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Gd loading by hypotonic swelling: an efficient
and safe route for cellular labeling

Enza Di Gregorio, Giuseppe Ferrauto, Eliana Gianolio and Silvio Aime*

Cells incubated in hypo-osmotic media swell and their membranes become leaky. The flow of water that enters the cells
results in the net transport of molecules present in the incubation medium directly into the cell cytoplasm. This phenom-
enon has been exploited to label cells with MRI Gd-containing contrast agents. It has been found that, in the presence of
100 mm Gd-HPDO3A in an incubation medium characterized by an overall osmolarity of 160mOsm|I~", each cell is
loaded with amounts of paramagnetic complex ranging from 2 x 10° to 2 x 10'° depending on the cell type. To obtain
more insight into the determinants of cellular labeling by the ‘hypo-osmotic shock’ methodology, a study on cell viabil-
ity, proliferation rate and cell morphology was carried out on J774A.1 and K562 cells as representative of cells grown in
adhesion and suspended ones, respectively. Moreover a comparison of the efficiency of the proposed method with
established cell labeling procedures such as pinocytosis and electroporation was carried out. Finally, the effects of
the residual electric charge, the size and some structural features of the metal complex were investigated. In summary,
the ‘hypotonic shock’ methodology appears to be an efficient and promising tool to pursue cellular labeling with para-
magnetic complexes. Its implementation is straightforward and one may foresee that it will be largely applied in in vitro
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cellular labeling of many cell types. Copyright © 2013 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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1. INTRODUCTION

The development of strategies for cellular labeling is of great
interest for in vivo cell tracking in the emerging field of cell
therapy for regenerative medicine. Among the available imaging
modalities, magnetic resonance imaging (MRI) appears to be the
candidate of choice for its high spatial resolution, the absence of
ionizing radiation and the unlimited penetration of radio-
frequencies in biological tissues (1-4). Ex-vivo cellular labeling
procedures for "H-MRI detection are mainly based on the use
of superparamagnetic particles acting on T, and T,* (5-9) or
Gd complexes acting on T; (10-14). Recently, paraCEST agents
have also been considered as labeling agents because their
frequency-encoding properties allow the simultaneous visualiza-
tion of different cell populations in the same anatomical region
(15-17). In general the use of (ultrasmall) paramagnetic iron
oxide particles (SPIO/USPIO) is advantageous in terms of sensi-
tivity with respect to T; and CEST agents, but the fact that they
act by reducing the intensity of signal may be considered a
drawback because it may be confused with other sources of
hypointense signal (e.g. tissue interfaces, air or motion artifacts,
tissues/organs with intrinsic low signal like lungs or regions
characterized by short T5). For this reason, the use of ‘positive’
gadolinium-based contrast agents, acting on T; of ‘bulk’ water
protons, is still under intense scrutiny. In order to be visualized
by MRI, a cell has to be loaded with large amounts of Gd
complexes.

The issue of the minimum amount of Gd(lll) complexes neces-
sary to allow the MRI visualization of cells has been tackled by
several authors (18,19). In a review work of 2002 (12), we made
an in-depth analysis of the previous findings in this field, and
reported our results on hepatotropic Gd complexes internalized

into hepatocytes. By imaging pellets of ca. 5 millions of cells, we
drew the conclusion that, for contrast agent endowed with
relaxivities in the range of 4-7mm~'s™', the minimum amount
of Gd(lll) units per cell necessary for the attainment of enough
contrast in an MR image is about 2 x 10°. Five million pelleted
cells roughly correspond to a volume of 10-20 pl, which means
around 1.2-2.5x10® cell mI™". Typical cell densities values
for tissues are close to this number, being in the range of
1.5-3x10% cell ml™".

Different routes for the internalization of Gd complexes into
cells have been explored (20-22), including macropinocytosis,
electroporation and receptor/transporter-mediated endocytosis.
According to the used methodology, the paramagnetic agents
are localized in the cytoplasm or in the endosomes. When large
amounts of paramagnetic compounds are confined in endo-
somal vesicles (i.e. of the order of 10° per cell or more), a dra-
matic decrease of T, and a ‘quenching’ of the attainable T;
enhancement in the corresponding MR images occurs. In
particular, the T; ‘quenching’ takes place when the difference
in the relaxation rates between endosomes and cytoplasm is
higher than the exchange rate between the two compartments,
that is, IRS™ — RYY > or > > kF®" (14,23-25). For this reason, it
is sometimes advantageous to use the electroporation route that
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Figure 1. Key-step of the hypotonic swelling method for cellular label-

leads to the entrapment of the labeling agents into the
cytoplasmatic compartment. This loading procedure is often
used for loading drugs, nucleic acids, etc., even though it is well
known that it is always accompanied by severe drawbacks such
as changes in cell morphology, cell viability and proliferation
rate (26-30).

