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Abstract

Introduction: Monitoring of Pancreatic Islets (PIs) after their transplantation could provide important data related
to diabetes treatment; however their visualization is conditioned by the contrast agent use. The aim of this study was
to label and visualize Pls labeled by the contrast agents based on Chemical Exchange Saturation Transfer (CEST)
owing an advantage of contrast switching on/off and simultaneous visualization of differently treated cell populations
in one MR experiment.

Material and methods: Two paramagnetic chelates with europium Eu-DO3A-ae and ytterbium Yb-DO3A-ae were
tested for labeling of Pls by pinocytosis and microporation. The toxicity, labeling efficacy and detection threshold
were assessed for each agent. In vitro MR imaging of the labeled islets was performed on a 4.7 T scanner using a
modified turbo spin-echo (RARE) sequence.

Results: The sufficient labeling efficacy was observed only by using high agent concentration compromising
islet viability. The microporation procedure was not effective for islet labeling because of its invasive nature. The
islets labeled by pinocytosis were visualized in a phantom by CEST imaging, however, after a long acquisition time
at4.7T.

Conclusion: The low sensitivity of detection and impaired cellular viability of the pancreatic islets labeled by
the novel CEST contrast agents represent a challenge for the further implementation of these probes as exogenous

cellular labels.

Keywords: Pancreatic islets; Contrast agents; Magnetic resonance
imaging; Chemical exchange saturation transfer; PARACEST

Introduction

Visualization and long-term tracking of transplanted pancreatic
islets by Magnetic Resonance Imaging (MRI) is a well-established
method and it has been successfully implemented also in the clinical
practice [1,2]. Transplantation of Pancreatic Islets (PI) ensures
regulation of the blood glucose level in instable type 1 Diabetes Mellitus
(DM1) patients [3], however only around 20% of islet recipients at 5
years post-engraftment reached insulin independence [4]. Various
factors contribute to immediate or long-term graft loss and function
impairment [5], therefore a reliable method, which would elucidate
the processes underlying islet engraftment and rejection in correlation
with graft function, size and localization, is needed [6]. For accurate
and specific monitoring of transplanted pancreatic islets, MRI seems
to be a tool of choice because of its non-invasiveness, high spatio-
temporal resolution and the possibility of highlighting the transplanted
cells by suitable contrast agents.

Monitoring of the distribution and fate of transplanted islets
by in vivo MRI was for the first time carried out in a rodent model
of intrahepatic islet transplantation [7]. In this study, the islets were
labeled in vitro by Superparamagnetic Iron Oxide Nanoparticles
(SPION), which alter MRI signal intensity by enhancing the
relaxation processes. Furthermore, the use of T,/T,* contrast agents
was implemented in the prediction of graft rejection [8,9] and it
was integrated also in a clinical practice in DM1 patients [1,2]. The
sensitivity of iron-oxide nanoparticles detection is very high and it is
possible to visualize not only a single SPION-labeled islet [7] but even
a single SPION-labeled macrophage cell in vivo in a mouse model [10].
Despite adequate properties of T,/T)* contrast agents, a strong effect

on magnetization beyond the actual size of the islets does not enable
absolute quantification. In addition, the quantification is challenging
because of negative contrast arising from the local inhomogeneities
in the tissue. Another islet labeling approach is the use of T, contrast
agents based on the lanthanide chelates which generate preferable
hyperintense signal on the T -weighted MR images. In vivo visualization
of GAd-HPDO3A-labeled islets has been already reported [11]; however
these agents exploit lower imaging sensitivity requiring high agent
uptake or high number of the cells. It was estimated that the minimum
detectable number of Gd-HPDO3A-labeled cells is approximately
10° in vitro [12]. Another possibility to visualize pancreatic islets is
utilization of non-proton MRI with suitable labels as fluorine “F-based
agents [13]. Such a label possesses high specificity due to negligible
natural fluorine abundance in the tissue but with the drawback of low
detection sensitivity compared to "H MRI.

An indirect approach to detect pancreatic islets or beta cell mass
might be the use of MR contrast agents responsive to concentration
of metal ions which are specific for beta cell function and which
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can shorten T, relaxation times. The changes of beta cell mass were
observed by detection of Mn?* which enters the beta cell through the
voltage-gated calcium channels upon glucose stimulation [14] or Zn?**
which is co-released with insulin and can be detected without glucose
stimulation [15].

