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Abstract: Three new magnetic reso-
nance imaging probes that target gluta-
mine transporters have been synthe-
sized. They consist of a Gd-DOTA-
monoamide moiety (DOTA=1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetra-

acetic acid) linked through a six carbon

carboxylic, y-carboxamidic, or a-amino
functionalities. Their uptake by HTC
(rat hepatocarcinoma) and healthy rat
hepatocytes has shown that the system
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containing the glutamine vector bound
through the a-carboxylic group dis-
plays a markedly higher affinity for
tumor cells. The observed behavior is
rationalized in terms of the exploita-
tion of an additional glutamine trans-
porter active in hepatic tumor cells.

atom chain to a vector represented by
a glutamine residue bound through a-

Introduction

Molecular imaging is a rapidly growing field that provides
noninvasive visual representation, characterization, and
quantification of fundamental biological processes in intact
living organisms. Its aims are to widen the detection horizon
of early medical diagnoses and to monitor the effects of
therapeutic treatments by reporting on the earliest physio-
logical and biochemical events that characterize a given dis-
ease.'™

Magnetic resonance (MR) offers the unique opportunity
to obtain images characterized by a superb anatomical reso-
lution and to map simultaneously structure and function in
soft tissues in vivo. MR is therefore considered a particular-
ly important and advantageous modality for molecular imag-
ing applications. To enhance the sensitivity of MR molecular
imaging protocols proper amplification procedures have to
be designed in order to deliver a high number of imaging re-
porting units at the target site.l*! This task of accumulating a
large number of contrast agent (CA) molecules at the target
site has been pursued, for instance, by means of gadolinium-
loaded targeted liposomes,> ! targeted iron oxide nanoparti-
cles,”% and perfluorocarbon nanoparticles.""'?! A potential
problem of these large constructs, however, is that their size
may prevent them from escaping the blood circuit to reach
the sites of interest.
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magnetic resonance imaging

Recently, we reported that it is possible to accumulate a
sufficient number of small gadolinium-based imaging probes
in tumor cells by exploiting their amino acid transporting
systems, in particular the glutamine (GIn) transporters.'*'*!
The increased expression or up-regulation of the amino acid
transporters, particularly Gln transporters, is strictly related
to cell growth and it can be considered as a good marker for
tumor cells.™>!! In fact, rapidly growing cells use Gln as a
nitrogen, carbon, and energy source. In a previous study, we
synthesized a Gd-DOTA-monoamide derivative bearing a
Gln residue separated from the chelating moiety by a Cg ali-
phatic chain. In vitro and in vivo experiments demonstrated
that this probe is taken up by tumor cells. In this imaging
probe the Gln vector is linked through an amidic bond be-
tween its a-amino group and the carboxylic residue present
in the aliphatic chain spacer (Gd-DOTAMACGIn in
Scheme 1; DOTAMA =DOTA-monoamide). This binding
scheme alters the Gln charge distribution in respect of the
free amino acid as it transforms the primary a-amino group
into a secondary amide. Moreover, the latter group displays
enhanced rigidity and hindrance, which decreases its overall
recognition capabilities towards the Gln transporter. A de-
finitive optimization of the design of the Gln-bearing probe
may come from the knowledge of the three-dimensional
transporter structure, which is, to date, unknown. To over-
come this lack of information we decided to synthesize new
probes in which Gln is bonded to the contrast enhancing
unit through other functional groups (carboxylic, amino, and
carboxamide groups) and to test their targeting capabilities
towards tumor cells to select the most effective system.
Bonding through the a-carboxylic, y-carboxamidic, or a-
amino functionalities led to three new systems, namely, Gd-
DOTAMACGIna (Gd-L1), Gd-DOTAMACGlny (Gd-
L2), and Gd-DOTAMAC(GInA (Gd-L3), in addition to the
previously reported Gd-DOTAMACGIn (Scheme 1).