Herein we report results obtained by labeling cells via the
exploitation of effects associated with the induction of an
‘osmotic shock’. This method exploits temporary de-structuring
events occurring at the cellular membrane in the presence of

osmotic gradients between the intracellular and the extracellular
compartments. In particular, when the osmotic pressure of the
extracellular compartment is lower than that of the intracellular
one, the net result is the swelling of the cells as a consequence
of the incoming of water molecules into the inner cellular space.
During swelling, the membrane is less efficient in acting as a

ing: (1) cells placed into a hypotonic solution containing the MRI contrast
agents (extracellular environment, ca. 130-200 mOsmI’l; intracellular
space, 280 mOsm I’1) swell and the cytoplasmatic membrane becomes
permeable to labeling agents; (2) the external medium is brought to an
isotonic osmolarity and the morphology of cells is restored; and (3)
non-internalized molecules are removed by successive washing.
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Scheme 1. Molecular structures of the Gd complexes used for cellular labeling: (A) Gd-DOTA (Dotarem®), (B) Gd-DTPA (Gadopentetate dimeglumine,
Magnevist®), (C) Gd-BOPTA (Gadobenate dimeglumine, MultiHance®), (D) Gd-HPDO3A (Gadoteridol, ProHance®, Bracco), (E) Gd-HPDO3A-NH.,,
(F) dimer of Gd-HPDO3A and (G) tetramer of Gd-HPDO3A.
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barrier to the molecular transits, thus molecules can be relatively
free to cross the ‘temporarily injured’ membranes.

In spite of the general acceptance that the cell swelling
upon hypo-osmotic shock causes partial loss of membrane
integrity, there is not yet a good explanation for the ob-
served behavior. Actually, the microscopic steps that are at
the basis of the swelling mechanism have not been
completely elucidated. It has been suggested that caveolae
(characteristic plasma membrane invaginations) have a role
as a physiological membrane reservoir that quickly accommo-
dates the mechanical stresses (31). In fact caveolae flattening
is likely to release the amount of membrane stored within
the caveolar invagination and then to provide the additional
membrane required to maintain membrane tension homeo-
stasis during mechanical stress. It was also suggested that
the plasma membrane’s expansion may result from the selec-
tive fusion with numerous small vesicles present in the cyto-
plasm (32). Furthermore it is well accepted that cell swelling
brings about changes in the cytoskeleton following exposure
to hypotonic medium (33,34). Of course, when the osmotic
stress is too intense or it lasts for a long time, cells activate
programmed cell death apoptosis.

An increase in membrane permeability upon exposure to
hypotonic solution was assessed by propidium iodide DNA
staining methodology in carp spermatozoa (35). As the rate of
propidium iodide uptake increased with decreasing osmotic
pressure, it was not clear if it was due to a continuously growing
population of highly permeabilized cells.

In the field of cellular labeling for MR applications, the hypo-
osmotic shock method has been used by Magnani et al. for
labeling red blood cells with iron-oxide particles (36-38).
Furthermore, an early report (39) dealing with the application
of the method for the labeling of red blood cells with Gd-DOTA
was not followed by dedicated applications. Herein we show
that the advantages observed in the labeling of RBC may be
translated to a number of cell types, thus enabling the method
with a quite general applicability.

2. RESULTS AND DISCUSSION

As shown in Fig. 1, the method relies on the effects associ-
ated to the osmotic shock that is produced by suspending
eukaryotic cells into a hypo-osmotic solution containing the
molecules that have to be internalized into the cells (step 1,
Fig. 1). Under the osmotic pressure, the cells swell, increasing
their size and membrane permeability. During this phase the
molecules of interest enter the cells moved by the concentra-
tion gradient. At the end of this phase, cell shape and
morphology can be restored simply by returning the osmo-
larity of the extracellular solution to an iso-osmotic condition
(step 2, Fig. 1). Not internalized molecules are then removed
by successive washings with phosphate-buffered saline (PBS;
step 3, Fig 1).

Gadoteridol (Gd-HPDO3A, Scheme 1), an MRI detectable
probe, has been used to optimize the conditions for cell label-
ing. This molecule is a common MRI contrast agent normally
used as an extracellular agent but it has been reported, in
preclinical studies, also as a cellular label for MRI detection
because it is small-sized, hydrophilic, neutral and normally well
tolerated by the cell machinery also at high intracellular
concentrations (16).

2.1. Evaluation of Membrane Resealing After the
Application of Hypotonic Swelling Procedure

The cellular membrane resealing time after the application of
hypotonic swelling treatment has been evaluated for J774A.1
cells by using the Methylene Blue staining method (Fig. 2). The
dye normally does not cross cell membranes so the observation
of blue cells is taken as an indication of altered membrane
permeability. The number of Methylene Blue-positive cells
decreases by increasing the delay time from the starting of
resealing step to the addition of the Blue dye. When Methylene
Blue was added during the last 5min of the swelling step (i.e.
before the resealing step operated by restoring the iso-osmolar
conditions) the amount of blue cells was 40%. Conversely, when
Methylene Blue was added simultaneously (t = 0) or after increas-
ing times during the resealing process, the number of blue-
colored cells decreased markedly (from ca. 6% at t=0 to
ca. 3% at t>15min). The dotted lines indicate the number of
blue cells observed upon incubation with Methylene Blue for
5min in the absence of any swelling phenomenon (i.e. probably
the result of pinocytosis uptake or owing to apoptotic cells with
reduced membrane integrity). The observed behavior is indica-
tive of a relatively fast membrane resealing after the swelling
step, as in ca. 10-15min the membrane permeability appears
completely restored.