The relatively new MR contrast agents based on chemical exchange
saturation transfer (CEST) [16] might bring other possibilities in cellular
imaging. CEST principle is based on frequency selective saturation of
exchangeable non-bulk water protons in the solute and subsequent
exchange between the solvent and solute pools, which enables indirect
observation of the low concentrated solute pool. The main advantage
of CEST imaging is the possibility selectively switch the contrast on/off
and visualize more than one agent in the same MR experiment [17].
CEST-MRI plays an important role in molecular imaging allowing
detection of various endogenous metabolites [18-21] and estimation
of additional microenvironmental and physiological parameters such
as temperature and pH [22,23] or enzyme [24] and redox activity [25].
Moreover, strongly shifted paramagnetic compounds (PARACEST)
were already applied in cellular labeling and visualization; europium/
ytterbium-labeled tumor cells and macrophages were differentiated in
one experiment [17,26]. Recently, the simultaneous visualization of
neural stem cells and endothelial cells in a model of stroke has been
reported [27]. Despite the reported visualization of the transplanted
cells by PARACEST approach, the authors discussed the low detection
sensibility and intracellular reduction of the CEST effect [27].

Because of the promising properties of CEST probes, we
hypothesized that labeling of pancreatic islets by the CEST agents might
help to specifically localize and monitor distribution of transplanted
islets in the tissue. The implementation of the CEST approach for
differentiation of the islets of different size or treated by the different
drugs could bring an additional value into the post-transplant
monitoring of the islet engraftment. In this study, we aimed to label
and visualize pancreatic islets by two recently introduced PARACEST
compounds [28] based on the DO3A chelates with exchangeable amino
groups causing the CEST effectat various frequency offsets allowing their
selective visualization. Various labeling approaches, such as pinocytosis
or microporation, could be implemented for probe internalization
inside the cell. Microporation as a type of electroporation uses a
pipette tip as an electroporation space and higher voltage compared
to conventional electroporation in a cuvette. The main advantage of
microporation is probe incorporation in the cytoplasm because the
agent stays entrapped in the endosomal vesicles after pinocytosis. The
additional endosomal membrane can lead to lower saturation transfer
effect due to limited accessibility of the cytosol water molecules as their
free diftusion is blocked by membrane structures [17,29]. Moreover,
the endosomal pH is lower than in cytoplasm and some CEST agents
(including the tested ones, [28]) are pH sensitive and CEST signal may
decrease at low pH values. The main goal of the study was to assess the
labeling efficiency of two CEST probes using two labeling approaches
to achieve high uptake of the agents for sufficient detection of labeled
pancreatic islets at a 4.7 T scanner.

Material and Methods

Preparation and characterization of PARACEST contrast
agents

Two paramagnetic lanthanide(III) complexes of H,DO3A-ae
with a different central-bound metal ion europium (Eu-DO3A-ae) or
ytterbium (Yb-DO3A-ae) were synthesized as described previously
[28]. Briefly, the ligand H,DO3A-ae was prepared by reaction of

t-Bu,DO3A by alkylation with N-(2-bromoethyl)-phthalimide
followed by sequential deprotection by trifluoroacetic acid and
hydrazine. The ligand H,DO3A-ae was purified by chromatography on
an anion exchanger and by crystallization from hot EtOH with 59%
overall yield. The Ln(III) complexes of H,DO3A-ae were prepared by
mixing the ligand with 1.1 equiv. of corresponding Ln(III) chloride
in small amount of distilled water and adjusting pH of the mixture
to ~6 with 1 M aq. NaOH. The mixture was stirred overnight at 60°C.
Then the pH was re-adjusted to 6.5 and the solution was again stirred
overnight at 60°C. The complex was purified on ALO, column by
chromatography. The pure product [Ln(DO3A-ae)] was eluted using
a mixture of EtOH:H,O:conc. aq. NH, (10:8:1). The chemical structure
of the final complexes is shown in Figure 1A.

