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Abstract

The use of magnetic nanoparticles in nanomedicine keeps expending and, for most applications,
the nanoparticles are internalized in cells then left within, bringing the need for accurate, fast,
and easy to handle methodologies to assess their behavior in the cellular environment. Herein,
a benchtop-size magnetic sensor is introduced to provide real-time precise measurement of
nanoparticle magnetism within living cells. The values obtained with the sensor, of cells loaded
with different doses of magnetic nanoparticles, are first compared to conventional vibrating
sample magnetometry (VSM), and a strong correlation remarkably validates the use of the
magnetic sensor as magnetometer to determine the nanoparticle cellular uptake. The sensor is
then used to monitor the progressive intracellular degradation of the nanoparticles, over days.
Importantly, this real-time in situ measure is performed on a stem cell-spheroid tissue model
and can run continuously on a same spheroid, with cells kept alive within. Besides, such
continuous magnetic measurement of cell magnetism at the tissue scale does not impact either
tissue formation, viability, or stem cell function, including differentiation and extracellular
matrix production.

Keywords: magnetic nanoparticles, magnetometry, real-time in operando measures,
biodegradation, stem cells.
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Introduction

Magnetic nanoparticles provide extended feature for a vast range of biomedical applications.
They were first developed as magnetic resonance imaging (MRI) contrast agents [1-4], for
some already at disposition in the clinic [5]. They have since been developed as cancer
treatment agent, for Killing diseased cells via magnetic hyperthermal [3,4,6-15] or
photothermal [9,16-19] procedures, and as carriers for drug delivery [10,12,20-23]. More
recently, their use has been implemented in tissue regeneration [24—26], for cell guidance at a
distance and the possibility of creating cellular tissues whose fate upon implantation can be
monitored by MRI [27]. In this context, the nanoparticles' integration within the body and
progressive clearance from it have been extensively studied. Along their circulation in the
bloodstream they are first captured mainly by the macrophages of the liver (Kupffer cells),
spleen, and bone marrow, where iron content peaks within hours and are then progressively
degraded [28-32]. These in vivo results provide a general understanding about how
nanoparticles behave in the body. Nonetheless, precise quantitative monitoring of their
degradation at the heart of cells is still an open challenge. Some in vitro studies completed the
initial in vivo observations by assessing the fate of the nanoparticles upon internalization within
cells, on fixed cells, at given time points [33-35]. They confirmed that, upon incorporation
within cells, magnetic nanoparticles are progressively degraded over the course of a month. For
these studies, the cell samples harvested at different time intervals were analyzed by
conventional magnetometry measurements (e.g. vibrating sample magnetometry (VSM),
superconducting quantum interference device (SQUID)) and correlated with total iron
quantifications, obtained via inductively coupled plasma mass spectrometry (ICP-MS) [33-35].
The magnetometry signal is then considered as a direct representation of the integrity of the
nanoparticles: when the magnetic signal decreases while total iron remains constant, it is the
signature of the nanoparticle degradation [33]. Despite bringing additional knowledge on the
nanoparticle fate, these methods do not allow real-time analyses due to the impossibility of
keeping cells viable along the experiments. Results are thus obtained on discrete samples and,
as such, due to the multitude of samples needed, are either performed once a day on a short time
period, or every few days or even weeks when on a longer time frame. Oppositely, probing
properties at the nanoparticle level in real-time is important for monitoring their structure upon
their potential degradation, or over their therapeutic action (in operando). Such systems are
being developed and the impact of magnetic nanoparticles heating on a thermosensitive surface
coating has for example been monitored upon real-time magnetic hyperthermia application
[36].



Standard magnetometry methods require the use of specific equipment that are often large scale
and not readily available. Consequently, analysis of cell labeling efficiency on living cells right
upon labeling is usually impossible. This remains an important limitation for any further
biomedical application as nanoparticle type (core structure [37] and coating [38]),
concentration, incubation time but also cell type [38] and donor [39] clearly influence the
internalization rate. As a consequence, variations in labeling efficiency are not evaluated even
though a tightly regulated “dose” of nanoparticles per cell is required as it might otherwise
affect cellular functionality. Indeed, it has been shown that a high dose of nanoparticles can
inhibit mesenchymal stem cell differentiation and even lead to cellular apoptosis [40-44].

