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Introduction

Magnetic nanoparticles (MNP) are generating a growing interest in biomedicine as a result of their multifunctional features and tuneable properties. 1 Several types of magnetic nanoparticles are already approved by the food and drug administration (FDA), 2 used for example for iron supplementation in case of anemia. Pre-clinical and clinical studies also include applications such as targeting and drug delivery, [3][4][5] gene therapy, 6 thermal cancer therapies, [7][8][9] or regenerative medicine. For this latter case, they are used to monitor stem cells implantation on site by MRI. [10][11][12][13] Alternatively, they can be used to manipulate stem cells at a distance thanks to a remote stimulation, an original tool in the development of tissues 14,15 or for cell targeting. 16,17 Besides, and fundamental for all healthcare applications, iron oxide nanoparticles show good biocompatibility given by their iron core composition that can integrate the organism iron metabolism. 18,19 For most regenerative medicine applications, MNP are internalized into stem cells and then left within, for purposes of manipulation or MRI imaging. To maintain MNP stability in aqueous environment, they are typically coated with molecules anchored to their surface via a chelating function. [20][21][22] Among available iron chelating agents, citric acid is one of the most used coating agent in biomedical applications. [23][24][25] This last decade, phosphonate and catechol also appeared amongst effective iron chelating agents. [26][27][28][29][30] Additionally, besides improving water solubility, the terminal carboxylic acid function of these chelating agents can be used for later postfunctionalization, leading to targeted therapies. [31][32][33][34] The surface coating is also considered a key parameter influencing the efficiency of the nanoparticles internalization with cells. For instance, negatively charged nanoparticles, as opposite to neutral ones, are known to successfully interact with cells. 35 The coating also influences nanoparticles interactions with their environment before being endocytosed by cells. Indeed, the surface of nanoparticles intravenously injected is immediately covered by a dynamic layer of blood proteins, known as the protein corona. [36][37][38][39][40] The development rate and composition of the corona varies depending on the nature of the coating. [40][41][42][43] Charged or hydrophilic nanoparticles are more likely to create stable interactions with proteins than hydrophobic ones. 44 For instance, some coatings, such as polyethylene glycol (PEG), which is hydrophilic but not charged, provides stealth to the nanoparticles and impedes the anchoring of serum proteins. 41 Nanoparticles are then known to be internalized together with their corona within cells before being trafficked to lysosomes and degraded. 40 What is still to be unravelled is the impact that the nanoparticles coating may have on their structural fate, after internalization, within the intracellular environment. One limitation that magnetic nanoparticles can face for regenerative medicine applications is the risk of being quickly degraded in the lysosomes upon internalization, thus precluding any long-term imaging or magnetic stimulation. As a consequence, measuring how much nanoparticles are processed in the intracellular environment is crucial in order to develop biocompatible and potentially long lasting MNP. Most studies on nanoparticles degradation are reported in acid aqueous solutions containing iron chelating agents to mimic the lysosomal environment. 45,46 Nevertheless, the intracellular environment is difficult to mimic due to the vast number of influencing factors such as pH, oxygen tension, enzymes, proteins, and others, making in a way these models far from reality. On the other end, in vivo studies represent the highest degree of biological complexity, but this complexity makes it impossible to quantify the extent of degradation for molecules screening. Moreover, in the case of iron oxide nanoparticles, endogenous iron is present in the tissues and can be difficult to differentiate from nanoparticles. 46 In between the two situations, an alternative choice to quantitatively monitor nanoparticles long term biodegradation is provided by tissue-mimicking 3D spheroids made of human mesenchymal stem cells (hMSC). 47 Magnetometry measurements, commonly used to characterize nanoparticles upon their synthesis, 48 performed on these confined tissues enable the precise quantitative study of the nanoparticles integrity over time. Herein, we studied the cellular uptake and biodegradation of a set of iron oxide nanoparticles formulations that differ only by their coating, using an hMSC spheroid model established as a unique tool to monitor biodegradation. 47,49,50 Starting from the same nanoplatform, we focused on the role played by (i) the coatings chelating function by using different molecules such as citric acid (carboxylic), caffeic acid (catechol) and phosphonoacetic acid (phosphonate), (ii) the number of chelating functions (3 vs 13 carboxylic-groups for citric acid and polyacrylic acid, respectively), (iii) the presence of a PEG spacer between the surface-binding function and the terminal external carboxylic group (-COOH vs -PEG-COOH) and also (iv) the presence of serum proteins. First, we evidenced that the coating has a pivotal impact on the cellular uptake. The PEG chain reduced significantly the internalization, while citric and phosphonoacetic acid exhibited a massive uptake, which was due to aggregation, yet prevented through nanoparticles opsonisation by serum proteins. Whether the conditions or coatings, one common behaviour is emerging: the lowest the amount of initial MNP, the highest the degradation extent. This demonstrates that the biodegradation rate is highly dependent on the initial intracellular quantity. At any given internalized mass, the direct role of coating on the long-term intracellular biodegradation was much lower. Only a polymeric coating with a high number of chelating functions was able to substantially decrease the biodegradation rate.

