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Abstract

For bone tissue engineering, human Adipose Derived
Stem Cells (hADSCs) are proposed to be associated
with a scaffold for promoting bone regeneration. After
implantation, cellularised scaffolds require a non-invasive
method for monitoring their fate in vivo. The purpose of
this study was to use Magnetic Resonance Imaging (MRI)-
based tracking of these cells, labelled with magnetic agents
for in vivo longitudinal assessment. hADSCs were isolated
from adipose tissue and labelled with USPIO-rhodamine
(Ultrasmall SuperParamagnetic Iron Oxide). USPIO
internalisation, absence of toxicity towards hADSCs,
and osteogenic differentiation of the labelled cells were
evaluated in standard culture conditions. Labelled cells
were then seeded within a 3D porous polysaccharide-
based scaffold and imaged in vitro using fluorescence
microscopy and MRI. Cellularised scaffolds were implanted
subcutaneously in nude mice and MRI analyses were
performed from 1 to 28 d after implantation. In vitro, no
effect of USPIO labelling on cell viability and osteogenic
differentiation was found. USPIO were efficiently
internalised by hADSCs and generated a high T2* contrast.
In vivo MRI revealed that hADSCs remain detectable until
28 d after implantation and could migrate from the scaffold
and colonise the area around it. These data suggested that
this scaffold might behave as a cell carrier capable of both
holding a cell fraction and delivering cells to the site of
implantation. In addition, the present findings evidenced
that MRI is a reliable technique to validate cell-seeding
procedures in 3D porous scaffolds, and to assess the fate
of hADSCs transplanted in vivo.
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Introduction

Regeneration of large bone defects represents a major
challenge for orthopaedic and reconstructive surgeons.
Until recently, the use of autologous bone grafts has
been the gold standard method for bone repair (Brown
and Cruess, 1982). However, the concept of bone
tissue engineering has emerged in response to tissue
reconstruction problems involved with autologous
bone grafts such as lack of donor, donor site morbidity
and immune reaction (De Boer, 1988). The concept
consists in developing a hybrid substitute that combines
the osteogenic potential of autologous cells with a
biocompatible three-dimensional scaffold to generate a
new bone tissue that must be structurally and functionally
similar to the surrounding bone. Such a scaffold is
implanted in a bone defect, remodelled in vivo and results
in newly formed tissue (Frohlich et al., 2008).

Human adult mesenchymal stem cells (MSCs) are
an interesting cell source of autologous osteogenic
cells thanks to their properties of self-renewal and
differentiation towards many lineages (adipogenic,
osteogenic, chondrogenic, endothelial, neurogenic)
and have a clinical potential for tissue engineering
(Hodgkinson et al., 2009; Kwan et al., 2008). For bone
regeneration, MSCs from bone marrow aspirates are
usually used (Pittenger et al., 1999), but account only
for 0.001% to 0.0001% of total nucleated cells (Fraser et
al., 2006). Recently, human Adipose Derived Stem Cells
(hADSCs) have been described as an alternative source
with easier accessibility, higher abundance and osteogenic
differentiation potential (Hattori et al., 2004; Gimble et al.,
2007), making them attractive for bone tissue engineering
and clinical applications (Dudas et al., 2006; Kakudo et
al., 2008).

In the context of tissue engineering, cells must be
associated with a biocompatible scaffold able to carry and
deliver them in vivo (Logeart-Avramoglou et al., 2005).
These scaffolds should create a 3D environment suitable
for allowing cell expansion, osteogenic differentiation,
extracellular matrix production and, ultimately, supporting
tissue reconstruction (Jeon et al., 2008; Leong et al., 2008).
Numerous papers describe the efficiency of polymers as
scaffolds (Rezwan et al., 2006; Swetha et al., 2010) for
bone tissue engineering applications. Among polymers,
some natural polysaccharides with biocompatibility,
ability to mimic extracellular matrix and trap growth
factors, have been tested as scaffolds for transplanted cells

www.ecmjournal.org



C Lalande et al.

to promote regeneration of mineralised and vascularised
tissues. Here, we used a 3D porous scaffold made of
pullulan and dextran polysaccharides (Le Visage, 2009a;
Le Visage, 2009b) for bone tissue engineering applications.
This biomaterial has already been successfully used in vitro
for cardiovascular engineering applications (Autissier et
al., 2007; Thebaud et al., 2007; Autissier et al., 2010).
Furthermore, its porosity is compatible with the ingrowth
of bone tissue (Karageorgiou and Kaplan, 2005) and our
preliminary data showed that human ADSCs were able to
differentiate into osteogenic cells within these 3D matrices
and to express in vitro bone specific markers.

