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Abstract In the last few years, magnetically labeled cells
have been intensively explored, and non-invasive cell track-
ing and magnetic manipulation methods have been tested
in preclinical studies focused on cell transplantation. For
clinical applications, it is desirable to know the intracellular
pathway of nanoparticles, which can predict their biocom-
patibility with cells and the long-term imaging properties
of labeled cells. Here, we quantified labeling efficiency,
localization, and fluorescence properties of Rhodamine
derivatized superparamagnetic maghemite nanoparticles
(SAMN-R) in mesenchymal stromal cells (MSC). We
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investigated the stability of SAMN-R in the intracellular
space during a long culture (20 days). Analyses were based
on advanced confocal microscopy accompanied by atomic
absorption spectroscopy (AAS) and magnetic resonance
imaging. SAMN-R displayed excellent cellular uptake
(24 h of labeling), and no toxicity of SAMN-R labeling
was found. 83% of SAMN-R nanoparticles were localized
in lysosomes, only 4.8% were found in mitochondria, and
no particles were localized in the nucleus. On the basis of
the MSC fluorescence measurement every 6 days, we also
quantified the continual decrease of SAMN-R fluorescence
in the average single MSC during 18 days. An additional
set of analyses showed that the intracellular SAMN-R sig-
nal decrease was minimally caused by fluorophore degrada-
tion or nanoparticles extraction from the cells, main reason
is a cell division. The fluorescence of SAMN-R nanoparti-
cles within the cells was detectable minimally for 20 days.
These observations indicate that SAMN-R nanoparticles
have a potential for application in transplantation medicine.

Keywords Intracellular fluorescent labels - Stem cell
tracking - Dual contrast agents - [ron oxide nanoparticles -
Confocal microscopy - Mesenchymal stromal cells -
Rhodamine

Introduction

Nanoparticles are considered to be an emerging tool that
could have significant benefit in all branches of medicine
and in all sectors of biomedical research and industry. Nan-
oparticles are tested in the field of therapy (specific drug
delivery, photothermal therapy) and diagnostics (biosens-
ing in vivo, contrast agent for magnetic resonance imaging,
stem cell tracking, optical imaging). They are also used in
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in vitro assays (magnetic cell separation, transfection, pro-
tein and enzyme immobilization), and across-the-board in
cancer research (Medeiros et al. 2011; Neoh and Kang 2012;
Shinkai 2002; Skopalik et al. 2014; Figuerola et al. 2010). In
the field of medicine, the labeling of cells with nanoparticles
is a relatively new application. Compared to microparticles,
nanoparticles (with a diameter of less than 100 nm) have a
significantly greater uptake by cells and the major factors
in cell uptake process are given by surface characteristics
(polymer coating, surface charge, specific ligands or aptam-
ers) (Desai et al. 1997; Verma et al. 2010; Kobayashi et al.
2014). The intracellular labeling methods are tested espe-
cially for cells usable in transplantation programmes (bone
marrow cells, mesenchymal stromal cells, immunomodu-
latory cells) (Medeiros et al. 2011; Skopalik et al. 2014;
Figuerola et al. 2010; Ahrens et al. 2003; Daldrup-Link et al.
2003; Lewin et al. 2000). Magnetic ferumoxides nanoparti-
cles (commonly superparamagnetic, thus suitable for MRI),
and carbon-based nanoparticles (with fluorescent properties)
are mostly used for these intracellular labeling (Zhang et al.
2009; Bernsen et al. 2015; Havrdova et al. 2016).

Nanoparticles with “dual contrast” or “dual signal”
ability (e.g. with possibility of fluorescence detection and
parallel detection by MRI) form a small subgroup from all
intracellular nanolabels in the literature; however, their spe-
cial properties arouse great expectation (Neoh and Kang
2012; Lai et al. 2012; Souza et al. 2013).

A very few of these “dual signal/contrast nanoparticles”
described in the literature underwent precise microscopical
evaluation in terms of quantification of nanoparticle uptake
by a single cell, precise quantification of nanoparticle mass
in cytoplasm and internal organelles, and quantification
of retention and degradation in the cells during hours and
days after labeling. This precise evaluation needs high-tech
instrumentation with submicrometer spatial resolution,
like confocal microscopy, and also spectroscopic instru-
mentation, analytical chemistry technique for detection of
picogram amount of nanoparticles in small cell samples,
accompanied by instrumentation for magnetic resonance
imaging. All these analytical methods were recently estab-
lished and used for testing of modern nanolabels called
SAMN-Rhodamine (SAMN-R) at our workplace. In the
study described below, we have tested the labeling effi-
ciency, redistribution, localization, and quantification of
SAMN-R nanoparticles within subcellular compartments
of the stem cells. The total fluorescence of internalized
nanoparticles (and its decrease during cell division) has
been precisely quantified and correlated with independent
chemical analysis of intracellular iron concentration. Our
results proved that fluorescence of SAMN-R inside the
cells is detectable for more than 2 weeks and nanoparticles
displayed very low speed of degradation in the subcellu-
lar compartments. These “dual signal/contrast” SAMN-R
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show excellent properties for future labeling and tracking
of transplanted cells in animal or clinical studies.

