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Background: Regarding strategies improving the eﬃcacy of stem cell transplantation in adipose tissue
engineering, cell tracking might be useful. Here we report the in vivo tracking of adipose tissue derived stem
cells (ASC) by means of nanoparticle labeling and magnetic resonance imaging (MRI). Here we report the in
vivo tracking of adipose tissue derived stromal cells (ASC) by means of nanoparticle labeling and magnetic
resonance imaging (MRI).
Materials and methods: Human ASC were ampliﬁed and labeled with two types of magnetic nanoparticles
(MNP), BNF starch and nanomag®-D-spio. Adipose tissue constructs were fabricated by seeding collagen
scaﬀolds with labeled and unlabeled ASCs. Constructs were implanted subcutaneously in the back of severe
combined immunodeﬁcient (SCID) mice (n =69, group 1: control with cells w/o label, group 2: BNF starch
labeled cells, group 3: nanomag®-D-spio labeled cells). MRI scans were performed at 24 hours, four, twelve and
28 days and four months in a 7.1 T animal device. Explanted constructs were analyzed histomorphometrically.
Results: MRI scans showed high contrast of the labeled cells in t2-tse-sequence compared to unlabeled
controls. Loss of volume of the implants was observed over time due to partial loss for transplanted cells without
signiﬁcant diﬀerence (level of signiﬁcance p < 0.017). Compared to histomorphometry, there was found a positiv
correlations in measurement of implant size with a signiﬁcant at day four (correlation coeﬃcient =0.643;
p=0.024) and day twelve (correlation coeﬃcient =0.687; p=0.010).
Additional Prussian blue stain showed iron in all implants. Signiﬁcant diﬀerences between the three groups
(signiﬁcance level p < 0.017) were found after twelve days between control group and group 3 (p=0.008) and
after 28 days between control group and group 2 and 3 (p=0.011).
Conclusion: Both MNPs might be suitable for tracking of ASC in vivo and show long term stability over 4
months.

1. Introduction
Soft tissue repair and augmentation is needed in many instances of
plastic reconstructive and esthetic surgery. Current techniques of
adipose tissue replacement are hampered by numerous drawbacks, as
for example free lipotransfer lacks volume maintenance and implantation of synthetic materials may cause scarring or foreign body reactions
[1,2]. Adipose tissue engineering using autologous adipose derived
mesenchymal stem cells has been advocated as a solution [3–5].
However, current approaches for adipose tissue engineering likewise
are lacking volume maintenance and form stability do to loss of
transplanted cells and limitations in cell transplant eﬃciency.
Insuﬃciency in nutritional supply is caused by failed connection to

⁎

the host vasculature during the ﬁrst time after transplantation and
limits the eﬃciency of any kind of tissue or celIs in order to develop
improved strategies for cell transplantation, tools for visualization and
tracking of transplanted cells in vivo are mandatory. A potential
approach for visualization may be the labeling with magnetic nanoparticles (MNP) using magnetic resonance imaging (MRI) which is a
current object of research in the ﬁeld of cell based therapy.
In previous in vitro studies two types of MNP (bionized nanoferrite
starch nanoparticles and superparamagnetic dextran coated iron oxide
nanoparticles) had been proven suitability for visualization of adipose
tissue derived mesenchymal stem cells in MRI. In conventional cell
culture as well as in 3 D phantoms. [6,7]. Moreover, nanoparticle
loading of ASC revealed no negative inﬂuence on proliferation and
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Germany) were sterilized by steam autoclaving with formaldehyde gas
(60–75 °C, 90 min) to increase the collagen cross-linking. Thereafter,
scaﬀolds were soaked in 10% NCS/PBS. A formaldehyde test (Merck
Darmstadt, Germany) was performed to exclude any residues. Labeled
as well as unlabeled ASC were seeded on collagen scaﬀolds
(1×2×0.5 cm) with a cell density of 1.5 million per scaﬀold. Scaﬀolds
were kept in culture medium for additional three days in order to await
attachment of the cells.