With the promising data from tissue engineering
strategies and the potential of these scaffolds for carrying
cells, the critical issues are to monitor the engraftment
efficiency, temporal and spatial migration of implanted
cells, as well as their viability and functional capability
in vivo. To track in real-time changes of cell location and
the functional status of transplanted cells, non-invasive
cell imaging techniques have been introduced. Magnetic
Resonance Imaging (MRI) is a method of choice for in
vivo longitudinal assessments since it is a non-invasive and
non-irradiant technique offering high spatial and temporal
resolution (Rogers et al., 2006; Poirier-Quinot etal., 2010).
To produce an identifiable change in signal intensity, the
cells of interest must be labelled with MR contrast agents
(Bulte et al., 2002; Bos et al., 2004; Riviere et al., 2005).
These agents cause hydrogen relaxivity changes and
create contrast modifications. They include paramagnetic
agents or T1 agents mainly based on Gadolinium and
superparamagnetic agents or T2 agents based on iron
oxide core. Superparamagnetic T2 agents are preferentially
used for cellular MRI (Hyafil et al., 2006) since they are
more biocompatible than T1 agents. Furthermore, they are
highly magnetic, resulting in high contrast modification
on MRI with lower concentration than T1 paramagnetic
agents. T2-agents based on maghemite cores bonded to
dextran and functionalised with poly(ethylene glycol) have
been used here (Mornet et al., 2005; Duguet et al., 2006).
Compared to the other T2 agents (USPIO, SPIO, MION),
they possess covalent bonds between dextran layers that
increase their stability and make them an ideal tool for in
vivo cell MRI tracking. Furthermore, they possess high
relaxivity, and have already been used in another study
with microglias in which it was demonstrated that these
nanoparticles allow in vitro and in vivo MRI cell tracking
(Bouzier-Sore et al., 2010). However, the uptake of these
particles could vary largely between different cell types,
and some non-phagocytic cells need the combination of
particles with transfection agents for efficient cell labelling
(Frank et al., 2003; Kustermann et al., 2008).

Regarding mesenchymal stem cells, numerous papers
described the high efficiency in labelling bone marrow
stromal cells from different sources, while only few data
were published with ADSCs, and mainly from animal
sources. To our knowledge, no papers describe the use of
USPIO for labelling human adipose derived stromal cells
and tracking them in a tissue engineered construct. Since
our macroporous polysaccharide-based scaffold allowed
osteogenic differentiation of hADSCs, we conducted
here in vivo studies to examine the cellular behaviour of
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hADSCs within this scaffold for developing new bone
tissue-engineered constructs.

First, we studied the cytocompatibility of USPIO
and their effect on metabolic activity and osteoblastic
differentiation capability of labelled hADSCs. We
also evaluated in vitro the nuclear magnetic resonance
properties of labelled cells. Finally, we performed in vivo
MRI cell tracking up to one month after implantation in
a subcutaneous site in nude mice of the scaffold loaded
with labelled cells. Our results demonstrate that high-
resolution 4.7-T MRI shows promise for non-invasive 3D
visualisation of labelled hADSCs within a macroporous
polysaccharide-based scaffold before and after in vivo
implantation. In addition, images revealed that transplanted
hADSCs could migrate within the scaffold, and could
colonise the surrounding area of the scaffold. This suggests
that these scaffolds act as carriers and cell delivery
structures for tissue regeneration.

Materials and Methods

Isolation and culture of hADSCs
hADSCs were isolated and cultured as previously
described (Bunnell et al., 2008) with minor modifications.
Briefly, human adipose tissue was obtained from patients
undergoing liposuction. Tissue samples were minced and
digested in a solution of 0.1% (w/v) collagenase type I
(Worthington, Lakewood, NJ, USA) for 1.5 h at 37 °C
with vigorous shaking. After filtration and centrifugation,
the top lipid layer was removed and the remaining Stromal
Vascular Fraction (SVF) was treated for 10 min with
ELB (Erythrocyte Lysis Buffer; 155 mM NH,CI (Sigma-
Aldrich, St. Louis, MO, USA), 5.7 mM K HPO,, 7.4
mM K, HPO,-3H,0, 0.1 mM EDTA (all Sigma-Aldrich))
and then centrifuged. The pellet was resuspended in
basal medium, DMEM F12 medium (Invitrogen/Life
Technologies, Sergy Pontoise, France) supplemented with
10% (v/v) Foetal Bovine Serum (FBS) (Lonza, Basel,
Switzerland) and sequentially filtered through 100, 70 and
40 pm cell strainer (BD Falcon, Franklin Lakes, NJ, USA).
Cells were plated (10* cells/cm?) and cultivated at 37 °C in
5% CO,. Culture medium was replaced every three days.
Osteoinductive medium contains IMDM
(Invitrogen) supplemented with 10 % (v/v) FBS, 10 mM
B-glycerophophate, 10*M dexamethasone, and 50 pug/ml
ascorbic acid (all Sigma-Aldrich).

Synthesis of USPI1O nanoparticles

USPIO magnetic particles are composed of maghemite
cores modified on their surface by aminosilane coupling
agents and covalently embedded by a dextran corona.
Their surface was functionalised with homo and
heterobifunctional poly(ethylene glycol) (PEG) to improve
their colloidal stability and stealth. Moreover, they were
dye-labelled with a rhodamine derivative (5(6)-carboxy-X-
rhodamine N-succinimidyl ester). All the synthesis details
have already been reported (Duguet et al., 2006; Mornet et
al., 2005). The mean diameter of the maghemite (y-Fe O,)
cores was 7.5 £ 0.27 nm as determined by transmission
electron microscopy and was increased to a hydrodynamic
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diameter determined by photon correlation spectroscopy
of 50-80 nm as dextran and PEG modifications occurred.

