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Introduction: Rat mesenchymal stem cells (rMSCs) labeled with 1) poly-L-lysine-coated
superparamagnetic iron oxide nanoparticles or 2) silica-coated cobalt-zinc-iron nanoparticles
were implanted into the left brain hemisphere of rats, to assess their effects on the levels of
oxidative damage to biological macromolecules in brain tissue.

Methods: Controls were implanted with unlabeled rMSCs. Animals were sacrificed 24 hours
or 4 weeks after the treatment, and the implantation site along with the surrounding tissue was
isolated from the brain. At the same intervals, parallel groups of animals were scanned in vivo
by magnetic resonance imaging (MRI). The comet assay with enzymes of excision DNA repair
(endonuclease III and formamidopyrimidine-DNA glycosylase) was used to analyze breaks
and oxidative damage to DNA in the brain tissue. Oxidative damage to proteins and lipids was
determined by measuring the levels of carbonyl groups and 15-F, -isoprostane (enzyme-linked
immunosorbent assay). MRI displayed implants of labeled cells as extensive hypointense areas
in the brain tissue. In histological sections, the expression of glial fibrillary acidic protein and
CD68 was analyzed to detect astrogliosis and inflammatory response.

Results: Both contrast labels caused a similar response in the T,-weighted magnetic resonance
(MR) image and the signal was clearly visible within 4 weeks after implantation of rMSCs. No
increase of oxidative damage to DNA, lipids, or proteins over the control values was detected in
any sample of brain tissue from the treated animals. Also, immunohistochemistry did not indicate
any serious tissue impairment around the graft.

Conclusion: Both tested types of nanoparticles appear to be prospective and safe labels for
tracking the transplanted cells by MR.

Keywords: MRI, comet assay, genotoxicity, lipid peroxidation, protein oxidative damage,

cell transplantation

Introduction

Transplantation of stem cells represents a perspective approach for the treatment of mul-
tiple human diseases and disorders. To assess the efficacy of stem cell therapy, magnetic
resonance imaging (MRI) combined with a contrast label appears to be an effective non-
invasive technique for the tracking of transplanted stem cells in living organisms. The
application of MRI in vivo requires the use of a safe contrast agent, that is, the achieve-
ment of a sufficient level of cell labeling for MRI and, simultaneously, biocompatibility
of'the label with stem cells and the host tissue without any side effects on their biological
properties and functions.' Due to their physicochemical properties, superparamagnetic
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iron oxide nanoparticles (SPIONs) are frequently used as
suitable cellular MRI probes. However, currently available
information on their potential adverse health effects is
still not satisfactory, and controversial data have been
reported.”* Generally, these data originate from in vitro
experiments where the conditions differ considerably from
an in vivo situation.* In addition, the transformed neoplastic
cell lines that have a different pathophysiology from normal
cells are usually employed for in vitro toxicity testing of
nanoparticles, which may also contribute to questionable
results.’ On the other hand, in vivo studies are less frequent
and they are aimed almost exclusively at the effects of nano-
particles per se.®’ Until now, only one paper’ has reported
findings of the same SPIONs both in cells (mouse embryonic
fibroblasts NIH3T3) and in animals (Wistar rats).

In our previous experiment, we used human bone mar-
row mesenchymal stem cells (h(BMSCs), that is, cells with
therapeutic potential, for analysis of the biological effects of
several SPIONs varying in their surface coating.® The results
revealed a strong capability of SPIONs to induce oxidative
injury to lipids, proteins, and DNA in labeled cells. Particu-
larly, the levels of lipid peroxidation were high (even in the
absence of cytotoxicity) and increased further with time,
regardless of the type of nanoparticle coating which could
significantly influence the therapeutic functions of cells in the
host. Among the tested SPIONS, those coated with poly-L-
lysine (PLL) induced relatively low levels of oxidative dam-
age in comparison with other types and seemed, therefore,
to be the most suitable for application in vivo.

In the subsequent study, we analyzed the effects of silica-
coated cobalt-zinc-ferrite nanoparticles (CZF-NPs) as an
alternative to SPIONSs.’ In this case, no oxidative damage to
biological macromolecules was detected in rat mesenchymal
stem cells (rMSCs) exposed to a nontoxic dose of CZF-NPs.
Nevertheless, the labeled cells still exhibited an adequate
relaxation rate for MRI.