Results and Discussion

Probe design: In the previously reported Gd-DOTA-
MAGC,GIn probe, the bonding to the imaging reporter im-
plied the transformation of an amino into an amide func-
tionality, which would compromise the contribution of one
of the possible Gln recognition sites on its transporting pro-
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Scheme 1. Structures of the glutamine-containing probes.

teins. In fact, conversely to what occurred for the neutral
zwitterionic amino acid Gln, the presence of a free carboxyl-
ate group results in an overall negative charge at physiologi-
cal pH. Because the structural details are not yet known, we
have designed three imaging probes in which the GlIn
moiety is attached to the DOTAMA unit by one of the
three other functional groups to gain a better understanding
of the recognition target determinants of the membrane
transporter. The new probes, Gd-L1, Gd-L2, and Gd-L3,
maintain the same DOTA-monoamide chelating unit and
the C; aliphatic spacer of Gd-DOTAMAC,GlIn, but the use
of different binding sites endows the Gln residue with quite
different structural properties and overall charge at physio-
logical pH.

In Gd-L1 the GlIn is attached to the imaging reporter
through its carboxylic group, thereby forming an amidic
bond, as in Gd-DOTAMACGIn. At physiological pH, the
targeting moiety of the probe differs from the parent Gln
amino acid because it displays an overall positive charge,
the o-amino group being protonated and the carboxylic
group being replaced by a secondary amide.

Instead, in Gd-L2 the anchor point is the primary y-amide
of Gln, which yields a zwitterionic neutral form at physio-
logical pH. However, although the charge distribution of the
Gln vector is unaltered, in this probe the amino acid loses
its characteristic terminal amide functional group, which in
principle could be important in the recognition by the Gln
transporter.

Finally, Gd-L3 was designed in such a way that the Gln
moiety would remain unaltered as much as possible. For this
reason, the a-amino group of a protected Gln derivative
was subjected to reductive amination with the bifunctional
chelating agent DOTAMAC;CHO to obtain a secondary
amine in place of the primary a-amino group of the parent
amino acid. At physiological pH, the Gd-L3 probe is present
as a zwitterion and has the same charge distribution as in
Gln, although the isoelectric point is slightly higher as a con-
sequence of the occurrence of the secondary, more basic,
amine. Furthermore, the secondary amine is more hindered
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than in Gln and this hindrance could interfere in the binding
to the transporter.

Synthesis: Two bifunctional chelating agents containing a
free amino or an aldehydic group separated from the coordi-
nating cage by a hexamethylene aliphatic chain were used
for the synthesis of ligands L1, L2, and L3. Namely,
DOTAMA (OfBu);C,NH, was used for the synthesis of L1
and L2 and DOTAMA((OrBu);C;CHO for the synthesis of
L3 (Schemes 2 and 3). The synthesis of these DOTAMA-
functionalized building blocks has been recently reported.l'”]

L1 and L2 were synthesized by the reaction of
DOTAMA(OrBu);C,NH, with the pentafluorophenyl-acti-
vated esters of N-Boc-L-glutamine and N-Boc-L-glutamic o-
tert-butyl ester, respectively, followed by acid hydrolysis of
the protecting groups (Scheme 2).

L3 was synthesized by reductive amination between
DOTAMA(Bu);CsCHO and a Gln derivative protected as
the fert-butyl ester on the carboxylic acid and as the N-trityl
secondary amide (H,N-L-GIn(Tr)-OrBu) (Scheme 3). This
protected Gln was synthesized in three steps starting from
the benzyloxycarbonyl (Cbz)-protected Gln.

Following a literature procedure,'¥ the terminal amide
was protected as the trityl amide by reaction with triphenyl-
methanol, acetic anhydride, and sulfuric acid. Then the car-
boxylic acid was protected as the fert-butyl ester by acid-cat-
alyzed transesterification with fert-butyl acetate and the
final H,N-L-GIn(Tr)-OrBu was obtained by hydrogenolysis
of the Cbz group under pressure (50 bar, 50°C). The reduc-
tive amination between H,N-L-GIn(Tr)-OrBu and
DOTAMA (O1Bu);CsCHO was carried out under ultrasound
(US) irradiation for 30 min (20 W, 20 kHz) in MeOH at con-
trolled pH (pH 5); sonication was continued for another
30 min after the addition of triacetoxyborohydride. The re-
action conditions had to be carefully optimized to avoid the
hydrolysis of the amide bond between the spacer and the
DOTA unit, which would result in a series of byproducts
and a reduction in the yield. The yields were invariantly
very low when this reaction was carried out under conven-
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Scheme 3. Synthetic pathway to Gd-DOTAMACGInA (Gd-L3). i) NaBH(OAc);, AcOH, ultrasound (20 W), CH;OH to give 3; ii) TFA, CH,Cl,;

iii) GACL,, H,0, pH 7.

tional conditions. However, sonication allows a dramatic im-
provement of the yields, as observed in other reported re-
ductive amination procedures.['>*"

Whereas in the case of L2, cleavage of the Boc and fert-
butyl protecting groups with trifluoroacetic acid gave the
product in good yields, in the cases of L1 and L3, TFA cata-
lyzed an intramolecular transamination reaction between
the a-amino group and the amide of the Gln with the for-
mation of a 5-oxopyrrolidine ring (L4 and L5) and ammonia
(Scheme 4). This clearly causes a dramatic change in the
structural characteristics of the vector moiety.