Cell labelling and flow cytometric experiments
Adherent cell cultures (around 80% confluence) were
incubated with USPIO (15 mM Fe*") associated with
protamine sulfate (PS) at 1 pg/mL (USPIO-PS) in a
serum-free DMEM F12 medium (Invitrogen). After 24 h
of incubation, cells were washed with PBS 0.1M pH 7.4
and harvested by trypsinisation for flow cytometric analysis
using a FacScan (BD-Bioscience) flow cytometer equipped
with an argon laser (A=488 nm). Labelling of hADSCs
with rhodamine-coupled USPIO-PS was checked by
conventional fluorescent microscopy (Zeiss, Oberkochen,
Germany; Axiovert 25). The percentage of internalised
nanoparticles in hADSCs was quantified by flow cytometry
according to our previous paper (Bouzier-Sore et al., 2010).
Three samples were analysed: USPIO-PS nanoparticles
alone, hADSCs alone and hADSCs after USPIO-PS
incubation. Nanoparticles were easily distinguished from
hADSCs on the dot-plot (SSC versus FSC) since they
appeared in two different gates in which distribution and
fluorescence intensity were quantified.

Transmission electron microscopy for analysis of
nanoparticle uptake

To assess the uptake and localisation of the nanoparticles
in hADSCs, transmission electron microscopy was
performed. After washing with Serensen buffer 0.1M
(Pottu-Boumendil, 1989) labelled cells were fixed with
glutaraldehyde 25% (v/v) and 0.2 M phosphate buffered
saline (PBS) pH 7.4 for 2 h at 4 °C and rinsed with
0.1M PBS pH 7.4. Cells were post-fixed with 4% (v/v)
osmium tetroxide in 0.2 M PBS (pH 7.4) for 1.5 h at
room temperature, and then rinsed twice in 0.1 M PBS
(pH 7.4) and once in distilled water. Dehydration was
then performed by successive incubations in the following
order: alcohol 50°, 70°, 95° and 100° and then embedding
in a mix of resin and alcohol 100° (1:1) for 2 h at room
temperature and thereafter in pure resin overnight at room
temperature. Samples were transferred to a new bath of
pure resin for 5 h at room temperature and included in the
resin. Polymerisation occurred at 60 °C for 48 h. Ultrathin
sections (thickness 70-72 nm) were produced on an

Table 1: Primer sequences used for Q-PCR.
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ultramicrotome (Leica, Wetzlar, Germany; Ultracut) using
a diamond knife. Sections were stained in uranyl acetate
or in ethanol 50° for 25 min, washed with distilled water,
dried, incubated for 8 min in lead citrate, rinsed and dried.
The specimens were imaged using a transmission electron
microscope (TEM) (Hitachi, Tokyo, Japan; H7650) with
high contrast, saturation filament and an accelerating
voltage of 80 kV. Digital images were obtained with a
camera (Gatan, Pleasanton, CA, USA; Orius 11M pixels).

Assessment of USPI1O-PS cytotoxicity and labelled
hADSCs metabolic activity

The biocompatibility of USPIO-PS complexes was
investigated by flow cytometry. Different fluorochromes
were used to assess the viability of labelled and non-
labelled hADSCs. Cells were incubated with USPIO
associated with protamine sulfate for 24 h. Viable cells
were determined using propidium iodide (PI, A, = 546 nm,
=590 nm, Molecular Probes, Eugene, OR, USA). Pl was
added to the medium (3 pg/mL) of labelled and unlabelled
cells for 10 min at 37 °C, then cells were harvested
by trypsinisation for flow cytometric measurements.
Mitochondrial membrane potential was investigated with
3,3’ dihexyloxacarbocyanine iodine (DIOC(3), _= 488
nm, A= 522 nm, Molecular Probes). Labelled and non-
labelled cells were incubated for 10 min at 37 °C in 0.1 M
DIOC(3) before flow cytometric measurements.

To determine the effect of the cell labelling on
metabolic activity, cells were plated at 2 x 10* cells/cm?
in a 96-well plate and USPIO associated with protamine
sulphate were added to the cells for 24 h. Metabolic
activity of labelled and unlabelled cells was evaluated
using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide) assay (Roche Molecular
Biochemicals, Indianapolis, IN, USA) at day 1, 6, 11, 14
and 20. MTT was added (Img/ml) at 37 °C for 3 h. Then,
cells were washed with PBS and the insoluble formazan
salt accumulated inside the cells was solubilised with
DMSO and quantified spectrophotometrically at 540 nm.

Quantitative real time polymerase chain reaction
(Q-PCR)

Unlabelled cells were harvested by trypsin-EDTA treatment
at day 1 of culture for negative reference. Cells were then

Transcript GenBank Primers sequences T™ (°C)
forward 5° ATG CCC AGG GAA GAC AGG GC 3’
PO BC015690 65
reverse 5° CCATCA GCA CCA CAGCCTTC 3’
forward 5° TCA CCT TGA CCATAA CCG TCT 3’
CBFA1/RUNX2 AH005498 58
reverse 5° CGG GAC ACC TACTCT CAT ACT 3’
forward 5 AGC CCT TCA CTG CCA TCC TGT 3’
ALKALINE PHOSPHATASE | BC021289 65
reverse 5" ATT CTC TCG TTC ACC GCC CAC 3’
forward 5° GGA ATG AGG AGA CTG GCAACC 3’
TYPE I COLLAGEN NMO000089 65
reverse 5 TCA GCA CCA CCGATG TCC AAA 3’

em&mm.—ﬂiau

343

www.ecmjournal.org



C Lalande et al.