2.2. Major Determinants of Hypotonic Swelling Cell
Labeling Procedure

In order to identify the major determinants for the proposed
internalization procedure, the work has been carried out on mu-
rine macrophages (J774A.1) and human leukemia cells (K562).
These two cell types have been chosen as representative of cells
that grow in adhesion on the culture plate or in suspension,
respectively.

For both cell types, the amounts of Gd-loaded molecules per
cell, upon the application of hypotonic swelling, have been
assessed and results are reported in Fig. 3. It was found that,
under the applied experimental conditions, the amount of Gd*>*
per cell was in the order of 10", that is, well above the
threshold for cell visualization by MRI. Gadolinium intracellular
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Figure 2. Resealing of cells membranes after the application of hypo-
tonic swelling. Dotted lines indicate the percentage of cells that internal-
ize Methylene Blue without the application of the osmotic treatment.
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Figure 3. Amounts of internalized Gd-HPDO3A per cell for J774A.1 (left) and K562 (right) cells by applying the hypotonic swelling methodology as a
function of the Gd complex concentration in the external solution (A, B) or of the labeling time (C, D) or of the hypotonic solution osmolarity (E, F).
(G) T,y and T;y, MR images of a phantom containing Gd-HPDO3A labeled-J774A.1 cellular pellets. The phantom contains the following samples: (1-4) cells
having undergone the ‘osmotic-shock’ labeling procedure in the presence of increasing concentrations of Gd-HPDO3A in the hypotonic medium (30, 50, 70
or 100 mm); (5) unlabeled J774A.1 cells; (6) water. (H) Amount of internalized Gd-HPDO3A per cell for K562 cells by changing the temperature of swelling
and/or resealing steps. All data in the graphs are reported as mean values + standard deviation of at least three independent experiments.

concentrations of 10-20 mm were reached when [Gd] in the
bathing solutions was of the order of 100 mm. This one order
of magnitude deficit between intra- and extracellular concen-
trations is the result of a complex interplay among a number

of structural and dynamic effects. During cellular swelling, the
structure of the membrane loses, in part, its integrity, allowing
exchange of materials between the extra- and intracellular
compartments. Obviously, loss of intracellular substances has
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an effect on the cell viability. Fortunately, the hypotonic swell-
ing procedure results in a very favorable balance between good
uptake of Gd complexes from the external compartment and
the overall cell viability.

By varying the concentration of Gd-HPDO3A in the
hypotonic medium, a linear increase of the internalized Gd
complex per cell was observed (Fig. 3A and B). As expected, this
increase corresponds to an increase in the signal intensity in a
T,-weighted MR image and a decrease in the corresponding
T,-weighted image. Figure 3(G) shows representative T,
and T, images of pellets of J774A.1 cells labeled with in-
creasing concentrations (30,50,70,100mm - capillaries 1-4)
of Gd-HPDO3A using an incubation time of 30 min and an
osmolarity of 160mOsm|~' compared with unlabeled cells
(capillary 5) and water (capillary 6). Hyperintense signals are
observed in the T,y image for the pellets containing labeled
cells with respect to the unlabeled ones. A 126% signal
enhancement with respect to control cells was obtained even
in the case of cells labeled with the lower concentration of
Gd-HPDO3A (ca. 3x10° Gd per cell).

Next, other determinants of the cell loading efficiency for the
hypo-osmotic shock methodology were assessed. In Fig. 3(C
and D) results obtained by changing the time during which the
cells were maintained in hypotonic conditions are reported.
The amount of internalized Gd complexes per cell increased with
the incubation time for both K562 and for J774A.1 cells even fif,
for K562 cells, a plateau was reached when the amount of
internalized complex was ca. 2x 10'° Gd per cell.

By changing the osmolarity of the incubation solution in the
range of 130-200mOsm|~', no significant change in the
amounts of the internalized Gd complex was observed (Fig. 3E
and F). In contrast, marked temperature dependence was
observed. In Fig. 3(H) the amounts of Gd-HPDO3A internalized
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into K562 cells (30min of hypotonic swelling, 100mm of
GAHPDO3A, incubation medium 160 mOsm|~") upon changing
the experimental temperature are reported. In the first
experiment, both swelling and resealing were carried out at
37°C; in the second experiment, both steps were performed at
4°C and in the third experiment, the swelling was carried out
at 37°C and the resealing at 4°C. The obtained results clearly
show that the highest efficiency of internalization was obtained
when the entire experiment was carried out at 37°C.