diﬀerentiation, especially adipogenic diﬀerentiation of adipose tissue
derived stem cells, when applied in the designated concentrations in
vitro. BNF starch 10 µg Fe/ml and nanomag®-D-spio 25 µg Fe/ml had
been proven to exert minimal detrimental eﬀects, neither on proliferation nor on adipogenic diﬀerentiation. Already published data showed
two examples of MNP loaded implanted cell scaﬀolds in MRI providing
the feasibility of MNPs for cell visualization in MRI under in vivo
conditions in general. In a second step, we report now the tracking of
cell-loaded scaﬀolds after implantation in vivo in severe combined
immunodeﬁcient SCID mice in order to test the suitability of both
nanoparticle types as intracellular contrast agents with a long term
stability of several months. The implantation of human ASC into SCID
mice is already approved as a study model [3]. Genetic mutation results
in absence of b- and t-lymphocytes and natural killer cells [8].
The aim of this study was to prove the contrasting eﬀect of
transplanted human cells labeled by MNP in a SCID mouse model
over time regarding cell degradation or signs of rejection. The results of
MRI examination were compared to conventional histomorphometric
slides. The major objective of this pilot study was to test the feasibility
of both magnetic nanoparticle types for cell visualization in vivo.
Should this technique turns out to be successful, the number of
experimental animals in further studies could be reduced.

2.2. Animal experiments
Animal experiments were approved by the Local Comittee of Ethics
of Animal Welfare (7221.3-1.1-039/12). Female severe combined
immunodeﬁcient mice of type beige (CB17. CG.PrkdcscidLystbg/Crl)
with an age of 5 - 8 weeks and a weight of 14–22 g were obtained from
Charles River Laboratories (Sulzfeld, Germany) (n=69). Three experimental groups were formed for the following experiments: group 1:
control group with ASC scaﬀolds without labeling (n=19), group 2: ASC
seeded scaﬀolds with BNF starch particle labeling (n=25), group 3: ASC
seeded scaﬀolds with nanomag®-D-spio-particles (n=25).
MR-Scans were planned after 24 h (n=9), four days (n=12), twelve
days (n=16), 28 days (n=16) and four months (n=16) in a 7.1 T small
animal MRI (Table 1).
The operations were performed under sterile conditions under
laminar air ﬂow in an environment close to speciﬁc pathogen free
conditions. Animals were anesthetized by intraperitoneal injection of
Rompun® (Bayer Vital GmbH, Leverkusen, Germany) and Ketamine
(Bela-pharm GmbH & Co. KG, Vechta, Germany). Dosage was adapted
to body weight (b.w.) (0.016 mg/g b. w./0.12 mg/g b.w).
The cell seeded scaﬀolds were implanted subcutaneously at the
back of the SCID mice using ceramic instruments in order to avoid
metal artifacts in MRI.
An incision was made at the back by using a ceramic scalpel at the
lateral on the right side of the spine, after subcutaneous preparation
the scaﬀolds were brought into the wound cavity in the level between
muscle layer and subcutis. Wounds were closed with single-button
sutures using absorbable suture material (Resolon 5-0, Resorba
Medical GmbH, Nürnberg, Germany). Postoperatively, mice were kept
in groups of 4–6 per cage and fed with ssniﬀ® V 1534-000 (10 mm
pellets, ssniﬀ Spezialdiäten GmbH, Soest, Germany) and water ad
libitum.
For MRI examination, SCID mice were anesthetized with 4%
isoﬂurane inhalation. During examination respiratory frequency and
heart rate were monitored to adjust the depth of anesthesia.
T2-weighted sequence was used to visualize and to assess the
distribution of ASC in vivo labeled with nanoparticles. Coronal T2weighted turbo spin echo MRI was performed and sequence was
acquired using the following image parameters: TR: 1300 ms; TE:
43 ms; ﬂip angle: 1801; matrix: 320×240; ﬁeld of view: 41 mm; 1
averages: 1, bandwidth 130 Hz, slice thickness: 0.7 mm. Image analysis
was performed using the freeware Osirix (Version 5.6, Pixmeo, Bernex,

