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SUMMARY: 
Iron oxide nanoparticles are synthesized via a nonaqueous sol gel procedure and coated with anionic short molecules or polymer. The use of magnetometry for monitoring the incorporation and biotransformations of magnetic nanoparticles inside human stem cells is demonstrated using a vibrating sample magnetometer (VSM).

ABSTRACT: 
Magnetic nanoparticles, made of iron oxide, present a peculiar interest for a wide range of biomedical applications for which they are often internalized in cells and then left within. One challenge is to assess their fate in the intracellular environment with reliable and precise methodologies. Herein, we introduce the use of the vibrating sample magnetometer (VSM) to precisely quantify the integrity of magnetic nanoparticles within cells by measuring their magnetic moment. Stem cells are first labeled with two types of magnetic nanoparticles; the nanoparticles have the same core produced via a fast and efficient microwave-based nonaqueous sol gel synthesis and differ in their coating: the commonly used citric acid molecule is compared to polyacrylic acid. The formation of 3D cell-spheroids is then achieved via centrifugation and the magnetic moment of these spheroids is measured at different times with the VSM. The obtained moment is a direct fingerprint of the nanoparticles’ integrity, with decreasing values indicative of a nanoparticle degradation. For both nanoparticles, the magnetic moment decreases over culture time revealing their biodegradation. A protective effect of the polyacrylic acid coating is also shown, when compared to citric acid.

INTRODUCTION: 
There is increased interest in the magnetic features of iron oxide nanoparticles for a wide range of biomedical applications. Their response to magnetic resonance makes them reliable contrast agents for magnetic resonance imaging (MRI), an advantage in regenerative medicine where cells labeled with magnetic nanoparticles can be tracked in vivo following implantation1. Using magnetic fields, cells can also be guided at a distance; this way, cellular spheroids2,3, rings4, or sheets5 can be engineered magnetically and also remotely stimulated6, an asset in the development of scaffold-free tissues. The range of possibilities for these nanoparticles also includes drug delivery systems7,8 and magnetic and photoinduced hyperthermal treatment to kill cancerous cells9–11. For all these applications, the nanoparticles are integrated in the biological environment either by intravenous injection or via direct internalization in cells and are then left within, which brings into question their intracellular fate. 

In vivo analyses conveyed a general understanding of the nanoparticles’ fate in the organism: upon injection in the blood stream, they are first captured mostly by the macrophages of the liver (Kupffer cells), spleen and bone marrow, are progressively degraded, and join the iron pool of the organism12–19. Qualitative observations are only possible due to the circulation of the nanoparticles throughout the organism. Typically, transmission electronic microscopy (TEM) can be used to directly observe the nanoparticles and the presence of iron in the organs can be determined via dosage. More recently, their fate has been assessed directly on a pool of cells, meaning in close circuit with no iron escape, allowing a quantitative measurement of their biotransformations at the cell-level20–22. Such measurements are possible via the analysis of the magnetic properties of the nanoparticles that are tightly linked to their structural integrity. Vibrating sample magnetometry (VSM) is a technique where the sample is vibrated periodically so that the coil-measurement of the flux induced provides the magnetic moment of the sample at the applied magnetic field. Such synchronous detection allows for a rapid measurement, which is an asset for determining the magnetic moments of a large number of samples20–23. The macroscopic magnetic signature retrieved by VSM then gives a quantitative overview of the entire biological sample directly correlated to the nanoparticles' size and structure. In particular, it provides the magnetic moment at saturation (expressed in emu) of the samples, which is a direct quantification of the number of magnetic nanoparticles present in the sample, respective to their specific magnetic properties.

It has been shown that the intracellular processing of magnetic nanoparticles is tightly linked to their structural features20. These features can be controlled via optimal synthesis protocols. Each protocol presents advantages and limitations. Iron oxide nanoparticles are commonly synthesized in aqueous solutions via coprecipitation of iron ions24. To overcome the limitations of nanoparticles size polydispersity, other synthesis methods such as polyol-mediated sol-gel methods have been developed25. Nonaqueous approaches by thermal decomposition leads to the production of very well-calibrated iron oxide nanoparticles26. However, the use of massive amounts of surfactants like oleylamine or oleic acid complicates their functionalization and water transfer for biomedical applications. For this reason, we synthesize such magnetic nanoparticles through a nonaqueous sol gel route leading to high crystallinity, purity and reproducibility27. This protocol produces well-controlled size nanoparticles that can be tuned through temperature variation28. Nevertheless, the microwave-assisted non-aqueous sol-gel route has an upper size limit of the obtained nanoparticles of around 12 nm. This procedure would not be adapted for applications using ferromagnetic particles at room temperature. In addition to the core synthesis, another main feature to be considered is the coating. Lying at the surface of the nanoparticle, the coating act as an anchoring molecule, helping the targeted internalization of the nanoparticles, or it can protect the nanoparticle from degradation. Since benzyl alcohol acts as an oxygen source and a ligand at the same time, bare nanoparticles are produced without the need for additional surfactants or ligands. The nanoparticles are then easily surface functionalized after synthesis without a surfactant exchange process.