2.3. Comparison with Pinocytosis and Electroporation
Labeling Procedures

The ability of K562 and J774A.1 cells to uptake Gd-HPDO3A by
hypotonic swelling has been compared with the loadings
attainable by pinocytosis and electroporation (Fig. 4). Macro-
phages (J774A.1) have a high capability to internalize mole-
cules through macropinocytosis, so this route is undoubtedly
the preferred one for this cell type as far as the loading
efficiency is concerned. In contrast, for K562, pinocytosis is less
efficient and the number of internalized Gd complexes is ca.
half those taken up by means of the hypotonic swelling
method. Electroporation for both cell types appears to lead to
a higher internalization when compared with the hypotonic
swelling (Fig. 4A and B for J774A.1 and K562, respectively).

As a control experiment, the amount of internalized Gd-
HPDO3A by simple incubation of cells for 30 min in an isotonic
medium containing the Gd complex at 100 mm concentration
at 37 °C was measured. The amount of internalized Gd-HPDO3A
was ca. two order of magnitude lower (2.5 x 10® and 1.5 x 10% Gd
per cell for J774A.1 and K562 cells, respectively) than that
obtained when the uptake experiment was carried out in a hypo-
tonic medium.
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Figure 4. Comparison between the application of pinocytosis, electroporation and hypotonic swelling (30 min, 160 mOsm 1) to internalize Gd-HPDO3A
at different concentrations in the incubation medium. (A) J774A.1 and (B) K562 cells. In the case of pinocytosis J774A.1 and K562 cells were incubated at 37 °C
for 5 and 18 h, respectively. The intracellular localization of the probes loaded by hypotonic swelling was evaluated by MRI and microscopy. (C) T;,, MR image
of a phantom containing J774A.1 cellular pellets: (1) unlabeled J774A.1 cells; (2) J774A.1 cells labeled with Gd-HPDO3A by pinocytosis (1.39 x 10" Gd per
cell); (3) by electroporation (1.49 x 10'° Gd per cell); and (4) by hypotonic swelling (1.33 x 10'° Gd per cell). (D) Fluorescence image of J774A.1 cells labeled
by hypotonic swelling in the presence of 0.5 mwm carboxyfluorescein. Nuclei were stained using Hoechst 33342 dye.
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A comparison of the imaging capabilities attainable by the
three labeling procedures, that is, pinocytosis, electroporation
and hypotonic swelling, on J774A.1 cells labeled with Gd-
HPDO3A, was then pursued (Fig. 4C). The T, contrast observed
for pellets of cells labeled by means of the hypotonic swelling
procedure was similar to that observed for cells labeled by
electroporation (Fig. 4C, capillary 4 vs capillary 3). In contrast
(Fig. 4C, capillary 2), by exploiting the pinocytosis route, the
typical ‘quenching’ of relaxivity was observed (r;, results were
2.1, 42 and 43mm~'s~' for pinocytosis, electroporation and
hypotonic swelling, respectively). This result clearly reflects the
different intracellular localization of the paramagnetic probe in
the case of pinocytosis or hypotonic swelling/electroporation
methods. The intra-cytoplasmatic compartmentalization of the
probe in the cells labeled by the hypo-osmotic swelling method
was confirmed by adding CarboxyFluorescein to the incubation
medium. A representative image showing a clear spread-out of
the probe in the cell cytosol is shown in Fig. 4(D).

Moreover, a comparison between the three labeling proce-
dures was carried out also in terms of cell viability and function-
ality. The percentage of viable cells upon the application of the
hypotonic swelling procedure was significantly higher than that
obtained by applying electroporation (ca. 90 vs 65%) and only
slightly lower than that attained by exploiting the spontaneous
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cellular pinocytosis (Fig. 5A). On going from experiments carried
out in a neat buffer to solutions containing 100 mm Gd-HPDO3A,
a nonsignificant (p > 0.12) decrease in the cell viability (5-6%)
was observed either for electroporation or for ‘osmotic shock’
procedures. Concerning the proliferation rate (Fig. 5B), it was
found that this parameter was only slightly modified upon hypo-
tonic swelling treatment or pinocytosis with respect to control.
Conversely, by applying electroporation, a marked decrease in
the proliferation rate was observed.

More insights into cells viability issue have been acquired
by evaluating the amount of apoptotic cells and reactive ox-
ygen species (ROS) production. In Fig. 5(C) the amounts of
apoptotic cells found 24 and 48h after the labeling treat-
ments are reported. In the cases of pinocytosis and hypotonic
swelling, only a small number of cells had undergone
apoptosis at 24 and 48 h after the labeling step. In contrast,
in the case of electroporation, high levels of apoptotic cells
were found, especially in the first few hours following the
labeling step.