The relaxation times of the 40 mm solutions of the compounds were
measured on a 4.7 T scanner (Bruker BioSpin, Germany) at 25°C. T,
relaxation time was calculated from a series of the images acquired by
a spin echo sequence with variable repetition time (TR=6400 ms, 3200
ms, 1600 ms, 800 ms, 400 ms, 200 ms, 100 ms, 50 ms) and time to echo
(TE=7.2 ms) and acquisition time 5 min per one image. T, relaxation
time was measured by a CPMG (Carl Purcell Meiboom Gill) sequence
with following parameters TR=5000 ms, TE=7.2 ms 256 echoes, total
acquisition time 21 min. T, and T, relaxation times were calculated
by performing a mono-exponential fit of the mean pixel intensity of
a selected region at the different sampling time by using the software
GraphPad Prism (GraphPad Software Inc, San Diego, CA).

Isolation and labeling of pancreatic islets

Pancreatic islets were isolated from Brown-Norway rats (n=12)
according to a standard protocol [30] and following the institutional and
national guidelines for the care and use of animals. Briefly, the pancreas
was digested by the slow injection of collagenase solution (1mg/mL, 15
mL for a rat; Sigma Aldrich, USA) into the pancreatic duct. The pancreas
was then carefully excised and shaken at 37°C for 20 min. Islets were
separated from the exocrine tissue using centrifugation in discontinuous
Ficoll gradient (1.037, 1.069, 1.096, 1.108 g/mL; Sigma Aldrich, USA).
The isolated islets were then incubated (37°C, 5% Co, atmosphere) in
CMRL-1066 culture medium supplemented with 1% HEPES buffer, 10%
fetal bovine serum and 1% penicillin/streptomycin/L/glutamine (Sigma
Aldrich, USA). After overnight incubation, the islets were labeled either by
pinocytosis or microporation.

Labeling by pinocytosis was accomplished by incubation of the
islets in the culture medium with different concentrations of the CEST
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Figure 1: Formula of the H,DO3A-ae chelates used as the CEST contrast
agents in this study (A). Z-spectra of the 50 mM aqueous solution of Eu-
DO3A-ae (B) and Yb-DO3A-ae (C) measured at 4.7 T.
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agents (30, 45, 60, 80, 100 mm) for 12 or 24 hours. Microporation was
performed using a Neon™ transfection system (Invitrogen, CA, USA).
Prior the procedure, about 300 islets were mixed with resuspension
buffer containing 60 or 100 mM of Eu/Yb-DO3A-ae. The islets were
then electroporated in the microporation capillary with two 20 or 30
ms pulses of various voltages (600, 800, 1000 V). After microporation,
the islets were kept on ice for 10 min and then incubated overnight in
the culture medium without antibiotics at 37°C. The control sample
contained the islets incubated in the medium without the contrast
agents. After labeling, the islets were washed three times with PBS. For
the MRI experiment, the islets were placed into the tube with PBS or
into a phantom between two gelatin layers (3% upper layer and 4%
lower layer to prevent the islets to fall to the bottom). During the
microporation procedure, only a part of the islets survived, therefore
approximately 50-150 islets were transferred into the phantom. The
exact number of islets in the phantom is listed in the corresponding figure
legend. For in vitro MRI of pancreatic islets, the most promising labeling
conditions regarding islet viability and agent uptake were used: pinocytosis
60, 80, 100 mm for 24 hours; microporation with 100 mm concentration
of the agents with two 20 ms or 30 ms pulses and voltage of 800 V. The
microporated islets were placed into the gelatin phantom. The control
samples contained the islets incubated in the medium without contrast
agents (100 islets for ICP-MS examination, 100 islets for evaluation of the
stimulation index). The controls were then processed and evaluated in the
same way as the samples containing labeled islets.

Viability assays and functional tests

Islet viability was evaluated under the fluorescent microscope
after staining with Propidium Iodide and Acridine Orange (Sigma
Aldrich, USA). The ratio of the viable cells to all cells inside the islets
was assessed for 10 randomly chosen islets and expressed as an average
percentage. The capability to produce insulin was measured by static
incubation of the islets in the media with low (3.3 mm) and high (22
mMm) glucose concentrations and expressed as a stimulation index for
each concentration. The stimulation index was calculated as a ratio of
the insulin values measured from the high and low glucose samples.