Herein, two types of nanoparticles are assessed that possess the same core and differ in the coating. The core is synthesized using a fast and highly efficient microwave based technique. The two coatings compared consist of citric acid, one of the most used as coating agent in biomedical applications29,30, and polyacrylic acid (PAA), a polymeric coating with a high number of chelating functions. VSM magnetometry measurements are then used first to quantify the nanoparticle uptake by the cells, and then as a direct assessment of the nanoparticle structural integrity upon internalization in stem cells. Results demonstrate that the incubation concentration impacts nanoparticle uptake and that the coating influences their degradation, with the large number of anchoring molecules of PAA protecting the core from degradation.

PROTOCOL: 

1. Synthesis of magnetic nanoparticles

1.1. Core synthesis – microwave-assisted

1.1.1. Dissolve 400 mg of iron(III) acetylacetonate (>99.9%) in 10 mL of benzyl alcohol (BA, 99.8%) within a 30 mL monowave glass vial.

1.1.2. Increase the temperature of the suspension from 25 to 250 °C in 20 min (at a rate of 11.25 °C/min) and maintain it at 250 °C for 30 min using a microwave reactor.

1.1.3. Transfer the resulting nanoparticles suspended in benzyl alcohol to a glass vial and separate the nanoparticles using a neodymium magnet for 30 min.

1.1.4. Wash the precipitate in the previous 100 mL glass vial with 10 mL of dichloromethane, 1 M sodium hydroxide, ethanol, pH 7 water (three times) using a neodymium magnet for 5 min each step to pelletize nanoparticles and remove the supernatant. 

1.1.5. Adjust the nanoparticle suspension in water to pH 2 using 1 M hydrochloric acid, and then centrifuge in 100 kDa ultracentrifugal filters at 2,200 x g for 10 min. 

1.1.6. Remove the filtrate, add 12 mL of 10-2 M hydrochloric acid to the nanoparticles solution and centrifuge in 100 kDa ultracentrifugal filters at 2,200 x g for 10 min (three times). Then dilute the nanoparticles solution within 10 mL of 10-2 M hydrochloric acid before coating.

1.2. Coating

1.2.1. Dilute 175 mg of citric acid and polyacrylic acid in water at pH 2 in a 100 mL glass vial and adjusted the pH to 2 with a 1 M hydrochloric acid solution.

1.2.2. Add the 10 mL nanoparticles aqueous dispersion to the coating molecule solution, corresponding to a mass ratio of 5 between the coating molecule and the nanoparticles. Agitate for 2 h under magnetic stirring at room temperature.

1.2.3. After the reaction, adjust the pH to 7 with 1 M sodium hydroxide.

1.2.4. Centrifuge the nanoparticle solution 3 times with deionized (DI) water in 100 kDa ultracentrifugal filters at 2,200 x g for 10 min; remove the filtrate and dilute the nanoparticles solution in 12 mL of DI water.

2. Culture and magnetic labeling of stem cells

2.1. Culture human mesenchymal stem cells (MSC) in complete Mesenchymal Stem Cell Growth Medium (MSCGM) at 37 °C and 5% CO2. When the cells are at 90% confluence, add 10 mL of trypsin-EDTA pre-warmed at 37°C per 150 cm² flask and leave for 2-3 minutes to detach the cells. 

2.1.1. To know when the cells are detached, observe them with a bright-field microscope. Resuspend the detached cells in MSCGM and divide them in four 150 cm² flasks. Amplify the cells this way until passage 4 to 5.

2.2. Prepare the solution of magnetic nanoparticles for cell labeling: disperse the chosen concentration of iron oxide nanoparticles in serum free Roswell Park Memorial Institute medium (RMPI-1640) without glutamine. RPMI is used for nanoparticle incubation (and the related rinsing steps) as it has a lower ionic strength than DMEM and better prevents nanoparticle aggregation events.

2.3. When the cells are at passage 5 and 90% confluent, remove the MSCGM medium, rinse the cells with serum free RPMI (without glutamine) and add 10 mL of iron oxide nanoparticles solution per 150 cm2 culture flask, which is the minimum volume required to cover all the cells.