A solution for a fast and effective quantification of nanoparticles’ internalization within cells
can be provided by a benchtop magnetic device first developed by Nikitin et al. and further
explored for applications ranging from electrical engineering to life science [45,46]. The
physical concept is to expose the superparamagnetic nanoparticles to a two-frequency magnetic
field and the resulting nonlinear magnetization of the nanoparticles generates a response signal
which is strictly proportional to the quantities of magnetic nanoparticles.

Herein, thanks to this magnetic sensor system, we managed not only to quantify in real-time
the internalization of magnetic nanoparticles within human stem cells, but also and to monitor
their integrity over days in a stem cells-derived spheroid-like tissue model [33-35], without
impacting stem cells viability and differentiation capacity. It is a consequent advance compared
to previous works where the use of conventional magnetometry precluded any measurement on
living cells, and allowed thus only discrete evaluation at time intervals very distant considering
the kinetics of the degradation process, also precluding the use of the same sample, with the
risk of introducing biological variability. Besides being a technical challenge, such
measurement of magnetic nanoparticles integrity in operando (in real time, in situ, on living
cells, and upon degradation) could become a unigque companion test to non-invasively

characterize magnetically engineered tissues prior to implantation for regenerative medicine.

1. Material and Methods

1.1.Magnetic Nanoparticles’ synthesis
Magnetic nanoparticles were synthesized as previously described [47]. Briefly, 400 mg of
iron(111) acetylacetonate (> 99.9%) (Sigma Aldrich) were dissolved in 10 ml of benzyl alcohol
anhydrous (99.8%) (Sigma Aldrich). This solution was placed in a Monowave 300 from Anton

Paar and the temperature of the suspension was increased up to 250°C in 20 minutes then
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maintained constant for 30 minutes. The resulting suspension was precipitated using a
neodymium magnet and washed successively with dichloromethane, sodium hydroxyde,
ethanol, and water (pH=7). A last washing step was performed in acidic water (pH=2) and the
nanoparticles were separated by ultracentrifugation using an Amicon® ultra centrifugal filters
(30 kD). Finally, the magnetic nanoparticles were resuspended in acidic water (pH=2) for

further coating.

1.2.Magnetic nanoparticles’ coating
Citric acid (from Sigma Aldrich) and polyethylene glycol (PEG) phosphonic carboxylic acid
(from Specific Polymers, SP-1P-10-002, MW 2500 g mol ') were dissolved in water at pH=2.
Coating must be in excess with mass ratio 5-times higher than nanoparticles. The coating
molecule solution and nanoparticle dispersion were mixed and left for 2 hours under magnetic
stirring. At the end of the reaction, pH was adjusted at 7, and the system is left to equilibrate
for 2 hours. Finally, nanoparticles were magnetically purified 3 times in water (pH=2) then
ultra-centrifuged at pH=7 in Amicon® ultra centrifugal filters (30 kD). The two coatings are

named in the following citrate and PEG.

1.3.Cell culture and nanoparticles’ internalization
Human mesenchymal stem cells (Lonza) were cultured in MSCBM medium (Lonza) with the
provided kit containing serum, glutamine and antibiotics, at 37°C with 5% CO,. Cells were
amplified until passage 4-5 then were allowed to grow until near confluence prior to labelling.
Cells were washed first with RPMI then incubated with the labelling solution for 24 hours for
PEG coating and for 30 minutes for citrate coating due to their faster internalization rate
provided by the negative surface charge [34]. The labelling solution was composed of
nanoparticles dispersed in serum-free RPMI-1640 medium (ThermoFischer Scientific) at iron
concentrations between 0.1 and 4 mM. In the case of the experiments performed on citrate-
coated nanoparticles in real-time, the media was supplemented with 5mM sodium citrate. Upon
labelling, cells were rinsed with RPMI then media was replaced by MSCBM medium for 1 hour

to allow a complete internalization of the nanoparticles before further processing (Fig. 1A).