RESULTS

A set of four different coatings on the same magnetic core

A batch of magnetic nanoparticles (MNP) was synthesized according to a sol-gel microwave assisted method as previously described. 51 As shown in Fig. 1A, spherical nanoparticles were obtained with a diameter of 8.8 ± 2.5 nm. These MNP were further coated with four different types of molecules, leading to nanoparticles sharing the exact same magnetic core (Fig. 1B). Two coatings were obtained using the same phosphonate chelating function: either phosphonoacetic acid (PO) alone, or polyethylene glycol phosphonic carboxylic acid (PO-PEG). They thus just differ by the PEG addition between the phosphonate chelating function and the carboxylic terminal group. Two other coatings were achieved, varying only the chelating function: caffeic acid (Caf) and citric acid (Cit). Importantly, all three chelating agents (PO, Caf, and Cit) exhibit the same terminal carboxylic acid function. Validation of each MNP coating was qualitatively and quantitatively assessed by Fourier Transformed Infrared measurements, zeta potential measurement and thermogravimetric analysis (Figures S1 andS2). Whatever the coating, MNP saturation magnetization was found at 51 ± 2 emu/gFe304. Stability was studied by dynamic light scattering (DLS, Fig. 1C) to monitor the evolution of MNP hydrodynamic diameter over time. Stability in RPMI medium alone was compared with RPMI medium supplemented with 10% foetal bovine serum (FBS) in order to mimic biological conditions with a layer of proteins attaching to the surface of the MNP. As a reference, hydrodynamic diameter (in intensity) obtained in water in physiological conditions (pH=7.4) was represented at the initial time and was determined around 50 nm for all coatings. In the case of MNP coated with PO-PEG (MNP@PO-PEG), with and without FBS, this diameter remained unchanged for at least 30 minutes, indicating stable MNP. For MNP coated with PO (MNP@PO) and with Cit (MNP@Cit), without FBS, the hydrodynamic diameter instantaneously increased to more than 1000 nm, indicating a massive aggregation. On the contrary, the presence of FBS prevented this aggregation phenomenon with a hydrodynamic diameter increasing to 200 nm for MNP@PO and 80 nm for MNP@Cit. This can be explained by the formation of a protein corona which stabilizes the nanoparticles, considering also that binding on iron with citrate is weaker than with phosphonate so easier to be exchanged with proteins. 52 Finally, for MNP coated with Caf (MNP@Caf), the hydrodynamic diameter slightly increased to 70 nm with proteins and 110 nm without proteins, showing no massive aggregation in both cases. C. Hydrodynamic diameter represented as Z-average determined by DLS over 30 minutes, in RPMI medium without (blue curve) and with 10% FBS (orange curve), and at initial time in water at pH = 7.4 (grey point). From left to right: MNP@PO, MNP@Cit, MNP@Caf, and MNP@PO-PEG.