Finally, the production of ROS upon the application of the
labeling procedures was evaluated (Fig. 5D). While electroporation
led to a marked increase in ROS production in respect to the
control cells, the hypotonic swelling method triggered only a
small increase in production of ROS.
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Figure 5. Cell viability (A) and proliferation (B) assays for J774A.1 cells after pinocytosis, electroporation or hypotonic swelling (with Gd-HPDO3A
100 mm or buffer). (C) Evaluation of the number of apoptotic cells at 24 or 48 h after application of pinocytosis, electroporation or hypotonic swelling.
(D) Relative reactive oxygen species production in J774A.1 cells after application of pinocytosis, electroporation or hypotonic swelling. All data in the
graphs are reported as mean values + standard deviation of at least three independent experiments.
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Overall, among the three cell labeling procedures, electroporation
was invariantly the most aggressive one in terms of the observed
results for cell viability, proliferation rate, apoptosis and ROS produc-

tion. Conversely, the hypotonic swelling procedure seems to be
endowed with a considerably higher level of biocompatibility, com-
parable to that shown by the pinocytotic internalization route.

Pinocytosis

Table 1. Pros and cons of the main cellular labeling procedures with MRI contrast agents

Electroporation

Hypotonic swelling
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Gd probes

Cell viability

Change in
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Figure 6. (A) Internalization of different Gd-containing contrast agents into J774A.1 cells. The concentration of Gd complexes in the media is 40 mm.
Hypotonic swelling time, 30 min; overall osmolarity of the incubation media, 160 mOsm . (B) Comparison among different cell lines (concentration of
Gd-HPDO3A, 100 mm; overall osmolarity, 160 mOsm I"; incubation time, 30 min). All data in the graphs are reported as mean values + standard
deviation of at least three independent experiments.
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Thus, although the hypo-osmotic shock procedure shares
with electroporation the fact that both yield a cytoplasmatic
localization of the entrapped chemicals, it appears evident that
the underlying transient events that yield permeabilization of
the cellular membrane may be quite different. One expects
that the reorientation of polar heads, upon the application of
the electric pulses, will be a much more demanding structural
modification with respect to the rearrangements associated
with cellular swelling. Our work cannot elucidate the analogies
or differences in the permeabilization process that affect
membranes with the two procedures. Our aim was limited to
testing an additional cell labeling procedure. However, from
the attained results, it appears clear that the hypo-osmotic
procedure is definitively endowed with lower biological impact
than electroporation and it can be strongly recommended for
cellular labeling. Table 1 summarizes the pros and cons of

2.4. Characteristics of the Gd Complex and

Internalization Efficiency

A study was carried out to assess how the characteristics of
the Gd complex may affect the efficiency of the cellular
uptake. The following Gd complexes were tested: (A) Gd-DOTA
(charge —1); (B) Gd-DTPA (charge -2); (C) Gd-BOPTA
(charge —2, with a hydrophobic substituent on the surface of
the coordination cage); (D) Gd-HPDO3A (neutral); (E) GdHPDO3A-
NH, (charge +1); (F) dimer; and (G) tetramer of GdHPDO3A (both
neutral) (Scheme 1).

J774A.1 cells were labeled by using the above established
conditions (30 min of hypotonic swelling, 160 mOsm1~', 37°C).
As reported in Fig. 6(A), all the tested compounds were
efficiently internalized and the amount of uptaken Gd complexes
per cell was distributed over a relatively narrow range (from
2.9%10° for Gd-HPDO3A tetramer to 6.6x 10° for Gd-DTPA).

pinocytosis,  electroporation  and  hypotonic  swelling  The data were subjected to the Fishers least significant
procedures. difference test to account for a better statistical analysis. Only
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Figure 7. (A) Representative microscopy images of treated (left) and untreated (right) HeLa cells included in low gelling agar and Gaussian distribution
of Hela cell diameters (control cells vs swelled cells) obtained by microscopy. The mean diameter shifts from 12 to 14.5 um. (B) Cytofluorimetric analysis
of control Hela cells (left) vs treated Hela cells (right) and comparison between forward scatter distributions. (C) Cytofluorimetric analysis of control
j774A.1 cells (left) vs treated j774A.1 cells (right) and comparison between forward scatter distributions.
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the uptake of negative Gd complexes was significantly different
(p <0.05) from that of the neutral Gd-HPDO3A. In general it
seems that charged complexes are more efficiently loaded inside
cells than neutral ones, suggesting that electrostatic interactions
with charged moieties on the outer cell membranes may have a
positive role in the internalization process. However, the
observed behavior is somewhat unexpected. One would have
expected a passive transit across the leaky membrane, but this
does not exactly appear to be the case. The exchange of
materials across the membrane in swelled cells appears to be a
complex process and an explanation of the observed behavior
is not yet available. Comparison between monomer, dimer and
tetramer of Gd-HPDO3A suggests that the increase in the
molecular size has a rather small effect on the loading efficiency
(p > 0.05 respect to Gd-HPDO3A).

2.5. Tests on Different Cell Lines

In order to evaluate whether hypotonic swelling methodology
can be considered a general cellular labeling route, the herein
optimized method (160mOsm|~', 100mm Gd-HPDO3A,
30 min, 37°C) was applied to other cell lines, namely Igrov-1,
B16-F10, U937, 293 T, MDA and Hela cells. From the results
reported in Fig. 6(B) it is evident that the considered cell lines
are differently able to internalize Gd-HPDO3A by applying the
hypotonic swelling method. However, concerning the task
tackled in this work, all tested cell lines showed sufficient
loading of MRI probes, invariantly above the threshold for MRI
visualization.

