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While magnetic nanoparticles offer exciting possibilities for stem
cell imaging or tissue bioengineering, their long-term intracellular
fate remains to be fully documented. Besides, it appears that
magnetic nanoparticles can occur naturally in human cells, but
their origin and potentially endogenous synthesis still need further
understanding. In an effort to explore the life cycle of magnetic
nanoparticles, we investigated their transformations upon internal-
ization in mesenchymal stem cells and as a function of the cells’
differentiation status (undifferentiated, or undergoing adipogene-
sis, osteogenesis, and chondrogenesis). Using magnetism as a fin-
gerprint of the transformation process, we evidenced an important
degradation of the nanoparticles during chondrogenesis. For the
other pathways, stem cells were remarkably “remagnetized” after
degradation of nanoparticles. This remagnetization phenomenon is
the direct demonstration of a possible neosynthesis of magnetic
nanoparticles in cellulo and could lay some foundation to under-
stand the presence of magnetic crystals in human cells. The neo-
synthesis was shown to take place within the endosomes and to
involve the H-subunit of ferritin. Moreover, it appeared to be the
key process to avoid long-term cytotoxicity (impact on differenti-
ation) related to high doses of magnetic nanoparticles within
stem cells.

magnetic nanoparticles | biodegradation | biomineralization | stem cells |
nano-bio interfaces

M agnetic nanoparticles (composed of iron oxides) have been
observed in a variety of organisms. They are, for example,
produced by the magnetic bacteria and used as a tool for their
orientation along the geomagnetic field (1, 2). In humans, they
have also been evidenced inside different types of cells; however,
their exact role as well as the reason behind their occurrence are
not fully understood (3).

In parallel, in nanomedicine, nanoparticles have attracted in-
creased attention for their original properties that open up new
possibilities for a wide range of treatments. Among them, mag-
netic nanoparticles have become a gold standard due to their
composition—an iron-based core—that can be assimilated by the
unique intrinsic iron metabolism of the organism. For this rea-
son, they have already been approved for clinical use as contrast
agent for magnetic resonance imaging (MRI) (4) and as iron
supplement for the treatment of iron deficiency anemia, appli-
cation restricted to patients with chronic kidney disease in a first
instance, and recently expanded to all patients suffering from
anemia (5). Upon these initial clinical successes, the field of
research remains highly active, and a broader range of applica-
tions are currently assessed that go from thermal therapy to
magnetic targeting (6-12).

The safety and efficacy of iron oxide nanoparticles, however,
depend on their incorporation in the organism. Despite the fact
that an exponential increase in the number of preclinical studies
using magnetic nanoparticles for stem cell-based therapies have
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been seen in the past two decades (13-16), their long-term in-
tracellular fate remains virtually unexplored. In particular, the
release of reactive iron species upon degradation and trans-
formation of the nanoparticles stored in endosomes, at the very
heart of stem cells, might be a source of cytotoxicity. Indeed, in
vivo assimilation of magnetic nanoparticles relies on the trans-
formation of the iron oxide core into soluble iron that can then
be assimilated by various endogenous proteins implicated in iron
oxidation, storage, and transport (17, 18). Studies performed in
vivo have shown that i.v. administered nanoparticles are first
internalized, mostly in liver and spleen, and then progressively
degraded within months following injection (17, 19-22). Soluble
iron then integrates the natural metabolism as shown by radio-
active labeling of magnetic nanoparticles (59Fe) that evidenced
labeled iron in the hemoglobin of newly formed erythrocytes
1 wk after injection (17) and intracellular storage in the core of
the iron storage protein ferritin (21, 23, 24). Additionally, both in
vivo and in vitro studies suggest that nanoparticles are degraded
in the endosomes of cells via a wide variety of hydrolytic enzymes
such as the lysosomal cathepsin L (25). Despite comprehensive
assessment, these studies are only qualitative and reliable
quantification of nanoparticles’ transformations is still missing
because of the complexity of the organism and the lack of specific
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methodologies. Rare studies performed in cellulo have shown that
nanoparticles’ properties (e.g., coating, size) influence their
transformations (26-28). However, the cellular factors that influ-
ence the lysosomal degradation still need to be explored.

Mesenchymal stem cells (MSCs) are a rich and clinically relevant
cellular model. They are ideal to study the influence of cellular
factors on magnetic nanoparticles’ degradation due to their high
variability potential as well as their therapeutic actuality. Indeed,
iron oxide nanoparticles are being developed for regenerative
medicine applications (i.e., to retain magnetically labeled MSCs at
implantation site or to engineer organized tissues) (14, 29-34); their
impact on stem cells is thus a necessary prerequisite. Studies
assessing stem cell differentiation upon iron oxide nanoparticles’
internalization have shown that high doses of nanoparticles can
impact specific differentiation pathways, with chondrogenesis being
more impacted than adipogenesis and osteogenesis (35-37). An
explanation to this phenomenon might be that the assimilation of
magnetic nanoparticles in cellulo varies depending on the differ-
entiation pathway. It thus becomes an unmet need to correlate the
differentiation status of stem cells (undifferentiated or undergoing
chondrogenesis, adipogenesis, or osteogenesis) to magnetic nano-
particles’ intracellular biotransformations.

The other asset of these nanoparticles is their magnetic im-
print. Besides being the source of contrast for MRI, it also
provides remote cellular forces for tissue stimulation and re-
generative medicine (14, 38). Interestingly, their magnetic im-
print can be used as the signature of the superparamagnetic iron
oxide crystal, and thus of the nanoscopic integrity of the nano-
particles (39-42). Herein, magnetic biotransformations were first
assessed by magnetometry, in situ, in real time, at the tissular
scale, and reflecting the nanometric status. First, this magnetic
follow-up demonstrated clear differences in the processing of
nanoparticles by the cells depending on the differentiation
pathway. Unexpectedly, undifferentiated stem cells as well as
stem cells under adipogenesis and osteogenesis underwent a
remagnetization phenomenon: They first lost 30-70% of their
initial magnetization provided by the internalized nanoparticles
during the first 3 d after internalization, but could then regain
(almost totally) magnetization in the next days, without any new
exposure to nanoparticles. This surprising remagnetization can
only be explained by the neosynthesis of superparamagnetic iron
oxide in situ upon initial degradation. Besides, such neosynthesis
was found to be dependent on the expression of genes involved
in iron metabolism. It also appeared to modulated by pro-
liferation level, culture conformation (2D vs. 3D), and specific
differentiation pathway.