A question arose as to whether the implantation of rMSCs
labeled with these two types of nanoparticles may represent
a higher risk of oxidative stress for the host than the unla-
beled implant. Therefore, rMSCs labeled with PLL-coated
SPIONS or silica-coated CZF-NPs were implanted into the
brains of rats with the aim to assess their effects in vivo. All
physicochemical characteristics of nanoparticles along with
their intracellular localization in vitro have already been
detailed.?’ In this study, we thus focused exclusively on the
level of oxidative damage to biological macromolecules
in the brain tissue at a probe concentration suitable for
MRI tracking.

Materials and methods
Mesenchymal stem cell preparation
and labeling

Five 3-week-old Lewis male rats (Envigo, formerly Harlan
Laboratories BV, NM Horst, the Netherlands) were anes-
thetized with 2% isoflurane (Forane; Aesica Queenborough
Ltd, Queenborough, Kent, UK), and sacrificed with an
intracardial injection of T61 (Intervet International, Boxmeer,
the Netherlands). Long bones were removed and the bone
marrow was flushed and suspended in freshly prepared
medium preheated at 37°C and consisting of high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-
Aldrich, St Louis, MO, USA), 10% fetal bovine serum
(FBS; PAA Laboratories GmbH, Pasching, Austria), and
2 mL/mL Primocin (Invivogen, San Diego, CA, USA). The
bone marrow cell suspension was plated onto 10 cm poly-
styrene Petri dishes (Techno Plastic Products, Trasadingen,
Switzerland) in an amount equivalent to the bone marrow of
one bone per dish. After 48 hours, non-adherent cells were
washed out and adherent mesenchymal stem cells were cul-
tivated as described previously.” During the third passage,
the suspension of nanoparticles was added directly to the
cell culture at a final concentration of 15 g of metallic ions
(represented by iron in SPIONs and iron, cobalt, and zinc
in CZF-NPs) per mL of cell culture media. Preparation of
both types of NPs as well as a thorough description of their
physicochemical properties have already been reported.*!

The cells with NPs were incubated for 48 hours, then
washed with preheated phosphate-buffered saline (PBS;
IKEM, Prague, Czech Republic), harvested using 0.05%
trypsin/EDTA (Sigma-Aldrich), and the cell suspension
was prepared at a concentration of 100,000 cells per 2 uL
of complete media.

rMSCs were characterized previously according to
minimal criteria.!' Cells from the bone marrow were isolated
on the basis of their adherence to plastic, while non-adherent
cells were removed. Adherent cells during subsequent pas-
sages were differentiated into adipoblasts, osteoblasts, and
chondroblasts.'>" Flow cytometry revealed strong positiv-
ity for CD90 and weak positivity for CD105, but cells were
negative for CD3, CD34, CD45RA, and CD73 (Turnovcova,
unpublished data, 2015). In culture, the cells were positive for
CD90 and fibronectin and negative for CD11b and CD45.!

Treatment of animals

Twelve Lewis male rats (275-300 g) (Envigo) were divided
into three groups consisting of four animals. One group was
administered with SPION-labeled rMSCs, the second with

submit your manuscript

4520

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Oxidative damage in rat brain with magnetically labeled graft

CZF-labeled rMSCs, and the third group served as a negative
control, that is, the animals received unlabeled rMSCs. Rats
were anesthetized with 2% isoflurane, and 2 UL of cell sus-
pension was implanted into the left striatum (coordinates
from bregma A-P +£0.5 mm, 3 mm lateral, and D-V 5 mm
from dura). Two rats from each group were sacrificed the
next day and another six rats survived up to 1 month after
implantation with periodical MRI scanning.

All experiments were performed in accordance with the
European Communities Council Directive of September 22,
2010 (2010/63/EU) regarding the use of animals in research,
and were approved by the Ethics Committee of the Institute
of Experimental Medicine, Academy of Sciences of the
Czech Republic.

MRI

All in vivo MRI experiments were performed on a Bruker
BioSpec 4.7 T imager (Bruker BioSpin, Ettlingen, Germany).
The animals were anesthetized by passive inhalation of
isoflurane (Chiesi Pharmaceuticals, Vienna, Austria) in air
(5% for induction, 1%—-2% for maintenance). The animals
were placed on a heated holder in a prone position. A surface
transmit-receive coil covering the whole brain was placed
over their head. Breathing was monitored during the whole
measurement. Animals were scanned within 24 hours after cell
implantation, and 1 and 4 weeks after cell implantation.

Transversal and sagittal slices were measured using a
standard T -weighted turbo spin echo sequence (effective
echo time TE =36 ms, repetition time TR =3,000 ms, field of
view =35x35 mm?, matrix 256x256, slice thickness 0.5 mm).
The protocol was supplemented by transversal slices mea-
sured by a strongly T -weighted turbo spin echo (TE =60 ms,
TR =3,000 ms) and T,*-weighted gradient echo sequences
(TE =6 ms, TR =400 ms, flip angle 30°).