Materials and methods

Synthesis and characterization of SAMN-R
nanoparticles

The synthesis of SAMN iron oxide nanoparticles has been
described before (Magro et al. 2012; Sinigaglia et al. 2012;
Venerando et al. 2013). Briefly, 10 g of ferric chloride—
FeCl;-6H,0 (37 mmol) dissolved in 800 mL of deionized
water was reduced by addition of 2 g of NaBH4 borohy-
dride (3.5%, 100 mL) at room temperature. The black
colored precipitate was then boiled for 2 h at 100 °C,
cooled to room temperature, separated by external magnet
and washed several times with water. In the final step, the
intermediate product was thermally treated at 400 °C for
2 h. The obtained maghemite nanoparticles called SAMN
were dispersed in deionized water in ultrasonic bath.

The surface of bare SAMN nanoparticles (100 mg L")
has been superficially and reversibly functionalized by
simple incubation in 50 mM tetramethylammonium per-
chlorate, pH 7.0, in the presence of 50 WM Rhodamine B
isothiocyanate (RITC). The test tube was gently shaken for
1 hour at room temperature. After the incubation period,
nanoparticles were separated using an external magnetic
field. The amount of bound RITC was calculated from the
disappearance of the RITC absorbance at 554 nm in the
supernatant (Magro et al. 2012; Venerando et al. 2013).
After magnetic separation, SAMN-R particles were washed
in 50 mM tetramethylammonium perchlorate to confirm
no leaching of the Rhodamine derivate, determined from
absorbance spectroscopy of the supernatant. FTIR analysis
was used for surface analysis of SAMN nanoparticles.

The shape and size of SAMN-R nanoparticles were
imaged by two different FE-SEM instruments (JEOL 7401F
and Hitachi SU6600), details in (Havrdova et al. 2014).

SAMN-R labeled cell samples were used for demonstra-
tion of magnetic/fluorescence signal. Basic test of SAMN-
R labeled cells visualization were based on set up of 4.7 T
MRI and a digital camera with front orange-red wavelength
filters (details in Supplement 1). Additional quantification
of MRI contrast of SAMN-R labeled cells in macroscopic
fantoms was realized using standard clinical 1.5 T MRI
instrumentation (Signa HORIZON Lx, GE Healthcare)
(Supplement 1).

Cell cultures preparation and cell labeling by SPIO

Human adipose tissue derived MSCs were isolated from
fatty tissue of three healthy donors who had undergone
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Fig. 1 Microphotos of MSC
cells after SAMN-R incor-
poration. a SAMN-R red
fluorescence (filters 520/590),
b Hoechst fluorescence (filters
405/490 nm), ¢ Digital merge
of both color frames. Olympus
I1X-70, objective 10x, bar

25 um

cosmetic liposuction (one male, two females). Isolation of
MSCs was based on incubation of lipoaspirates with col-
lagenase. MSCs were expanded in complete Dulbecco’s
modified Eagle’s medium (plus 5% platelet lysate) for
3 weeks (population doublings reached value 7.2-8.5 for
the cell samples from different donors). Details of isola-
tion and incubation are described in Supplement 8; typical
MSC phenotypes were tested on each culture before start
of the nanoparticles experiments (see Supplement 9). All
collections of waste lipoaspirates from liposuction were
performed after approval of the ethical committee and with
informed consent of patients.

The optimal way for incorporation of SPIO nanoparti-
cles into the cells was pre-evaluated in our previous study
(Skopalik et al. 2014). The safety labeling concentration
was 50 pg per ml of culture medium (24 h incubation time).
The continual increase of SAMN-R nanoparticles deposit
in the cells during 24 h of labeling can be visualized by
standard fluorescence microscopy (Fig. 1).

Basic cytotoxic analysis

Labeled MSCs were trypsinized and seeded at density
2.5 x 10%cm? in a culture dish (type D35-14-1.5-N, InVitro
Scientific, coated by poly-D-lysine). The culture medium
[Dulbecco’s modified Eagle’s medium, Sigma-Adrich; was

Day1

A--
B--
C--

Day 18

supplemented with 100 U/mL of penicillin/streptomycin
(GIBCO Biosciences) and 5% platelet lysate; details in Supple-
ment 8]. The medium was exchanged every 3 days. Standard
morphology, viability, and CD markers of MSCs were checked
before and after SAMN-R labeling and during next 18 days:

(a) Viable cells in culture chamber were quantified each
6 days using a Calcein—FEtHD viability kit (Invitrogen)
and Olympus IX 70 epifluorescence microscope.