This cyclization is particularly favored by the formation of
a five-membered pyrrolidinic ring and is known to occur
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with Gln under hydrolytic conditions, especially in the pres-
ence of bivalent cations and Brgnsted or Lewis acids and
bases.”!! In fact, glutamic and pyroglutamic acids (5-oxopyr-
rolidine-2-carboxylate) have been reported to be glutamine
metabolites, which shows that the intramolecular reaction
can also occur in vivo.”>%! Moreover, Gln as the N-terminal
amino acid in many proteins, hormones, and neurotransmit-
ter peptides has been found to cyclize intramolecularly
either spontaneously or under the action of enzymes such as
glutaminyl cyclase.***! With the intramolecular cyclization
process being such an easy process, the tert-butyl ester hy-
drolysis reaction was monitored by ESI-MS every 30 min in
order to stop it before too much of the cyclic byproduct was
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Scheme 4. Glutamine cyclization reaction on probe surfaces.

formed. L1 and L4 were recovered after purification by
semipreparative HPLC-MS in about 40 and 25 % yields, re-
spectively. A similar result was found for L3 and LS. Be-
cause L1 and L3 are prone to cyclization at both acidic and
basic pHs, we had to find the optimal conditions for HPLC
separation. A reversed-phase column and a gradient with
7 mM ammonium acetate buffer at pH 4 and acetonitrile as
eluents provided the best conditions to minimize the un-
wanted transformation in the separation medium. The pH
had to be kept at slightly acidic values because separation of
the linear and cyclic products was not possible at neutral
pH. However, immediately after separation, the fractions
containing pure L1 or L3 had to be neutralized with a solu-
tion of NH,OH to avoid further cyclization. After complex-
ation with GdCl;, a second HPLC purification procedure
(water/acetonitrile gradient elution) was carried out to
remove salts from the products. Taking into account the ten-
dency of L1 and L3 to cyclize in the presence of metal ions,
it was found useful to skip the purification step for the li-
gands and to just purify the final complexes. These purifica-
tions were carried out by semipreparative HPLC-MS with a
water/acetonitrile gradient elution. Yields of about 40%
were obtained for the linear complexes and of about 25%
for the cyclic ones.

Synthesis and relaxometric characterization of gadolinium
complexes: The Gd™ complexes were prepared by mixing
stoichiometric amounts of the DOTAMA-containing probes
and GdCl, solution. In the case of Gd-L2, unchelated Gd**
ions were eliminated by precipitation of the hydroxide at
basic pH by adding aliquots of a concentrated NaOH solu-
tion. The amount of free Gd™ was determined by UV spec-
trophotometry.” Finally, excess gadolinium was eliminated
by adding a stoichiometric amount of the ligand. In the
cases of Gd-L1 and Gd-L3, to avoid the cyclization of Gln
catalyzed by basic pH and/or trivalent cations, unchelated
Gd’* was eliminated by the addition of 0.5 equiv of iminodi-
acetic acid followed by LC-MS purification using H,O and
CH;CN as eluents (see the Supporting Information). The re-
laxivities (the proton relaxation enhancement of water pro-
tons in the presence of the paramagnetic complex at a con-
centration of 1 mm) measured at 20 MHz and 298 K for Gd-
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L1, Gd-L2, and Gd-L3 were 5.6, 5.6, and 5.5 mm 's™!, re-
spectively. These values are in agreement with those previ-
ously reported for a number of analogous gadolinium com-
plexes with variously substituted DOTA-monoamide li-
gands.””! These values are slightly higher than that reported
for the parent Gd-DOTA complex (r;,=4.7mm 's™") as a
consequence of the increased molecular weight.