2. Material and methods
2.1. Cell cultivation, cell labeling and cultivation on collagenous
scaﬀolds
Adipose tissue derived stem cells (ASC) were isolated from human
adipose donor tissue. A small sample was taken from the subcutaneous
fat of the iliac region during elective surgery. The study was approved
by the Ethic Committee of the Rostock University Medical Center.
The adipose tissue was processed as described as published
previously under sterile conditions [3,9,10]. The adipose tissue sample
was minced with scissors and digested with collagenase NB 4 (Serva
Electrophoresis GmbH, Heidelberg) at 37 °C. After centrifugation
(10 min, 1300 rpm) and ﬁltration, the pellet was resuspended in
culture medium (Iscove´s modiﬁed Dulbecco's medium and Ham
F12 1:1, both from Life Technologies GmbH, Darmstadt, Germany),
supplemented with 10% newborn calf serum (NCS; PAA Laboratories,
Pasching, Germany) and 1% penicillin-streptomycin (Life Technologies
GmbH). The suspended cells were plated in tissue culture ﬂasks
(25 cm2, Cellstar®, Greiner Bio-One, Frickenhausen, Germany). Cells
were cultured in humidiﬁed 5% CO2 atmosphere at 37 °C. The culture
medium was changed every second day.
Cells were labeled with nanoparticles during the second and third
passage with two types of magnetic iron oxid nanoparticles which both
were provided by Micromod Partikeltechnologie GmbH, Rostock,
Germany. On the one hand bionized nanoferrite starch particles
(BNF starch) and on the other hand nanoferrite particles in a coat of
dextran (nanomag®-D-spio) were applied, both particle types with a
diameter of 100 nm. The characteristics and architecture of the
nanoparticles have been reported elsewhere [11]. Details of the
nanoparticle loading of ASC have been described and major eﬀects
on proliferation and diﬀerentiation could be excluded in vitro [7].
BNF starch and nanomag®-D-spio were applied at concentrations of
10 µg Fe/ml and 25 µg Fe/ml, respectively.
Both nanoparticle types were coated with poly-D-lysine (PDL;
Sigma-Aldrich Chemie GmbH, Munich, Germany) to improve the
intracellular particle uptake. Brieﬂy, nanoparticles were treated with
a solution of PDL in phosphate buﬀered saline (PBS; Sigma-Aldrich
Chemie GmbH) (pH=7.4) with a concentration of 1.5 mg Fe/ml and
15 µg PDL/ml [6,12].
Afterwards, ASC were incubated with diluted MNP in culture
medium according the previously described protocols. Collagen scaffolds (Medical Biomaterial Products MBP GmbH, Neustadt-Glewe,

Table 1
grouping of animals; h=hours, d=days, mo=months.
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time point of
postoperative
MRI

group 1:
ASC
Scaﬀolds
without
labeling

group 2:
ASCScaﬀolds
+BNFStarch

group 3: ASCScaﬀolds
+nanomag®-DSpio

total

24 h
4d
12 d
28 d
4 mo
total

3
4
4
4
4
19

3
4
6
6
6
25

3
4
6
6
6
25

9
12
16
16
16
69
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Fig. 1. MRI scans (t2-tse-sequence, coronary view), four days after implantation. The implanted scaﬀolds are marked with an ellipse. Control group shows collagenous scaﬀolds with
unlabeled ASC, BNF starch and nanomag®-D-spio labeled cells showed high contrast on the collagenous scaﬀolds.

Fig. 2. Decreasing volume of the cell seeded constructs in all groups between 24 h and
four months after implantation (group 1: control group with ASC seeded scaﬀolds
without nanoparticle labeling, group 2: BNF starch loaded ASC-scaﬀolds (10 µg Fe/ml)
and group 3: nanomag®-D-spio loaded ASC-scaﬀolds (25 µg Fe/ml). The outlier value in
group 3 at 28 days p.o. can be explained by artifacts in the t2-tse-sequence leading to
measurement inaccuracy.

Switzerland). Manual segmentation of cell-seeded collagen scaﬀolds
was done in each slice in the coronary view using the region of interest
tool. After segmentation, the volume of each scaﬀold was calculated as
a 3 D reconstruction. In addition, a subjective image analysis was
performed to assess the distribution of nanoparticle-labeled cells.
Fig. 3. MRI scan (t2-tse-sequence, coronary view), twelve days after implantation of
ASC-scaﬀold loaded with nanomag®-D-spio-particles. The picture shows an outer layer
with high concentration of MNP. The signal is hypointense because of the susceptibility
eﬀect of the iron oxide. The transplant center appears hyperintense because of low
concentration of iron oxide.