Preparation of cell suspensions from the

brains of treated animals

Rats were anesthetized with 2% isoflurane (Forane; Aesica
Queenborough Ltd), euthanized with an intracardial injection
of T61 (Intervet International), and the brains were quickly
removed. The implantation site and surrounding tissue
(5%5x5 mm fragment) was isolated, quickly dissociated with
scissors in Hank’s balanced salt solution (Sigma-Aldrich),
and after a quick spin, tissue bits were enzymatically digested
in 2.5 mg trypsin (Sigma-Aldrich) and 5 mg collagenase IV
(Thermo Fisher Scientific, Waltham, MA, USA) in 5 mL
DMEM for 20 minutes at 37°C. Then, 10 mL of DMEM
and 10% FBS (Thermo Fisher Scientific) were added, tissue

suspension was triturated thoroughly with a Pasteur glass
pipette, and cell suspension was filtered through a 40 um BD
Falcon Cell Strainer (BD Biosciences, San Jose, CA, USA).
After centrifugation (5 minutes, 4,000 rpm), the supernatant
was removed and the pellet was resuspended in freshly
prepared DMEM. Cell suspension was then labeled with
cell-permeant nucleic acid dye acridine orange (AO, 1 ug/mL
stock, 1:100 labeling solution), and nucleated cell (AO
positive) concentration was assessed using an Apogee A50
Micro flow cytometer (Apogee Flow Systems, Hertfordshire,
UK). Cell suspension was adjusted to 800,000 cells per mL.
In parallel, a corresponding piece of tissue from the left
hemisphere of each animal was isolated and processed in
the same way to determine the possible difference between
the treated and untreated hemispheres.

DNA damage

DNA damage in the brain cells of treated animals was
analyzed using an alkaline version of the comet assay.'>!'6
In order to detect both DNA strand breaks and oxidized
bases, the assay was combined with specific bacterial repair
enzymes Fpg and ENDO II1.'” Two slides per sample from
brain cell suspensions were prepared and further processed,
as described previously.®!®

Comet images were captured with a CCD-1300B camera
(VDS Vosskuhler, Germany) attached to a BX51 fluores-
cence microscope (Olympus, Japan). The extent of DNA
migration was quantified using Lucia Comet Assay 7.00
software (Laboratory Imaging, Prague, Czech Republic)
and the results are expressed as a percentage of DNA in the
tail (tail DNA %). The total DNA damage was measured
in 100 randomly selected cells per slide, and medians were
calculated from every group of 100 cells. Four medians
obtained per sample were then used for statistical analysis.
The differences between the groups were analyzed using
unpaired two-tailed #-test.

Oxidative damage to lipids and proteins
Following the assessment of DNA damage, the remaining
cells were centrifuged at 400x g and the cell pellets were stored
at —80°C. To prepare lysates, the cell pellets were thawed,
mixed with 100 mL of CelLytic reagent (Sigma-Aldrich), and
incubated for 15 minutes at room temperature on a shaker,
mixing vigorously. The samples were then centrifuged
for 15 minutes at 16,600x g at 4°C. The supernatants were
transferred to new tubes, and either stored at —80°C or used
directly for the analysis of total protein concentration using
a Bicinchoninic Acid Kit (Sigma-Aldrich).
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The concentration of 15-F, -IsoP and protein carbonyls
in the brain cells was analyzed as previously described.®®
15-F, -IsoP was assessed in samples containing 50 j1g of total
proteins, using immunoassay kits from Cayman Chemical
(Ann Arbor, MI, USA). Protein oxidation was analyzed in
derivatized samples containing 200 ng of total proteins,
using a previously published protocol.’ Each sample was
analyzed in triplicate. The differences between the groups
were analyzed using #-test.

Histology and immunohistochemistry

Simultaneously with the MRI experiments, the same num-
ber of CZF-NPs or SPION-labeled cells was injected into
the rat hemisphere. Unlabeled cells were injected into the
contralateral hemisphere and served as a control. One month
after grafting, anesthetized rats (n=4) were perfused with 4%
paraformaldehyde in 0.1 M PBS (pH 7.4). Fixed brains were
dissected and immersed in PBS with 30% sucrose. Frozen
coronal sections (40 pm) were cut through the areas of inter-
est. Sections with implants were stained for iron to produce
ferric ferrocyanide (Prussian blue) and by anti-glial fibrillary

acidic protein (1:1,000; Sigma-Aldrich) or anti-CD68 antibody
(1:100; Bio-Rad Laboratories, Hercules, CA, USA) to detect
astrogliosis or inflammatory response. Staining was visualized
using an avidin/biotin-based peroxidase system VECTASTAIN
Elite ABC HRP Kit (1:400; Vector Laboratories, Burlingame,
CA, USA). Sections were counterstained with nuclear red.