ICP-QMS measurements

The uptake of the complexes into the islets was determined by
inductively coupled plasma quadrupole mass spectrometry (ICP-
QMS). After washing with PBS three times, the labeled islets were
digested using 250 uL of concentrated HNO, and dried in a desiccator
(NaOH) equipped with a drying tube (CaCl,) for 24 hours at 90°C. The
drying process was repeated twice; then each sample was dissolved in 5
or 10 mL of 2% (v/v) HNO,. The blank sample contained only 2% (v/v)
HNO,. ICP-QMS analysis was performed using a Thermo Scientific
X Series IT quadrupole ICP mass spectrometer on the commercial basis
at the Faculty of Science, Charles University in Prague, Czech Republic.
The standard deviations were calculated from two measurements of the
same sample. The uptake of the agents was estimated as a number of
complexes incorporated in one islet or cell. For assessment of the feasibility
oflabeled islet visualization, an approximate concentration of the agents in
a suspension containing 1000 islets per 50 uL was calculated.

CEST MR experiments and data analysis

MR imaging was carried out on the 4.7 T MR scanner using a
resonator coil with a diameter of 7 cm (Bruker BioSpin, Germany).

The parameters for CEST imaging were optimized in a separate
experiment. The Z-spectra from 50 mM concentration of the agents
were obtained by acquisition of a series of images using a RARE

sequence with the major parameters: TR/TE=5000 ms/8.9 ms, RARE
factor=16, matrix size of 128 x 128, the field of view (FOV)=55 x 55
mm, 2 dummy scans and slice thickness of 2 mm. The readout was
preceded by a 3000 ms long pre-saturation Gaussian pulse at a power
level of 35 uT with variable frequency offsets ranging from +100 ppm
to -100 ppm with the step of 2.5 ppm (81 images).

Phantoms containing 1.25-40 mMm of both PARACEST agents
dissolved in water were prepared in the glass tubes and immersed in
4% gelatin (Figure 2A and 2B). For CEST acquisition of the phantoms,
the same MR parameters were used as for the acquisition of the
Z-spectra. Contrast-To-Noise Ratios (CNR) were calculated for each
concentration according to a formula

1(=)-1(+)
N (5)+a(+)
where 0’ represents standard deviations of the noise region.

The theoretical threshold CNR
according to Liu [31] is

CNR!hreshnId = 2\/5' (2)

CNR values were experimentally assessed for various agent
concentrations of both CEST (Figure 2J) and the lowest detectable
concentration, which produces CNR higher than the theoretical
threshold was determined.

CNR = (1)

for in vivo visualization
threshold

The islets labeled by 60 mM, 80 mM and 100 mM concentration
were examined by in vitro CEST imaging. The parameters for in
vitro CEST imaging were similar as for the phantom study with the
solutions; only the slice thickness was lower due to the small islet layer
in the phantom and two image resolutions were tested (128 x 128 and
256 x 256). In the case of failure of islet detection using within 3.5 or 20
min per one frequency offset, the acquisition time was prolonged to 1
hour. The exact parameters and the numbers of the examined islets are
listed in the figure captions.
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Figure 2: MR characterization of the contrast agents. The reference MR
reference images (A, B) of the phantom containing various concentrations
of Eu-DO3A-ae (B, C) and Yb-DO3A-ae (E, F) compounds. The numbers
represent milimolar concentration of the agents. MTR__ ' maps obtained after
saturation at the frequency offset 19 ppm and 34 ppm for Eu-DO3A-ae and at
42 ppm and 89 ppm for Yb-DO3A-ae. Dependence of the MTR__ values (I)
and contrast-to-noise ratios (CNR) (J) on the agent concentration. The dotted
line represents the detection CNRthreshold and the minimal detectable
concentration which can reach CNR above this threshold is depicted in the
square.
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The CEST effect was expressed an assymetric magnetic transfer

ratio (MTRasym) and calculated from a chosen region of interest on the
pixel wise basis using a definition
I(+)-1(-
mrr =LETO) 00, 3)

asym

where I(+) and I(-) are the signal intensities acquired after
saturation at the positive or negative frequency offsets, respectively.
MTR_ =~ maps were reconstructed after noise thresholding and
expressed in a false-color scale in percentage units using a custom
written script in Matlab (Mathworks, Natick, MA, USA).