1.4.Cell spheroids’ formation and culture
Cells loaded with nanoparticles were detached with Trypsin-EDTA (0.05%) phenol red
(thermoFisher Scientifc), then 200 000 cells were dispersed in 1.5 ml of medium in 15 ml
Falcon® tubes before being centrifuged for 5 minutes at 120 g to form a high-density pellet.
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Pellets remained in culture at 37 °C and 5% CO2 in medium composed of DMEM high glucose
supplemented with 1% penicillin streptomycin, 1% ITS premix (Corning), with final
concentrations of: 0.1 uM of dexamethasone (Sigma), 1 mM sodium pyruvate (Sigma), 50 pM
ascorbic acid-2 phosphate (Sigma) and 0.35 mM L-proline (Sigma). The media was replenished
twice a week. To induce extracellular matrix production, the growth factor TGF-3 (10 ng/ml)
was added to the culture medium.

For magnetometry analyses of discrete samples, spheroids were washed with cacodylate buffer
(0.1 M) then fixed with a solution of 2% glutaraldehyde in 0.1 M cacodylate buffer for 30
minutes at room temperature and stored in PBS in order to measure their macroscopic
magnetization at different days of the maturation process (days 1, 4, 8, and 21).

For real-time magnetometry analyses, the same sample remained in culture along the
measurements with the magnetic sensor. The impact of real-time measurements on cell viability
was also assessed by studying if it had an effect on cell function and associated tissue formation.
To do so, stem cell spheroids cultured in medium supplemented with the growth factor TGF-
B3 were continuously kept in the magnetic sensor for 6 days, time during which tissue formation
is initiated, and were then kept in standard incubator for 15 extra days, to allow further
extracellular matrix production. This extracellular matrix production was then observed with
TEM and histology, quantified via PCR, and compared to control spheroids cultured in

incubator only.

1.5.Magnetometry measurements using the magnetic sensor

The magnetic sensor was developed by Magnisense SA for diagnostic tests. Here it was used
to quantify the iron oxide nanoparticles in the cellular environment (see photograph in Fig.
S1A). The analysis is based on the non-linear superparamagnetic magnetization of
thenanoparticles [48]. Briefly, an alternating magnetic field is applied to the sample at two
different frequencies f = 100 kHz and f, = 100 Hz of different amplitudes 10 and 200 Oe,
respectively. The signal measured represents the third derivative of the sample magnetization
at zero magnetic field and room temperature, proportional to the amount of nanoparticles within
the sample.

For real-time measurement of cell spheroids magnetization, a 5% CO, environment was
achieved via direct injection of 5% CO: into a home-made bioreactor. Temperature was
adjusted such as the final temperature within the sensor remained at 37°C. Control samples

were kept in standard incubator, at 5% COzand 37°C.



1.6.Measurements via Vibrating Sample Magnetometry (VSM)
As a comparison to the magnetic sensor signal, samples were analysed by VSM (Quantum
Design, Versalab; see photograph in Fig. S1B) that directly provides the magnetic moment
(expressed in emu) of a sample when submitted to a magnetic field. The spheroids composed
of 200 000 cells were introduced in the VSM. Field-dependent magnetization curves were
recorded as a function of the applied filed between 0 and 25 000 Oe and provide magnetization

at saturation.

1.7.Histological analyses
After 21 days of culture, cell aggregates were washed twice with PBS before being fixed in 4%
paraformaldehyde. Samples were then embedded in OCT (Optimal Cutting Temperature)
compound, frozen using isopentane cooled in a liquid nitrogen bath, and cryosectionned (8 um-
thick slices). The slices were stained with Fast green and Safranin O (0.1%) to reveal the

presence of extracellular matrix components (glycosaminoglycans).

1.8.Transmission electron microscopy (TEM) imaging
For TEM imaging, cells labelled with citrate nanoparticles were harvested at days 1 and 21.
Samples were rinsed and fixed using 2% glutaraldehyde in 0.1 M cacodylate buffer (Sigma).
Samples were then 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 and embedded in Epon resin. Ultrathin sections (70 nm) were deposited
onto 200 mesh cooper grids and examined (Mima2 INRA platform) with a Hitachi HT 7700

TEM operated at 80 kV with image acquisition using a charge-coupled device camera (AMT).