Impact of the coating on cellular internalization

To evaluate the immediate impact that the different coatings may have on their interaction with stem cells, hMSC were incubated with each MNP, in RPMI, with or without 10% FBS. MNP@PO, MNP@Cit, and MNP@Caf were incubated for 30 minutes, while MNP@PO-PEG needed to be incubated for 24 hours to detect an incorporation. MNP internalization in cells was quantified by magnetometry (Fig. 2A). Magnetization is directly proportional to the amount of MNP (magnetic iron oxide) in the sample (derived from the averaged saturation magnetization of the coated MNP, of 51 ± 2 emu/gMNP, see methods. As observed by us and others, the nanoparticle cell internalization increases with rising incubation concentration. For MNP@PO-PEG and MNP@Caf, saturation of intracellular content was reached at about 1 mM incubation concentration, with an uptake saturation in between 5 and 10 pg of MNP per cell, which did not depend on the presence of FBS in the incubation medium (with and without FBS conditions). The same uptake was obtained for MNP@PO and MNP@Cit when incubated with FBS. By contrast, without FBS, these two types of MNP exhibited a much higher cellular uptake than the other conditions, probably due to the aggregation of the nanoparticles evidenced in Fig. 1. Note however that MNP@PO-PEG needed to be incubated for 24 hours, meaning 48 times longer than the other MNP to reach similar internalization. The rate of internalization can be related to the surface charge of the MNP, quantified by assessing their zeta potential (Figure. S1). MNP@PO-PEG have a zeta potential that was found equal to -10.8 mV, which explains their low internalization. This low charge suggests that some carboxylic groups could potentially be complexed on the MNP surface. On the contrary, zeta potentials of MNP@PO, MNP@Cit, and MNP@Caf were all substantially negative, respectively -36, -39, and -33 mV, explaining the increased internalization. TEM imaging of the cells containing all types of MNP, one day after their internalization are shown in Fig. 2B, for the condition of incubation without FBS. They evidence the endosomal confinement of MNP, with no differences in the intracellular location observed depending on the coating. Mass of MNP per cell after 30 minutes incubation for MNP@PO, MNP@Cit, and MNP@Caf and after 24 hours incubation for MNP@PO-PEG determined by magnetometry. B. TEM images of endosomes (arrows) within stem cells loaded with MNP@PO, MNP@Cit, MNP@Caf, and MNP@PO-PEG, all incubated without FBS.

Impact on the intracellular degradation

To assess the long-term transformations of the MNP inside the stem cells, hMSC having internalized each MNP (at various incubation dose but corresponding to an intracellular content of about 2.6 pg of iron per cell) were assembled into cellular spheroids of 200 000 cells and cultured for 21 days (Figure S3). Under the spheroid geometry, the stem cells stop dividing and produce a collagen-rich extracellular matrix leading to cellular spheroids viable for at least a month. 47 They can be fixed (by glutaraldehyde) at different time (typically at days 1, 4, 8, and 21), stopping instantaneously all active processes, including nanoparticles degradation. 47 Single spheroid magnetization can then be measured at each time-point by magnetometry.

Magnetization is directly proportional to the amount of MNP (magnetic iron oxide) in the sample, and as a consequence is the fingerprint of MNP structural integrity versus degradation. In order to obtain an accurate description of the biodegradation, five experiments were carried out with a total of around 900 spheroids formed for the four studied coatings (see methods). Fig. 3A shows typical magnetization curves for MNP@PO, at a given dose (corresponding here to 2.6 initial pg of iron per cell), and at different times of spheroids maturation. Magnetization was then converted in a mass of MNP, as shown in Fig. 3B, which decreases over time, indicating their intracellular degradation.

Because the saturation magnetization can be affected by a change in the size of the nanoparticles, we first determined the nanoparticles diameter at the different degradation times (days 1, 4, 8 and 21). To do so, a Langevin analysis of the magnetization curves was performed, as detailed in Figure S4.

Remarkably, at all times, the magnetic size matched perfectly the one of administered nanoparticles at day 1. It evidences that the iron oxide core dissolution is rapid, and that intermediate states of partially degraded nanoparticles do not impact the magnetic measure. The magnetization measurement therefore provides a signature of the still intact nanoparticles only (with same size). The maximum loss in magnetization (equivalently to the maximum MNP degradation) is almost already reached at day 8, and was found equal to 60% of the initial content for this condition. The same methodology was applied to all four coatings, for different initial intracellular MNP content (expressed in pg of iron per cell), and the degradation extent (obtained at day 21) was calculated for each. Figs. 3C,3D,3E and 3F summarize all data, for MNP@PO, MNP@Cit, MNP@Caf, and MNP@PO-PEG, respectively, and for incubations without or with FBS. Remarkably, whatever the condition, one same behaviour is evidenced: the lowest the amount of initial MNP, the highest the degradation extent. This demonstrates for the first time that the percent of MNP a cell can degrade depends on the initial intracellular quantity. While all conditions exhibit the same global behaviour, two groups emerge (Fig. 4). First, MNP@PO and MNP@Cit incubated without FBS, corresponding to the aggregated situation (Fig. 1C), experience the lowest rate of degradation (Fig. 4A). Secondly, stable nanoparticles, meaning MNP@PO and MNP@Cit, both with FBS; MNP@Caf and MNP@PO-PEG with and without FBS, exhibited a higher degradation (Fig. 4B).

