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Fluorescent core-shell magnetic nanoparticles by type II photoinitiated polymerisation

Introduction of fluorescent properties into magnetic nanoparticles (MNs) paves the way for a new class of functional materials, which have been proven to be useful in a wide range of applications including pollutant detection and recovery, 8 biomedical imaging 9,10,11 and drug delivery. 12,13 For the vast majority of these applications, fluorescence is either an essential part of detection or sensing, or it brings additional features facilitating the evaluation of those nanomaterials by making them easily detectable under fluorescence. Introduction of magnetic properties into nanoparticles not only allows easy recovery of the particles using a magnet, but also it brings additional properties such as magnetic hyperthermia and photothermia. To obtain MNs with fluorescent properties, several approaches have been developed until now, such as the post-functionalisation of core-shell particles using a prefunctionalised fluorophore (click chemistry, 14 nucleophile substitution, 15 amide coupling, 16 etc.), incorporation of the dye in an inorganic layer coating the magnetic core or incorporation of a fluorescent monomer during the polymerisation step. The latter is one of the most widely used approach; however, it can sometimes be expensive due to price of the fluorescent monomer or even impossible due to the solubility and stability issues associated with the fluorescent monomer, which is often vinyl based. MNs are usually coated with a silica layer to prevent their oxidation and to enable further functionalisation, whereas reducing the number of chemicals and keeping the synthetic procedure as simple as possible are preferred and often required for biomedical applications. Following the first report on type II photoinitiated precipitation polymerisation for microsphere functionalisation, 17 we recently reported the use of type II photoinitiated polymerisation system to synthesise fluorescent polyacrylamide nanoparticles using Rhodamine B(RhB) and benzophenone (BP), as hydrogen donor and photosensitiser, respectively. 18 The synthesised polymeric nanoparticles are fluorescent, stable and easy to produce, and the size of the nanomaterials could be adjusted by changing monomer concentration. As a continuation of our efforts to find more effective and cost-efficient methods for in situ synthesis and functionalisation of polymers, more recently, we applied this strategy for the synthesis of highly crosslinked and fluorescent polymer microspheres in precipitation polymerisation.

19

Herein, we aim to expand our previously developed strategy for fluorescent MN synthesis, and investigate the possibility to In the first step, maghemite nanoparticles are obtained by coprecipitation of iron (II) and (III), oxidation and sorting of nanoparticles, giving particles in the desired size range (13-16 nm) with good dispersity. Next, MNs were functionalised using acrylic acid through their carboxylic acid moiety, the amount of which was optimised to maximise the incorporated functionality while still maintaining sufficient colloidal stability.

After conducting several tests, vinyl functionalised MNs, which satisfy on the abovementioned criteria, were obtained according to the following procedure: 150 µL of acrylic acid (2.175 mmol) was added to 5 mL of MN solution (50.6 mg/mL), which corresponds to 4.535 mmol of iron. The mixture was then heated to 80°C for 40 min, washed three times with 5 mL of acetone and 5 mL of diethyl ether before being resuspended in 5 mL of water. Then, MNs were functionalised with a fluorescent polymer shell layer via a bimolecular initiation system using RhB and BP as hydrogen donor and photosensitizer, respectively. Upon irradiation at 365 nm, BP is excited to its triplet state and is able to abstract hydrogen from a suitable hydrogen donor to start polymerisation; therefore, the copolymerisation of acrylamide (AaM), N,Nmethylenebis(acrylamide) (BIS) and acrylic acid (Aac) adsorbed onto the nanoparticles, is expected to occur through the radical generation on the tertiary amine moiety of the RhB. Diffusion light scattering measurements reveal that the size of the fluorescent core-shell MNs increases with the monomer concentration (Table 1 and SI). This is not unexpected since the rate of polymerisation is known to increase as the monomer concentration in the reaction mixture is raised. Transmission electron microscopy images of the particles show that the increase in particle size is due to the partial aggregation of MNs, leading to core-shell structures having more nanoparticles inside a thick polymer shell (Figure 2). When the particles synthesised at [1:48] iron to monomer mole ratio, the polymer shell layer is too thin to be observed by TEM (Supplementary Information). Nevertheless, thermogravimetric measurements (Figure 3) and the dry weight of the product after polymerisation (Table 1) reveal that the polymer amount, which are synthesised by using less monomer, is higher in the nanomaterials. This phenomenon can be explained by the fact that the particles prepared by [1:48] iron to monomer ratio contain fewer maghemite nanoparticles, and the total surface area of non-aggregated particles is higher compared with a cluster of aggregated nanoparticles. Hence, even a thinner layer on the particles could result in a higher total amount of polymer. The relatively lower amount of polymer obtained at [1:72] and [1:96] might be attributed to decreasing the initiator to monomer mole ratio. Nine months after the synthesis, DLS measurements did not show any aggregation of the sample, illustrating its colloidal stability over time (SI). Please do not adjust margins

Please do not adjust margins

The presence of a polymer layer is further supported by Fourier-transform infrared spectroscopy (FTIR) (Figure 4). The successful functionalisation of maghemite nanoparticles by acrylic acid is confirmed by small peaks at 2900 cm , and sharp peaks at 1650 cm -1 and 2900 cm -1 are assigned for NH 2 , C=O, and C-H stretches, respectively) while the maghemite characteristic peaks (628 and 580 cm -1 for Fe-O stretches) become harder to distinguish (Figure 4. c-e). The fluorescence spectra of the nanomaterials presented in Figure 5 shows that the material composed of the higher proportion of polymer is also the most fluorescent with an intensity comparable to those previously synthesised using type II photopolymerisation, with a maximum of emission intensity at 585 nm, in accordance with the fluorescent properties of rhodamine B.