(b) Markers CD90, CD73, CD105, and CD34 expression
using FACS (BD FACSCanto, BD Biosciences) were
quantified; methodology and results are described in
Supplement 9.

(c) Test of unaffected osteogenic, adipogenic, and chondro-
genic potential of cells after SAMN-R labeling was pre-
pared with the use of Osteogenesis Differentiation Kit
(Invitrogen), Adipogenesis Differentiation Kit (Invitro-
gen), Chondrogenesis Differentiation Kit (Invitrogen);
details and results in Supplement 9.

Cell cultures from three donors underwent also additional
special test under hypoxic conditions. SAMN-R labeled
cells were seeded at a density of 2.5 x 10%cm? and put to
hypoxic incubator (HeraCell 150i, ThermoFischer Scien-
tific; 5% O,). Viability and phenotype were quantified in the
next 18 days by the same methods used for normoxic cells.
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Fig. 2 a Results of Lambda scan (excitation/emission spectrum) for
the typical cell after 24 h SAMN-R labeling. Laser 530 nm induces
a “wide peak” of emission with a maximum at 580 nm. Spectro-
scopic measurement of (b) free SAMN-R (not incorporated in the
cells) diluted in physiological solution, ¢ SAMN-R incorporated in
the cells, which were resuspended in the physiological solution. The

Confocal microscopy: basic characterization
of SAMN-R fluorescence by 2D spectral analysis

Unlabeled MSC (control cells) were trypsinized and seeded
to microscopic chamber (type D35-14-1.5-N, InVitro Sci-
entific, D35-14-1.5-N, InVitro Scientific, coated by poly-
D-lysine). MSC labeled by SAMN-R nanoparticles were
re-seeded in the same way. The fluorescence properties of
control MSC and MSC labeled by SAMN-R particles were
determined using “XYAX Lambda Scan Function” inte-
grated in confocal microscope Leica TCS SP8X (objective
10x). Scan of each MSC was maintained in one optimal
z-position (the horizontal plane in half distance between
bottom and top of the cell body). Two-dimensional spectral
lambda scan with a help of tunable White Light Laser (WLL)
and extra-sensitive hybride detectors (HyD) enable analysis
of the fluorescence emission or excitation-emission spectral
properties. Excitation interval was set from 540 to 650 nm
and emission interval from 550 to 800 nm with a scanning
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main peaks are comparable with published spectra of free Rhodamine
(Zehentbauer et al. 2014). d Spectral properties of SAMN-R labeled
cells during 18 days. Fluorescence intensity was measured for each
15 nm wide interval (numbers on the horizontal axis represent a
center of interval), from the top: day 1, 12, 18

band of 15 nm width and step 15 nm. The two-dimensional
spectrum was collected from each of 50 randomly selected
MSC and visualized by Leica LAS X software (visualization
for one representative MSC on Fig. 2a).

Characterization of stability of SAMN-R fluorescence
spectrum by 1D spectral analysis, quantification of total
signal and ferumoxide content in one MSC

After two-dimensional spectral analysis, each MSC sam-
ple was placed into the sample holder of a confocal micro-
scope, the scanning mode was reconfigurated to one-
dimensional “XYA Lambda Scan” and applied to MSC
sample (the excitation was fixed at 530 nm; the interval
of detection was 540-750 nm). The 1D spectral scanning
protocol was applied at day 1 and repeated every 6 days;
the spectral scans were derived from 10 randomly selected
single MSC bodies, and average 1D spectral histogram was
constructed (Fig. 1d).
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After the verification, which shows that emission spec-
trum of SAMN-R labeled MSC has a relatively stable
shape in the range from 550 to 700 nm during the 18 days,
detection interval of Leica TCS SP8X was fixed to 550—
700 nm, and this detection window in combination with
laser excitation 530 nm was used for advanced quantita-
tive measurement of total fluorescence intensity of labeled
MSC: fluorescence scans were taken from N horizontal
planes inside the cell (parallel to the central plane, which
was described above), z-positions were commonly in a total
interval of 0-30 pum (maximally 0-50 um), stepsize 4.5 um
(commonly N = 30 um/4.5 pm). Three-dimensional recon-
struction and projection of Z-stacks was performed with
the Leica LAS X software; MATLAB utility enabled us to
compute weighted summation of the positive pixels (which
have fluorescence intensity above the threshold of back-
ground noise) in the volume inside the cells. This summa
for one MSC cell is further called as SWBOS (“Summary
of whole cell body orange-red fluorescence signal”). The
definitions of cell borders and other details of the MAT-
LAB utility are attached in Supplement 3.