1.9.Relative quantification of gene expression by quantitative RT-PCR
Total RNA was extracted from spheroids of the magnetic sensor and of the incubator conditions
(for these two conditions the spheroids were cultured with growth factors, to drive extracellular
matrix production and tissue formation) using the total RNA isolation kit (Machery-Nagel).
The synthesis of complementary DNA (cDNA) was then achieved using SuperScript Il Reverse
Transcriptase (Invitrogen). Real-time quantitative polymerase chain reaction was performed
using the SYBRGreen dye (Applied Biosystems) and conducted with the StepOnePlus
detection system (Thermo Fisher Scientific), according to the manufacturer’s protocol. The
specificity of the reaction was confirmed by melting curves analysis and the fluorescence cycle

threshold (Ct) value of each mRNA was obtained. Relative expression of each gene was
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performed using the comparative Ct method. First, levels of genes of interest (I) mMRNA were
normalized to the housekeeping gene ribosomal protein large subunit PO (RPLPO) (ACt = Ct; -
CtrrLro). The relative amount of mRNA levels between the conditions assessed (magnetic
sensor or incubator) and the control (spheroids cultured without growth factors in the standard
incubator) is then given by 2—AACt, where AACt = [ACt, condition assessed] — [ACt; control].
See Table S1 for primer sequences.

2. Results

2.1.Magnetic quantification of nanoparticles internalization and degradation in stem cells
spheroids with both VSM magnetometry and magnetic sensor (discrete assessments)

Human stem cells were incubated with varying iron concentrations (0.5, 1, 2 and 4 mM) of the
magnetic nanoparticles (Fig. 1A). A total of 200 000 stem cells were then pooled and
centrifuged into forming a spheroid which could be kept in culture for up to 21 days in
conditions that promote 3D tissue formation (Fig. 1A) [35]. Importantly, in this specific
spheroid model, the stem cells stop dividing as soon as they are confined in 3D and start
differentiating. As a consequence, no tissue necrosis is detected, over the whole process of
spheroid tissue maturation, up to the three weeks of culture, as observed on hematoxylin and
eosin staining shown in Fig. S?. For discrete magnetic measurements, spheroid samples were
collected at days 1, 4, 8, and 21 (n > 3 for each day), fixed, and magnetism was analyzed via
both the magnetic sensor and the VSM as a standard measurement approach (Fig. 1B). These
discrete measurements require the use of multiple samples for the follow-up of the cell
magnetism over days, contrasting with continuous measurements on a same spheroid if the
samples were kept alive (Fig. 1C). With VSM magnetometry, the magnetic moment of the
spheroid sample is directly measured at varying magnetic field, providing both the magnetic
susceptibility and the saturation magnetization, directly proportional to the amount of intact
nanoparticles in the sample. By contrast, the magnetic sensor measure consists in recording the
sample response to an alternating magnetic field created by the sum of two distinct frequency
signal, at f; = 100 kHz and f, = 100 Hz and with different amplitudes of 10 and 200 Oe,
respectively. The magnetic response of the sample has then a characteristic shape, which
flattens at the extrema, due to the non-linear magnetization of superparamagnetic nanoparticles
(Fig. 1D and 1E). By performing the Fourier transform of this signal, the response of the sample
at combinatorial frequencies f = f1 £ 2 f, can be determined and the third derivative of this value
is the output signal of the magnetic sensor that we here express in arbitrary units (Fig. 1F). This
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signal is directly proportional to the quantity of magnetic material in the sample and the

detection threshold is within nanograms for iron oxide nanoparticles of a given size range.
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Figure 1: Experimental set-up. A) Stem cells are incubated with magnetic nanoparticles and,

upon internalization, the cells are centrifuged to form cohesive 3D spheroids. B) Standard
assessments of the integrity of magnetic nanoparticles in cells require the use of multiple
independent samples due to the need of fixing them. C) With the magnetic sensor, the cell
spheroids can be kept viable and measurements can be performed on a same sample over long
time-frames. D) Typical non-linear magnetization curve of superparamagnetic nanoparticles
showing the magnetic moment that flattens at high and low magnetic fields. E) Time-dependent
voltage of the samples when subjected to the two-frequency magnetic field in the magnetic
sensor, this response signal flattens at the extrema due to the non-linear magnetization of the
nanoparticles. F) Specific combinatory frequencies in the Fourier-transformed response signal

are proportional to the amount of magnetic nanoparticles (red arrow).

Fig. 2A-D presents all measurements obtained at different times of the spheroids’ maturation.