To provide additional evidence of the coupling of magnetic and fluorescent properties of the nanomaterials, a drop of nanomaterial suspension (0.160 mg/mL of iron) was deposited on a microscope slide. As expected, no particle could be observed in bright field with an optical microscope and the fluorescence seems to be homogeneously distributed inside the droplet. Next, a magnet was placed approximately 10 mm away from the sample and the fluorescence at the edge of the droplet was recorded at regular time intervals (15 sec). For all samples, an important increase of fluorescence is observed at the edge of the drop over time, confirming that the nanoparticles are both fluorescent and magnetic. For the sample synthesised with the iron to monomer ratio [1:96] a few small fluorescent aggregates can be observed on the images while the fluorescence on the others remains diffused. Images for sample [1:48] are presented in Figure 6. Please do not adjust margins Please do not adjust margins Finally, to compare the developed synthetic strategy with a well-known route, we tested the possibility of synthesising fluorescent core-shell MNs using a fluorescent monomer (acryloxyethylthiocarbamoyl rhodamine B) by redox polymerisation, after surface functionalisation of maghemite nanoparticles using acrylic acid (see SI for details). In absence of fluorescent monomer, similar core-shell structure could be observed on TEM. However, only huge micrometric clusters of magnetic polymers were obtained in presence of the fluorescent monomer, even at very low concentrations.

In conclusion, we developed a new synthetic pathway that allows the synthesis of fluorescent and magnetic core-shell nanoparticles. The size and composition of those nanoparticles make them suitable for biological applications and highly cost effective. The process is versatile and could be applied to several other systems with minor adaptations such as the use of other types of cores (gold, silica, quantum dots…), monomers (thermosensitive, pH degradable…) photosensitiser (to change the wavelength inducing polymerisation). Those modifications could lead to the incorporation of a wide range of new interesting properties. However, the authors are aware that the synthesis can still be improved. In particular, we noted that the synthesis presents an important sensitivity to the temperature and to the mode and speed of shaking, some of those results are presented in SI.

All the authors acknowledge financial support from Interface for the Living (IPV) -Sorbonne Université and Emergences Sorbonne Université. The authors are grateful to Aude Michel and Delphine Talbot for their help with the synthesis and characterisation of the magnetic nanoparticles. Over time, fluorescence is more intense on the edge of the droplet, illustrating both the ability for the magnetic nanopartic les to move under a magnetic field and the coupling between rhodamine B and the magnetic nanoparticles.

Figure 1

 1 Figure 1 Representation of the acrylic acid functionalisation of the nanoparticles, followed by type II-initiated polymerisation of acrylamide and N-N-methylene-bisacrylamide using the bimolecular system Benzophenone/Rhodamine B. Adsorption configuration is unknown.

Figure 2

 2 Figure 2 TEM images of samples with an iron to monomer ratio of [1:72] (left) and [1:96] (middle) and the size distribution obtained by analysing those images (right, up and down respectively). The maghemite cores are highlighted by brown arrows and the polymer layer by blue arrows.
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 1 corresponding to C-H stretches from AAc (Figure 4.b). All nanocomposites exhibit peaks characteristic for polyacrylamide in their spectra (a broad peak centred at 3400 cm -1

Figure 3

 3 Figure 3 TGA analysis of maghemite nanoparticles (NP), acrylic acid functionalised (NP@Aac) and of core-shell samples. While little weight loss is observed for NP and NP@Aac, sample [1:48], [1:72] and [1:96] lose respectively 87%, 79% and 78% of their weight between 200 and 775°C.

Figure 4 FTIRFigure 5

 45 Figure 4 FTIR spectrum of a) naked maghemite nanoparticles, b) Aac functionalised nanoparticles, c) sample [1:48], d) sample [1:72] and e) sample [1:96] Figure 5 Fluorescence emission spectrum of core-shell samples under an excitation wavelength of 545 nm. [1:48] is 10 time more fluorescent than the others due to its higher polymer content.

Figure 6

 6 Figure 6 Fluorescence microscopy images of the edge of a droplet of sample[1:48]. At time 0s, a magnet is deposited on the slide , on the down side, out of the field. Over time, fluorescence is more intense on the edge of the droplet, illustrating both the ability for the magnetic nanopartic les to move under a magnetic field and the coupling between rhodamine B and the magnetic nanoparticles.

Table 1

 1 

	summarises the reaction conditions for core-shell
	nanoparticles synthesis in this study. Initially, monomer
	concentration is gradually increased while keeping other

parameters fixed, such as the amount of maghemite nanoparticles (45.3 µmol of iron), BP (22 µmol) and RhB(4.1µmol), as well as AaM to BIS molar ratio ([1:0.17]), irradiation wavelength, time, shaking speed (200rpm) and temperature (25°C).

Table 1

 1 Reaction conditions
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