For each family, linear regression was plotted, with sound determination coefficient (R² > 0.75), which confirmed the grouping of conditions and also the dose dependent degradation. A) The aggregated nanoparticles: MNP@Cit and MNP@PO without FBS. B) The stable nanoparticles: MNP@PO and MNP@Cit with FBS; MNP@Caf and MNP@PO-PEG with and without FBS. For each group, linear regression is plotted as a dotted line with its corresponding equation.

TEM imaging of the MNP confined within the cells endosomes (in the range of 3 pg of MNP per cell) 1 and 21 days after their internalization is shown in Fig. 5, for the condition of incubation without FBS (see also Figures S4 andS5). One day after spheroid formation MNP@PO and MNP@Cit looked more aggregated within the endosomes than MNP@Caf or MNP@PO-PEG, as expected from the stability curves of Fig. 1C. At day 21, a massive apparition of new structures in the endosomes and cytoplasm was revealed. They exhibit a circular shape and a diameter of 6.4 ± 1.1 nm, typical of ferritin. No difference was noticed between the different coatings, even for those which were likely to aggregate (MNP@PO and MNP@Cit). Those results are confirmed by large views TEM images presented in Figure S5 and in endosomes TEM images in Figure S6. In the case of the four coatings, some endosomes were still charged with intact MNP, corresponding to non-degraded MNP. In the case of MNP@PO and MNP@Cit in the absence of serum, these intact MNP were aggregated similarly to day 1 (Fig. 2B). For the other conditions, they also appeared the same, well dispersed within the endosomes. When MNP were incubated with FBS (Figure S7), all coatings appeared similar within endosomes, on TEM images, and exhibited the same apparition of ferritin when degraded. 

A fifth coating, a polymer with multiple chelating functions

Considering that the chelating agent had few impact on the MNP intracellular fate, we considered another coating strategy, using polyacrylic acid (PAA) (Fig. 6A), a polymer which binds to the MNP in several sites via its multiple -COOH function, in order to investigate its possible impact on degradation (such as a protective effect). Its successful binding to the surface of the MNP was assessed by FTIR, zeta potential and TGA, and the saturation magnetization of the MNP coated with PAA (MNP@PAA) found equal to 52 emu/gFe3O4 (see Figures S8 andS9). MNP@PAA were found to be very stable with and without FBS (Fig. 6B) and internalized within cells in a dose-dependent manner, presenting the same tendency with and without FBS (Fig. 6C). MNP@PAA internalization is comparable to those of the previous non-aggregated nanoparticles: MNP@PO and MNP@Cit with FBS, MNP@Caf and MNP@PO-PEG with and without FBS (see Fig. 2A). Indeed, its surface charge is negative, with zeta potential of -42.8 mV. The fact that FBS doesn't affect neither the stability nor the internalization of MNP@PAA suggests a protection provided by PAA from opsonisation with the proteins present in FBS. Fig. 6D shows the confinement of MNP@PAA within the endosomes the first day after internalization. The same methodology than for the other MNP was next followed for MNP@PAA to monitor biodegradation: MNP@PAA were internalized within the hMSC, 200 000 cell spheroids were formed, and long-term quantification of nondegraded MNP was achieved by magnetization data capture (Fig. 6E) to assess degradation. Note that in this latter case, the intracellular dose corresponded to 3.1 initial pg of MNP per cell, which is similar to the intracellular dose used in Fig. 3B for MNP@PO. Here, for MNP@PAA, degradation was found to be of 40% for this dose, compared to 60% for MNP@PO, suggesting a protective effect provided by PAA. Fig. 6F shows all intracellular doses further tested, ranging from 0.8 to 8 pg of intracellular MNP per cell. Similar behaviour was observed with and without FBS. A dose-dependent effect was observed revealing again the most important degradation for the lowest concentrations, but the slope of the corresponding linear regression was lower than for the other MNP (Fig. 3F), preventing high amount of MNP@PAA to be degraded at low doses. TEM imaging of the cells 21 days after spheroid formation evidenced the presence of endosomes loaded with non-degraded MNP but also of the presence of ferritin corresponding to the degraded nanoparticles, also shown in Figure S10. The presence of proteins did not impact the endosomal confinement of MNP after cellular capture neither the apparition of ferritin corresponding to the degraded MNP after 21 days as evidenced in Figure S11. To manage a direct comparison in between MNP, it finally appeared necessary to compare them for the same initial intracellular dose. Figs. 7A and 7B were plotted to compare the degradation rate of all MNPs, incubated with and without FBS, leading to an intracellular iron concentration in the range of 2.4 ± 0.3 pg of iron per cell. In presence of FBS, PAA was significantly less degraded than all the other MNP. In the absence of FBS, PAA was significantly less degraded than MNP@PO-PEG and MNP@Caf, but showed similar degradation than MNP@PO and MNP@Cit. This confirms the lower degradation of these MNPs observed in Figs. 3 and4, reflecting their aggregation status. This was also observed in lysosome mimicking solution (Figure S12), in which no significant degradation differences were observed between all other types of MNP. 