2.6. Insights into Cell Morphology Changes Upon
Hypotonic Treatment

In order to obtain more insight into the change in the cellular
volume upon hypotonic swelling, treated and control cells
underwent a microscopic and cytometric analysis. In Fig. 7(A)
microscopy images of representative, treated and untreated,
Hela cells, immobilized in low gelling agar, are reported. Hela
cells were selected as representative of the other tested cell lines
because the increase in cell size upon hypotonic swelling was
particularly visible and quantifiable.

The contours of the swelled cells were definitively less
regular than the control ones and, often, one or more well
defined bump(s) were observed. The occurrence of this feature
seemed to anticipate the formation of microvesicles leaving the
mother cells. The mean cell diameter of Hela cells increased
from 12 to 14.5um upon the application of the hypotonic
swelling, as clearly detected from the Gaussian distribution of
cell size obtained by optical microscopy.

As previously reported (40) flow cytometric analysis of
forward and side scatter provides an indirect observation of
cell morphology. In particular, side scatter can be related to
the internal complexity of the particles being observed,
whereas forward scatter can be related to the cell size. Since
forward scatter is proportional to the cell volume, this param-
eter has been used as an indirect reporter of the cell size
distribution. Figure 7(B and C) reports the cytometric results
obtained for control and treated Hela and J774A.1 cells,
respectively. A shift in the mean value of forward scatter distri-
bution for treated cells with respect to the one related to
untreated cells was clearly detected.

3. CONCLUSIONS

In this work it has been shown that hypotonic swelling
represents an efficient and biocompatible method to label cells
with paramagnetic Gd complexes. The labeling efficiency
depends on many parameters such as incubation time, concen-
tration of the probe in the hypotonic solution, temperature and
the characteristics of the molecules.

By applying this methodology the uptaken molecules
distribute in the cytoplasm as witnessed by internalizing the
fluorescent CarboxyFluorescein. One may expect that the
cytoplasmatic compartmentalization results in a higher stability
of the internalized molecule as it avoids the most ‘aggressive’
environment that it would have been met along the endosomes/
lysosome internalization pathway (41-43). Moreover this method
appears particularly useful for cell lines that are not able to internal-
ize high amounts of molecules by pinocytosis (e.g. K562 cells) and
for the internalization of molecules that can be degraded by the
‘harsh’ microenvironment of the endosomal vesicles.

In summary, hypotonic swelling of cells offers a ‘soft’ route for
MRI cellular labeling. The method has been mainly tested for the
internalization of Gd-HPDO3A but it has been shown that other
complexes as well as a fluorescent probe (CarboxyFluorescein)
can also be loaded efficiently inside cells. In principle one may
expect that this methodology will be efficiently used to load
other molecular systems inside cells. The comparison among
the available techniques for cellular labeling (pinocytosis,
electroporation and hypotonic swelling) highlights advantages
and disadvantages of the three procedures. The operational
simplicity together with the absence of invasiveness may repre-
sent undoubtedly a great advantage for the herein reported
methodology and its use may open the way to new applications
in molecular imaging.

4. EXPERIMENTAL

4.1. Chemicals and Cells

Gd-HPDO3A (ProHance™, Bracco), Gd-BOPTA (MultiHance™,
Bracco), Gd-DOTA (Dotarem™, Guerbet) and Gd-DTPA
(Magnevist™, Shering) are commercial agents. Gd-HPDO3A-
dimer, Gd-HPDO3A-tetramer and Gd-HPDO3A-NH, were
synthetized in our laboratory (44). All chemicals were purchased
from Sigma Chemical Co., St Louis, MO, USA. All cell lines were
obtained from American Type Culture Collection (ATCC,
Manassass, VA, USA).

J774A.1 (murine macrophages), B16-F10 (murine melanoma)
and MDA (murine breast cancer) cells were grown in Dulbecco’s
modified Eagles’s medium (DMEM). U937 (human leukemic
monocyte lymphoma), Igrov-1 (human ovarian cancer), 293 T
(human embryonic kidney cell), HeLa (human cervical cancer)
and K562 (human immortalized myelogenous leukemia) cells
were maintained in RPMI 1640 medium. Both the media were
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum, 100 U/ ml penicillin and 100mgml~"' streptomycin.
DMEM, RPMI, fetal bovine serum, trypsin and penicillin—
streptomycin mixture were purchased from Lonza, (Lonza Sales
AG, Verviers, Belgium).

Cells were seeded in 75cm? flasks at density of ca.
2% 10%ells cm™2 in a humidified 5% CO, incubator at 37°C.
When J774A.1 cells reached confluence, they were detached
by means of a scraper. The other cell types were detached by
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using a mixture of trypsin and EDTA. All the used cells were nega-
tive for mycoplasma as tested by using MycoAlert Mycoplasma
Detection Kit by Lonza (Lonza Sales AG, Verviers, Belgium).