Statistical analysis

The statistical analysis was performed by using the GraphPad
Prism (GraphPad Software Inc, San Diego, CA). The mean values and
standard deviations are presented in the graphs.

Results
Characteristics of the PARACEST agents

The CEST NMR experiment revealed water saturation after
irradiation of Eu-DO3A-ae and Yb-DO3A-ae complexes at specific
frequencies as a result of slow exchange of exchangeable protons
between the amino groups of the complexes and bulk water. The
Z-spectra of Eu-DO3A-ae (Figure 1B) and Yb-DO3A-ae (Figure 1C)
show a dependence of the normalized water signal intensity on the
frequency offsets assessed as the chemical shifts to the signal of the
bulk water protons (0 ppm). The saturation maxima were found at 19
ppm and 34 ppm for Eu-DO3A-ae and at 42 ppm and 89 ppm for Yb-
DO3A-ae. Two peaks arose from two amine hydrogen atoms, which
became non-equivalent after group coordination [28]. The observed
CEST signals in the Z-spectra of 50 mm Eu-DO3A-ae had higher CEST
effect (47% and 43% MTR m) compared to 50 mm Yb-DO3A-ae (8%
and 4% MTR__ ). The peaks of Eu-DO3A-ae overlapped with the
peak of Yb- DO3A-ae at 42 ppm. The relaxation times of Eu-DO3A-ae
(T =1436 + 24 ms, T,=480 * 47 ms) were higher than for Yb-DO3A-ae
(T,=599 £ 17 ms, T,=331 £ 39 ms).

The MTR, maps of the phantoms containing the agents of various
concentration showed proportional signal intensity dependence upon
agent concentration (Figure 2B-2I). Calculation of CNR revealed that
the minimal detectable concentration for MRI imaging (detection
threshold) was 1.25 mm for Eu-DO3A-ae and 2.5 mm for Yb-DO3A-ae
(Figure 2J).

Labeling of islets by CEST agents

In vitro labeling of pancreatic islets was accomplished by two
methods-pinocytosis and microporation. ICP-QMS analysis showed
that pinocytosis led to incorporation of approximately 8.3x10'>2.9x10"
complexes per one islet (i.e., 4.2x10°-1.5x10" per cell) what represents
maximum concentration up to 10 mm. For cell labeling, simple
pinocytosis was found to provide slightly better results compared to
microporation. Using microporation, maximum of 1.3x10"-2.3x10"
(i.e., 6.5x10° 1.1x10" per cell) of complexes were loaded into one
islet what was lower amount compared to pinocytosis with 30 mm
concentration of the CEST agents in the medium for 24 hours. The
use of microporation led to destruction of approximately 70% of islets
and the islet viability decreased. Dead cells in the microporated islets
were localized mostly in the islet center (Figure 3A) in comparison to
pinocytosis; in this case the dead cells were detected at the islet surface
(Figure 3A). The use of a higher concentration of the CEST probes in
the incubation medium led to higher uptake of both complexes (Figure

4A and 4B). Similarly, incubation of the islets for a longer time led
to higher agent internalization into the cells (Figure 4A and 4B). The
highest uptake of both agents was observed after incubation in the
medium with 80 mm agent concentration (Figure 4A and 4B). However,
lower concentration (30, 45, 60 mm of Eu-DO3A-ae and 45 mM of Yb-
DO3A-ae) (Figure 4A and 4B) also reached the border of the detection
threshold. Microporation did not reach the detection threshold (Figure
4C). It is important to note that high concentration for pinocytosis
affected islet viability, which decreased below 70% at concentrations
higher than 60 mm during 24 hour incubation. Moreover, estimation
of the stimulation indexes of the labeled islets revealed that the agent
concentration above 60 mm significantly impaired insulin secretion
and islet function. The data are summarized in the Table 1.