Cell uptake experiments: The affinity of the different Gln-
containing gadolinium complexes for the rat hepatoma cell
line (HTC) was determined and compared with that ob-
served for the previously reported Gd-DOTAMACGIn
complex.™™ The procedure used in this study consisted of in-
cubating around 1.5 million cells for 6 h at 37°C in a mini-
mum medium (Earl’s balanced salt solution: EBSS) contain-
ing the gadolinium complexes at a concentration of 1 mm.
After incubation the cells were washed three times with ice-
cold phosphate-buffered saline (PBS) and detached from
the culture flasks mechanically with a cell scraper. Figure 1

Gd-L1
4.0x107% I
= 3.0x1078 l
2
<}
a Gd-DOTAMACSGIn
[=2}
£ 20x10% [
8 |
g
1.0x1078
Gd-L3 Gd-L2
0.0 ; T : . — : )

Figure 1. Internalization of gadolinium complexes functionalized with
Gln by HTC cells. For the uptake experiment, about 1.5 million cells
were incubated at 37°C for 6 h in EBSS with Gd-L1, Gd-L2, Gd-L3, and
Gd-DOTAMaC,Gln at concentrations of 1 mm.

shows that the compound bearing a free amino group (Gd-
L1) displays an improved uptake by tumor cells, of about
200 %, compared with that previously reported for Gd-DO-
TAMACGIn. In contrast, the bonding of Gln through the
primary y-amide group in Gd-L2 led to a dramatic decrease
in affinity for tumor cells. Also the uptake of Gd-L3, al-
though present as a zwitterion and with the same functional
groups and charge distribution as Gln, was significantly
lower.

T;-weighted spin echo MR images of cells (Figure 2)
showed that only after the incubation of Gd-L1 and Gd-
DOTAMAC,GIn were the amounts of internalized gadolini-
um sufficient to generate hyperintensity in the correspond-
ing MR images.

To assess whether the high affinity of Gd-L1 for tumor
cells relies on the presence of a positive charge, the nonspe-
cific precursor Gd-DOTAMAC(NH, was incubated with
HTC cells under the same conditions (6 h, 37°C, EBSS).
The number of moles of gadolinium per mg of protein taken

Chem. Eur. J. 2009, 15, 76 -85
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Figure 2. T}-weighted spin-echo MR image (measured at 7 T) of an agar
phantom containing HTC cells incubated for 6 h at 37°C with 1) Gd-L1,
2) Gd-L3, 3) Gd-DOTAMA-C-Gln, and 4) Gd-L2.

up was 50 times lower (about 7x107'%) than that measured
after incubation with Gd-L1, which indicates that the pres-
ence of Gln on the complex surface is essential for its specif-
ic interaction to tumor cells. Further evidence that Gln was
the vehicle for the internalization through the amino acid
transporting system was obtained by incubating HTC cells
for 3 h in the presence of 0.25 mm Gd-L1 with or without an
excess of Gln. In the presence of 10 mm Gln the number of
moles of gadolinium taken up per mg of protein was 75 %
lower than that measured in its absence, which demonstrates
the specific internalization pathway.

The unexpected behavior of the two probes that have the
same charge distribution and functional groups in Gln (Gd-
L2 and Gd-L3) could be ascribed to the significant modifica-
tion introduced into the vector structure by the binding to
the MRI reporter. We suggest that such a modification of
the Gln structure compromises its interaction with appropri-
ate transporters. However, the presence of a positive or neg-
ative localized charge on the other two probes (Gd-L1 and
Gd-DOTAMACGIn) may reduce this unfavorable effect,
probably because of the formation of electrostatic interac-
tions between the vector and transporter.

Hepatoma cells transport Gln at a rate 10-20 times faster
than normal hepatocytes™! as a consequence of the expres-
sion of an additional transport system that does not occur in
normal hepatocytes. In fact, in human hepatoma cell lines,
Gln is transported through the cytoplasmatic membrane by
both the system commonly expressed on hepatocytes
(system N) and by a different system that has only subse-
quently been elucidated.” This system differs from ASC
(the transport system that mediates Gln transport in many
tumor cell lines) due to its interaction with basic amino
acids. This observation may account for the increased inter-
nalization of the basic Gd-L1 complex compared with other
probes investigated in this work. In fact, the presence of the
free amino group appears to facilitate the interaction with
the negatively charged domains of the protein transporter
on the cell membrane.