4.2, Loading of GAHPDO3A by Hypotonic Swelling

Cells were placed in a hypotonic solution containing the contrast
agent to be loaded (PBS solution with a variable concentration of
NaCl defined by the wanted osmolarity, ranging from 130 to
200 mOsm ™). Then the cells were incubated at 37 °C for a time
ranging from 15 to 120 min. The concentration of Gd-HPDO3A
in the hypotonic solution ranged from 0 (control) to 100 mm.
After the incubation time the physiological morphology of cells
was restored by changing the osmolarity of the external solution
to an isotonic condition (280 mOsm ™) through the addition of
a proper concentration of phosphate buffer saline for 15-30 min.
After this treatment the samples were extensively washed by
using PBS to remove the non-internalized Gd-containing
molecules. The osmolarity of the used solutions have been
monitored by using a manual Loser type 6 Micro-Osmometer.

4.3. Loading of GAHPDO3A by Electroporation

For electroporation about 3x10° J774A.1 or K562 cells were
dispersed into 0.8ml of PBS solution containing different
concentrations of Gd-HPDO3A (0-100 mm, osmolarity fixed at
280mOsm ™' and pH 7.4). Then cells were subjected to electro-
poration at room temperature using a Bio-Rad Gene Pulser™
provided with a Bio-Rad Capacitance Extender (125-960 pF).
The used electroporation protocol relies on standards for mam-
malian cells given by Bio-Rad, that is, electroporation using an
exponential decay protocol with a capacitance of 960 uF, voltage
of 0.2kV, and time constant 7 ranging from 12 to 20 ms. After
electroporation the cells were cooled with ice for 30 min. Then,
the cells were washed three times with PBS, suspended into
50 pl of PBS and used for experiments.

4.4. Loading of GAHPDO3A by Pinocytosis

The procedure used for cell labeling by pinocytosis is the one
previously reported by our group (14). About 5x10° J774A.1
cells or K562 cells were seeded on 6 cm Petri dishes. After one
day, plates were incubated for 5h (J774A.1) or 18 h (K562) with
3 ml of cell culture medium containing Gd-HPDO3A at different
concentrations (0-100 mw). After the incubation, cells were
extensively washed, detached and used for the analysis.

4.5. Cellular Labeling with 5(6) CarboxyFluorescein by
Hypotonic Swelling

5(6)-CarboxyFluorescein (CF, Sigma Aldrich) has been dissolved
in phosphate buffer and internalized into J774A.1 cells using
the osmotic swelling methodology (160 mOsm|~", 30 min, CF
in the hypotonic solution at the concentration of 0.5 mw). After
labeling, cells were seeded and maintained in the culture
medium for 4 h, then extensively washed with PBS and finally
fixed with 0.3% paraformaldehyde. Nuclei were marked using
Hoechst 33342. Fluorescence images were obtained using Zeiss
microscopy (CF: Aexy =492 NM, Aern =517 nm; Hoechst 33342: 1=
350 nm, dem =451 nm).

4.6. Evaluation of Membrane Resealing After Hypotonic
Swelling Labeling

In order to evaluate the resealing time of J774A.1 cells
membrane after the application of hypotonic swelling labeling,
Methylene Blue staining of cells was carried out. Briefly,
J774A.1 cells were subjected to hypotonic swelling for 30 min
in the absence of the blue dye. Then the iso-osmotic conditions
were restored. At different time points from this step, Methylene
Blue dye (2.5 mm) was added to cells for 5 min, then cells were
washed and the percentage of Methylene Blue positive cells
was evaluated by counting the colored cells. The amount of
dye internalized during the last 5min of the swelling step (i.e.
before the resealing step) was taken as starting control.

4.7. Cell Viability and Proliferation Tests

For assessing viability, J774A.1 and K562 cells were counted by
means of the Trypan Blue exclusion assay, before and after the
labeling procedure (pinocytosis, electroporation or hypotonic
swelling) in the presence of Gd-HPDO3A. Experiments in the
neat buffer solution were carried out and the results used as
control. The procedure allows accurate determination of the cell
viability since viable cells do not take up Trypan Blue. Cells were
added with 0.4% solution of Trypan Blue in PBS (pH7.2-7.3;
1:1v/v) and counted using a hemacytometer. For proliferation
ability, the labeled cells were seeded and maintained in the fresh
culture medium for different time periods (up to 3 days), then
detached and counted excluding dead cells using Trypan Blue.
The ratio between the number of cells at each time point and
the number of cells at the beginning of the experiment (N/No)
is reported.

4.8. Evaluation of Cell Apoptosis

J774A.1 cells were double-stained with acridine orange/
propidium iodide for assessing apoptotic cells. Cells were loaded
with Gd-HPDO3A using pinocytosis, electroporation or hypo-
tonic swelling, as described above, and then plated in 24-well
plates. After 24 or 48 h they were extensively washed with PBS
and incubated with PBS containing 5 ugml~" of acridine orange
(Sigma Aldrich) and 5pgml~' of propidium iodide (Sigma
Aldrich) for 5min. The cells were viewed under fluorescent
microscopy, photographed and the colored apoptotic cells were
counted.