SWBOS mean values were computed from 100 sin-
gle cells immediately after 24 h of labeling and from 100
single cells in different time points (day 3, 6, 12, and 18
after labeling) by the MATLAB utility. Extra samples
of 50 cells also underwent the SWBOS computing dur-
ing labeling process (0, 6, 12, and 18 h of labeling). In all
described confocal scanning analyses, the laser was set to
minimize photobleaching effect of Rhodamine and risk of
phototoxicity (the Leica facial panel elements standardly
set to: laser intensity value of 5%, scanning rate value of
100, averaging value of 3, and the bright field scanning was
obtained strictly after fluorescence scanning and its dura-
tion minimized to 2-5 s). Visual overview of Leica facial
panels and summary of scanning parameters are attached in
Supplement 4.

Besides “optical” SWBOS quantification at day 0, 6, 12,
and 18, SAMN-R nanoparticle’s concentration inside the
cells was also characterized by AAS (SAvantAA; GBC—
Scientific Equipment, Australia). The MSC from the same
time points and culture dish were used. Briefly, each cell
sample was trypsinized, quantified by Biirker chamber, and
0.2 x 10° of cells were immediately diluted in the mixture
of 100 pl of 65% HNO; and 400 pL of water (demineral-
ized water 18.2 MQ cm). Measurement was repeated in
triplicate. External calibration solutions in the range of
0.5-8 mg/L were prepared by diluting a certified reference
material—water calibration solution with Fe concentration
1.000 = 0.002 g/L (Analytika, spol. s r.0., Prague, Czech
Republic). The pg iron content in cell sample was quanti-
fied; pg content per one average cell was computed.

Localization of SAMN-R in subcellular compartments

SAMN-R labeled cells were stained by the specific mito-
chondrial marker. Several types of commercial markers
were tested. Our main criterion for the selection of the
best marker was a minimal spectral overlap with SAMN-
R “orange” fluorescence and non-affected cell viability
(vital staining without fixation). The final selection was
CytoPainter Mitochondrial (Abcam). Another freshly
SAMN-R Ilabeled cell sample was stained with several
fluorescent markers for lysosome. Cell Navigator™ Lyso-
some Staining Kit—green (AAT Bioquest) was selected as
the best marker. Final staining procedure for CytoPainter
and Cell Navigator was adopted from datasheet of these
commercial kits: adherent cells in confocal microchamber
were washed by prewarmed Hanks’ salt solution, surface
of chamber (1 cm?) was covered by 200 uL of prewamed
DMEM (glucose 1 g/L), 1uL of the staining probe solu-
tion was mixed with 500 puL of buffer from the staining
kit, 20 pL of the final solution was dropped into the micro-
chamber. Cells were kept in the dark within a cell incubator
for 20 min, washed, and after the next 20 min cells were
scanned by confocal microscope. All the steps were per-
formed under 37 °C.

Cells were scanned by objective 63x, the volume of
each single cell was divided into 6—10 confocal planes and
scanned in two (“orange” and “green”) detection chan-
nels (details in Results). All frames from each color chan-
nel were exported to tiff—files and the MATLAB software
enabled colocalization of “orange” SAMN-R pixels and
“green region” of lysosomes (or mitochondria respectively)
for each single cell.

Fluorescence properties of Rhodamine in different
subcellular microdomains

The excitation-emission 2D spectrum and lifetime of
SAMN-R fluorescence in different subdomains of labeled
cells and on different days after labeling were also meas-
ured by Leica confocal microscope. The reason for this
measurement is investigation of hypothetical different
degradation of Rhodamine in different parts of cells or
over time (degradation could be manifested as a change in
a decay curve of fluorescence and/or shift of fluorescent
peak). All details are described in Supplement 5.

Statistical analysis
Cell viability, proliferation, physiological function or intra-

cellular fluorescence. and nanoparticle deposit were meas-
ured and quantified on statistically relevant cell samples:
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(a) Viability and morphology of control and nanoparti-
cle-treated cells was quantified on 10 wide fields of
light microscope (objective 10x) for each cell culture
(three cultures, each from different donors). Differ-
ences of viability between control and treated group
at each time point were evaluated by the Wilcoxon test
(p < 0.05, details in figure legends). Phenotype (CD-
markers positivity) was measured on 10 cells from
all control and nanoparticle-treated groups of all three
donors; one representative histogram for control and
one for treated group was selected.

(b) 2D “Lambda scans” was conducted on 50 randomly
selected cells from each cell culture (three cul-
tures = three donors) after SAMN-R labeling, all
results were visualized by 2D heat maps, one the most
representative heat map was presented as Fig. 2a. 1D
spectral analysis (emission spectrum for fixed excita-
tion 530 nm) was measured for each from three cul-
tures (50 randomly selected cells from each culture
was measured at day 1 after nanoparticle treatment,
one average spectral histogram from each 50 randomly
selected cells was constructed, cross-culture similar-
ity of three spectral histograms were approved by the
Pearson’s Chi squared test (p value criterion 0.05),
after that one representative histrogram from Culture#2
was selected for Fig. 2d, upper image). Analogical his-
tograms and statistics were constructed for day 12 and
day 18 (Fig. 2d, lower images).