Results

Nanoparticles Processing by Stem Cells Monitored by Magnetism. All
applications involving magnetically labeled stem cells for imaging
or manipulation start with the internalization of nanoparticles.
Herein, cells were incubated with magnetic nanoparticles diluted
in the extracellular medium, for a short time (30 min), and at
different iron concentrations (0.05-0.4 mM). Whatever the dose,
nanoparticles were internalized and localized into endosomes, as
exemplified in the typical transmission electron microscopy
(TEM) images of Fig. 1 A-C (other images are shown in SI
Appendix, Fig. S1). For each concentration, the global magnetic
moment (at field saturation) of cellular samples (systematically
200,000 cells) was measured by magnetometry (in EMU ). First,
Fig. 1D shows the magnetization curve of the initial nano-
particles dispersed in water (10 pL at [Fe] = 8 mM). Fig. 1E
then shows typical magnetization curves for the 200,000 cells
incubated with increasing nanoparticle doses (0.2 and
0.4 mM). Magnetization curves were fitted using Langevin
formalism (plain lines in graphs of Fig. 1 D and E) to retrieve
the size distribution. For nanoparticles dispersed in water, the
average magnetic diameter obtained by Langevin was found at
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8.4 + 0.3 nm, with a polydispersity of 0.31 + 0.02. The exact
same magnetic diameter distribution was retrieved within the
cells (average magnetic diameter, 8.3 + 0.3 nm; polydispersity,
0.27 + 0.03), demonstrating that the nanoparticles can be
considered as magnetically noninteracting within the intracellular
environment. This is explained by their superparamagnetic be-
havior and low magnetic anisotropy, resulting in Néel-like and not
Brown-like relaxation (43). As magnetization dynamics can also
be affected by the biological environment, such as the possible
formation of a protein corona (44), the mass saturation magne-
tization was measured in cellular samples upon nanoparticles in-
ternalization, reaching an average value of 64.2 + 2.6 emu per g of
iron, similar to that of the initial nanoparticles (65 emu-g™").
Moreover, identical magnetic susceptibility was retrieved for
nanoparticles dispersed in water and internalized within cells (as
demonstrated by the same Langevin fit), confirming that no ef-
fects from a potential opsonization of the nanoparticles could
affect here the cellular magnetization measurements. Direct size
analysis was also performed on TEM images (Fig. 1 A-C and SI
Appendix, Fig. S1) and gave a similar average diameter for the
nanoparticles, of 8.4 + 0.2 nm, and a polydispersity of 0.22. Both
size distributions are superposed in Fig. 1F, with good correlation.
Note, however, the large distribution, with nanoparticles size
varying from 5 to 14 nm, typical for nanoparticles obtained by iron
salts coprecipitation. Finally, the magnetization can be converted
into a number of 8.4 nm magnetic nanoparticles per cell (see
Methods for conversion), showing a resulting number that in-
creases from about 10 million nanoparticles per cell (equivalent to
10 pg of cellular iron) to 20 million (20 pg) with incubated dose
increasing from 0.2 to 0.4 mM. SI Appendix, Fig. S2, complements
the cellular uptake for different incubation concentrations and for
different stem cells donors.

Chondrogenic, Adipogenic, and Osteogenic Differentiation of Magnetic
Stem Cells. MSCs harboring intracellular nanoparticles were fur-
ther differentiated along the three most common differentiation
pathways—chondrogenesis, adipogenesis, and osteogenesis—or
kept undifferentiated. For each pathway, 4 h after nanoparticles
incorporation, MSCs are either aggregated into small spheroids of
200,000 cells (3D model, mostly for chondrogenesis), or deposited
in wells (again 200,000 cells) and stimulated with the appropriate
differentiation factors. Because the cells almost reached conflu-
ence from day 1, and because they start rapidly to differentiate,
they stopped dividing along the time course of the differentiation
process, as shown in SI Appendix, Fig. S3 for the adipogenic
condition. Upon 21 d of differentiation, cells labeled with nano-
particles all expressed the genes specific to their differentiation
pathway similarly to unlabeled cells, except for chondrogenesis at
high dose where the differentiation level was down-regulated, yet
not inhibited (Fig. 1 G-K). Representative histological images of
each differentiation are shown in Fig. 1 L-N, for the low intra-
cellular dose of iron per cell. Chondrogenic differentiation (Fig.
1L) was assessed with Safranin O, which reflects the presence of
the glycosaminoglycan chains composing proteoglycans (stained in
red). Adipogenic induction (Fig. 1M), analyzed with oil red O, was
apparent by the accumulation of lipid-rich vacuoles (stained in
red). Osteogenic differentiation (Fig. 1N) analyzed with alizarin
red S showed calcium mineralization (stained in red).