The VSM measurements (Fig. 2A-B) provide the magnetic moments of the samples, expressed



in emu while the magnetic sensor values represent the magnetic signal measured by the sensor
(Fig. 2C-D). The VSM data showed in Fig. 2A-B provide first the internalized dose of the
nanoparticles (at day 1), these emu values can be converted into the number of internalized
nanoparticles (a 9-nm nanoparticle has a magnetic moment at saturation of 106 emu), as
depicted on the secondary vertical axis in the VSM graphs (Fig. 2A-B). These values
correspond to 200 000 cells organized as a spheroid, providing therefore the mean number of
nanoparticles within each cell, and revealing a nanoparticle internalization increasing with the
incubation dose for both the citrate (Fig. 2A) and the PEG coating (Fig. 2B). Values are in the
range of millions of nanoparticles per cell, 0.8, 1.3 and 4 million per cell for the citrate-coated
nanoparticles incubated at [Fe]=0.5, 1 and 2 mM, respectively; and 2.2, 3.5 and 6.1 million per
cell for the PEG-coated nanoparticles incubated at [Fe]=1, 2 and 4 mM, respectively. Following
internalization, a progressive decrease in magnetism is observed over the 21 days of tissue
culture, reflecting a decrease in the number of still intact nanoparticles within the tissue.
Remarkably, the evolution of the magnetic sensor values upon nanoparticles degradation,
shown in Fig. 2C-D, is highly similar to the VSM measurements. Besides, and importantly, the
total iron content within the spheroids was measured by elemental analysis (Fig. S?), and was
found constant of the 21 days of tissue culture, enabling to discard any possibility of cell death
and subsequent iron release from the spheroids. Representative TEM images of the cells right
after nanoparticle incubation (day 1) show all nanoparticles, about 9 nm in diameter,
internalized within the endosomes of the cells (Fig. 2E-F & S2A). After 21 days of culture, the
apparition of ~6 nm dots, lighter than the initial nanoparticles, can be observed both within the
endosomes and outside, dispersed in the cytoplasm of the cells (Fig. 2G-H & S2B). These dots
are representative of iron stored within the ferritin protein and can be correlated with the

degradation of the nanoparticles and the consequent release of free iron.



A 90 - 900 = C 400

= - 2 -® 2mM
280 ®2mM L 800 3 T 350 | e 1M
g70 \’(** —& 1mM L 700§ @300 |\ A 1m
— w
£ 60 - m 05mM - 600 £ 5 550 ‘*** 0.5 mM
] N Rk o 2 z
£ 50 N L 500 3 2 WL ek
s -___ * kK 2 200 - - __ -
2 40 1 ---—gF 400 5 S oo | ---’%
£30 4, = F 300 & 3 A
2 20 - “\‘* wx 200 3:100 ~ *
) Ak~ _ * = s i R *
S 10 Al 100 5 50 | o ST Te=~o__ :
0 x_* *Lo 2 0 * 4 x
0 10 20 0 10 20
Time (days) Time (days)
B 140 1400 D 500 -
- F3
S - -& 4mM 3 _ 450 /W -B 4mM
£ 120 - 2mM - 1200 o © \
g ! 1mMm 3 5400 1 2mv
<100 4 - 1000 3 B350 | \yx 1mM
s Y s S0 | m
g 80 L ST 800 ® o SRRk
g€ 60 . 600 § o g
* % % S~ r S~
S - ke g_ .§200 e % L L
T 40 4 L, * ok ok “H- 400 ® e 150 * ok ok
) 2 * ok k * Kk = & 100 { kk* * K k
z 20 [ 200 = 50 - bk g * %k
s *k ok 5
0 , o 3 0 ‘

500 nm

i

oA

100nm 100 m
Figure 2: Progressive degradation of magnetic nanoparticles in a stem cell spheroid model
similarly quantified via both magnetic sensor and VSM magnetometry techniques. A,B)
VSM magnetometry of the stem cells spheroids is performed at days 1, 4, 8, and 21. The
saturation magnetic moments of the samples, expressed in pemu can be converted into a number
of intact nanoparticles (1pemu equals 10 billion of 9 nm — diameter nanoparticles).
Measurements are obtained for three different incubation concentrations and two coatings: A)
a citrate and B) a PEG coating. C,D) Similar measurements on the same spheroids, with the

magnetic sensor, expressed in the measurement unit of the device. Asterisks indicate significant
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differences when compared to day 0, *p<0.05, **p<0.05, ***p<0.001. E, F). Representative
TEM images of the cells at day 1 (E,F) and day 21 (G,H). At day 1 (E,F), dark dots can be
observed, representative of the nanoparticles that are initially internalized in the endosomes of
the cells. At day 21 (G,H), light grey dots appear in the endosomes and the cytoplasm, ranging
in the size of the storage ferritin protein loaded with iron. Remaining intact nanoparticles (dark
dots) can also be observed in the endosomes. Red arrows: intact nanoparticles, yellow arrows:

ferritin proteins.