(c) Spectral scan of fluorescence life time: 10 cell bod-
ies (minimally three cells from three independent cell
cultures, four randomly selected regions of interest in
each cell) were measured for each time point. The rep-
resentative time-decay curve was selected (details in
Supplement 5).

(d) SWBOS quantification: 100 cells were randomly
selected from each cell culture (each of three donors)
at day 1, 6, 12, and 18; average SWBOS =+ S.D. was
computed for each time point and each culture. Aver-
age SWBOS values was used time-curve construction,
time-curve from one representative culture was used
for Fig. 3. after statistical approving of cross-culture
similarity of SWBOS (one each culture with other
two cultures were compared by two side ¢ test (p value
criterion 0.05), three independent tests for each time
point).

(e) AAS quantification: 0.2 x 10° cells were collected
from each cell culture at day 1 or day 6, 12, 18, respec-
tively, pg content per 0.2 x 10° cells was measured
in triplicate, pg of iron per one average cell was com-
puted and average & S.D. for each day and culture was
quantified. Time curve for one representative cell cul-
ture was used in Fig. 3.
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(f) Statistical significance of differences between rela-
tive value of “real measured SWBOS” and relative
value of “SWBOS computed from theoretical model
of cell division” (red curve versus black curve, Fig. 3c)
was approved for set of three cultures by Wilcoxon
signed-rank tests (p value criterion 0.05) for each time
point >6 days. The differences were also expressed as
mean £ S.D. in extra graph with horizontal time axis
(Fig. 3d). The same statistical method was used for dif-
ference of “real measured SWBOS” and “AAS” curve
(details in Fig. 3d legend).

Results

Physical and chemical characterization of SAMN-R
nanoparticles

As mentioned in our previous works (Magro et al. 2012;
Sinigaglia et al. 2012), SAMN consists of 10 + 2 nm
globular maghemite nanoparticles. The surface of the par-
ticles interacts with surrounding water molecules, thus
maintains low inter-particle forces and good colloidal sta-
bility. At 300 K, SAMN reveal a very high magnetization
of nearly 71 A m?kg at 7 T, which is comparable to the
value for bulk maghemite (85 A m%kg). The amount of
bound Rhodamine was calculated from the disappearance
of the Rhodamine absorbance at 554 nm in the supernatant
(e = 6.6 x 10* M~ cm™"). It was shown that fluorescent
magnetic nanoparticles were comprised of 29.1 £ 3.8 pmol
Rhodamine per g of SAMNSs (Sinigaglia et al. 2012). Rho-
damine is able to bind to the nanoparticle’s surface due
to the coexistence of isothiocyanate and an amino groups
which can anchor the surface of the SAMN (confirmed by
FTIR spectroscopy) (Venerando et al. 2013). From micros-
copy analysis, it was revealed that SAMN-R exhibit a very
homogenous population of particles with an average size
of 15 nm in physiological saline solution (Skopalik et al.
2014). The zeta potential of the particles in saline solution
and in the culture medium was —22.5 mV. MRI phantom
tests showed that SAMN and also SAMN-R are efficient
MRI contrast agents (Fig. S-1). Comparison of contrast
properties with commercial Resovist is attached (Fig. S-1).

Characterization of cell viability

A concentration of 50 pg/mL of SAMN-R (directly added
to cultivation medium without need of any transfection
agents) and 24 h of the labeling were found to be sufficient
and safe conditions for MSC labeling, similarly to results
of (Skopalik et al. 2014). Statistical results are summarized
in Supplement 2. There was no statistical difference in
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Fig. 3 a Example of representative set of MSC microphotos where
the continual SAMN-R fluorescence increase is evident during the
time (time-points 6, 12, 18, 24 h after start of the labeling; performed
by Leica LAS software). b Statistical summary of cell number kinet-
ics within the chamber, SAMN-R deposit and SWBOS kinetics under
normoxic condition. A(t) function (green line) = increasing total
amount of the cells on 1 mm?; T(t) function (black dot line) = theo-
retical average mass of iron per cell (constructed as a total iron nan-
oparticles deposit at the start/actual number of cells in time t); M(t)
function (blue line) = real average mass of iron nanoparticles deposit
inside one cell, obtained from AAS measurement; SWBOS(t) func-
tion (red line) = average intensity of fluorescence per cell (definition
in methods), measured by confocal microscope. A reported graph

viability of labeled cells and control cells in all days (1, 6,
12, and 18); moreover, no value of viability was observed
below 90% for SAMN-R labeled cells (Fig. S-2a). The
results for hypoxic culture were very similar (Fig S-2a).
Both in normoxic and hypoxic culture SAMN-R nanoparti-
cles did not create any visible dangerous precipitate or clots
during 18 days of cultivation. Standard spindle shape mor-
phology of cells was also not affected during the labeling
and next 18 days (Fig. 1). Intracellular space was visible