Magnetism as a Fingerprint of the Nanoparticles Intracellular Status:
From Degradation to Neosynthesis. Magnetic analyses were then
performed over time to assess nanoparticles’ degradation level
depending on the differentiation status (Fig. 2). If one just
compares the magnetic curves obtained at day 21 (Fig. 2 A-D),
the difference between differentiation pathways is striking. First,
for chondrogenesis, the cells lose more than 60% of their initial
magnetization (Fig. 24). SI Appendix, Fig. S4 documents this
important intracellular degradation as a function of the initial
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nanoparticles’ dose, and relatively to the three different donors.
In the three other cases (adipogenesis, osteogenesis, and undif-
ferentiated MSC in Fig. 2 B-D), 21 d after nanoparticles in-
corporation, the cells present the same (or almost) magnetization.
That the nanoparticles were not degraded would be the imme-
diate conclusion. However, the magnetic measurements at in-
termediate times (days 1, 3, and 9, Fig. 2 F-H) evidence that the
nanoparticles were first degraded quite massively (up to 57%
loss of the cellular magnetism), until day 3. Then, in between day
3 and day 9, the stem cells magnetism (re)increases, not only in a
significant way (P < 0.01 between day 3 and day 9) but also ex-
tremely unexpectedly in terms of amount of magnetization
gained. For instance, for the adipogenic condition, where the
(re)magnetization process is the most impressive, the cell sample
gains 68 pemu (see SI Appendix, Fig. S5 for typical magnetism
curves). Per cell, such a magnetic increase corresponds to the
appearance of about five million of magnetic nanoparticles of
8.4-nm size. Importantly, the analysis of total iron content (by
elemental analysis, integrating both intact magnetic nano-
particles, and nonmagnetic iron from nanoparticles degradation
products) showed that it did not vary from day 0 to day 21,
whatever the condition (S Appendix, Fig. S6). Any explanation
involving an expulsion of iron is thus excluded. This surprising
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Fig. 1. Stem cell differentiation model for the study
of magnetic nanoparticles intracellular transforma-
tions. (A-C) Transmission electron microscopy (TEM)
of cell inner structure at day 0 shows endosomes
filled with nanoparticles upon a 30-min incubation
time at [Fe] = 0.2 mM. [Scale bar: 2 pm (A), 200 nm
(B), and 100 nm (C).] (D) Magnetometry measure-
ment of the initial solution of nanoparticles (10 pL at
[Fe] = 8 mM). The Langevin’s fit (plain line) is super-
posed on the data and corresponds to sizes distribu-
tion parameters dm.g = 84 nm and o = 0.31. (E)
Magnetometry measurement of 200,000 cells right
after incubation (day 0) with the nanoparticles at a
0.2 concentration of [Fe] = 0.2 or 0.4 mM. For each curve,
the Langevin's fit is superposed, corresponding to
sizes distribution parameters of (dmag = 8 NM; 6 =
0.26) and (dmag = 8.3 nm; ¢ = 0.3), respectively. (F)
Diameter of the particles observed by TEM in the cells
at day 0 (histogram bars and primary axis). Diameters
were measured with Imagel). The log-normal distri-
bution of magnetic diameters deduced from the
Langevin fit (parameters dp.g and o) is superposed
(plain curve and secondary axis). (G-K) Expression of
genes specific of each differentiation pathway at day
21 for unlabeled cells [control (C)], cells labeled with a
low dose of nanoparticles (<10 pg/cell), and cells la-
; beled with a high dose of nanoparticles (>30 pg/cell).
.h. Expression was normalized to RPLPO mRNA and
i expressed relative to the average negative control
value (undifferentiated MSCs) at day 21. Collagen I
(G) and Aggrecan (H) are typically expressed under
1 chondrogenesis and are impacted by a high dose of
CNPsNPs nanoparticles. Adiponectin (/) and glucose trans-
low high porter type 4 (Glutd) (J) are typically expressed under
o b adipogenesis and are not impacted by nanoparticle
labeling. Bone sialoprotein (BSP) (K) is typically
expressed under osteogenesis and is not impacted by
nanoparticle labeling. (L-N) Histology images of cells
labeled with a low dose of nanoparticles and differ-
entiated in chondrocytes, adipocytes, and osteocytes
for 21 d. (L) Section of a chondrogenesis spheroid
stained with safranin O showing the presence of
glycosaminoglycans. (M) Adipocytes stained with oil
red O displaying the presence of lipid droplets. (N)
Osteocytes analyzed with alizarin red S showing cal-
cium mineralization. (Scale bar: 100 pm.)
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pattern can only be explained through the neoformation of
magnetic iron in cellulo upon degradation of internalized iron
oxide nanoparticles. Importantly, similar patterns were system-
atically observed, either for the same donor with independent
experiments including different doses (SI Appendix, Fig. S7A), as
well as between donors (SI Appendix, Fig. S7B).

Fig. 3 documents further the remagnetization phenomenon,
under the adipogenic condition. It includes more time measure-
ments (days 0, 1, 2, 3, 5, 9, and 14), and it shows three orthogonal
methods of iron determination. First, magnetometry measure-
ments (always on 200,000 cells) presented in Fig. 34 confirm the
pattern observed in Fig. 2F. Second, the mass of iron in the same
samples [measured by inductively coupled plasma (ICP) elemental
analysis] is shown in Fig. 3B and accounts for all iron species
present in the sample, magnetic and nonmagnetic. It shows that
total iron does not vary over the different days, confirming the
results of ST Appendix, Fig. S6, and evidencing that no iron leakage
occurs. Other analytical chemical methods such as spectrophoto-
metric assays (45) would also lead to the measurement of total
iron content in the cellular sample, but not iron within a nano-
particle superparamagnetic structure, which can only be assessed
by magnetic measures. Finally, we performed additional magnetic
measurements using a third method that allows quantification at
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Fig. 2. Magnetometry to follow nanoparticles’ transformations: Evidence
of a remagnetization phenomenon. (A-D) VSM: Typical magnetization
curves obtained for each pathway at day 0 and 21. (E-H) Average mass of
magnetic iron per sample during maturation. Under chondrogenesis (A and
E), the magnetic mass progressively decreased from day 0 to 21. For adi-
pogenesis (B and F), osteogenesis (C and G), and the undifferentiated MSCs
(D and H), a significant decrease of the magnetic mass is observed at days
1 and 3, compared with day 0. The magnetic mass then increases from day
3 to day 9 (indicated by black arrows) and remains constant at day 21. The
results are the average of three independent experiments of three samples
each. The error bars represent the SEM.

the single-cell level (Fig. 3C). It consists in a magnetophoretic
analysis of the motion of single cells toward a permanent magnet
creating a uniform magnetic field gradient gradB (35, 46). Each
cell, with a magnetic moment mc, is submitted to a magnetic
force m¢e X gradB and migrates in return at constant velocity veey
imposed by the balancing of the magnetic force with the Stokes
viscous force (3nnRcenveen, With n being the water viscosity and
Reenr being the cell radius). Typical cell motions are illustrated in
Fig. 3D at different days upon nanoparticles internalization.
Motions of 100 single cells were analyzed for each condition and
the average mc is shown in Fig. 3C. SI Appendix, Fig. S8 also

Van de Walle et al.

shows the distribution of the magnetic moments over the cell
population. Remarkably, the same pattern is observed at this
single-cell level, confirming the remagnetization, with a decrease
of the cell magnetic moment during the first days, followed by
a significant increase.