Visualization of pancreatic islets labeled by CEST agents

In the MR experiment, no CEST signal from the islets labeled with
60 mM concentration of Eu-DO3A-ae and Yb-DO3A-ae was detected
within 7 minutes of acquisition after saturation at the specific frequency
offsets (Figure 5B-5E). Similarly, no CEST effect was observed from the
islets labeled by higher concentration (100 mM) within 40 minutes of
acquisition (Figure 6B and 6C). For detection, the acquisition time had
to be prolonged up to 1-2 hours. In this case, approximately 300 islets
labeled with 100 mM of Eu-DO3A-ae complex in a gelatin phantom
were visualized with 20% MTRasym value (Figure 6E). 200 islets labeled
with 80 mm of Eu-DO3A-ae were also detected and reached around
8% MTR_  (Figure 6H). The islets labeled by 100 mm concentration
of Yb-DO3A-ae reached only 3% MTRasym (Figure 6F) and the islets
labeled by 80 mM of Yb-DO3A-ae had no CEST signal even after 2
hours of acquisition time (Figure 6I).

The islets microporated with 100 mm of the CEST agents were not
detected by CEST imaging (Figure 6E, 6F, 6H and 6I). In this case only
a small number of islets survived the microporation procedure and
approximately 15-50% of the original islet number was transferred into
the gelatin phantom.

The islets labeled by Eu-DO3A-ae showed low MTRaSym values (4%)
after Yb-specific irradiation at 89 ppm (Figure 6F and 6I) and similarly
the islets labeled Yb-DO3A-ae provided also some CEST effect (10-
15%) after Eu-specific irradiation at 34 ppm (Figure 6E and 6H).
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Figure 3: Comparison of islet viability after 24 hours labeling by pinocytosis
(PIN), after microporation (MP) and the control islets (A). The fluorescent
images represent color-coded viability, red color for dead cells and green
color for viable cells. The plots show islet viability after labeling by Eu-DO3A-
ae (B) and Yb-DO3A-ae (C) compounds expressed as a percentage of the
viable cells.
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Figure 4: Uptake of the complexes into the islets after labeling by pinocytosis
using different concentration of Eu-DO3A-ae (A) and Yb-DO3A-ae (B) and
by microporation using different voltage (600 V, 800 V, 1000 V) (C). The
standard deviations are below 1%. The dotted lines stands for the detection
threshold calculated from CNR of the pure agents.

PARACEST |Concentration Vf:"'ty after ‘g‘:"'ty after  stimulation
complex [mw] Incubation [%] |Incubation [%] index
Eu-DO3A-ae 100 40.0 +6.43 NA NA
80 56.0£12.65 8561505 0.60+0.18
60 71.0£1713  853+13.15 |211+1.28
45 81.0£6.15 915£11.56  2.05+1.56
30 91.4+£11.97 | 925+9.44 NA
15 92.7£1539  99.0 +3.16 NA
Yb-DO3A-ae 100 39.5+6.23 NA NA
80 542 +9.04 79.0£21.83  0.94 +0.11
60 65.5 + 7.89 98.0 £ 3.49 1.981.79
45 77.0£1005 971775 1.24 £ 0.20
30 98.0 £ 3.49 92.0£12.88 |NA
15 98.0 £ 3.02 98.5 £ 2.42 NA
Control 0 98.0 £ 3.49 98.5 £ 2.41 2.14 £1.47

Table 1: Data summary from assessment of viability and stimulation index
corresponding to insulin production of the pancreatic islets labeled by pinocytosis.
NA — data not assessed.

Discussion

CEST agents represent a new class of MRI contrast agents [16]
with advantages over the conventional superparamagnetic and
paramagnetic cellular probes. The paramagnetic agents based on DO3A
chelates examined in this study could serve as exogenous PARACEST
contrast agents due to a slow exchange between the protons of their
amino groups and bulk water [28]. Moreover, the tested PARACEST
probes exploit similar chemical structure as clinically approved MRI
contrast agents (e.g. Gd-HPDO3A) and due to the large chemical shift
of the resonance frequency of the exchangeable protons from the water
frequency, direct water saturation is minimized which is preferable for
in vivo measurements. Because of the suitable properties of our probes
for CEST imaging, we tested the feasibility of Eu-DO3A-ae and Yb-
DO3A-ae complexes for visualization of pancreatic islets intended for
cell therapy of diabetes.