Results and discussion
MRI

An edema in the left cortex was visible as a hyperintense area
immediately after implantation of the unlabeled cells into the
brain (Figure 1A). A small hypointense area just under the
skull had its origin in heme iron from blood. Whereas
the edema vanished within 1 week, the small hypointense areca
remained visible in the cortex until the end of the experiment.
Bleeding was also responsible for the fine hypointense line
along the needle trace. The implant consisting of unlabeled
cells is invisible, as the cells provided a similar magnetic
resonance (MR) signal to the normal brain tissue.
Implanted cells labeled by SPIONs (Figure 1B) or
CZF-NPs (Figure 1C) manifested themselves as extensive

Figure |1 MR imaging of a rat brain.

Notes: T,-weighted images after implantation of (A) unlabeled cells, (B) cells labeled by SPIONs, (C) cells labeled by CZF-NPs. Red arrows indicate the location of the cell
implant. MR images were obtained (a) within 24 hours after implantation, (b) | week, and (c) 4 weeks after implantation. An edema (white triangle) in the left cortex was
visible as a hyperintense area immediately after implantation of the unlabeled cells into the brain (A), which vanished within | week, whereas a small hypointense area just
under the skull, originating from heme iron from blood (black triangle), remained visible until the end of the experiment.

Abbreviations: CZF-NPs, cobalt-zinc-ferrite nanoparticles; SPIONSs, superparamagnetic iron oxide nanoparticles; MR, magnetic resonance.
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hypointense areas. Both contrast labels caused a similar
response in the T,-weighted MR image. The lesion did not
substantially change within 4 weeks after implantation.

Stronger T,-weighting (Figure 2A and B) provides a simi-
lar contrast change in the MR image as standard T -weighting
and has no substantial impact on cell implant detectability.
However, the T, *-weighted image, which reveals less
anatomical details and usually has a lower signal-to-noise
ratio, is more susceptible to local field inhomogeneities
and, therefore, is suitable for magnetic particle detection.
Ferromagnetic CZF-NPs created stronger inhomogeneities
in a bigger area than superparamagnetic SPIONSs; therefore
the impacted area represented by the hypointense signal in
the T, *-weighted image was, in the case of CZF-NPs, bigger
(Figure 2C and D).

Immunohistochemistry and oxidative
damage to biological macromolecules
Grafted cells survived in the tissue for the whole period
and nanoparticles were detected by Prussian blue staining.
Only mild astrogliosis was detected around the transplant

(Figure 3A—C) and a small number of CD68 positive
macrophages surrounded the graft (Figure 3D—F). To docu-
ment the low extent of astrogliosis and inflammation, we
performed staining for astrocytes and CD68 in healthy tissue
without transplant (Figure 3G and H). Staining visualized using
an avidin/biotin-based peroxidase system but omitting the
primary antibody served as a negative control (Figure 31I).
None of the brain tissue samples with the implant of
labeled rMSCs exhibited an increase of oxidative damage
to DNA, proteins, or lipids over the control values assessed
in the samples treated with unlabeled rMSCs, either in the
short (24 hours) or long (4 weeks) interval after the treat-
ment (Table 1; Figure 4). The same result was observed
when the tissues from treated hemispheres were compared
with their untreated counterparts (data not shown). In our
previous in vitro experiments, all tested SPIONs induced
significant oxidative damage in cells, although those coated
with PLL showed the most promising results.® As the present
results were obtained from a mixture of rMSCs and brain
tissue, we cannot quite exclude the possibility that the pos-
sible damage to the implanted cells could be “diluted” by a

Figure 2 Comparison of two MR sequences.

Notes: MR images of implanted cells labeled by SPIONs (A, C) and by CZF-NPs (B, D) were obtained using a strongly T -weighted turbo spin echo sequence (A, B),
and using a T,*-weighted gradient echo sequence (C, D). Although the gradient echo sequence provided less anatomical details, due to its susceptibility to local field
inhomogeneities, it was more sensitive to the presence of magnetic nanoparticles. Ferromagnetic CZF-NPs created stronger inhomogeneities; thus, the impacted area
represented by the hypointense signal was bigger (D) than in the case of superparamagnetic SPIONs (C). Red arrows indicate the location of the cell implant.
Abbreviations: CZF-NPs, cobalt-zinc-ferrite nanoparticles; SPIONSs, superparamagnetic iron oxide nanoparticles; MR, magnetic resonance.
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Figure 3 Rat MSCs grafted into a rat brain.