labelled or not and harvested in the same way after 15 d
of culture in basal or osteoinductive medium. Total RNA
was extracted using the Nucleospin ® RNA kit (Macherey-
Nagel, Diiren, Germany). One pug was used as template
for single-strand cDNA synthesis with the Superscript
preamplification system (Gibco, Paisley, UK) in a 20 pl
final volume containing 20 mM Tris-HCI pH 8.4, 50 mM
KCI, 2.5 mM MgCl,, 0.1 mg/ml BSA, 10 mM DTT, 0.5
mM of each dATP, dCTP, dGTP, dTTP, 0.5 pg oligo(dT),
and 200 U of reverse transcriptase. After incubation at 42
°C for 50 min, the reaction was stopped at 70 °C for 15
min. Five pL of cDNA diluted at a 1:80 ratio were mixed
to MESA-green (2X, Fischer Scientific, Pittsburgh, PA,
USA) and 10 pM each of forward and reverse primers
(Table 1) in a 25 pL final volume and loaded in a 96-well
plate. Amplification was performed using the thermocycler
(ICycler, Biorad, Hercules, CA, USA). Data were analysed
with the iCycler IQ™ software and compared by the AACt
method. Each Q-PCR was performed in duplicate. Data
was normalised to PO mRNA expression for each condition
and was quantified relative to cbfal/runx2, ALP and type |
collagen gene expression of hADSCs after 24 h of culture
standardised to 1.

Alkaline phosphatase (ALP) assay

Labelled and unlabelled hADSCs were plated at 2 x
10* cells/cm? and cultured for 15 d in an osteoinductive
medium, or in basal medium. ALP activity was detected
using a diagnostic kit (85L-2, Sigma-Aldrich). Samples
were fixed with paraformaldehyde 4% (w/v) then stained
with alkaline dye (Fast blue RR salt supplemented with
Naphtol AS-MX phosphate alkaline solution 0.25%,
Sigma-Aldrich) for 30 min. Samples were observed with
an optical microscope (Zeiss, Axiovert 25).

Intracellular ALP activity was quantified on cell lysates
as described by Ackerman (1962). Cells were harvested
with trypsin-EDTA (0.125 % (w/v) — 0.0625 % (v/w),
Sigma-Aldrich) then lysed by freezing/thawing steps and
by SDS addition (sodium dodecyl sulphate, Biorad) 0.1%
(w/v). Alkaline buffer (Alkaline buffer solution 1.5M,
(Sigma-Aldrich) and Triton X100 and p-nitrophenyl
phosphate substrate (Sigma-Aldrich)) was added to the
sample and incubated at 37 °C for 30 min. Then, after
addition of 0.1 M NaOH to stop the enzymatic reaction, the
absorption at 410 nm was measured by spectrophotometry.
ALP activity levels were normalised to the amount of
protein in each sample. The protein quantification was
performed according to the BCA (BicinChoninic Acid)
protein assay protocol (Thermo Scientific, Fremont, CA,
USA) described by Smith et al. (1985). Absorbance was
read at 550 nm. ALP activity was expressed as nanomoles
of inorganic phosphate (Pi) cleaved in 30 min per
microgram of proteins (N=3).

Von Kossa staining

Extracellular matrix mineralisation was analysed by
Von Kossa staining. After 15 d of culture in basal or
osteoinductive medium, labelled and unlabelled cells were
fixed in 4% (w/v) paraformaldehyde for 10 min at room
temperature. Fixed cells were then rinsed with distilled
water, and incubated with silver nitrate 2.5% (w/v) for 30
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min at room temperature in the dark. Silver nitrate was
removed; cells were rinsed with distilled water. Carbonate
sodium/formalin solution (25 mL formalin, 5 g Na,CO,,
100 mL distilled water) was added to the cells for 1 min
and cells were rinsed with tap water. Extracellular matrix
coloration was observed with an optical microscope.

Preparation of 3D scaffold and hADSCs seeding
Porous polysaccharide-based scaffolds were prepared
using a mixture of pullulan/dextran 75:25. Chemical
cross-linking of polysaccharides was carried out with
sodium trimetaphosphate (STMP) and pores were created
by a patented gas-foaming technique (Le Visage, 2009b).
Resulting scaffolds were washed extensively with 0.1
M PBS pH 7.4 and then with distilled water. After a
freeze-drying step, porous scaffolds were stored at room
temperature until use. Here, scaffolds of 6 mm diameter,
2 mm thickness (20 mm?®) were used for cell seeding in
basal or in osteoinductive medium. For in vitro and in
vivo MRI experiments, hADSCs were induced for 15 d
in osteoinductive medium and 5x10* or 5x10° cells were
seeded onto the porous scaffolds.

MRI analyses
MRI experiments were performed on a 4.7 T Biospec
system (Bruker, Ettlingen, Germany) equipped with a 6
cm BG6 gradient system capable of 950 mT/m maximum
strength. Measurements were performed with a birdcage
resonator (35 mm diameter and 80 mm length) tuned to
200.3 MHz.