The europium-based analogue displayed higher CEST effect
compared to ytterbium complex. The lower relaxation time of Yb-
DO3A-ae could also contribute to its lower CEST signal. Similarly, the
calculation of the detection threshold demonstrated better sensitivity of
Eu-DO3A-ae than Yb-DO3A-ae. Our results indicate that the uptake
of the imaging probes should be higher than 1.25 mM for Eu-DO3A-
ae-labeled cells and more than 2.5 mm for Yb-DO3A-ae-labeled
cells for the sufficient visualization. To assess the most efficient
islet labeling, two labeling routes-pinocytosis and microporation
were compared and the internalization of the agents and functional
status of the labeled PIs were assessed. In general, microporation
could lead to higher CEST detection due to higher pH in cytoplasm
and no quenching by additional endosomal membrane as it occured
by pinocytosis [29].

In our study, only one labeling condition led to the agent uptake
above the detection threshold: pinocytosis with minimal concentration
of 80 mm of both agents. Unfortunately, higher concentration caused
substantial decrease of PI viability suggesting a harmful effect of the
probes to the cells. In addition, the insulin secretion of the labeled islets
was impaired using higher concentrations of the complexes. Acceptable
islet function and viability was obtained after pinocytosis with less than
60 mm concentration in the incubation medium only. This condition
would reach just the border of detection threshold for sufficient
visualization of 1000 islets at 4.7 T magnetic field. Although increasing
uptake with increasing concentration is expectable; the prominent
difference between 60 and 80 mM may be related to substantial damage
to the islets. We speculate that high uptake may be caused by higher
entrapment of the complexes in the extracellular space of the islets due
to higher impairment.

The difference in the cell viability after labeling during 12 and 24
hours could be explained by the longer exposure of islets to the contrast
agent. If the agent is entrapped into the endosomes, the lanthanide ion
could be released and affect the cell viability. By prolongation of the
incubation time, more complexes are entrapped inside the cells and
therefore the viability is decreased. Experience with the labeling of
pancreatic islets by iron oxide nanoparticles showed that the contrast
agent is located initially at the periphery and later also inside the islets
[32]. We hypothesize that the similar effect may occur also with this
type of small molecules.

Labeling of PIs using microporation was not proven to be optimal
and it did not reach the detection threshold in our study. High-voltage
microporation is an invasive method and a lot of islets were destroyed
during the microporation procedure, although the function of the
survived islets was not markedly impaired. Up to now, microporation
was mostly used to transfect the various types of cells [33] and based on
our results it seems not to be an optimal method for pancreatic islets
labeling.

MRI experiment proved than in vitro visualization of PIs labeled
by Eu-DO3A-ae agent is possible; however long acquisition time is
unacceptable for in vivo experiments. The labeled islets were detected
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Figure 5: In vitro CEST MRI visualization of the pancreatic islets in PBS.
MTRaSym maps of 1000 labeled islets obtained by saturation at various
frequency offsets: 19 ppm (B), 34 ppm (C), 42 ppmz (D) and 89 ppm (E).
The islets were labeled by pinocytosis using 60 mM concentration of the
complexes. The control samples contain the solutions of the agents or
incubation medium. The MR parameters: RARE sequence, TR/TE = 5000
ms/8.9 ms, matrix size 128x128, slice thickness 1.5 mm. Measurement time
per one frequency offset was 3.5 minute.
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Figure 6: In vitro CEST MRI visualization of the labeled pancreatic islets in
a gelatin phantom. A reference MR image of a gelatin phantom containing
the labeled pancreatic islets (A, D, G). MTRaSym maps of the phantom with
saturation at 34 ppm for Eu-DO3A-ae (B, E, H) and with saturation at 89
ppm for Yb-DO3A-ae (C, F, I). The labeling conditions for each group: (1)
pinocytosis Eu-DO3A-ae, 300 PI; (2) pinocytosis Yb-DO3A-ae, 380 PI; (3)
microporation Eu-DO3A-ae 800V for 20 ms, 60 PI; (4) microporation Yb-
DO3A-ae 800V for 20 ms, 60 PI; (5) microporation Eu-DO3A-ae 800V for
30 ms, 150 PI; (6) microporation Yb-DO3A-ae 800V for 30 ms, 170 PI; (7)
pinocytosis Eu-DO3A-ae, 200 PI; (8) pinocytosis Yb-DO3A-ae, 200 PI. The
MR parameters: RARE sequence, TR/TE = 5000 ms/8.9 ms, matrix size
256x256, slice thickness 1 mm Measurement time per one frequency offset:
B, C — 20 min; E, F — 1 hour. The arrow points the islets which should be
visualized at the chosen frequency offset.