Discussion

Multiple studies were previously carried out to investigate the impact MNP design may have on cell uptake and especially focused on the role of the surface charge 53 . First, it is now generally accepted that charged nanoparticles exhibit a higher cellular uptake than neutral ones. 54 Our results are consistent with the literature since MNP@PO-PEG, the one coating exhibiting a lower charge than the others in analysis, needed a 48-fold longer incubation time in order to reach similar intracellular iron intake. This result is also in accordance with other studies that define PEG as one of the best non-fouling agents, [55][56][57][58] and that it also helps the nanoparticles to avoid immunological recognition of the mononuclear phagocyte system, reducing its clearance. Indeed, being a highly hydrophilic polymer, PEG forms a hydration layer leading to steric repulsion. [59][60][61] As a consequence, PEG coating can be chosen to increase the circulation time in the blood of MNP injected intravenously. 62 On the contrary, MNP@PAA, MNP@Caf, MNP@PO, and MNP@Cit showed a rapid internalization within cells. In the context of regenerative medicine, cells need to be efficiently labelled with the nanoparticles in vitro before being transplanted in vivo. 12 Therefore, quickly internalized MNP can be seen as good candidates. Besides, we here evidenced a strong impact of the nanoparticles' stability on the cellular uptake: aggregated nanoparticles led to higher internalization within the cells than stable ones. This stability is influenced by the nature of the coating, but also by the presence of macromolecules in the incubation media, and the formation of a protein corona. The formation of the corona appears quickly enough to stabilize the MNP by steric stabilization and by preventing van der Waals attractive forces, 44,63 as previously observed for MNP@Cit aggregating in phosphate buffer solution (PBS) but stable when the PBS was supplemented with FBS. 64 Due to their longer chains PO-PEG and PAA induce steric repulsions which explain why MNP@PO-PEG and MNP@PAA are stable without proteins contrary to MNP@Cit and MNP@PO. Finally, for all coatings, the uptake occurred through the internalization of the nanoparticles within the endosomes, as expected from negatively charged MNP. 65 No trace of MNP found within the cytoplasm or other cellular compartments, excepting the endosomes, and we showed that aggregated MNP similarly ended in the endosomes. After cellular internalization, MNP were degraded by the cells, as suggested by the decrease of cell magnetization and by the appearance of ferritin structures. Ferritin is the iron storage protein known to intracellularly store the iron released over nanoparticles degradation in a non-toxic form. 66 Indeed, Fe(II) ions could react with hydrogen peroxide and produce cytotoxic free reactive oxygen species (ROS) through the Fenton reaction. Instead, if they are trapped within the ferritin, they are not available for Fenton reaction and thus non-toxic so ferritin is considered to be a ROS production inhibitor. [66][67][68] The impact of the coating on the degradation of the MNP has been explored, but rarely in cells. A study conducted in lysosome mimicking solution comparing the degradation of MNP coated with citric acid or phosphonoacetic acid revealed that the firsts were less degraded than the latters. 46 On the contrary, inside the cells, we obtained either no significant differences between those two coatings in the presence of FBS or a significant difference without FBS leading to the opposite result: MNP@PO were in fact less degraded than MNP@Cit. Degradation of MNP@PEG and MNP@glucose were also compared, indicating a faster biodegradation of MNP coated with glucose in lysosomal mimicking environment, but also a highly protective impact from the protein corona. On the contrary, in vivo, MNP@PEG were degraded quicker, possible consequence of the difficulty to mimic lysosomal environment but also the protein corona. 69 Those results emphasize the need of in vitro models in order to mimic degradation pathways in biological-like conditions, a solution provided by hMSC spheroids. In vivo, while the coating is expected to strongly impact the nanoparticles interaction with blood proteins, and therefore their circulation, once in the intracellular environment, the nanoparticles fate is expected to be similar between the situation in vivo and in the spheroid model. To monitor the nanoparticles behavior in real-time in vivo, magnetic resonance imaging (MRI) should be used. Yet, a MRI signal fall is expected over their transformation from nanoparticles to ionic iron but this fall may be attenuated due to higher proximity of protons to the remaining nanoparticles, preventing precise quantification.

