. For MNPs@AuNRs, the amount of loaded AuNRs is more important and the AuNRs appear localized mostly in the shell where only few MNPs coexist. This observation was verified by the titration of Fe and Au. The final Au concentration was 0.05 mM in the simple core structure whereas it reached 2.2 mM in the core@shell structure. The concentration of MNPs was also higher in the core@shell with [Fe] = 2.7 mM and 4.7 mM for MNPs+AuNRs and MNPs@AuNRs respectively. The higher loading in both This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins Please do not adjust margins magnetic and gold NPs was also deduced from UV-Vis-NIR spectroscopy (ESI, figure S4b) and magnetic manipulation of the gels (ESI, Figure S4a), which showed a higher absorption intensity of AuNPs and a faster attraction to the magnet for the core@shell structures. As a conclusion the core@shell synthesis with successive complexation of MNPs and AuNRs leads to a better encapsulation of both NPs. MNPs@AuNRs nanogels ([Au]=2.2 mM, [Fe]=4.7 mM. i. TEM image. j-l. EDX-STEM with gold (yellow, iron (purple) and merged. Note that for the TEM images, the nanogels appear to be in contact with other but this is only due to their drying on the grids. By contrast, the hydrodynamic diameter measurements are consistent with stable aqueous dispersion of the nanogels.

Both nanogels were then evaluated as nano-heaters. The dual encapsulation of AuNRs and MNPs was envisaged to allow the application of two heating modalities: magnetic hyperthermia (MHT, with respect to the MNPs), and photothermia (PTT, with respect to the AuNRs). Figure 3 shows the thermal images of the two batches of PlasmMagNanoGels dispersions, simple MNPs+AuNRs (Figure 3a) and core@shell MNPs@AuNRs (Figure 3b), upon alternating magnetic field (AMF) stimulation, or laser exposure at 808 nm (near infra-red, NIR), or both (AMF+NIR) for 5 min. Typical heating curves are shown in ESI Figure S5. The nanogels were diluted in water at different concentrations, ranging from [Au]=0.04 to 16 mM and [Fe]=6 to 40 mM. Only the two highest concentrations are shown in Figure 3, because they were the only ones to heat by MHT. MHT heating was nevertheless only an increase by a few degrees, whereas PTT could produce a high temperature increase for both nanogels of 10°C and more. Remarkably, when applying MHT and PTT simultaneously, an additive effect of the temperature increase is observed (T ≈ 11 to 24 °C), leading to a dual magneto-photothermal modality. Please do not adjust margins
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The heat produced by the nanogels depends strongly on the concentration of iron and gold within the nanogels dispersion. The averages of temperature increase are shown in Figure 3c (MNPs+AuNRs) and Figure 3e (MNPs@AuNRs), for the whole range of nanogels concentration in the dispersions. Here the concentration is the global concentration in the nanogels dispersion. Because the loading is more efficient for the core@shell structure, the final concentration of the MNPs@AuNRs is much more important than for the MNPs+AuNRs. As a result, the MNPs@AuNRs heat much more than the MNPs+AuNRs structure.

For PTT, the maximal temperature elevation reached for MNPs+AuNRs is in the 10°C range (Figure 3c), while it is 20°C for MNPs@AuNRs (Figure 3e). The dual magneto-photo-thermal modality then works only for the MNPs@AuNRs nanogels, reaching the highest temperature increase of about 30°C (Figure 3e). Usually, one parameter to quantify the heating by renormalization with concentration is the SLP (in W per gram). It should be expressed here in Watt per gram of material, thus maghemite (Fe203) and Au. The SLP for MHT is then dramatically lower (in the 100 W/g range) for both structures (Figures 3d and3f), than for the PTT (in the 2000 W/g range). Because PTT saturates at high concentration, while MHT does not, the SLP for PTT decreases with concentration, while SLP of MHT is constant. Interestingly, if both structures heating is shown on the same graphs (ESI figure S6a for PTT, figure S6b for MHT), they behave the same with concentration. PTT saturates at high concentration, while MHT does not. The SLP for PTT also adjusts on the same curve (ESI figure S6c, then SLP is expressed per mass of Au only). For MHT (ESI figure S6d), SLP is remarkably constant for both, here expressed per gram of Fe only, and is found to be in the 300 W/g Fe range, which is in fact a very important value for the MHT modality. Besides MHT is still very efficient after nanogels encapsulation while it is admitted to be reduced for instance after biological encapsulation, which is thus an asset for future applications. Overall, we show the successful production of OEGMA polymer-based nanogels, as well as their post-functionalization for efficient complexation with MNPs and AuNRs, with the ability to tune their encapsulation process and thus their distribution in the nanogel, yielding two configurations: coencapsulation of both MNPs and AuNRs in the nanogel, and a core@shell structure with MNPs in the core of the gel and AuNRs in its shell. Both formulations are capable heaters in both the MHT and PTT modalities, with the latter being overall more efficient. Importantly, the core@shell structure shows a higher heating efficiency in both modalities, which translates to a significant increase of heat production for dual magneto-photothermia. The magneto-plasmonic nanogels show promise in therapeutic applications, particularly drug release due to the thermosensible nature of the nanogel.

Figure 1 .

 1 Figure 1. Illustration of PlasmMagNanoGels synthesis: (a) simple core structure co-encapsulating magnetic and plasmonic nanoparticles (MNPs+AuNRs); (b) core-shell structure with magnetic nanoparticles in the core and plasmonic nanoparticles in the shell (MNPs@AuNR). DTT: 1,4dithiothreitol.

Figure 2 .

 2 Figure 2. a. MNPs+AuNRs nanogels. b-d. Electron microscopy images of MNPs+AuNRs, with initial mass ratio FeX%-AuY%, with MNPs ratio X = 4.4 % (b); 15.5 % (c) and 26.9% (d) and the same AuNR ratio of Y = 3.1%. e-g. From left to right, EDX-STEM with gold (yellow), iron (purple) and merged, for the composition corresponding to image d ([Au]=0.05 mM and [Fe]=2.7 mM). h.MNPs@AuNRs nanogels ([Au]=2.2 mM, [Fe]=4.7 mM. i. TEM image. j-l. EDX-STEM with gold (yellow, iron (purple) and merged. Note that for the TEM images, the nanogels appear to be in contact with other but this is only due to their drying on the grids. By contrast, the hydrodynamic diameter measurements are consistent with stable aqueous dispersion of the nanogels.

Figure 3 .

 3 Figure 3. Panel of thermal images of (a) MNPs+AuNRs and (b) MNPs@AuNRs dispersions (50 µL) acquired by an IR camera on samples at different iron and gold concentration, as specified in the figure, and after 5 min exposure to an alternating magnetic field (MHT)or laser (PTT) or both (DUAL). MHT was performed at 470 kHz and 18 mT; PTT was performed at 808 nm wavelength, for a laser power density of 0.3 W/cm². Temperature increase upon PTT, MHT, or both (DUAL) is shown for MNPs+AuNRs (c) and MNPs@AuNRs (e) as a function of the solution concentration. SLP (specific loss power) used as a quantification of the heating power of the materials, and expressed in Watts per total grams of inorganic material (g-Fe2O3+Au), is shown for MNPs+AuNRs (d) and MNPs@AuNRs (f).
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