2.4. Incubate at 37 °C and 5% CO2 for 30 min and then discard the nanoparticle solution. Wash once with serum free RPMI-1640 (no glutamine) and incubate with Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% penicillin-streptomycin (25 mL per 150 cm2 flask) overnight at 37 °C and 5% CO2 to allow a complete internalization of the nanoparticles.

3. Formation of stem cell-spheroids

3.1. Freshly prepare cell-spheroid culture medium composed of DMEM high glucose with L-glutamine supplemented with 50 µM L-ascorbic acid 2-phosphate, 0.1 µM dexamethasone, 1 mM sodium pyruvate, 0.35 mM L-proline, and 1% universal culture supplement containing Insulin, human Transferrin and Selenous acid (ITS-Premix).

3.2. Detach the magnetic MSCs by adding 10 mL of 0.05% trypsin-EDTA pre-warmed at 37 °C per 150 cm2 flask for 2-3 minutes. When the cells are detached, immediately inactivate the trypsin by adding 1/3 of the volume of DMEM supplemented with 10% FBS and 1% penicillin-streptomycin pre-warmed at 37 °C. 

3.3. Centrifuge the dissociated cells at 260 x g for 5 min, aspirate the media and re-suspend the cells in a small volume (less than 1 mL per 150 cm² flask) of cell-spheroid culture medium such as having 200,000 cells in about 50 µL of medium. Count the cell number using a hemocytometer and adjust the volume if needed.

3.4. Add 1 mL of freshly prepared cell-spheroid culture medium in a 15 mL sterile conical centrifuge tube and add the volume of resuspended solution corresponding to 200,000 cells. 

3.5. Centrifuge these magnetically labeled cells at 180 x g for 3 min such as forming a cell pellet at the bottom of the tube and keep the supernatant, which is the cell culture medium.

3.6. Slightly open the tubes to allow air exchange and incubate at 37 °C with 5% CO2 for up to 21 days, culture time along which the cells form a cohesive 3D structure that results in a fully formed spheroid. Change the medium twice a week.

3.7. On given days, wash the spheroids twice with cacodylate buffer made of 0.2 M cacodylate diluted in demineralized water and fix them using 2% glutaraldehyde in 0.1 M cacodylate buffer diluted in distilled water for 30 min at room temperature. Store the fixed spheroids in PBS until used for VSM measurement or TEM imaging. This fixation step stops all biological processes and allows long-term conservation.

4. Quantification of magnetic nanoparticles in solution and in cellulo using a vibrating sample magnetometer (VSM)

4.1. Place either a given volume of magnetic nanoparticle solution (maximum 10 µL) or a single cell-spheroid into the sample holder specifically designed to fit in the VSM.

4.2. Insert the sample in the VSM and scan for sample offset. Place the sample at the position corresponding to the magnetization maximum.

4.3 Perform the first measurement at a low magnetic field (between -1500 Oe and +1500 Oe) with a 20 Oe/s rate.

4.4 Perform a second measurement at a high magnetic field (between -30 000 Oe and +30 000 Oe) with a 200 Oe/s rate.

5. Transmission Electron Microscopy (TEM) analysis

5.1. For the nanoparticle solutions, deposit 10 μL of the aqueous solution onto a carbon-coated copper grid and let it dry at room temperature.

5.2. For the nanoparticles internalized in cells, contrast the fixed cell-spheroids with Oolong Tea Extract (OTE) at 0.5% diluted in 0.1 M cacodylate buﬀer, post ﬁx with 1% osmium tetroxide containing 1.5% potassium cyanoferrate and then dehydrate in graded ethanol baths, included in Epon. Slice ultrasections of 70 nm and deposit them onto cooper grids. 

5.3. Take images using an electron microscope at 80 kV with a magnification from 1k for the observation of entire cells to 40k for the observation of endosomal compartments. 

REPRESENTATIVE RESULTS: 
Using the microwave-assisted synthesis, magnetic nanoparticles with a monodisperse 8.8 ± 2.5 nm core size are produced and coated with either citrate or PAA (Figure 1A). Stem cells are then incubated with these nanoparticles dispersed in culture medium at a given concentration for 30 minutes, resulting in their endocytosis and confinement within the cellular endosomes (Figure 1B). The magnetic stem cells are then suspended in medium, centrifuged, and the cell pellet formed is cultured for up to 21 days (Figure 1C). The spheroids obtained are fixed, such as stopping biological processes, and kept in PBS until being measured via VSM.