is the representative result from three analyses (three independent
cell samples from three donors). A computing of mean + S.D. is
described in “Materials and methods”. ¢ Statistical summary of cell
number kinetics within the chamber, SAMN-R deposit and SWBOS
kinetics under hypoxic condition. d The average value of “SAMN-
R loss per cell” A (t) = 100% x [T(t)—M()]/T(t) derived from
three independent cell samples and the average value of “SAMN-
R quenching per cell” Ag) = 100% x [M(t)/M(0)—SWBOS(t)/
SWBOS(0)] x T(0)/T(t) also derived from three independent cell
samples (50 cells in one sample). The significance of A (t) and Aq(t)
was approved by Wilcoxon tests (p value criterion 0.05), independent
test for each time point p > 6 days

under fluorescence microscope as homogenous “orange-
red” area (Fig. 1). The average horizontal projection of the
cells after SAMN-R labeling was 1056 4= 249 um? for con-
trol and 976 + 260 um? for labeled cells (difference is not
statistically significant). MSC with internalized SAMN-R
showed osteogenic, adipogenic, and chondrogenic differen-
tiation (Supplement 9).

These all aspects of SAMN-R nanoparticles were
well comparable with previous generation of SAMN
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nanoparticles (Skopalik et al. 2014), and thus biocom-
patibility and non-toxicity of SAMN-R for MSC were
approved.

Confocal microscopy, basic characterization
of SAMN-R fluorescence, 2D and 1D spectra

Results of 2D spectral analysis of SAMN-labeled MSC
cells are shown in Fig. 2a (result from “XYAX Lambda
scan” of Leica TCS confocal microscope). The main peak
of the fluorescence emission spectra is in the orange-red
wavelength. Fluorescent 1D spectra (excitation 530 nm)
of SAMN-R were measured additionally also on the mac-
roscopic samples by using Unicam UV 550 spectropho-
tometer. Figure 2c displays spectrum of SAMN-R, which
were incorporated in 5 x 10? cells (resuspended in 1 mL of
physiological solution), the shape of the spectrum is very
similar to the curves obtained from Leica microscope in
Fig. 2a. The spectrum of SAMN-R water solution without
cells (50 pg of nanoparticles resuspended in 1 mL of physi-
ological solution) is quantified in Fig. 2b.

Characterization of stability of SAMN-R fluorescence
spectrum by 1D spectral analysis, quantification of total
signal, and ferumoxide content in one MSC

Spectral analysis on a Leica TCS SP8X confocal fluores-
cence microscope was performed during 18 days after cell
labeling (excitation laser line 530 nm). The comparison of
three histograms (Fig. 2d) from different culture time points
shows stability of fluorescence maximum near 580 nm and
relatively stable shape of fluorescence peak in 550-750 nm
interval, without any secondary peak developed during the
time of MSC culturing. This evaluation of spectral stability
is a very important marker for setting of future quantitative
detection system for tracking of transplanted cells (nanopar-
ticles will be visible); detectors should be simply set to the
“orange-red” 550-750 wavelength or central main peak.

Cells at the time 0, 6, 12, and 24 h of labeling and on
day 6, 12, 18 after SAMN-R labeling were trypsinized and
concentrated in the plastic vials by centrifugation (illustra-
tion in Fig. 3a). The continual changes of total fluorescence
yield per single cells are visible from confocal snaphots
obtained during first 24 h and next 18 days. The long-time
kinetics of this fluorescence intensity per cell (SWBOS
value) and average nanoparticle-ferumoxide content per
cell was visualized (Fig. 3b). Both these parameters of cells
are decreasing in time and display very significant inverse
correlation with the amount of cells in culture (change of
the number of cells caused by cell division kinetics; green
line in Fig. 3b; details in Discussion.

The same methods of growth curve detection and
SWBOS measurement were additionally also repeated for

@ Springer

hypoxic cells (Fig. 3c); results from normoxic and hypoxic
culture are compared in “Discussion”.

Localization of SAMN-R in subcellular compartments

The comparison of the excitation/emission spectra of
Cytopainter Mitochondrial (Fig. 4a) and SAMN-R impli-
cated possibility of their parallel detection in one sample,
the setup 490/500-530 and 570/620-720 nm display suf-
ficient segregation of fluorescence peaks. Typical micro-
photos of mitochondrial and SAMN-R bodies are reprinted
in Fig. 4c. Statistics on confocal frames have shown that
only 4.8 &+ 1.2% of “orange-red” pixels (SAMN-R) were
located in “green” areas (mitochodria).