5x 10° labelled or unlabeled cells were collected in PBS
0.1 M, pH 7.4 and spun down. The pellet was trapped in
small tubes between two layers of agarose gel 1% (w/v)
in PBS 0.1 M, pH 7.4 (n=3). T2* measurements were
performed at 25 °C with a multi gradient echo sequence
(TR = 500 ms; Interecho-time: 1.0 ms; Number of echo
images: 20; Field of view (FOV): 20 x 20 mm; Matrix:
128 x 128; Slice thickness: 1 mm). Relaxation data were
analysed with home-made software developed on Igor Pro
(Wavemetrics, Lake Oswego, OR, USA). For each sample,
they were fitted according to a mono-exponential function.
MRI analyses were also done with control and labelled cells
seeded inside scaffolds (5 x 10* or 5 x 10° cells / disk of
20 mm?) and cultured for 48 h before experiments (n=3).
T2* gradient echo experiments were performed with the
following parameters: (TE/TR: 5/42 ms; flip angle: 7°;
Bandwidth: 16 Hz/Pixel; FOV: 30 x 35 x 35 mm; Matrix:
256 x 192 x 192; Spatial Resolution: 117 x 182 x 182 (um)?;
number of averages: 4).

In vivo experiments

Both the procedure and the animal treatment complied with
the Principles of Laboratory Animal Care formulated by the
National Society for Medical Research. The studies were
carried out in accredited animal facilities at the University
of Bordeaux 2, under authorisation (N°: 3300048 of the
Ministere de 1’Agriculture, France). Nude mice (n=4)
weighing 20 g (Charles River Laboratories, France) were
anaesthetised by isoflurane inhalation (1%-1.5% in air),
the back was disinfected, a mid vertical incision was
made, and tissue-engineered constructs prepared with
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two cell densities (5 x 10* or 5 x 10° hADSCs/scaffold)
were introduced subcutaneously, one side with labelled
hADSCs-seeded scaffolds and the other side with the
unlabelled hADSCs-seeded scaffold. The skin was then
sutured (Vicryl 4/0).

In vivo MRI experiments were performed at 1, 7,
14, 21 and 28 d after scaffold implantation. Mice were
anaesthetised with isoflurane (1%-1.5% in air) and
maintained at a constant respiration rate of 75 + 15
respirations/min. The animals were positioned prone within
the magnet with the liver at the centre of the NMR coil. A
3D T2*-weighted TrueFISP (Oppelt, 1986) imaging with
alternating RF phase pulse method (4¢) and sum of square
reconstruction were used as already described (Vasanawala
et al., 2000; Miraux et al., 2009) (TE/TR: 5/10 ms; flip
angle: 35°; bandwidth: 203 Hz/pixel; FOV: 32 x 27.5 x
25 mm; matrix: 256 x 128 x 110; spatial resolution: 125 x
215 x 227 (mm)?; number of averages: 4; total acquisition
time: 38 min).

Statistical analysis

Data are represented as the mean + standard deviation
resulting from independent experiments. Statistical
significance of differences between data from experimental
groups was tested using a non-parametric Mann-Whitney
test. The level of significance was set at *: p<0.05.

Results

Analysis of USPIO internalisation inside the hADSCs
We first tested the ability of hADSCs to internalise USPIO
in vitro. hADSCs were incubated for 24 h with fluorescent
USPIO associated with 1 pg/mL of protamine sulphate
and the efficiency of internalisation was checked by flow
cytometry. Fig. 1a shows an increase in fluorescence when
USPIO-PS concentrations increased. We also observed
that cell labelling efficiency increased with time since
fluorescence intensity was 10-fold higher after 24 h of
incubation compared to 4 h (data not shown). Fluorescent
microscopic images (Fig. 1b, 1¢) show a positive labelling
of hADSCs after 24 h of incubation with fluorescent
USPIO-PS. Transmission electron microscopic images of
labelled cells (Fig. 1d-f) revealed USPIO-PS internalisation
by hADSCs, and demonstrated the presence of iron
aggregates inside cytoplasmic vesicles (from 0.5 to 1.5 pm
diameter), typical of nanoparticle endocytosis.

The amount of free nanoparticles remaining in
the cellular sample after washing was quantified by
flow cytometry. Data indicated that 91.26 + 1.82 % of
nanoparticles were internalised by hADSCs, while 0.13 +
0.007 % of the signal after USPIO-PS incubation was due
to the remaining free nanoparticles.

USPIO-PS are not cytotoxic for ADSCs

The influence of labelling on the immediate cell survival
and on long-term metabolic activity was determined for
labelled cells compared to unlabelled cells (Fig. 2). Using
flow cytometric analyses, cellular mortality was checked
using propidium iodide (Fig. 2a), and the mitochondrial
redox potential was studied by assessing the mitochondrial
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DiOC, probe accumulation (Fig. 2b). Three sets of
samples were analysed: hADSCs before and after USPIO
and USPIO-PS internalisation. There was no difference
between these three conditions: neither the cellular viability
(Fig. 2a) nor the redox potential (Fig. 2b) were modified,
indicating that the USPIO-PS complex internalisation was
not toxic for these cells. The metabolic activity of labelled
cells was checked by MTT assay for up to 20 d (Fig. 2c).
There was only a slight, but significant, loss of metabolic
activity at day 11 and 14 for hADSCs labelled with USPIO-
PS compared to unlabelled cells.