First, the magnetic moment of the nanoparticle solution is measured using the VSM: 10 µL of the nanoparticle aqueous dispersion containing 7 µg of iron is measured, and the obtained curve is displayed in Figure 2A. Due to the presence of water in this solution, and to the sample holder, a diamagnetic signal is captured in addition to the superparamagnetic signal of the nanoparticles. A diamagnetic constant (Mdia) corresponding to the slope of the second part of the curve can be measured, as shown in Figure 2A, and this constant can be subtracted such as obtaining the magnetic moment of the nanoparticles only (Msample = M - Mdia). The saturation magnetization of the nanoparticles (Ms) can then be extracted; it corresponds to 518 µemu for the aqueous dispersion, meaning that the solution is at 74 emu/g of iron (Fe) corresponding to 52 emu/g of nanoparticles (Fe3O4).

The magnetic moment of cell spheroids can similarly be obtained. In this case, a cell-spheroid (made of 200,000 cells) is inserted in the sample holder, placed in the VSM, and measured (Figure 2B). The magnetic moment values obtained are here much lower than the ones of the initial nanoparticle solution; however, they remain within the detection range. The saturation magnetization of this particular sample is of 69 µemu. Besides, this spheroid contains 1.3 µg of nanoparticles (6.7 pg of nanoparticles per cell), consistent with the saturation value at 52 emu/gFe3O4. This value can thus be used to determine the amount of nanoparticles in cellular samples. In Figure 2C, spheroids corresponding to cells labelled with three concentrations of citrate-coated nanoparticles are measured one day after labelling. Results clearly show that the uptake of the nanoparticles depends on the incubation concentration, with concentrations of 0.125, 0.25 and 0.5 mM leading to uptakes of 0.3, 0.7 and 1.3 µg of iron per spheroid, meaning 1.3, 3,3 and 6.7 pg of iron per cell, respectively.

Attention has been brought on the importance of the surface coating, which directly interacts with the biological environment20. Two coatings have here been produced: a citrate coating, commonly used for biomedical applications, and a PAA coating, with a higher number of chelating functions. Stem cells are labeled with these two types of nanoparticles and centrifuged such as forming a cell pellet that then becomes a cohesive cell-spheroid (Figure 3A). Magnetism of these cell-spheroids is measured via VSM at day 1 and day 21 (Figure 3B and Figure 3C). Results demonstrate a decrease in magnetism upon the 21 days of culture, indicating the biodegradation of the nanoparticles, this degradation being more important for the citrate-coated nanoparticles (Figure 3B) than the PAA-coated ones (Figure 3C). TEM images confirm the degradation of the nanoparticles and show the appearance of smaller (6 nm in size) light grey dots, typical of ferritin loaded with iron. Some nanoparticles remaining intact can also be observed, particularly with the PAA coating.

Figure 1: Microwave-assisted synthesis of iron oxide (Fe3O4) nanoparticles, their internalization in stem cells and the subsequent culture of the cells as spheroids. (A) Schematic of the various steps of the nanoparticle synthesis. First, the core is synthesized via a non-aqueous sol gel procedure. The coating molecule, either Citrate (Cit) or polyacrylic acid (PAA), is then grafted at the surface of the iron oxide core. A representative TEM image shows the synthesized nanoparticles with a citrate coating. (B) Schematic of the nanoparticle internalization within stem cell, showing the nanoparticles confined in the endosomes upon internalization. Representative TEM images also show the citrate and PAA coated nanoparticles inside the cells, confined in the endosomes. (C) Schematic of stem cell-spheroids formation. 

Figure 2: Measurement of the samples magnetic moment via VSM. (A) 10 μL of nanoparticles dispersed in an aqueous solution are measured via the VSM. The signal obtained represents the magnetic moment of this nanoparticle solution in function of the magnetic field (B). The diamagnetism coming from the presence of water and the sample holder can then be measured as it corresponds to the slope of the second part of the curve and subtracted such as obtaining the magnetic moment of the nanoparticles only. The magnetic moment at saturation (Ms) can then be determined. (B) The magnetic moment of cell spheroids can similarly be obtained; In this case a single cell-spheroid is measured at a given time period. (C) Curves of spheroids corresponding to cells labeled with citrate-coated nanoparticles at three independent concentrations of 0.125 mM (orange), 0.25 mM (grey) and 0.5 mM (blue).

Figure 3: Quantification of magnetic nanoparticle degradation in cellulo via VSM. (A) Upon cell labeling with magnetic nanoparticles, a cell pellet is formed by centrifugation (day 0). The cells then form a cohesive structure resulting in an easy to handle cell-spheroid that can be kept in culture without cell loss for extended time periods (months).  (B, C) Herein, two types of magnetic nanoparticles, coated with citrate (B) or PAA (C), are internalized in stem cells and the cells are cultured as spheroids for up to 21 days. Magnetism of spheroids cultured for 1 day (orange curves) and 21 days (grey curves) are measured with the VSM, with a decrease in magnetism indicating a degradation of the nanoparticles. Representative TEM images taken at day 21 show light grey dots about 6 nm is size within the endosomes and the cytoplasm of the cells, typical size and shape of ferritin, the iron storage protein (black arrows). Some intact nanoparticles can also be observed, mostly for the PAA-coated nanoparticles (brown arrow).