The comparison of excitaion/emission spectra of Cell
Navigator (Fig. 4b) and SAMN-R implicated also possi-
bility of their parallel detection in one sample, final opti-
mized setup 490/500-530 and 570/620-720 nm was used
(separated scanning in time, using the “Sequential scan” of
Leica control software). 83 + 7% of “orange-red” pixels
(SAMN-R) had incidence with “green” pixels area (lys-
osomes). High colocalization of “orange-red” and “green”
pixels is evident also from all confocal scans of the cells
(example Fig. 4d).

Discussion

Visualization of transplanted cells can expand the horizons
of cell therapy. SPIO probes inside the cells detected by
magnetic resonance enable unequalled possibility of non-
invasive, sensitive, safe, and daily repeatable visualization
of transplanted cells in the human or animal body, but the
resolution of single cells or subcellular entities is problem-
atic. On the other hand, fluorescence probe in the cells and
optical noninvasive detection can be used for very precise
localization and quantification of transplanted cells in a
shallow location in living soft tissues (epithelium, wall of
vessels) or in biopsies or postmortem histological samples,
but the long time stability of fluorescence probe is ques-
tionable. Modern probes, which combine the advantages of
both of these types, can partially eliminate some of their
specific limitation and bring novel more precise detection
ability (Neoh and Kang 2012; Lai et al. 2012; Souza et al.
2013).

The most common contrast agents for tracking of stem
cells by MRI are still ferumoxide nanoparticles. The unaf-
fected viability of cells after nanoparticle uptake is the first
important marker, which should be precisely characterized
(Medeiros et al. 2011; Neoh and Kang 2012). The amount
of intracellular accumulation of nanoparticles after several
hours of labeling reaches usually 10-100 pg of ferumox-
ides per cell (Neoh and Kang 2012; Shinkai 2002; Skopalik
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Fig. 4 Excitation/emission spectra of Cytopainter Mitochondrial
(a) and Cell Navigator (b), windows on the right side as illustrative
confocal scan of labeled cell; objective 63x, bar 20 um. ¢ Colocali-
sation analysis of SAMN-R clusters (red pixels) and mitochondria

et al. 2014). Unfortunately, several picograms of some
types of nanoparticles have shown insufficient biocompat-
ibility in labeled cells, and their adoption to the practical
medicine is problematic or impossible (Kostura et al. 2004;
Chang et al. 2012).

In this work, we described intracellular uptake and dis-
tribution of novel SAMN-R labels, which consist of super-
paramagnetic core and fluorescent Rhodamine molecules
bound to the surface of the core.

The total mass of SAMN-R accumulated after 24 h
of labeling (115 £ 19 pg/cell) is comparable with our

wv
o
Excitation (nm)

v
0 O
wv

Emission (nm)

(green pixels). d Highly evident colocalisation of SAMN-R clusters
(red pixels) and lysosomes (green pixels) in one typical MSC. Cen-
tral “empty circle” is position of nucleus. 3D reconstruction by Leica
LAS X software

previous experiments on naked SAMN nonconjugated with
Rhodamine (Skopalik et al. 2014).

The spindle shape morphology of MSC was not affected
after SAMN-R labeling, the 18-days proliferation and via-
bility of SAMN-R labeled cells were not different from
results measured on control cells (Supplement 2a). For bet-
ter mimicking of MSC metabolism after transplantation
into the real ischemic tissue we also used hypoxic incuba-
tor (5% 0O,). These hypoxic cells showed small increase
in proliferation rate (10% at day 6; 8% at day 12) against
normoxic cells. Our toxicological results on hypoxic cells
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are promising contrary to the results of Rosenberg et al.
(2013) where iron oxide nanoparticles in hypoxic condi-
tions caused higher cytotoxicity.

Distribution of SAMN-R in lysosomes is similar to
published results from older Ferucarbotran studies (Yang
et al. 2011). Moreover, the absence of nanoparticles in the
nucleus and very minimal incidence in mitochondria con-
firm SAMN-R biocompatibility in comparison to other
studies of nanoprobes (Khan et al. 2012; Derfus et al.
2004). The rest of 10% of SAMN-R red pixels showed no
colocalization with lysosomes, mitochondria or nucleus.
The topography of these pixels on confocal scans let us to
hypothesize that the resting SAMN-R nanoparticles could
occur in the early endosomes and/or they could be local-
ized in the area of the cell membrane; however, precise
colocalization would be the aim of further analysis. Moreo-
ver, SAMN-R labeled stem cells were proved to have unaf-
fected potential to adipogenic, osteogenic, and chondro-
genic differentiation (Supplement 9). All above-mentioned
cytotoxic results are important for potential utilization of
the SAMN-R labeled cells in pre-clinical studies or clinical
practice.