Osteogenic differentiation of labelled hADSCs
mRNA levels of bone specific markers (cbfal/runx2,
ALP, type I collagen), quantified after 15 d of culture in
osteoinductive medium, revealed no significant difference
between labelled and unlabelled hADSCs (Fig. 3a). After
15 d of culture of labelled hADSCs in osteoinductive
medium, the expression at day 15 relative to day 1 is about
8 fold higher for cbfal/runx2, 1.5 fold higher for ALP m
RNA level and 100 fold higher for type 1 collagen. ALP
cytochemical staining (Fig. 3b1-b4) and enzymatic activity
quantification (Fig. 3b5) in labelled hADSCs were also
assessed. After 15 d of induction, labelled cells exhibited
a similar enzymatic activity to that of unlabelled cells,
confirming the results of gene expression (Fig. 3a). In
addition, Von Kossa staining (Fig. 3c) reveals at day 15
the presence of black calcium deposits in the extracellular
matrices showing that labelled cells with USPIO, kept their
ability to mineralise in vitro.

Taken together, these data indicate that labelling
with USPIO does not alter the capability of hADSCs to
differentiate in vitro toward the osteogenic lineage.

Labelled hADSCs within 3D scaffold and MRI
images

Labelled cells within the macroporous polysaccharide-
based scaffold were first imaged by fluorescent microscopy.
When the suspension of labelled cells was added to the
scaffold, cells immediately colonised the scaffold (Fig. 4a,
b), and formed after 8 h numerous clusters (from 50 to 200
um diameters) inside the pores (Fig. 4c, d).

In vitro MRI analyses (Fig. 5a) were performed on
labelled and unlabelled hADSCs embedded in agarose gels.
Labelled cells presented a higher relaxivity compared to the
unlabelled ones on MRI T2* measurements, corresponding
to a decrease in the T2* value (35 + 6 ms for unlabelled
cells vs 2 = 2 ms for labelled cells). MRI T2* imaging was
thereafter performed with labelled and unlabelled hADSCs
seeded at two cell densities (5 x 10* or 5 x 10%) within the
macroporous scaffolds (Fig. 5b). The highest contrast was
obtained in 3D scaffolds seeded with 5 x 10° labelled cells
compared to the unlabeled ones. A contrast was still visible
in scaffold loaded with 5 x 10* labelled cells. Furthermore,
images evidenced that with increasing cell density in the
scaffold, the signal appeared more widespread.

In vivo MRI after subcutaneous implantation of
tissue-engineered constructs in nude mice

Labelled or unlabelled cells were seeded within the
scaffolds at the same cell densities than for in vitro MRI
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Fig. 1: USPIO internalisation. (a): flow cytometric measurement of fluorescence of hADSCs before and after
USPIO-PS labelling with various concentrations of USPIO. (b, ¢): fluorescent microscopy of labelled hADSCs.
(d-f): transmission electron microscopy on labelled hADSCs; arrows indicate USPIO particles, taken up by the
cells, inside cytoplasmic vesicles.
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Fig. 4: 3D culture of labelled hADSCs. Optical (a, ¢) and fluorescence (b, d) microscopy of labelled hADSCs seeded
into a porous polysaccharide-based scaffold, 1 h (a, b) and 8 h (¢, d) after seeding where cells are organised in clusters

inside the pores of the 3D structure. Scale bar: 200 um.
Unlabelled cells Labelled cells

a 2 35+ 6 242
in agarose gel B B

b To*-imaging
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Fig. 5: Invitro MRI analyses of unlabelled and labelled hADSCs. (a): T2* values obtained for unlabelled and labelled
hADSCs in agarose gel (n=3) . (b) T2*-imaging obtained for 5 x 10°unlabelled hADSCs and for 5 x 10* and 5 x 10°
labelled hADSCs associated to the disk-shaped scaffold (20 mm?). Images were obtained at 4.7 T.
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Fig. 6: In vivo MR imaging of scaffolds loaded with 5 x 10° labelled (a) or unlabeled hADSCs (b) per 20 mm?
disk at different times (days 1, 7, 14, 21 and 28) after implantation. On the left, macroscopic MR images obtained
at day 1 showing both scaffold loaded with labelled and unlabelled cells seeded with 5 x 10°. The arrows indicate
the position of the scaffold with labelled (small arrow on the right) and unlabelled cells (large arrow on the right).
Images were obtained at 4.7 T with a T2*-gradient echo sequence.

scaffold +
unlabelled cells

scaffold +
labelled cells

5x10* cells

| .

Fig. 7: In vivo MR imaging of scaffolds loaded with 5 x 10* labelled (a) or unlabeled hADSCs (b) per 20 mm?
disk at different times (day 1, 7, 14, 21 and 28) after implantation. On the left, macroscopic MR images obtained
at day 1 showing both scaffold loaded with labelled and unlabelled cells seeded with 5 x 10*. The arrows indicate
the position of the scaffold with labelled (small arrow on the right) and unlabelled cells (large arrow on the right).
Images were obtained at 4.7 T with a T2*-gradient echo sequence.

studies (5 x 10* or 5 x 10°) and were implanted in nude
mice for 28 d (Fig. 6 and 7). A 3D T2*-weighted TrueFISP
MRI experiment was performed at day 1, 7, 14, 21 and
28. Tissue-engineered construct with 5 x 10° labelled
cells creates a hyposignal with distinguishing labelled
cells (Fig. 6a) from unlabelled cells (Fig. 6b). The signal
was still detectable until 28 d after implantation (Fig. 6b),
but decreased with time. Further time points were not
investigated.