DISCUSSION: 
Using a fast and efficient microwave-based synthesis, magnetic nanoparticles can easily be synthesized, with controlled size, and further coated with given molecules. A critical step is to stock the iron salt and the benzyl alcohol under vacuum to keep a small dispersion in size. The benzyl alcohol acts as both as solvent and ligand at the same time allowing to directly obtain calibrated bare iron oxide without the need of additional ligands. After nanoparticles transfer in water the bare magnetic nanoparticles can be easily coated with a large variety of ligands. This coating confers inter-nanoparticle and nanoparticle-cell interacting properties that can influence their cellular internalization, a parameter that needs to be tightly controlled as a minimum internalization is required for biomedical applications while a too high internalization could be damaging to the cells and potentially originate cytotoxic events31. Magnetometry is a powerful tool to assess this internalization as well as the fate of magnetic nanoparticles in cellulo. Upon the incorporation of magnetic nanoparticles into stem cells, spheroids can be formed via a simple centrifugation followed by culture in a medium that stops the proliferation of the cells and drives extracellular matrix production. The cells become highly cohesive and start creating a tissue. The spheroids are then very easy to handle and can be cultured for extended time periods (months) that allows for long-term tracking of magnetic nanoparticles’ fate in a biological environment. By stopping cell division, there is no dilution of the nanoparticles from mother to daughter cell; moreover, it has been verified that, with this cell-spheroid model, there is no iron escape over a month of culture21–23. As a consequence, a decrease in magnetism values can only correspond to a degradation of the nanoparticles and not to iron being exported out of the cells. 

Magnetism of the cell spheroids is here measured via VSM that provides a fast and precise quantification. Other methods have also been explored to measure cellular magnetism, such as using a Superconducting Interface Device (SQUID), a machine typically more precise than the VSM with a sensitivity around 10-7 emu compared to 10-6 emu for the VSM, but operational cost is higher32. The sensitivity of the VSM allowing measurements of magnetic iron dose inferior to 2 pg/cell in the experimental setup is herein sufficiently precise as iron doses inferior to 2 pg/cell would be too low for the aimed applications, such as cell attraction toward a magnetic for cell guidance and tissue engineering purposes. Both VSM and SQUID magnetometry, in addition to allowing a quantification of cell magnetism, can give additional details on the nanoparticles’ features. By analysis of the signal obtained, the size of the nanoparticles can be deducted22,23 and also general notion of its magnetism characteristics can be obtained, hysteresis and coercivity of nanomaterials can for example be revealed. Alternative magnetometry approaches also exist, such as magnetophoresis that consists in measuring the velocity of individual cells when attracted toward a magnet and the magnetism of single cells is extrapolated33,34. The magnetism at the single cell level can this way be obtained; however, no additional nanoparticle features can be determined. Additionally, a small magnetic sensor that provides a signal proportional to the sample magnetism has recently been used with a similar cell spheroid model. This magnetic sensor allowed the tracking of magnetic nanoparticles’ biodegradation in real-time, continuously, over 7 days35. However, the signal of this magnetic sensor cannot be directly translated into a magnetic moment as it depends on the size of the nanoparticles. For this reason, a calibration curve needs to be performed for each nanoparticle design, curve that can be realized using the VSM.

Measurements performed herein with the VSM demonstrate a progressive degradation of the magnetic nanoparticles in the cellular environment, indicated by a decrease in magnetism. They also evidence that a same core coated with different molecules is degraded at varying rates depending on the coating. When comparing a PAA and a citrate coating, PAA leads to higher core protection to degradation, most probably due to its strong anchoring to the magnetic core20. The fate of magnetic nanoparticles in the intracellular environment is assessed on cell spheroids; however, the method is not limited to it. Indeed, it can be extrapolated to cell suspensions, which has already been used to assess the effect of stem cell differentiation on the fate of the nanoparticles22. It revealed that, depending on the differentiation pathway, the magnetic nanoparticles are processed differently by the cells, with, in some cases, the neo-crystallization of iron upon its dissolution. VSM magnetometry is thus a useful tool to further explore the influence of both nanoparticle and cell features on the intracellular processing of iron oxide nano-objects. 
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