A factor that we found to have the strongest impact on the biodegradation is the internalized MNP dose. Indeed, the highest degradation rates were obtained for the lowest MNP concentrations. This result was also observed in vivo for MNP@PEG and MNP coated with DMSA. 62 Finally, aggregation was also found to impair the MNP cell degradation (shown in the case of MNP@PO and MNP@Cit), 46 which could be explained by less accessibility of degrading agents (protons, enzymes, etc.) at the core of aggregates. Taken together, these results suggest the following picture: the coating of the nanoparticles has an immediate impact on its interactions with biological systems (fluids and cells). More precisely, surface charge plays an important role on the uptake, and the nature of the coating influences the stability of the nanoparticles in the biological media and interactions with biomolecules. Upon cellular internalization, increase of intracellular MNP dose reduces their degradation rate regardless of the coating. At a constant intracellular dose, slight modulations of the MNP degradation were observed between the coatings themselves. No impact is observed from the nature of the chelating function (carboxylic, phosphonate or catechol).

The most significant impact lies on the protective effect of PAA towards degradation, even for small doses of intracellular MNP. PAA molecules, due to their multiple anchoring functions are more tightly bound to nanoparticles surface, probably remain for longer delaying the biodegradation. This tuning of the MNP degradation can be used according to the nature of the application requested, in order to optimize the clearance time of the nanoparticles from the tissues. In particular, one challenge in regenerative medicine is to develop long-lasting imaging agents. This study provides keys to better understand the in situ biodegradation of MNP but also emphasizes the variety and complexity of factors influencing it.

Conclusions

To conclude, coatings varying by the nature of surface anchoring functions turned out to have the same impact on the biodegradation. Only a higher number of anchoring functions (13 vs 3, eg. PAA vs citrate) from the coating molecule to the surface of the MNP were impacting the biodegradation rate. Nevertheless, the different coatings have a strong impact on MNP colloidal stability in biological fluids, and aggregation was shown to reduce the biodegradation. It is important to pinpoint that the initial intracellular amount of MNP has a higher impact than the coating itself on controlling the nanoparticles biodegradation: the higher the dose is, the lower the degradation extent, down to 30-40% for our higher doses tested. In these conditions, up to 70% of MNP were left intact, which is overall very high in terms of magnetization, considering that it corresponds to high initial doses. Yet, for high doses, the question of toxicity stands, making MNP@PAA still the most promising, to provide a long-lasting cell magnetization with a reasonable doses of intracellular iron.

Methods

MNP synthesis

Iron(III) acetylacetonate (> 99.9%) and Benzyl alcohol anhydrous (99.8%) were purchased from Sigma Aldrich. MNP were synthesized using a procedure previously described. 50 400mg of iron(III) acetylacetonate were dissolved in 10 ml of benzyl alcohol. Then, MNP synthesis was carried out in a Monowave 300 from Anton Paar. The temperature of the suspension was increased up to 250°C in 20 minutes then maintained constant for 30 minutes. The resulting suspension was separated using a neodymium magnet, and the precipitate was successively washed with dichloromethane, sodium hydroxyde, ethanol, pH 7 water (three times for each except for ethanol only one washing step) then ultracentrifugated at pH=2 in Amicon® Ultra centrifugal filters (30 kD). Finally, the pH of the suspension was adjusted at 2.

MNP coating

Citric acid, poly(acrylic acid, sodium salt) (MW 1200 g/mol -1 ), phosphonoacetic acid, and caffeic acid were purchased from Sigma Aldrich. PEG phosphonic carboxylic acid (SP-1P-10-002, MW 2500 g mol -1 ) was purchased from Specific Polymers. All the coatings were used in excess with a massic ratio of 5 between the coating molecule and the nanoparticles. Citric acid, polyacrylic acid, phosphonoacetic acid, and polyethylene glycol were diluted in water at pH=2 and caffeic acid at pH=10. The nanoparticles aqueous dispersion was added to the coating molecule solution and let for 2 hours under magnetic stirring. After the reaction, pH was adjusted at 7 and solution was let for 2 hours to allow for the system to equilibrate. Finally, pH was adjusted at 2 and nanoparticles were magnetically purified 3 times then ultracentrifugated at pH=7 in Amicon® Ultra centrifugal filters (30 kD). Nanoparticles coated with citric acid, polyacrylic acid, phosphonoacetic acid, caffeic acid, and PEG phosphonic carboxylic acid were respectively named MNP@Cit, MNP@PAA, MNP@PO, MNP@Caf and MNP@PO-PEG.