For the lowest cell density (5 x 10*hADSCs/scaffold)
(Fig. 7a, b), the signal remains visible during the first
two weeks (Fig. 7a) and then seems to locate more at the
periphery of the scaffold with time (see arrow). It could
suggest that some cells remain in the scaffold, while some
other cells could migrate and colonise the area around the
matrix (Fig. 7a). This event is clearly observed for the
scaffolds cellularised with the two cell densities after 14
d of implantation (Fig. 6a, 7a; see arrows). Regarding the
fate of the scaffold, here seen as a rectangular shape, it was
still visible at the same location 28 d after subcutaneous
implantation.
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Discussion

The novelty of this study was to combine the use of 1)
adipose derived stromal cells from human tissues, ii) an
innovative scaffold as a cell carrier and iii) biocompatible
superparamagnetic nanoparticles, internalised by hADSCs,
to follow their in vivo location by MRI in a non-invasive
way, in the context of a new bone tissue engineered
construct. Taking together, fluorescence analysis, flow
cytometry, TEM and in vitro MRI demonstrated an
efficient internalisation of the contrast agents in human
mesenchymal stem cells. Moreover, neither the cell
viability, nor the osteogenic differentiation capacity of
labelled hADSCs was modified. The high relaxivity of
USPIO allowed to monitor as few as 5 x 10* labelled
hADSCs both in vitro and in vivo by T2*-weighted MRI
during one month. Interestingly, the location of the signal
within the scaffold changes with time of implantation
suggesting that some hADSCs were able to migrate to
the periphery of the scaffold for participating to tissue
regeneration.
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Indeed, MRI is a method of choice to track stem
cells in a tissue-engineered construct, because of its
excellent spatial resolution, high tissue contrast and lack
of ionising radiation. However, magnetic labelling of
cells is a prerequisite for their visualisation. Many studies
have investigated USPIO-based labelling protocols for
monocytes (Oude Engberink et al., 2007), neural stem
cells (Politi, 2007) and mesenchymal stem cells (Farrell
et al., 2008). Few papers used ADSCs (Rice et al., 2007,
Wang et al., 2009) a relevant cell source for bone tissue
engineering applications. However, these data were
performed on ADSCs arising from animal tissues and
revealed that a 24 h incubation time was required for their
labelling (Rice et al., 2007; Wong et al., 2009). In another
study (Bouzier-Sore et al., 2010), performed with highly
phagocytic microglia cells, a 4 h incubation was sufficient
to obtain a high efficiency for particle internalisation.
Therefore, for each cell type, these parameters have to be
determined and optimised for monitoring transplanted cells
after their implantation. In our study, human ADSCs were
efficiently labelled after a 24 h-incubation with USPIO at
15 mM Fe*" associated with 1 pg/mL PS. The efficiency of
USPIO internalisation increased with time but beyond 24
h of incubation, cell division occurred, inducing labelling
dilution. Fluorescence microscopy, TEM observations and
flow cytometric analyses confirmed that the nanoparticles
preferentially localised in vesicles inside the cytoplasm,
either via phagocytosis (Cousin et al., 1999; Villena et al.,
2001) or by endocytosis involving or not specific receptors
(Raynal et al., 2004).

Several transfection agents can be used to increase
cellular nanoparticle uptake (Frank et al., 2003; Arbab
et al., 2004). Arbab et al. (2004) used protamine sulfate,
a positively charged surfactant, to improve USPIO
internalisation. With the addition to USPIO of PS at a non-
cytotoxic concentration before incubation with hADSCs,
we observed homogenisation of the labelled population
(data not shown) and a decrease in T2* values after MRI
analyses (T2* values: 35 &+ 6 ms for USPIO-PS compared
to 2 = 2 ms for USPIO alone). We hypothesised that
after incubation, some nanoparticles attached to the cell
membrane (Ribot et al., 2009) could no longer enter the
cells. PS might facilitate this internalisation, which does
not occur spontaneously. Therefore, we decided to use PS
at 1 pg/mL because beyond this concentration there was
no longer any beneficial effect, while the toxicity for cells
starts at 10 ug/mL (data not shown).

As a first step, we analysed the behaviour of these
labelled hADSCs in standard two dimensional cultures.
The viability of hADSCs was not modified after labelling,
as already demonstrated with USPIO in microglias
(Bouzier-Sore et al., 2010). Moreover, the hADSC
osteogenic differentiation capacity in vitro was not altered
after labelling, and they kept their ability to calcify the
extracellular matrix. Mesenchymal stem cells usually
maintain their properties of multi-lineage differentiation
after magnetic labelling (Arbab et al., 2005), except for
one report indicating inhibition of the human chondrogenic
differentiation potential (Kostura et al., 2004).