2.2.A strong correlation between the magnetic sensor signal of intracellular nanoparticles
and their VSM magnetic moment

All magnetic sensor values obtained on cellular samples are compared with the VSM
measurements in Fig. 3, evidencing a strong correlation between the two techniques, with R? >
0.99, within a very large range of concentrations. The magnetic sensor signal can thus be
equaled to a magnetic moment, expressed in emu. However, it has to be kept in mind that the
signal obtained with the magnetic sensor depends on the size of the nanoparticles, and such
correlation must be determined for each nanoparticle design. Importantly, herein the correlation
remains unchanged between day 1 (first day of the nanoparticles within the cells) and at the
following days (3 to 21), for samples where a proportion of nanoparticles are already degraded.
It indicates that only intact (9 nm in diameter) nanoparticles are measured, meaning that the
nanoparticles are either still intact or fully degraded, thus not contributing neither to the VSM

signal, nor the magnetic sensor one.
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Figure 3: Correlation between the magnetic sensor signal and the magnetic moment

obtained via VSM. A-B) A strong correlation is observed between the magnetic sensor and the
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VSM measurements of 9 nm iron oxide nanoparticles coated with citrate or PEG, internalized
in stem cells and cultured for up to 21 days as cellular spheroids. A) shows the correlation for
the entire set of data and B) is a close-up on the lower values (corresponding to the black square
of A).

2.3.Real-time in situ follow-up of the nanoparticles degradation in the stem cells spheroids
To investigate the potential of the magnetic sensor to monitor nanoparticle biodegradation in
situ within living cells, on the exact same spheroid, independent spheroids were first placed in
a traditional incubator and measured once a day using the magnetic sensor. The aim was to
observe if repeated punctual measurements of live cells spheroids could be achieved. Two
intracellular doses of nanoparticles were chosen: a mild dose of 4-6 million nanoparticles per
cell, dose achieved for the nanoparticles with the citrate coating; and a low dose of 1-2 million
nanoparticles per cell, achieved with the PEG-coated nanoparticles, to test the limits of the
sensor. Results are shown in Fig. 4A and Fig. 4D, for citrate-coated and PEG-coated
nanoparticles, respectively, and clearly demonstrate that the measurements are reliable, as
shown by the progressive decrease in the magnetic sensor signal, the excellent reproducibility
amongst the spheroids, and a similar degradation profile than the one obtained on fixed samples.
Then, a home-made incubator was specifically adapted to the magnetic sensor, designed to
mimic the culture conditions encountered in a traditional incubator, with 5% CO and 37°C
temperature (Fig. S3). Using this set-up, continuous measurements were obtained on single
spheroids for 6 days in a raw, with data taken every 0.5 seconds then averaged every 10 minutes.
Typical curves of the resulting magnetic signal are shown in Fig. 4B-4C and Fig 4E-4F, for
citrate-coated and PEG-coated nanoparticles, respectively, and a progressive decrease in the
signal is evidenced for all spheroids assessed, similarly to the data previously observed on
punctual assessments (Figs. 4A and 4D). Besides, Figs. 4B and 4E correspond to single
spheroid prepared and investigated at the same time as the ones measured punctually in Figs.
4A and 4D. Instead of obtaining a regular decrease, degradation appeared intermittent. As a
comparison standpoint, the degradation of nanoparticles in a solution mimicking the lysosomal
environment of the cells (aqueous dispersion, pH 4, supplemented with 20 mM citrate serving
as iron chelating agent) displayed a regular decrease (Fig. S4). After 6 days of real-time
measurements, cell spheroids labeled with citrate were placed in the traditional incubator until
day 21; they were then harvested and analyzed by TEM. Representative images (Fig. 4G-1 &
S5) show the presence of light grey dots in the endosomes and the cytoplasm, corresponding to
iron stored in ferritin proteins typically observed upon the degradation of magnetic
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nanoparticles, and confirming that degradation happens in a similar mode upon culture in the