MNP characterization

The hydrodynamic diameter and the zeta potential of the nanoparticles were measured using a Nano-ZS (632.8 nm) ZEN 3600 device (Malvern Instruments, Malvern, UK). Nanoparticles were diluted in water at pH adjusted at 7.4 with 0.1 M NaOH to be representative of physiological conditions. The successful presence of the coating of the particles at the surface of the molecules was checked by Fourier Transformed Infrared Spectroscopy (FTIR) using a Thermo Scientific Nicolet 380 FTIR. Samples were analysed on under the form of KBr pellets. Quantification of coating molecules per particle was evaluated by TGA using a LabsSys evo TG-DTA-DSC 16000 device from Setaram Instrumentation. The iron concentration of the nanoparticles was determined through a colorimetric quantification: iron was destroyed with HNO3 at 7 M. H202 was added to oxidize the iron ions. Then, iron concentration was determined by thiocyanate colorimetry.

The saturation magnetization of the nanoparticles (51 ± 2 emu/g) was measured in a Vibrating Sampler Magnetometer (VSM, Quantum Design, Versalab) on 10 µl of solution at [Fe3O4]= 1 mg/ml. This magnetization in emu per g of Fe3O4 was used to convert magnetization values into mass of magnetic iron in a (cellular) sample.

Cell culture and MNP internalization

Human Mesenchymal Stem cells (hMSC) were purchased from Lonza. They were cultured in MSCBM medium (Lonza) at 37°C with 5% CO2. At 90% confluency, cells were amplified until passage 5 before use. Nanoparticles were dispersed in RPMI-1640 medium (ThermoFischer Scientific) or RPMI-1640 medium supplemented with 10% FBS at different iron concentrations. Cells were washed with RPMI then incubated with the nanoparticles solutions for 30 minutes in the case of MNP@Cit, MNP@Caf, MNP@PAA and MNP@PO and for 24 hours in the case of MNP@PO-PEG. Cells were washed with RPMI then media was changed to DMEM supplemented with 10% FBS and 1% Penicilin-streptomycin to allow a complete internalization of the nanoparticles (2 hours for MNP@PO-PEG, overnight for other nanoparticles).

Spheroid model

Cells loaded with nanoparticles were detached with Trypsin-EDTA (0.05%), phenol red (thermoFisher Scientifc), then 200 000 cells were dispersed in 1 ml of specific medium in 15 ml Falcon® tubes before being centrifugated for 3 minutes at 180 g to form the pellet. Pellets were cultured at 37°C, 5% CO2. The medium was replaced twice a week. Medium for spheroid maturation was composed of 500 ml of DMEM high glucose supplemented with 1% penicillin streptomycin, 1% ITS premix and with a final concentration of 0.1 µM dexamethasone, 1 mM sodium pyruvate, 50 µM ascorbic acid-2 phosphate and 0.35 mM L-proline. Spheroids were washed with cacodylate buffer then fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer for 30 minutes at room temperature then stored in PBS in order to measure their magnetization at different days of the maturation process (days 1, 4, 8, and 21).

Spheroid magnetometry

Spheroids were introduced in sample holders for Vibrating Sampler Magnetometer (VSM, Quantum Design, Versalab). Magnetization curves according to the applied filed were recorded at 300K in the range of 0 to 30 000 Oe. The recorded magnetization was converted in grams of MNP in the sample using the saturation magnetization of 51 ± 2 emu/gFe3O4. Decrease of grams of MNP in the sample corresponded to the biodegradation of MNP.

Five independent experiments were carried out. For each coating, four doses were compared with triplicates for each point, and two (days 1 and 21) or 4 (days 1, 4, 8 and 21) were analysed, leading to a total of 220 individual spheroids per coating.

Transmission Electron Microscopy of MNP and cells

For transmission electron microscopy (TEM) imaging, nanoparticles (10 µl) were deposited on carbon-coated copper grids then imaged with a Philips TECNAI 12 electron microscope.