2.3. Histomorphometric analysis
SCID mice were sacriﬁced immediately after MRI examination.
Constructs were explanted and ﬁxed with 4% formaldehyde buﬀered in
saline at pH 7.4 (Formaﬁx, Grimm med Logistik GmbH, Torgelow,
Germany). Specimens were embedded in paraﬃn and histologically
sectioned along the long axis. Sections were stained with hematoxylin
eosin. Implant cross sectional area was measured by using the specimen with the largest diameter in the center of the implant. A second
series of sections was stained with prussian blue stain in order to
visualize MNP, counterstaining was performed with nuclear fast red.
Stained specimen were scanned in a MIRAX MIDI digitizer (Carl Zeiss
Microscopy GmbH, Jena, Germany). Histomorphometrical analysis
was performed with AxioVision software version 4.8.2 (Carl Zeiss
Microscopy GmbH, Jena, Germany).

computed using bivariate correlation analysis with Spearman correlation coeﬃcient (−1, 0 and 1 representing total negative correlation, no
correlation and total positive correlation, respectively) and 2-tailed
signiﬁcance. Data was tested for normal distribution using the ShapiroWilk test. Group comparisons were performed using Kruskal-Wallis
and Mann-Whitney-U tests. Signiﬁcance was set at p < 0.05. Bonferroni
correction was used to adjust the p-value.
3. Results
Of the total amount of 69 animals, six mice had to be excluded from
further analysis due to perioperative complications like bacterial
wound infection or death ahead of schedule. The other animals showed
no signs of infection or other complications. All mice showed gain in
weight, no signiﬁcant diﬀerence between the groups were observed.

2.4. Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics
(version 22; IBM Corp.; Armonk, New York, USA). Correlation was
153

Journal of Magnetism and Magnetic Materials 427 (2017) 151–155

B.J. Siegmund et al.

at day twelve and day 28 after implantation was observed (Fig. 3).
Because of almost total decrease of implants after four months, a
division in zones with high and low iron density could not be made in
MRI nor under microscope. The ratio of the outer zone with high iron
oxide content and the center of the construct did not show a signiﬁcant
diﬀerence regarding both MNP. The outer zone with high MNP labeled
cells was growing in relation to the implant center with a lack of
vascularization.
Iron concentration could be measured by using the r2* weighted
sequence. A positive signal could be measured in rough data. However,
a quantiﬁcation of by using the r2* sequence between 24 h and four
months was not possible under in vivo conditions because of partially
high iron concentrations inside the implants, which leaded to immeasurable high values. An estimation of cell concentration by quantifying
iron oxide was diﬃcult in this experimental set up.
3.2. Histomorphometry
Histomorphometric analysis showed a shrinking of the implants
over a time of four months. Analogous to volume analysis in MRI, no
signiﬁcant diﬀerence was found between control group, group 2 (BNF
starch) and group 3 (nanomag®-D-spio) (p < 0.017).
Both methods, the measurement of the transplant diameters in
MRI and in histomorphometry, showed a positive correlation with a
signiﬁcance at day four (correlation coeﬃcient=0.643; p=0.024) and
day twelve (correlation coeﬃcient=0.687; p=0.010) (Fig. 4).
Furthermore, MNP were successfully shown inside the transplanted
stem cells using prussian blue stain. Control groups showed iron
containing cells in prussian blue stain too, in contrast to the MRIScans, where no iron oxide was measured in the t2-tse-sequence. The
reason for that is the inﬁltration of inﬂammatory cells from the host
organism in context wound healing like macrophages resorbing the
postoperative hematoma. A signiﬁcant diﬀerence between control
group and particle labeled groups was measured only at day twelve
between control and nanomag®-D-spio (p=0.008) and between both
particle labeled groups and control group at day 28 (p=0.011).

Fig. 4. Correlation between implant diameters (cm 2) in MRI and histomorphometry. A
positive correlation is shown with a signiﬁcance at day four (correlation coeﬃcient=0.643; p=0.024) and day twelve (correlation coeﬃcient=0.687; p=0.010).

3.1. MRI
Detection of implanted cell constructs in the nanoparticle labeled
groups was successful to all time points. Due to the susceptibility eﬀect
of the iron oxide, MNP loaded cell scaﬀolds showed a clear contrast to
the hyperintense environment, which could be measured in the t2-tsesequence. In this way, cell detection was possible up to four months.
Because of the susceptibility eﬀect of the iron oxide, MNP loaded cells
caused a signal loss in MRI. Cells were shown hypointense und could
be easily distinguished from the surrounding environment. The
implanted scaﬀolds of the control group showed no contrast, no cell
formation was found on the hyperintens collagenous scaﬀold (Fig. 1).
Volume measurement in MRI showed a similar loss of volume of
the constructs in all groups. Statistical analysis did not show any
signiﬁcance in group comparison between control group, group 2 (BNF
starch) and group 3 (nanomag®-D-spio)D (p < 0.017) (Fig. 2).
MNP loaded cells were successfully shown in MRI, compared to the
control group were cells were invisible. Particle distribution was
localized inhomogeneous in order to cell arrangement and cell seeding
method. As a result, the expression of iron oxide in the outer layers was
higher then in the implant center. However, an emigration of cells or
rather of MNPs was observed over time in MRI scans inside the
implants what makes this method suitable to show results of dynamic
processes like tracking of cells in vivo in a longitudinal study design.
Over time, the expression of an outer zone with high iron oxide
concentration and an center with low iron concentration, especially