Imaging Nanoparticles’ Transformations. TEM imaging was then
conducted to explore the structural status of the nanoparticles at
day 21. For the chondrogenic condition, where the nanoparticles
were found to be more than 60% degraded, TEM images
revealed two types of nano-objects (Fig. 44). The first one re-
sembles the initial nanoparticles observed at day 0 (Fig. 1 A-C),
with a highly visible dark contrast and located in the endosomes
only. The second type, less dense and smaller in size, is observed
in both the endosomes and the cytoplasm. The two types of
nano-objects present halos typical of iron oxides in overfocused
TEM images (SI Appendix, Fig. S9 A and B); however, electron
diffraction analysis focused on the less dense and smaller nano-
objects do not show any distinctive rings (Fig. 4B and SI Ap-
pendix, Fig. S124). It indicates a poorly crystalline structure,
consistent with ferrihydrite. The size distribution of all nano-
objects is represented on the histogram of Fig. 4C. In average,
their diameter is smaller (6.8 + 0.14 nm) than at day 0 (8.5 nm,
P < 0.01), with a clear difference between the ones located in
endosomes (7.5 + 0.28 nm, mix of the two types of nano-objects)
and within the cytoplasm (6.1 + 0.07 nm, second type of nano-
objects only) (P < 0.01) (SI Appendix, Fig. S10). These endo-
somal and cytoplasmic 6-nm nano-objects perfectly correspond
to the size of the iron storage protein ferritin loaded with iron
under the ferrihydrite form (47-50), iron coming from the
nanoparticles’ degradation as previously demonstrated (39). The
magnetic diameter obtained by Langevin analysis is represented
by the plain line of Fig. 4C. It reflects only magnetic nano-
particles and was found to be 8.5 + 0.14 nm with polydispersity
0.27, similar to the one calculated at day 0. As a result, size
measurements extracted from TEM and from magnetism do not
overlap anymore (Fig. 4C).

For the adipogenic condition, experiencing the remagneti-
zation process, the picture is remarkably different. First, iron
oxides are observed only in the endosomes, where they are
gathered in clumps (Fig. 4D; see also SI Appendix, Figs. SOC
and S11 for the demonstration on unfocused images and for
other views, respectively). Electron diffraction analysis focused
on these iron oxides display distinctive rings (Fig. 4E and SI
Appendix, Fig. S12B) characteristic of the inverse spinel struc-
ture of magnetite or maghemite (SI Appendix, Fig. S13). Their
average size distribution, obtained from TEM images mea-
surements, is 8.2 nm with a polydispersity of 0.27 (see histo-
gram of Fig. 4F). The magnetic diameter obtained by Langevin
analysis is also found at 8.4 nm with polydispersity of 0.29 (see
plain line of Fig. 4F). Both distributions are superposed in Fig.
4F, with excellent overlapping, demonstrating that the nano-
materials observed by TEM are all magnetic, to the contrary of
previous observations made for the chondrogenic condition.
One can finally notice that the magnetic diameter at day 21 is
similar to the one at day 0, demonstrating that the neoformed
nanoparticles have a size around 8 nm in diameter, with im-
portant polydispersity. This is very logical, as the initial nano-
particles were produced by a most natural chemical synthesis
based on iron salts coprecipitation. Finally, we should also em-
phasize that the presence of iron oxides in the endosomes suggests
that the intracellular neosynthesis of nanoparticles happens in situ
in the endosomes, where the iron degradation products of the
initial nanoparticles are first released.

The intracellular localization of iron at day 21 was further
confirmed by Prussian blue staining (Fig. 5). In the chondrocytes,
blue dots are observed in addition to a diffuse blue color
throughout the cytoplasm (Fig. 54), indicating that iron is present
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Fig. 3. Orthogonal magnetic and iron measurements during the remagnetization process. (A) Magnetometry measurement for the adipogenic condition
(donor 3), starting with 200,000 cells, and measuring the total magnetization (expressed in micro-electromagnetic units, that is, 10® emu) of the cell sample
at different days (days 0, 1, 2, 3, 5, 9, and 14; n = 3 for each condition). (B) ICP measurement of the total iron present in each cellular sample (same samples of
200,000 cells each), including both magnetic and nonmagnetic forms. (C) Magnetophoresis measurement at the single-cell level. For each condition, 100 cells
were tracked, their velocity computed, and their magnetic moment mc calculated (expressed here in pico-electromagnetic units, that is 10-'2 emu). The
average of three independent samples is shown at each day. (D) Typical images of cell migration (1-s interval between each image) at day 0, day 3, and day 14,
showing that the cells first migrate more slowly from day 0 to day 3, and then recover almost the same speed at day 14. More specifically, the speed of each
specific cell indicated by an arrow are (34, 42, 33) pm~s’1, (12, 11, 14) pm~s", and (28, 30, 26) pm-s’1, for the day 0, 3, and 14 conditions, respectively. The
specific magnetic moment calculated (proportional to both the cell speed and radius) are (419, 344, 348) pemu, (121, 142, 164) pemu, and (386, 327, 296)

pemu, for days 0, 3, and 14, respectively.

both within endosomes and throughout the cytoplasm. In the
adipocytes, only blue dots are observed at lysosomal localiza-
tion (Fig. 5B). Immunostaining of ferritin reveals similar pat-
terns with both dots and a diffuse staining in the chondrocytes
(Fig. 5C), but only dots in the adipocytes reflecting lysosomal
localization (Fig. 5D).

Impact of Degradation and Neosynthesis on Iron Metabolism. Gene
expression of proteins involved in iron metabolism (described in
scheme of Fig. 64) are the main targets to give insight in the
processes of nano-degradation versus nano-neosynthesis of
magnetic iron oxides. Five genes were monitored: L-Ferritin
(light chain of ferritin involved in iron binding and nucleation),
H-Ferritin (heavy chain of ferritin, with ferroxidase activity),
Ferroportin (iron export), divalent metal transporter DMT1
[transport of Fe(II) across cell membranes], and transferrin re-
ceptor TfR1 (iron import).

First of all, cells handle iron in a different manner depending
on the differentiation pathway even without nanoparticles (Fig. 6
B-D). For chondrogenesis, a down-regulation of transferrin is
observed (S Appendix, Fig. S14) as well as a major up-regulation
of ferroportin, significantly higher than for the other pathways
(P < 0.01) (Fig. 6B). This decreased expression of iron import
transferrin and increased expression of iron export ferroportin
may indicate that, when undergoing chondrogenesis, a lower
amount of iron is necessary.

The presence of magnetic nanoparticles additionally impacted
the expression of some genes, such as ferroportin that increased
for all pathways (Fig. 6B). Very interestingly, an overexpression
of L-Ferritin is observed under chondrogenesis, while an over-
expression of H-Ferritin is detected for all of the other pathways
(Fig. 6 C and D). This result provides two different storage ap-
proaches: in chondrogenesis, the L-ferritin is involved in typical
iron storage (nonmagnetic ferrihydrite in the ferritin core), while
in the other pathways the H-Ferritin (high ferroxidase activity) is
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involved in the remagnetization process. DMT1 was almost un-
changed by nanoparticle exposure (SI Appendix, Fig. S14).
Transferrin was slightly down-regulated for labeled cells of all
pathways at day 1 and day 21. Overall, these results indicate that,
for all pathways, magnetic nanoparticles slightly inhibit iron in-
ternalization (transferrin down-regulated) and induce both iron ex-
port (ferroportin up-regulated) and storage (ferritin up-regulated).
Storage strategies vary between cells experiencing intracellular
nanodegradation (L-Ferritin overexpression) and cells present-
ing remagnetization (H-Ferritin overexpression).