magnetic sensor.
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Figure 4: Magnetic sensor measurements allow long-term monitoring of the
nanoparticles’ biodegradation in operando on living cell spheroids. A-F) Magnetism of cell
spheroids is analyzed using the magnetic sensor, either every few days for a few minutes with
the samples being cultured in a standard incubator for the remaining time (A,C) or in real-time
with data are obtained every 0.5 seconds for up to 6 continuous days and averaged every 10
minutes (B,D-F) (the grey area represents the measurement variations coming from the device).
The cells are labeled with magnetic nanoparticles either coated with citrate (A,B,C) or PEG
(D,E,F). G-1) TEM images taken upon 6 days of real-time recordings followed by traditional
culture in an incubator for 15 days display the appearance of small grey dots (around 6 nm in
diameter) in the endosomes and the cytoplasm of the cells, typical appearance of ferritin
proteins loaded with iron released from the degradation of magnetic nanoparticles. Red arrows:
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intact nanoparticles, yellow arrows: ferritin proteins.

Next step was to investigate any potential impact on stem cell functions (spheroid formation
and differentiation capacity) of the real-time in situ continuous degradation monitoring inside
the magnetic sensor. The chondrogenesis differentiation was investigated, as it is the one
differentiation possible in the 3D spheroid geometry, and also because it is the differentiation
which is the first to be impacted by environmental changes, such as exposure to nanoparticles.
First, images of the spheroids over time showed their progressive development as a cohesive
3D structure along and upon continuous recordings, suggesting spheroid formation and
contractility indicative of functional cell-cell adhesions (Fig. 5A). Histological staining was
then performed as an indicator of successful chondrogenesis through the production of
proteoglycans. Fig. 5B evidences Safranin O staining for the samples cultured in the magnetic
sensor at the same level than for those cultured in the traditional incubator. TEM observations
at day 21 similarly evidenced synthesis of extracellular matrix components in both the spheroids
cultured in the magnetic sensor (Fig. 5C & S5) as well as in the ones kept in the incubator (Fig.
5D). Finally, gene expression of extracellular matrix components (aggregan, collagen type X,
cartilage oligomeric matrix protein, transcription factor sox 9) specifically expressed during
stem cell chondrogenic differentiation was assessed after 14 and 21 days of spheroid
maturation. It displayed similar levels for the samples that were cultured in the magnetic sensor

and for the ones remaining in the traditional incubator (Fig. 5E).
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Figure 5: The cell spheroids remain viable along the real-time measurements using the

magnetic sensor. A) Representative photographs taken upon centrifugation of the cells at day

0 and after 6 days of culture and continuous magnetometry measurements in the magnetic

sensor show that the cells formed a cohesive 3D cell spheroid, similar structure to the one
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obtained traditionally when cultured in an incubator. These spheroids are then cultured for 15
additional days in a traditional incubator (until day 21) and harvested for histology, PCR, and
TEM analyses. B) Representative histological images of aggregates fixed at day 21 and stained
with Safranin O reveal the presence of extracellular matrix components (glycosaminoglycans)
in the aggregates cultured in the sensor under continuous magnetometry measurements
(magnetic sensor condition) as well as in the ones cultured in the traditional incubator only
(incubator condition). For both these conditions, the aggregates are stimulated with growth
factors to initiate ECM formation, while the negative control was cultured in the incubator and
without growth factor. C,D) Representative TEM images of samples cultured in the magnetic
sensor (C) and in the incubator (D), after 21 days of culture with growth factors, show the
formation of extracellular matrix (blue arrows) for both. E) Gene expression of extracellular
matrix components at days 14 and 21 display similar gene expression for the cell spheroids in

the magnetic sensor or in the incubator.