The uptake of the more efficient Gd-L1 was determined
with the primary culture of rat hepatocytes and compared

Chem. Eur. J. 2009, 15, 76-85
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with that observed with hepatoma cells. To this end, rat hep-
atocytes and HTC cells were incubated for 6 h in the pres-
ence of 1 mm Gd-L1. Figure 3A shows that HTC cells la-

b) 4.0%1078- G
2
g 3.2x107°4 l
e
o
5 2.4x10°°- Gd-DOTAMACEGIn
()]
E
E 1.6x10°° -
o
O 4 ox10-¢ ] Ge-DOTAMACEGIN
_ES
0.0 ; s bl

Rat Hepatocytes Rat Hepatoma

Figure 3. a) T;-weighted spin-echo MR image (measured at 7 T) of an
agar phantom containing A) unlabeled hepatocytes, B) hepatocytes la-
beled with Gd-L1, C) unlabelled HTC, and D) HTC labeled with Gd-L1.
b) Comparison of the internalization of Gd-L1 and Gd-DOTACGIn into
rat hepatocytes and hepatoma (HTC). Cells were incubated for 6 h in the
presence of 1 mm gadolinium complex solutions in EBSS.

beled with Gd-L1 display a hyperintense signal in the T)-
weighted spin-echo image compared with the unlabeled
cells. In contrast, the signal intensity of the healthy rat hepa-
tocytes is only slightly greater than the signal intensity of
the unlabeled cells. In fact, in this case, the amount of gado-
linium internalized (1 nmol of gadolinium per mg of pro-
tein) is about 35 times lower than that found for hepatoma
cells (Figure 3B). As a consequence of the increased uptake
of Gd-L1 by tumor cells, there is around a 350 % enhance-
ment in the intensity of the hepatocytes of the rat hepatoma
when compared with the pellet of cells derived from healthy
rat liver.

Comparison of Gd-L1 with the previously reported nega-
tively charged Gd-DOTAMAC,GIn showed a significant in-
crease in the tumor/healthy cell ratio of internalized gadoli-
nium. In fact, the amount of Gd-L1 taken up by hepatoma
cells is about 35 times higher than the amount of Gd-L1
taken up by healthy hepatocytes, whereas the amount of
Gd-DOTAMACGIn taken up was about 10 times lower.
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This is a direct consequence of the contrasting behavior ob-
served with the positively charged amino acid of transport
systems expressed on tumor and normal cells (system N), re-
spectively.

Afterwards, the internalization by hepatoma cells of Gd-
L1 was compared with that observed with its cyclic deriva-
tive (Scheme 4) as a function of complex concentration in
the incubation media. Figure 4 shows that intramolecular
Gln cyclization reduces significantly the amount of gadolini-
um internalized in the range of concentrations investigated
as a consequence of the change in the vector structure.

1.6x10784
1.2x10784

8.0x107%4

mol Gd/mg protein

4.0x107°

0.0

0.0 0.2 0.4 0.6 0.8 1.0
[Gd-complex] mm

Figure 4. Internalization by HTC cells of Gd-L1 (m) and its cyclic deriva-
tive Gd-L4 (O). Cells were incubated for 6 h at 37°C with increasing con-
centrations (0.07-1 mm) of the two gadolinium complexes.

This observation is particularly important in the develop-
ment of systems that exploit Gln as a carrier for tumor cells
because undetected cyclization can reduce markedly the
probe uptake in target cells. For this reason it is useful to
obtain an estimate of the ratio of the cyclic and linear form
of Gd-L1 by an appropriate analytical HPLC method (see
Method 7 in the Supplementary Information). Furthermore,
the asymptotic shape of the curve observed for Gd-L1 indi-
cates the occurrence of an active internalization mechanism.

Conclusion

Modulation of the binding scheme through which a Gln resi-
due is bound to the surface of a MR imaging reporter has
allowed a system that is avidly taken up by hepatoma tumor
cells to be identified. The differences observed in the inter-
nalization of this probe into HTC and healthy hepatocytes
illustrates the important role of a transporter devoted to the
uptake of basic amino acids that is peculiar to hepatic
tumors. The amount of gadolinium-based probe Gd-L1 that
is taken up by HTC cells is twice as large as that previously
reported for Gd-DOTACGIn and markedly higher than
that for the other Gln-based probes developed in this work.
The results obtained represent a step forward in the devel-
opment of MR molecular imaging applications based on the
accumulation of a high number of gadolinium chelates at