4.9. Determination of Reactive Oxygen Species Production

Intracellular reactive oxygen species production in J774A.1 cells
after the treatment with the selected labeling method was
examined by using 2',7"-dichlorofluorescein diacetate (H2DCFDA)
(Invitrogen). Briefly, after labeling with ProHance, cells were
incubated with H2DCFDA 5 um in PBS for 30 min at 37°C, then
washed twice with PBS. The fluorescence signal was measured
using a Fluoro-Max4 spectrofluorometer, Horiba Scientific
(excitation 493 nm and emission 522 nm). Results are shown as
ratio of the fluorescent signal (normalized to the number of cells
counted using a hemacytometer) obtained for treated cells over
the signal from control cells.

4.10. Quantification of Intracellular Gd**

At the end of each experiment, labeled cells were lysed by
sonication by using a Bandelin Sonoplus Sonicator (20kHz,
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power 30%, 20s). Then cell lysates were treated with HCl 37%
(50:50 v:v) in sealed vials at 120 °C overnight in order to destroy
the Gd complexes and obtain Gd** aqua-ion. The R; of these
solutions was measured at 21 MHz and 25°C on a Stelar
SpinMaster Relaxometer (Mede, Pavia, Italy) and the Gd**
concentration was calculated using a calibration curve
obtained using standard solutions of GdCls (45). The total pro-
tein content was measured by the Bradford method (46) using
bovine serum albumin as standard (1 mg of protein is equal to
45x10° for K562, 2.5%10° for J77A.1, 2.8x10° for Igrov-1,
4.3x10° for B16-F10, 6.5x 10° for U937, 2.7 x 10° for Hela,
1.9 x 10° for MDA, respectively).

4.11. MR Imaging of Gd-Labeled Cell Pellets

For the acquisition of the MR images, cells were detached,
extensively washed with PBS and collected in 50 pl of PBS, then
transferred into glass capillaries and centrifuged at 1500 rpm
for 5 min. The cells-loaded glass capillaries were placed in agar
for image acquisition. MR images were acquired at 7.1 T using a
Bruker Avance 300 spectrometer equipped with a micro-
imaging probe. T;-Weighted images were acquired using a
standard T;-weighted MSME (multislice multiecho) sequence
with the following parameters: repetition time (TR)=50-250 ms,
echo time (TE)=3.3s, field of view (FOV)=1x1cm, slice thick-
ness =1 mm. T-weighted images were acquired using a standard
T,-weighted RARE (rapid acquisition with refocused echoes)
sequence with the following parameters: TR=5000ms, TE=5.55s,
FOV=1x1cm, slice thickness=1mm, RARE factor=4-32
depending on the T of the sample. T; values were measured
by using a saturation recovery spin echo sequence: TE=3.8 ms,
16 variable TR ranging from 50 to 5000 ms, FOV =1 X 1cm, slice
thickness =1 mm. T, values were measured by using a MSME
sequence: TR=2000 ms, 10 variable TE ranging from 11 to 500 ms,
FOV=1x1cm, slice thickness =1 mm.

4.12. Assessment of Cell Volume Increase Upon
Application of the Hypotonic Treatment.

The assessment of the increase in the cellular size upon hypo-
tonic swelling was carried out on Hela cells by direct micro-
scopic observation and by cytofluorimetric assay. For the first
method cells subjected to hypotonic swelling and control cells
were suspended in 2% liquid low gelling agar (kept at 37°C) at
a ratio of 1:1v/v and then placed at room temperature to allow
for the solidification of the gel (that occurs in ca. 10 min). The
agar had been previously prepared by dissolving low gelling
Agar (Sigma Aldrich) into PBS buffer containing a proper amount
of NadCl (final osmalarity of 160 or 280 mOsm I~ for treated or
control cells, respectively). After the solidification, cells were
embebbed in paraffin, and 2.5um de-waxed sections were
stained and counterstained with hematoxylin/eosin and
observed with an Olympus Bhl-2 microscope equipped with a
Leica DFC320 photographic system. The observation of cells
was carried out in consecutive slices in order to evaluate for each
cell the proper diameter. The measurement was performed for
50 cells and values were fitted using a Gaussian curve. Finally,
mean diameter and standard deviation were extrapolated.

In the second experiment cell size variation in response to the
labeling treatment was assessed by flow cytometric analysis (36).
Briefly, 2 x 10° treated or control cells were suspended in 1 ml of

PBS at the proper osmolarity. Flow cytometric analysis was
carried out on a CyAn ADP instrument (DakoCytomation) and each
sample was analyzed at least twice with 50.000 event counts at a
medium flow rate. PMT (Photomultiplier Tube) voltage settings
for forward and side scatter were 250 and 300, respectively.
Forward and side scatter data qwew collected and their analysis
was performed using Summit 4.2 software (DakoCytomation).
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