To further demonstrate that nanoparticles intracellular syn-
thesis is mediated by ferritin, we mimicked the conditions inside
the endosomes after undergoing nanoparticles degradation
generating molecular iron precursors, and in presence or ab-
sence of ferritin or apoferritin (SI Appendix, Fig. S15). This ex
cellulo model confirmed that the remagnetization was higher
when ferritin and apoferritin proteins are on site.

Expression of genes previously described as potential human
homologs to the magnetotactic bacteria genes that are involved
in the synthesis of magnetosomes was also assessed (SI Appendir,
Tables S2 and S3) (51-53). Results displayed in SI Appendix, Fig.
S16 indicate few significant differences between the cells labeled
or not with nanoparticles. Under adipogenesis, pathway for
which the remagnetization is observed, only PEXS is overex-
pressed (potential homolog of mamA).

A Role of Environmental Factors in Nanoparticles in Cellulo
Neosynthesis? Various environmental factors were next checked
to probe their potential impact on the remagnetization process:
proliferation status, 2D versus 3D cell culture, hypoxia, and
additives [insulin—transferrin-selenium (ITS) Premix] acting on
the iron metabolism pathway.

Reducing the proliferation level of undifferentiated MSCs
(low serum condition) partly inhibited the remagnetization
process (Fig. 74). An initial decrease in magnetism from day 0 to
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1 was still observed, but then the cellular magnetic moments
reached a plateau, signature of either a stop in the degradation
process, or the occurrence of neosynthesis events at earlier time,
yet less efficient than in normal conditions (see the lower final
magnetization value at day 21).

Cell organization in 2D versus 3D had a significant impact
(Fig. 7B), where the 3D (aggregate) structure inhibited the
remagnetization process, with magnetism values reaching a pla-
teau from day 3 to day 21. Intriguingly, values were similar at day
0 and 1, further confirming that 3D cellular organization in a
spheroid inhibits the immediate degradation observed in all
other 2D cases (from day 0 to day 1: systematic decrease).

As oxygen is known to interact with iron metabolism processes
(54), the effect of hypoxia on the remagnetization was assessed
(Fig. 7C). The only difference observed in low oxygen condition
was a less marked initial degradation (day 3). However, the
remagnetization process still occurred, with a significant mag-
netic increase from day 3 to day 9.

By contrast, adding 1% ITS Premix (one of the supplemen-
tal factors for the chondrogenesis differentiation) to cells in
adipogenetic conditions (experiencing the most pronounced
remagnetization phenomenon) totally inhibited the remagneti-
zation (Fig. 7D). The magnetic measurements then resembled
the decrease always observed for chondrogenesis (except for a
higher initial decrease imputed to the 2D culture). The 1% ITS
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Fig. 4. Nanoparticle imaging within the tissue: Evi-
dence of nanoscale transformations. (A and D) TEM
bright-field images of cells containing nanoparticles
after 21 d of maturation in chondrogenesis (A) or
adipogenesis (D) conditions. (A) Under chondro-
P(d) genesis, at day 21, remaining nanoparticles are pre-
0.2 sent in the endosomes; however, most of them
contain lighter color nanospots identified as ferritin.

In the Top Right image, only ferritin is present in the

0.1 endosome. In the Bottom Left image, the endosome
is a hybrid, filled with both ferritin and intact
nanoparticles. Ferritin spots are also detected outside

0 the endosomes, throughout the cytoplasm (see S/
Appendix, Fig. S10 for additional images). (D) Under
adipogenesis, at day 21, the endosomes are filled
with both ferritin and nanoparticles that form a
lump. Neither ferritin spots nor nanoparticles are
detected outside the endosomes (see S/ Appendix,
Fig. S11 for additional images). (B and E) Selected
area electron diffraction patterns of typical endo-
somes at day 21 (targeted endosomes are shown in
the boxed images). (B) Under chondrogenesis, no
diffraction rings are observed, which coincides with
iron stored as ferrihydrite in the endosomal ferritin.
(E) Under adipogenesis, diffraction rings are ob-
served that can be indexed to common lattice planes
in the magnetite or maghemite crystal structure. (C
and F) Diameter of the nanoparticles observed in

P(d) TEM was measured with Image) (histogram bars and
0.2 primary axis) and magnetic diameter log-normal
distribution was obtained by fitting the magnetiza-

tion curves with Langevin formalism (pondered by

01 log-normal distribution) (curves and secondary axis).
(C) Under chondrogenesis, the average magnetic

5 diameter is different from the size of the particles

observed in TEM, while (F) under adipogenesis,
magnetic nanoparticles and all nanoparticles ob-
served in TEM have a similar diameter.

Premix enriches the medium with insulin, transferrin, selenious
acid, and linoleic acid. As the insulin component was already
present in the typical adipogenesis composition, it demonstrates
that transferrin, selenious acid, linoleic acid, or their combina-
tion, stops the neo-synthesis.

Discussion

The presence of biogenic magnetic nanoparticles has been
identified in a variety of living organisms, including magneto-
tactic bacteria, insects, mollusks, birds, honey bees, and fish (1,
55). Upon initial detection of magnetic nanoparticles in humans
brain samples in 1992 (56), magnetic materials have also been
located in various human tissues, including heart, spleen, liver,
ethmoid bone, and tumors (57-60). However, questions still re-
main regarding their role that may have a status from normal to
abnormal depending on the species. In bacteria, for example,
magnetite is determined as involved in detection of the geo-
magnetic field, which facilitates orientation and navigation (61).
In humans, their presence is controversial as they have been
associated with diseased tissues, with a higher prevalence in the
brain cells of Alzheimer’s patients (62). As iron oxide nano-
particles are present in both healthy and diseased tissues in hu-
mans, the possible key factor between normal and abnormal
might be the dose of nanoparticles.
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Fig. 5. Localization of iron and ferritin inside the cells. (A and B) Prussian
blue staining was performed at day 21 to localize iron, colored in blue. (A)
For chondrogenesis, some blue dots are detected in the cells, but mostly, a
diffuse blue color is observed in the cells cytoplasm, reflecting the dual
presence of iron in both endosomal compartments and the cytosol. (B) Ad-
ipocytes display numerous blue dots throughout the cells and no diffuse
blue color. It indicates the presence of iron in the endosomes only, and none
within the cytosol. (C and D) Ferritin immunostaining (in green) was per-
formed at day 9 and overlaid with nuclear DAPI staining (in blue). (C) For
chondrogenesis, some green dots are detected in the cells, but mostly, a
diffuse green color is observed reflecting the presence of ferritin in both
endosomal compartments and the cytosol. (B) Adipocytes display numerous
green dots throughout the cells and no diffuse blue color. It indicates the
presence of ferritin in the endosomes only, and none within the cytosol.
(Scale bars: 20 pm.)