In a bone tissue engineering context, MSCs are
associated with a biocompatible scaffold allowing their
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functionality and the production of a new bone tissue. In this
study, we choose to develop a tissue-engineered construct
using a natural polymer, a macroporous polysaccharide-
based scaffold (Le Visage, 2009a; Le Visage, 2009b).
Here, the use of fluorescent USPIO-PS allowed monitoring
in vitro the behaviour of labelled hADSCs after seeding
within the scaffold. Results showed that cells colonised
the scaffold and were organised in clusters in the pores
after 8 h of 3D culture. We hypothesised that this cluster
configuration may favour interactions between cells,
thereby promoting osteogenic differentiation (Frohlich et
al., 2010) and then production of mineralised matrix, as
recently observed with embryonic stem cells (Gothard et
al., 2009).

USPIO displayed a high relaxivity that allowed
visualising labelled cells in vitro and in vivo by MRI.
However, T2* of labelled cells associated within the
scaffold could not be measured owing to external
parameters related to the scaffold (presence of air bubbles
and various water densities within the scaffold). Although
a direct quantitative analysis by MRI on the scaffold
was not possible, 5 x 103 cells containing nanoparticles
were distributed within the entire scaffold and created a
high contrast on T2*-weighted images. Interestingly, this
contrast was still visible for the lowest cell density (5 x
10*) loaded on the scaffold.

According to these in vitro data, 5 x 10*and 5 x 10°
labelled cells were loaded in the scaffolds before the
subcutaneous implantation in nude mice. We selected
the 3D T2*-weighted TrueFISP method instead of a 3D
FLASH gradient echo for in vivo studies. The 3D T2*-
weighted TrueFISP combines a higher intrinsic contrast and
a higher T2* sensitivity (Heyn et al., 2006, Mohammadi-
Nejad et al., 2010) compared to classical gradient echo
methods. Hence, 5 x 10° labelled cells were detectable for
up to 28 d after implantation. For both cell densities, we
observed a loss of signal in the centre of the biomaterial
from day 7. Several assumptions are issued from these data.
It could be due to cell division of labelled cells, leading
to a signal dilution, but it would be surprising to observe
this phenomenon only at the centre of the scaffold. It could
be also due to cell death in the centre of the biomaterial,
leading to nanoparticles release and their diffusion to the
periphery of the implant. We could also hypothesise that
if cells are suffering in the centre because of hypoxia
environment they could migrate at the periphery as happens
in vitro. However, if free nanoparticles relocate at the
periphery of the implant, we should observe a high increase
of the signal, which is not the case. The most probable
hypothesis is that labelled cells migrate from the region of
implantation and escape from the scaffold and thus could
participate to tissue regeneration and implant integration
within a bone defect. However, despite the signal loss
observed from day 7, the signal remained detectable
in vivo within the scaffold until at least 14 or 28 d for
scaffolds cellularised with 5 x 10* or 5 x 10° of hADSCs,
respectively. Then, the scaffold might therefore behave as
acell carrier capable of holding in its own cell fraction and
delivering another fraction to the site of implantation for
inducing a better tissue regeneration process. This would
throw light on their contribution to tissue reconstruction
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and biomaterial integration within the host tissue. Further
studies should address the outcome of implanted scaffolds
and cells over time. For instance, the fluorescence of the
labelled cells could help in determining their distribution
and in discriminating host cells from implanted cells. MRI
allowed also monitoring the implanted biomaterial and
surrounding tissues. Indeed, at no time point we detected
a change on the location of the biomaterial, degradation
or an inflammatory reaction at the site of implantation.

In conclusion, we have established conditions for
labelling hADSCs with USPIO nanoparticles without
affecting metabolic activity and osteogenic differentiation
capacity. Furthermore, the present findings show that
labelled hADSCs within a 3D scaffold can be monitored
in vivo by MRI for at least 28 d. In the near future, MRI-
based cell tracking could be used for in vivo longitudinal
assessment of bone tissue engineered constructs, although
MRI should be combined with other methods, like micro-
computer tomography (micro-CT) and histomorphometry,
to evaluate the capability of this new tissue-engineered
construct to generate mineralised bone tissue.
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Discussion with Reviewer

Reviewer Il: Generally speaking, in imaging we much
prefer to have a positive signal (hypersignal) as opposed
to a negative one (hyposignal). Though ferromagnetic
contrast agents give a negative signal instead of the
positive signal we get from a Gd based contrast agent,
the ferromagnetic particles can be detected at a much
smaller concentration, which is good for the type of work
performed here. Please comment.

Authors: A positive signal is always better in MRI in term
of image quality and interpretation. Nevertheless, until
today, labelled cells with a positive signal appear very
challenging. Despite many efforts of different groups, with
the use of Gd-nanoparticles, or Manganese-nanoparticles
for example, it is not possible to achieve images with the
same sensitivity (as USPIO and T2* imaging) and with
a positive contrast. This is the reason why ferromagnetic
particles have been chosen for cell tracking in this study.

Reviewer Il: For an eventual human application, the
acquisition sequences are standard and the tracking could
be performed by any clinical MRI, though the sensitivity
would be better when using those at higher field. Please
comment.

Authors: Of course, sensitivity to iron oxide nanoparticles
is enhanced at higher field strength. Nevertheless, the
sequences used here are standard (gradient echo and
TrueFISP) and their acquisition parameters can be easily
modified (increase echo time from 5 to 20 or 50 ms for
example) to be very sensitive at clinical field strength (1.5
Tor3T).
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