3. Discussion

There is undeniable potential for magnetic nanoparticles in biomedical applications [49];
however, the question of their fate once within the organism is not fully resolved yet. Studies
performed in vivo demonstrated that injected nanoparticles are progressively degraded, join the
iron pool, and integrate the iron metabolism [28,29,31,32,50]. More recently, quantitative
measurements have been performed in vitro on a given pool of cells [33-35]. In this case,
contrarily to the in vivo experiments, the entire pool of injected nanoparticles is followed on the
long-term as no nanoparticle can circulate away from the system. The progressive degradation
of nanoparticles within stem cells was demonstrated and reached up to 90% degradation over
the course of a month [33]. It shed light on the transformations of nanoparticles within the cells;
however, the integrity of the nanoparticles was tracked via their original magnetic properties
that allow them to be monitored at a distance using magnetometry measurements; and these
measures are performed on large-scale machines with limited accessibility, and impossible on
living cells. As such, numerous discrete samples needed to be fixed for each data point resulting
in data points at every few days only, and never on the exact same cell samples.

Herein, we introduce the use of a small, bench-top size, magnetic sensor for performing such
assessments. This device provides a signal proportional to the magnetism of samples and was
initially developed for immunoassays, using probes based on magnetic nanoparticles [48,51].
It has further been expanded to study the synthesis and functionalization of magnetic
nanoparticles [52,53] and the internalization of nanoparticles in cells [54-56]. It also allowed
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the non-invasive monitoring of nanoparticles in vivo; either by assessing their blood half-life in
the tail veins of mice [57] or by non-invasive monitoring of their long-term distribution in
various organs upon intra-arterial injection [58]. In the present study, the magnetic sensor serves
as an innovative tool to assess the transformations of the nanoparticles in vitro, in a tissue model
based on stem cells [33-35]. Briefly, stem cells are labeled with magnetic nanoparticles,
centrifuged, and kept in culture such as they form a 3D cohesive tissue in the shape of a
spheroid. This tissue model is advantageous as the culture parameters prevent cell proliferation,
and the tissue formed is easy to manipulate and to keep in culture for months. Moreover, stem
cells are a cell-source of choice for regenerative medicine applications and a full comprehension
of the intracellular fate of nanoparticles is required for transitioning to the clinic. Also, stem
cells provide an intracellular environment containing a large range of biomolecules including,
among others, proteins related to iron metabolism and responsible for the assimilation of
magnetic nanoparticles in the biological environment.

Results first demonstrate that the magnetic sensor is a relevant approach for the follow-up of
the intracellular integrity of nanoparticles. Data obtained on punctual samples show the
progressive degradation of the nanoparticles in cellulo, similarly to observations obtained with
conventional magnetometry approaches, in agreement with previous works [33-35]. When
compared to the VSM technique, a strong correlation is observed (R? > 0.99) between both
measurements and the signal acquired with the magnetic sensor can then be converted in a
magnetic moment (expressed in emu). It has to be noted that this correlation should be achieved
for each nanoparticle type, as the signal of the magnetic sensor depends on each nanoparticle
system [59]. Interestingly, the correlation between the magnetic sensor and the VSM
measurements remains unchanged even upon degradation of the nanoparticles. It means that
only nanoparticles in the size range of the internalized ones (9 nm) are measured, indicating an
all-or-nothing degradation of the nanoparticles (the nanoparticles are either intact or fully
degraded).

Additionally, and quite remarkably, the magnetic sensor allowed real-time follow-up of the
magnetism of living cell spheroids over days, delineating precise variations in the
biotransformation of the nanoparticles. This real-time degradation observed in the cell spheroid
signal is much more fluctuated than the ones of the same nanoparticles in an agueous medium
at pH 4.5 with iron chelating agent (citrate), often used as lysosomal-like medium [60,61],
where the magnetism decrease is regular. The more irregular degradation process is probably,
and logically, linked to biological processes.

Remarkably, the cell spheroids subjected to continuous magnetic sensor measurements
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remained totally functional, opening up to the real-time tracking of magnetic nanoparticles in
tissues, important for some applications where the diagnostic and therapeutic potential of the
nanoparticles in the long-term depend on their stability in the biological environment. The
degradation of the nanoparticles could for example lead to a loss of signal in MRI imaging, an
issue if the goal is to track implanted cells or grafts over a long period of time [62,63].
Moreover, the remote control of cells’ spatial arrangements would also be reduced thus
impacting in vivo targeting abilities and the magnetic development of 3D tissue constructs.

To conclude, the magnetic sensor is a small bench-top machine that can be easily set into a
laboratory and used for a fast screen of cell labeling efficiency and for the in situ follow-up of

time dependent nanoparticles’ integrity, both on living cells.
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