The origin of iron oxide nanoparticles found in human cells is
questioned as well. A recent paper by Maher et al. (63) has
shown that part of them can be exogenous, internalized by in-
halation of residual magnetic nanoparticles coming from our
polluted environment. However, naturally occurring iron oxide
nanoparticles have also long been suspected (3, 56). In the
present study, we evidence that nanoparticles can indeed be
endogenously produced via neosynthesis from free iron (here
delivered through iron oxide nanoparticles degradation). Let us
briefly underline the time frame of this unprecedented in-
tracellular neosynthesis evidence: Nanoparticles were first in-
ternalized within human MSCs, before inducing the cells to be
directed along three differentiation pathways (chondrogenesis,
adipogenesis, osteogenesis), or kept as undifferentiated MSCs.
Under chondrogenesis, nanoparticles were progressively degraded
along the 21 d of the experiment, as indicated by a loss in mag-
netism. Under the other pathways, nanoparticles were initially
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degraded during the first 3 d, but then, from day 3 to 9 the mag-
netization increased de novo. This remarkable remagnetization
indicates that human MSCs are capable of in situ synthesis of
magnetic nanoparticles. This process was further demonstrated to
occur within the endosomes, as observed by TEM imaging and
Prussian blue staining, and further confirmed by the absence of
cytoplasmic ferritin.

More importantly, a major difference associated with the
remagnetization is the overexpression of the H-subunit of ferritin,
while it is the L-subunit that is overexpressed under chondro-
genesis, when nanoparticles are just degraded and loaded in the
ferritin under typical nonmagnetic ferrihydrite (39). In bacteria
and birds, it has been determined that biogenic magnetic nano-
particles can be synthesized in the ferritin via the oxidation of
ferrihydrites and subsequent crystallization as iron oxides (64). In
fish, increased expression of ferritin was revealed upon exposure
to a magnetic pulse (65). Ferritin has also been indicated as a
potential candidate for the biogenic synthesis of magnetic nano-
particles in humans, and this capacity has been linked to the fer-
roxidase activity of its H-subunits. Indeed, the H-subunit has been
associated with a dominant magnetic phase in its core, while the
L-subunits have been associated with the presence of ferrihydrite
(66). Here, the overexpression of H-subunits associated with the
remagnetization supports the fact that the ferritin core is mag-
netic. This is further confirmed by the ex cellulo model, which
demonstrates that magnetic nanoparticles can be (re)formed after
total degradation of initial nanoparticles, mainly in the presence
of ferritin or apoferritin. Moreover, research groups have dem-
onstrated that magnetic ferritins can be created in vitro (67, 68).
Interestingly, these magnetoferritins generally exhibit diameters of
8 nm in average, in perfect agreement with the size observed
herein (8 nm in diameter as well) (69).
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Fig. 6. Impact on iron homeostasis genes. (A) Schematic of genes involved
in human iron metabolism. (B-D) Relative expression level of genes coding
for ferroportin (B), ferritin light chain (L-ferritin) (C), and ferritin heavy chain
(H-ferritin) (D) was measured at day 21 for cells labeled with a low dose of
nanoparticles (NPs) and unlabeled [control (C)]. Expression was normalized
to RPLPO mRNA and expressed relative to the average control value at day 0.
The error bars represent the SEM; *P < 0.05 and **P < 0.01 between con-
ditions for a given day (Student’s t test); *P < 0.05 and **P < 0.01 between
day 0 and a given day (Student’s t test).
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Fig. 7. Impact of culture parameters on nanoparticles’ transformations.
Magnetometry measurements were used to assess the effects of various
culture parameters on the remagnetization. (A) Effect of proliferation
studied on undifferentiated MSCs. Regular culture conditions (10% FBS)
were compared with a low-serum (1% FBS) environment where cells
remained alive but stopped dividing. This low proliferation inhibited the
remagnetization. (B) Effect of a 3D culture in aggregate was compared with a
2D environment on undifferentiated MSCs. The 3D culture stopped the
remagnetization. Interestingly, no degradation was observed between day
0 and day 1 similarly to the chondrogenic culture. (C) Effect on hypoxia (3% O,)
studied under adipogenesis and compared with normoxia. Hypoxia had a lim-
ited effect on the remagnetization that was reduced, but however not inhibi-
ted. (D) Effect of ITS Premix (insulin-transferrin—selenium, a component of the
chondrogenic medium), added to the adipogenic differentiation medium in the
same concentration as the chondrogenic media (1%), was assessed. The addition
of 1% ITS Premix to the culture medium inhibited the remagnetization. The
error bars represent SEM.

Also very worth mentioning, H-ferritin was described to act as
an antiinflammatory and antiapoptotic gene (70, 71), suggesting
that it can be linked to a detoxification mechanism. This seems
particularly relevant considering that MSCs exposed to high
doses of magnetic nanoparticles present alterations of their dif-
ferentiation potential under chondrogenesis, while none under
adipogenesis and osteogenesis at similar concentrations. Remark-
ably, nanoparticles are simply degraded under chondrogenesis,
while cells were remagnetized under the two other conditions.
Storage under the magnetic form encouraged by the H-subunit of
ferritin thus probably decreases the amount of reactive iron species
in the cells and avoids toxicity even at high nanoparticles doses. By
contrast, under a more classical degradation process, nanoparticles
degradation products are progressively stored predominantly via
the L-subunit of ferritin (as ferrihydrite). The classical storage
approach under ferrihydrite in the ferritin might be less efficient at
reducing reactive oxygen species levels leading to toxicity while
under chondrogenesis.