To observe MNP within the cells, spheroids were washed with cacodylate buffer, fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer. Then samples were contrasted with Oolong Tea Extract (OTE) 0.5% in cacodylate buffer, post fixed with 1% osmium tetroxide containing 1.5% potassium cyanoferrate then dehydrated in graded ethanol baths, included in Epon, and ultrasectioned (70 nm). Sections were deposited onto cooper grids for observation with a TECNAI 12 electron microscope.

Degradation in aqueous suspension

Degradation was assessed in a medium mimicking lysosomal conditions, as previously described. 46 MNP were diluted at 1 mM in 20 mM citrate buffer solution at pH = 4.7 then kept at room temperature during 21 days. Magnetization was measured in a Vibrating Sampler Magnetometer (VSM, Quantum Design, Versalab) on 10 µl of The decrease of magnetization of the sample corresponded to the degradation of the sample.

Statistical Analysis

All values are reported as mean ± standard error of the mean (SEM). Significance between groups was determined using Student's t-test. Results were considered significant when p<0.05 and noted * p < 0.05 and ** p < 0.01.

Figure 1 :

 1 Figure 1: MNP panel characterisations. A. TEM imaging of non-coated iron oxide nanoparticles and associated size distribution. B. Schematic representation of coated magnetic nanoparticle with chemical formula of the selected coating molecules: PO, Cit, Caf, and PO-PEG.C. Hydrodynamic diameter represented as Z-average determined by DLS over 30 minutes, in RPMI medium without (blue curve) and with 10% FBS (orange curve), and at initial time in water at pH = 7.4 (grey point). From left to right: MNP@PO, MNP@Cit, MNP@Caf, and MNP@PO-PEG.

Figure 2 :

 2 Figure2: Coating impact on cellular uptake. A. Mass of MNP per cell after 30 minutes incubation for MNP@PO, MNP@Cit, and MNP@Caf and after 24 hours incubation for MNP@PO-PEG determined by magnetometry. B. TEM images of endosomes (arrows) within stem cells loaded with MNP@PO, MNP@Cit, MNP@Caf, and MNP@PO-PEG, all incubated without FBS.

Figure 3 :

 3 Figure 3: Coating impact on the intracellular degradation. A. Magnetization curves measured by magnetometry of hMSC spheroid loaded with MNP@PO (2.6 pg of iron per cell) at different times of spheroid maturation (days 1, 4, 8, and 21). B. Intracellular mass of MNP calculated from the magnetization values. C. Percentages of degradation of MNP@PO according to the intracellular mass of MNP D. Percentages of degradation of MNP@Cit according to the intracellular mass of MNP E. Percentages of degradation of MNP@Caf according to the intracellular mass of MNP F. Percentages of degradation of MNP@PO-PEG according to the intracellular mass of MNP.

Figure 4 :

 4 Figure 4: Percentages of degradation according to the intracellular mass of MNP by grouping the points into two families:A) The aggregated nanoparticles: MNP@Cit and MNP@PO without FBS. B) The stable nanoparticles: MNP@PO and MNP@Cit with FBS; MNP@Caf and MNP@PO-PEG with and without FBS. For each group, linear regression is plotted as a dotted line with its corresponding equation.

Figure 5 :

 5 Figure 5: TEM images of endosomes 1 and 21 days after MNP internalization within cells for the different MNP incubated in the absence of FBS. For each coating, an endosome is represented 1 day after spheroid formation (left), then 21 days after spheroid formation (center) with an image zoom in the black square (right) to clearly identify the ferritin spots, for the different coatings: A. MNP@PO, B. MNP@Cit, C. MNP@Caf, and D. MNP@PO-PEG.

Figure 6 :

 6 Figure 6: MNP@PAA characterisations, uptake and intracellular fate. A. PAA chemical formula. B. Hydrodynamic diameter represented as z average was determined by DLS over 30 minutes, without (blue curve) and with 10% FBS (orange curve), and at initial time in water at pH = 7.4. C. Mass of iron per cell

Figure 7 :

 7 Figure 7: Comparison of the degradation of MNP@PAA with previously studied coatings. A. Comparison of the degradation percentage of PAA with the other MNP after an incubation of MNP with FBS according to the coating at the same dose of 2.4 ± 0.3 pg of MNP per cell, * p < 0.05 and ** p < 0.01 between conditions (Student t.test). B. Comparison of the degradation percentage of PAA with the other MNP after an incubation of MNP without FBS according to the coating at the same dose of 2.4 ± 0.3 pg of MNP per cell, * p < 0.05 and ** p < 0.01 between conditions (Student t.test).
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