Our results from the set of multi-analysis experiments
(Fig. 3, where the kinetics of cell population, the kinetics of
fluorescence intensity of nanoparticles per cell and kinet-
ics of mass of nanoparticles per cell are combined into one
picture) indicate that the total decrease of SAMN-R fluo-
rescence during the time of 18 days [in the mathematical
form Arpgpa(t) = SWBOS(0)—SWBOS(t), more details
in Fig. 3 legend] is mainly caused by cell division. This
total decrease could be ideally described in the mathemati-
cal form as Aqgrar(t) = SWBOS(0) x 0.5", where n is the
theoretical number of cell generations derived from each
initial cell in culture during the time t (important presump-
tion for using of n and this simple exponential form is a
symmetric and synchronous dividing of all cells in culture).
This decrease could also be characterized by more practi-
cal mathematical form for nonsynchronous cell culture:
SWBOS(t) = SWBOS(0) x initial number of cells/actual
number of cells. Similar decrease of some type nanoparti-
cles or labels within the cells was observed in many works
(Rosenberg et al. 2013; Huang et al. 2013), the phenom-
enon is called “dilution effect of intracellular labels”. How-
ever, Fig. 3 brings the evidence that the real dilution and
decrease of SAMN-R deposit is not ideally determined
only by the decreasing number of cells, real SWBOS
decrease is modulated by two more external factors: “the
loss of nanoparticles from the cell” and “quenching (deg-
radation) of Rhodamine”. The loss of the SAMN-R nano-
particle from the cell is possible to quantify exactly from
the difference between M(t) and T(t) value [the difference
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of the real SAMN-R mass in cell (blue line) and theoreti-
cal SAMN-R mass curve (black line)]; this loss of total
SAMN-R mass from cells is very low, only ~10% after
12 days (summary from three samples depicts Fig. 3d).
Quenching (degradation) of Rhodamine can be quantified
as the difference between the value of SWBOS(t) fluores-
cence intensity (red line) and M(t) ferumoxide mass curve
(blue line) in Fig. 3b; the quenching was less than 5% in
the 18 days-long observation (details and mathematical
description in Fig. 3d).

It is also important to note well-known fact about acidic
pH in lysosomes and its degradative effect to many fluores-
cent probes or nanoparticles, thus, the stability of SAMN-R
itself and stability of the bound “Rhodamin—SAMN” were
questionable at the beginning of our work. However, our set
of complex confocal analysis and AAS analysis approved
that (1) the Rhodamine was not dissociated (experiments
focused on a decay curve of fluorescence, Fig. S-5) and
(2) Rhodamine quenching caused by metabolism of the
cell is very low during 18 days after labeling (experiments
describing the relatively stable ratio of iron mass and fluo-
rescent intensity of one cell, Fig. 3). Moreover, the stabil-
ity of the bound “Rhodamine—SAMN” was approved also
in our previous paper (Sinigaglia et al. 2012), where the
acidic range of pH was tested, too.

Ideal intracellular nanoprobes should have zero “loss of
nanoparticles from the cell” and zero “quenching (degra-
dation) of fluorophore”, we proved that SAMN-R display
a very low “loss and quenching” phenomena. Moreover,
the very low “loss and quenching” phenomena of SAMN-
R signal and the validity of correlation between SWBOS(t)
and A(t) (cell numbers) was approved also for hypoxic
culture (Fig. 3c), the graphs of hypoxic culture show some
small acceleration of cell growth in comparison to nor-
moxic cells, and accelerated dilution of SAMN-R. “Loss of
nanoparticles from the cell” should be also tested and quan-
tified on MSC culture on special surfaces (different surface
chemistry, elasticity, fibrous non-planar structure) in future.
These culture condition (Owens et al. 2016, Park et al.
2014 and others) can activate some metabolic pathway and
the whole metabolism of cells.

Important questions arise in the literature regarding the
contrast properties of the nanoparticles after transplan-
tation of MSC cells into a real tissue, especially for cells
with stopped or minimal proliferation. Simulation of this
restriction of the proliferation was conducted in one of our
additional experiments (details in Supplement 7) where the
SAMN-R labeled MSC were seeded with a high confluence
and the proliferation was thus minimal. Results showed
that the quenching of fluorescence signal or loss of nano-
particle under these conditions are again very low.
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Conclusions

The presented new intracellular dual contrast agent SAMN-
R is one of the first which underwent precise microscopic
evaluation and mathematical description focused on quan-
tification of nanoparticle uptake, quantification of nano-
particle mass in intracellular space and in different internal
organelles and correlation of nanoparticle mass (pg/cell)
with fluorescence signal during a long-time cell cultivation
and cell division. Intracellular stability of the SAMN-R is
very high, the continual decrease of signal per one average
cell during several weeks can be described by mathematical
formula of “dilution effect” in combination with additional
empirical corrections (coefficients of “nanoparticles loss”
and “Rhodamine quenching” during the time). Results of
this in vitro study are important and necessary for follow-
ing advanced investigation of SAMN-R retention, elimina-
tion or degradation in vivo and for safety application of this
nano-device in medicine.
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