Finally, we also evidence that remagnetization is a delicate
process easily influenced by cellular factors. The fact that
remagnetization does not happen under chondrogenesis might
also be explained by the specific culture conditions required for
the differentiation. Indeed, cells are subjected to reduced pro-
liferation rate, culture in aggregate, and ITS supplementation
(insulin—transferrin-selenium, components linked to iron me-
tabolism), three parameters that independently inhibited the
remagnetization and might act in synergy under chondrogenesis.
Interestingly, only the 3D conformation (aggregate) retained the
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similar magnetism level between day 0 and day 1 typically ob-
served under chondrogenesis. The important initial degradation
observed under the other conditions seems primordial as, with-
out it, the remagnetization is inhibited. It suggests that the
massive initial release of soluble iron might trigger the remag-
netization. However, it is not the unique requirement, since even
with an important initial degradation, under low proliferation
and ITS-Premix supplementation, the process does not happen.
It would actually be interesting to determine whether neosyn-
thesis is stem cell specific or can be expanded to other cells, such
as macrophages, which are known to play a primary role in
nanoparticles intake when administered to an organism.

To conclude, these data evidence the possible synthesis of
magnetic nanoparticles in cellulo linked to an excess of iron
delivered by nanoparticles degradation, and involving the ferritin
protein. Such magnetic nanoparticle neosynthesis is associated
with an excellent tolerance of stem cells toward high doses of
nanoparticles exposure. By contrast, in condition where it does
not occur, the stem cells differentiation is impacted by important
doses of nanoparticles. It thus suggests that the de novo synthesis
is linked to a detoxification process attempted by the cells in the
case of an iron excess. A recent review focused on magneto-
reception draws similar conclusions: It demonstrates that the
magnetite structures observed in migratory birds that have long
been suspected to be involved in magnetoreception might actu-
ally just be a way for organisms to deposit excess iron (72).

Methods

Citrate-Coated Iron Oxide Nanoparticles. Iron oxide (maghemite) nanoparticles
were synthesized via the Massart procedure. Briefly, the ionic precursor was
produced by alkaline coprecipitation of ferrous and ferric chlorides. The
magnetite (Fes0,) obtained was then chemically oxidized into maghemite
(y-Fe,03) and dispersed in water. They were then stabilized via citrate che-
lation that complexes with the nanoparticles’ ferric oxide surface and confers
negative surface charges due to the carboxylate groups (COO™). The nega-
tively charged surface is sufficient to ensure nanoparticles stability in aqueous
suspension by electrostatic repulsion. The magnetic nanoparticles obtained
exhibit a typical superparamagnetic behavior with mass magnetization of
65 emu/g of iron and present a log-normal size distribution with mean value
of 8.4 nm and polydispersity of 0.35. Each 8.4-nm nanoparticle bears a mag-
netic moment of 6.8 x 1077 emu and weights in average of 107'® g of iron.

Cell Culture and Nanoparticle Labeling. Human MSCs (Lonza) from three
different donors (aged from 21 to 23) were cultured in MSC growth medium
(MSCGM) (Lonza) at 37 °C with 5% CO,. All cells were tested positive at more
than 90% for the specific markers CD105, CD166, CD44, CD90, and CD73;
and negative at less than 10% for the markers CD14, CD34, CD45, HLA-DR,
and CD19. Cells were grown until passages 4-5 and at 80% confluence be-
fore labeling. All of these cell features may be of importance for the nano-
bio interface behavior (73). A labeling solution was prepared with nano-
particles diluted at [Fe] = 0.05-0.8 mM in serum-free RPMI culture medium
(Thermo Fisher Scientific) supplemented with 5 mM free citrate (to avoid
nanoparticles’ precipitation). Incubation lasted for 30 min at 37 °C. Cells
were then rinsed thoroughly in serum-free RPMI medium and incubated for
4 h with complete MSCGM medium before further processing.

Cell Differentiation: Chondrogenesis, Osteogenesis, and Adipogenesis. Labeled
and unlabeled MSCs were subjected to adipogenic, osteogenic, and chon-
drogenic differentiation. For adipogenesis, 200,000 cells were plated per well
of six-well plates (well area, 9.5 cm?). Two independent media were pre-
pared: Adipogenic Induction Medium (AIM) and Adipogenic Differentiation
Medium (ADM). AIM consisted of high-glucose DMEM (Thermo Fisher Sci-
entific) supplemented with 10% FBS, 1% penicillin—streptomycin (Thermo
Fisher Scientific), 10 ng/mL insulin (Sigma), 1 pM dexamethasone (Sigma),
200 pM indomethacin (Sigma), and 500 pM isobutyl methylxanthine (Sigma).
ADM was made of high-glucose DMEM supplemented with 10% FBS, 1%
penicillin-streptomycin, and 10 ng/mL insulin. Adipogenesis was induced in
AIM for 3-4 d followed by ADM for 3 d. The treatment was repeated three
times, and then cells were maintained in ADM until day 21 with media
replenished twice a week. Cells maintained in MSCGM medium replenished
twice a week served as negative control. At day 21, cells were fixed in 10%
formalin (Sigma) and subjected to oil red O staining (Sigma) to detect
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cytoplasmic triglyceride. For osteogenesis, 200,000 cells per well were seeded
in six-well plates and grown for 2 d in MSCGM medium for cell attachment
and proliferation up to confluence. Osteogenesis was then induced in low-
glucose DMEM (Thermo Fisher Scientific) supplemented with 10% FBS, 1%
penicillin-streptomycin, 0.1 pM dexamethasone, and 50 uM L-ascorbic acid 2-
phosphate (Sigma), and 10 mM g-glycerophosphate (Sigma). The medium
was replenished twice a week and cells maintained in MSCGM served as
negative control. Calcium mineralization was determined using alizarin red
staining. After 21 d of differentiation, cells were fixed in 10% formalin,
washed with deionized water, and stained 5 min at room temperature with
2% alizarin red S (Sigma), rinsed with tap water, and then counterstained
with 1% light green (Sigma). For chondrogenesis, 200,000 cells were centrifuged
(260 x g for 5 min) to form a high-density pellet. Pellets were then cultured
in serum-free high-glucose DMEM supplemented with 1% penicillin-strep-
tomycin, 0.1 uM dexamethasone, 1 mM sodium pyruvate, 50 pM L-ascorbic
acid 2-phosphate, 0.35 mM t-proline (Sigma), 1% ITS Premix (Corning), and
10 ng/mL TGF-B3 (Interchim). Pellets cultured in the same medium without
TGF-B3 served as negative controls. The medium was replenished twice a
week. After 21 d of differentiation, pellets were fixed in 10% formalin,
frozen in OCT compound (VWR), sectioned (8-pm-thick slices), and stained
with Safranin O (0.1%) (Sigma) for 3 min at room temperature to
detect glycosaminoglycans.