after 1 hour of data acquisition and only the islets labeled by high
concentration of the agents (80 or 100 mm) compromising islets
viability were visible. In another study, the macrophages and murine
melanoma cells were successfully labeled by Eu- and Yb-HPDO3A
complex without viability loss using 100 mm concentration of the
contrast agents [17]. The same authors published another paper about
the loading of Dy-HPDO3A inside the red blood cells for the shifting
of intracellular water [34]. In contrast to our experiments at 4.7 T,
both studies held by this group were performed at 7 T magnetic field
using a microimaging probe. In the recent study, neural stem cells and
endothelial cells labeled by Yb-/Eu-HPDO3A were visualized in vivo
in a model of stroke at 9.4 T [27]. These results indicate that higher
magnetic fields than 4.7 T might be favorable due to higher MR signal,
longer T, relaxation times and higher frequency distance between
amine and water protons.

A weak signal from the Yb-DO3A-ae labeled PIs even during Eu-
specific was caused by overlapping of the peaks of both compounds in
the Z-spectra (Figure 6F and 61). Low MTR _ _value of the islets labeled
by Eu-DO3A-ae after Yb-specific irradiation could correspond to the
statistical error (Figure 6E and 6H).

Low CEST signal detection in our study could be explained by
low sensitivity of the tested CEST agents at 4.7 T and by pH-sensitive
decrease of CEST effect in the endosomes after labeling by pinocytosis.
The decreasing CEST signal of the agents at lower pH was already
reported [28]. The endosomes have lower pH than cytoplasm and after
fusion with lysosomes, pH becomes even more acidic. Acidity might
therefore directly affect the CEST signal from the labeled islets in our
study. Moreover, this effect probably contributed to the toxicity of the

agents because the metal ion could be slowly released from the ligand at
acidic pH (pH<6) and compromise the islet viability [28].

Additionally, the assessment of the CEST effect is very sensitive to
B,/B, field inhomogeneities [35,36]. The magnetic field inhomogeneities
arising from the inter-voxel physical differences may affect the accuracy
of determination of the CEST effect [37] and this effect could be
prominent especially in the case of cellular imaging where high resolution
is demanding. We tested also an evaluation protocol with B, correction
including acquisition of the full range of Z-spectrum and zero-offset
correction so-called WASSR approach [36] with only negligible sensitivity
improvement and substantial prolongation of the acquisition time. Also,
the choice of imaging pulse sequence and saturation pulses could play a
role in the CEST imaging [35], however, the biggest limitation represents a
saturation pulse (we used a long and strong Gaussian pulse), which might
easily exceed SAR restrictions in in vivo setting.

Despite the described obstacles, exogenous CEST agents with
improved properties represent a potential tool for future clinical
applications. A recent study showed the dependence of transplantation
outcome on the islet size with superior properties of the smaller islets
[38]. Be labeling of the islets by various CEST agents, their visualization
and discrimination according to their size could be performed
noninvasively in vivo and the transplantation outcome could be
assessed. Also, discrimination of the islets treated by the different
drugs and correlation with the therapy outcome could be performed
during the treatment. Improvement of the agent properties regarding
pH-dependent stability and toxicity could bring a hope in the future
cellular labeling by these probes and their broader application.

Conclusion

The novel MR contrast agents based on the CEST effect were
tested for labeling and visualization of pancreatic islets intended for
type 1 diabetes mellitus treatment. The functional status of the labeled
pancreatic islet was evaluated and in vitro MRI CEST imaging was
carried out. Only high agent concentration for islet labeling reached
a sufficient labeling efficacy for in vitro visualization, however low
sensitivity at 4.7 T resulted in the extremely long acquisition time.
Despite their potentiality, implementation of the novel CEST contrast
agents as exogenous cellular labels requires further improvement of
detection sensitivity and pH stability to minimize their toxicity.
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