4. Discussion
In the already published data, MNP were tested under in vitro
conditions for ASC labeling and cell tracking in MRI using cell-agarosephantoms. Material characteristics and inﬂuences on cell viability, cell
proliferation and cell diﬀerentiation was examined in cell culture.
Following these previous in vitro studies and based on these
results, cell tracking in MRI using MNP was successful in a 7.1 T
MRI using a t2 weighted sequence. Cells were visualized indirectly by
the susceptibility eﬀect of the iron oxide in the MNP labeled groups,
making this method suitable for cell tracking in vivo up to four months.
So far, MNP labeling is able to replace histomorphometric measurements and therefore can help sparing animals. Long term stability and

Fig. 5. MRI scan (t2-tse-cor) of the BNF starch labeled groups four months after implantation (a) with the corresponding specimen (b) (Prussian blue/nuclear fast red stain (1:10) with
enlarged view (c).
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high resolution make MNP labeling for cell tracking in MRI suitable for
longitudinal study concepts [13–19].
T2 weighted sequence was used for cell imaging. Compared to
previous in vitro studies, a quantiﬁcation of the transplanted cells was
diﬃcult in vivo in using the r2*-sequence [20], because of irregular cell
and particle distribution on the collagenous scaﬀolds. Dynamic processes in the living organsim leaded to a cell migration over time after
implantation. A lack of blood supply especially in the implant center
caused cell or rather MNP migration to the implant surface, which was
observed as well as an immigration of cells from the host environment
into the constructs.
A diﬀerentiation between an outer layer with a zone of cell
proliferation and an implant center with low density was observed
twelve days and also 28 days after post implantation in MRI as well as
in histomorphometry, but without a speciﬁc correlation in statistical
analysis due to large variance within the experimental groups.
Nevertheless, MRI tracking of implanted cells by labeling with MNP
is an indirect method of cell visualization, information about cell
vitality cannot be made by using this method. Shrinkage of volume
and resorption of the implants was expected because of collagen
resorption as the result of enzymatic degradation [21] and low cell
density on the cell scaﬀolds. Clinical signs of a rejection reaction or
incompatibility were not observed. After four months, the tissue
engineered constructs were considerably shrunken. MNP could still
be detected in the area of the scare tissue in MRI (Fig. 5).
Prussian blue stain was successful for detecting iron oxide inside
the implants and also in the environmental area of the implant and
emigrated cells from the host organism. Because of the unspeciﬁc
staining of iron containing structures, the detection of MNPs was
diﬃcult and not possible without artifacts. If required, another method
for detecting MNPs in histomorphometric analysis might be preferred
in future experimental setups.
The main focus of this study was the visualization of cells at
diﬀerent time points after implantation. Both MNP, BNF starch and
nanomag®-D-spio, showed high contrast in the used concentrations
with a long term stability of four months. Clinical signs of incompatibility could not be obserserved. Based on the results of this pilot study,
improvement of cell survival, proliferation and diﬀerentiation of the
cells in vivo can be the next stage.
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5. Conclusion
Both types of nanoparticles, BNF starch and nanomag®-D-spio,
enable labeling of ASC and visualization of cell loaded scaﬀolds in MRI
with high contrast. Furthermore, labeling remained stable over a
period of 4 months. Labeled cells were successfully visualized in vivo
after transplantation and could be distinguished from the surrounding
tissue as well as the collagen scaﬀold. In the unlabeled control group,
cells and collagen scaﬀold showed a homogenous signal and could not
be distinguished. Even in stage of full resorption of the implants, cells
could be detected by the MNP within the scar tissue. However, cell
tracking by MNP is an indirect method for cell tracking, a diﬀerentiation between vital and avital cells is not possible. Now, further studies
are necessary to establish this method in experimental research and
enable the quantiﬁcation of iron using MRI by reducing nanoparticle
concentrations for cell labeling.
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