Notes: GFAP positive cells (black arrows) surrounding the unlabeled (A), CZF-NP-labeled (B), and SPION-labeled cells (C) | month after injection. Only a few CD68
positive cells (red arrows) were present around the unlabeled (D), CZF-NP-labeled (E), and SPION-labeled cells (F); scale bar 100 um. Insets show higher magnification; scale
bar 20 um. Green arrows mark the cell implant. GFAP positive cells (black arrows) in the healthy tissue without graft (G). No CDé68 positive cells were found in healthy tissue
of animals without graft (H). Staining visualized using an avidin/biotin-based peroxidase system omitting the primary antibody (I). Transplant with nanoparticles is visualized
by Prussian blue staining. Sporadic Prussian blue positive staining in the implant of unlabeled cells (A) reflects heme iron from blood.

Abbreviations: CZF-NP, cobalt-zinc-ferrite nanoparticle; SPION, superparamagnetic iron oxide nanoparticle; MSCs, mesenchymal stem cells; GFAP, glial fibrillary acidic

protein.

number of healthy cells from the brain tissue surrounding
the implant. Along with the results of immunohistochemis-
try, this might testify for the negligible harmful effects of
the labeled implant on the neighboring tissue. On the other
hand, the effects of SPIONs in vitro were analyzed in cells

labeled for 72 hours,® while in the present study the labeling
interval was shortened from 72 to 48 hours. This could lead
to a decrease of intracellular concentration of SPIONs in the
rMSCs, which in turn might depreciate the toxic potential
of the label.

Table | Oxidative damage to DNA, lipids, and proteins in the rat brains with implants of unlabeled (0), SPION-labeled, or CZF-labeled

rat mesenchymal stem cells

Interval rMSC DNA damage Lipid peroxidation Protein oxidation

labeling tail DNA (%) 15-F, -isoprostane (pg/mL) carbonyl groups

(nmol/mg)
Mean = SD P-value Mean = SD P-value Mean + SD P-value

24 hours 0 20.10+4.10 51.52+15.71 5.48+0.22

SPION 25.94+3.94 0.2149 52.64+4.83 0.8278 4.99+0.68 0.0539

CZF 29.13+6.39 0.1699 39.7316.01 0.3487 5.30+0.33 0.2928
4 weeks 0 22.98+2.38 41.33+7.98 5.3040.14

SPION 22.35+1.82 0.7576 45.97+6.23 0.6611 5.40+0.33 0.7058

CZF 18.23£1.99 0.0557 49.58+7.33 0.4093 5.50+0.22 0.1723

Abbreviations: SD, standard deviation; CZF, cobalt-zinc-ferrite; SPION, superparamagnetic iron oxide nanoparticle; rMSC, rat mesenchymal stem cell.
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Figure 4 Oxidative damage to DNA (A), lipids (B), and proteins (C) in the brain
tissue of rats.

Notes: The tissue samples were collected 24 hours and 4 weeks after implantation
of rMSCs into the left hemisphere. DNA damage involved DNA strand breaks
and oxidized lesions. Columns represent arithmetic means with marked standard
deviations.

Abbreviations: CZF-NP, cobalt-zinc-ferrite nanoparticle; SPION, superpara-
magnetic iron oxide nanoparticle; rMSCs, rat mesenchymal stem cells.

The undesirable effects of nanoparticles on the surround-
ing tissue are attributed mainly to the generation of reactive
oxygen species by inflammatory cells.?® While the rats
exposed intravenously to pure SPIONs exhibited, 2 weeks
after the treatment, signs of inflammation in the lungs, liver,

and kidneys,® no difference in the inflammatory response was
observed during the long-term monitoring of animals with
SPION-labeled or unlabeled grafts.?! It seems that SPIONs
applied in the form of an intracellular label at an appropriate
concentration do not represent a serious risk for the recipient.
This corresponds to some previous promising observations
in vivo. For example, SPION-labeled cells were capable of
migration in the host to the site of the lesion, differentiated
there in an appropriate manner, and improved the functional
outcome of the injured animal.*** Similarly, the secretion
profile of iron oxide-labeled hBMSCs did not seem to be
impaired, including the production of growth factors and
cytokines mediating the recovery effect.”

Conclusion

The first results of our in vivo study suggest that the implan-
tation of rMSCs labeled with SPIONs or CZF-NPs does not
induce noticeable oxidative stress in the brain tissue. Hence,
not only CZF-NPs but also SPIONSs coated with PLL appear
to be a prospective label for the tracking of transplanted
cells by MR.
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