Iron Quantification. Total iron dosage was performed by ICP atomic emission
spectrometer (model iCAP6200 duo; Thermo Fisher Scientific). For each
measurement, cell samples were digested in 200 pL of boiling 70% nitric acid
(trace metal basic grade; Sigma) for 1 h at 100 °C. The solutions were then
diluted in filtered ultrapure water for analysis. Calibration standards and
quality controls were provided by SCP SCIENCE and ChemLab. Analyzer drift is
corrected by regular quality controls measurements to ensure a drift inferior
to 5%. Autosampler ASX-520 was used. Argon 4.5 Linde (min, 99.995%) was
used as plasma and purge gas. Samples were analyzed in 2% HNO;.

Prussian Blue Imaging. Prussian blue staining was performed to locate iron in
the cells. Samples fixed in 10% formalin were stained with Prussian blue [5%
potassium ferrocyanide (Sigma) in 10% hydrochloric acid (Sigma-Aldrich)] for
35 min and counterstained with nuclear fast red (Sigma) for 15 min.

Immunofluorescence of Ferritin. Samples were fixed with 4% paraformalde-
hyde (Interchim) for 10 min at room temperature. After washing with PBS,
cells were permeabilized with PBS-Triton X-100 [0.2% (vol/vol)] for 10 min.
Nonspecific sites were blocked with 5% (wt/vol) BSA diluted in PBS-Triton X-
100 [0.1% (vol/vol)] during 2 h and incubated overnight at 4 °C with anti-
ferritin primary antibody (EPR3004Y; Abcam) diluted 1:100 in 1% BSA PBS-
Triton X-100 [0.1% (vol/vol)]. After several PBS washings, the Alexa Fluor
488-conjugated anti-rabbit I9G secondary antibody (A32731; Thermo Fisher)
diluted 1:500 in 1% BSA PBS was incubated for 3 h at room temperature.
Cells were washed with PBS, and their nuclei were stained with DAPI diluted
1:1,000 in PBS for 20 min at room temperature and mounted with a drop of
Fluoromount (Sigma-Aldrich). Cells were analyzed with an Olympus JX81/
BX61 device/Yokogawa CSU device spinning-disk microscope (Andor Tech-
nology), equipped with a 63x oil objective (Olympus).

Samples Magnetometry and Log-Normal Size Distribution Analysis of the
Nanoparticles. Magnetism values of fixed samples were analyzed at days 0,
1, 3, 9, and 21 using a vibrating sample magnetometer (VSM) (Quantum
Design; Versalab). Field-dependent magnetization curves were measured at
300 K as a function of the external field. A low range of —150 to +150 mT
(step rate of 10 mT/s) was first performed to obtain precise measurements. A
higher range of 0-3,000 mT (step rate of 30 mT/s) then provided magneti-
zation at saturation. The magnetic moment M recorded (in electromagnetic
units) could be converted into grams of magnetic iron me (65 emu/g of iron)
as each material reached magnetization at saturation.

The percentage of degradation between day 0 and day 21 is then simply
calculated as follows: (1 — (mge(day 21)/mee(day 0))).
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Langevin analysis can also be performed on the magnetization curve to
determine the size distribution of the nanoparticles in situ. First, the size of the
nanoparticles population is generally described as a log-normal distribution:
P(d)=(1/(\/27wd))><exp(—(lnz(d/dmag))/bz). o is the polydispersity index,
and dm,g is the characteristic magnetic diameter, namely the two parameters
describing the nanoparticles size. The magnetic moment of the nanoparticles
sample can then be written as the Langevin law M(H) = mb(coth & — 1/g),
weighted by P(d). £ = 107*M,zd°B/6kT is the Langevin parameter, B being the
applied magnetic field; k, the Boltzmann constant; T, the temperature; and
M, the saturation magnetization of the magnetic material.

RNA Isolation, cDNA Synthesis, and Quantitative RT-PCR. Total RNA was iso-
lated using NucleoSpin RNA kit (Machery-Nagel) according to the manu-
facturer’s instructions. To avoid genomic DNA contamination, RNA samples
were incubated for 15 min with 10 U of DNase. cDNA was then synthesized
using SuperScript Il Reverse Transcriptase kit (Thermo Fisher Scientific) with
random hexamers according to the manufacturer’s instructions. Real-time
PCR analysis was then carried out with SYBR Green PCR technology using the
StepOnePlus system (Thermo Fisher Scientific). The expression of 60S acidic
ribosomal protein PO (RPLPO) was used as a reference transcript. The se-
quences of primers used are presented in S/ Appendix, Table S1.

TEM. Nanoparticle-labeled cells were harvested 3 h upon labeling (day 0) and
at day 21 for chondrogenesis and adipogenesis. Harvested cells were rinsed
and fixed with 5% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer
(Sigma-Aldrich), and postfixed with 1% osmium tetroxide solution (Sigma)
containing 1.5% potassium cyanoferrate (Sigma). Cells were then gradually
dehydrated in ascending concentrations of ethanol and embedded in Epon
resin. Thin sections (70 nm) were examined with a FEI-Tecnai 12 transmission
electron microscope at 80 kV (ImagoSeine, Institut Jacques Monod, Paris,
France). Size analysis of the structures made of crystalline iron (recognized by
their halo when the image is unfocused) was performed using Imagel. TEM
bright-field images and selected area electron diffraction patterns were
recorded on a Jeol 2100F equipped with a Schottky emission gun and a Gatan
US 4000 CCD camera.

Ex Cellulo Model. Nanoparticles were degraded in a solution of citrate excess
(nanoparticles, 20 mM; citrate, 40 mM) at pH 4 and 37 °C. Degradation level of
the nanoparticles was monitored via VSM, and solutions were used when no
trace of nanoparticle was detected. The degradation product of the nano-
particles resulted in an excess of Fe(lll) as determined using potassium thiocy-
anate (KSCN in HCl) (Sigma) to detect Fe(lll) and ferrozine (Sigma) to detect Fe
(I). The pH was then adjusted to 5, and the degradation product was mixed
with either water, apoferritin (Sigma), or ferritin (Sigma). Solutions were placed
at 37 °C under 5% CO, for 21 d, and then VSM measurements were performed.

Statistical Analysis. All values are presented as mean + SEM. Significance
between two groups was determined using independent Student’s t test,
and significance between three or more groups was determined using one-
way ANOVA. If ANOVA indicated significance at P < 0.05, a Tukey (honestly
significant difference) post hoc test was performed to compare group
means. For all values, a minimum of 95% confidence level was considered
significant, with *P < 0.05 and **P < 0.01. Number of independent mea-
surements was systematically superior to 3 (n > 3).
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