§2 —— www.chemeurj.org
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the target cells due to the exploitation of high capacity
transporters. The new insights gained in this work add fur-
ther support to the overall armory of tools available for MR
visualization of tumor cells.*'~*

Experimental Section

All chemicals were purchased from Sigma-Aldrich Co. and were used
without purification unless otherwise stated. NMR spectra were recorded
on JEOL Eclipse Plus 400 and Bruker Avance 600 spectrometers (oper-
ating at 9.4 and 14 T, respectively). The sonochemical apparatus used in
this work was developed by the authors in collaboration with Danaca-
merini s.a.s. (Torino)."”* ESI mass spectra were recorded on a Waters
Micromass ZQ spectrometer. Analytical and preparative HPLC-MS
were carried out on a Waters FractionLynx autopurification system
equipped with Waters 2996 diode array and Micromass ZQ (ESCI ioniza-
tion mode) detectors. DOTAMA(OfBu);CiNH, and DOTAMA-
(OtBu);CsCHO were prepared following a reported procedure.'”) The
longitudinal water proton relaxation rate was measured on a Stelar Spin-
master spectrometer (Stelar, Mede, Italy) operating at 20 MHz using the
standard inversion-recovery technique (16 experiments, 2 scans). A typi-
cal 90° pulse width was 3.5 us and the reproducibility of the 7, data was
+£0.5%.

Tri-tert-butyl ester of ($)-1-[2,11-dioxo-12-(tert-butoxycarbonylamino)-
14-carbamoyl-3,10-diazatetradecanyl]-1,4,7,10-tetraazacyclododecane-
4,7,10-triacetic acid (1): A solution of dicyclohexylcarbodiimide (DCC)
(1.3 g, 6.56 mmol) in CH,Cl, (20 mL) was added to a stirred solution of
N-Boc-L-GIn-OH (1.47 g, 5.96 mmol) in CH,Cl, (80 mL) that had been
cooled to 0°C. Pentafluorophenol (Pfp) (1.2 g, 6.56 mmol) was added and
the mixture was stirred at 0°C for 3 h and then for another 16 h at room
temperature. The solvent was partly removed and precipitated dicyclo-
hexylurea (DCU) was filtered off. The filtrate was added dropwise to a
solution of DOTAMA(OrBu);C,NH, (4g, 5.96 mmol) in CH,Cl,
(50 mL). The mixture was allowed to react overnight at room tempera-
ture, the solvent was removed under reduced pressure, and the residue
purified by column chromatography (silica gel, elution gradient: CH,Cl,/
MeOH, 95:5—9:1—8:2—7:3; TLC: CH,Cl,/MeOH, 9:1 (v/v), R;=0.22)
to yield a slightly yellow oil (2.4 g, 44.8%). 'H NMR (400 MHz, CDCl,):
0=38.63 (br, CONH, 1H), 7.93 (br, CONH, 1H), 7.56, (br, CONH, 1H),
4.29 (m, CH,, 1H), 3.50-3.20, 3.10-2.07 (br, CH, macrocycle, NCH,CO,
CONHCH,, CHy;, CH,, 36H), 1.53-1.28 ppm (br, C(CH,);, aliphatic
CH,, 40H); "CNMR (400 MHz, CDClL,): §=176.1, 172.4, 172.2, 172.1,
171.4, 155.8 (CONH, COO, 6C), 81.8, 79.1 (C(CH,);, 4C), 56.1, 55.7,
55.6, 54.5, 53.5 (NCH,CO, NCH, macrocycle, 12C), 50.0 (CH,,1C), 38.8,
38.7 (CONHCH,, 2C), 32.4, 29.6, 29.0, 28.9 (aliphatic CH,, CH,;, CH,,
4C), 284, 27.9 (C(CH;)3, 12C), 26.0, 25.9 ppm (aliphatic CH,, 2C); MS
(ESI+): m/z: caled for C,HgNgOy; [M+H]": 899.62; found: 899.91.
(5)-1-(2,11-Dioxo-12-amino-14-carbamoyl-3,10-diazatetradecanyl)-
1,4,7,10-tetraazacyclododecane-4,7,10-triacetic acid (L1): Compound 1
(1.00 g, 1.11 mmol) was dissolved in CH,Cl, (10 mL), trifluoroacetic acid
(35 mL) and triisopropylsilane (0.6 mL) were added, and the mixture was
stirred at room temperature for 2 h. The reaction was monitored by ESI-
MS every 30 min to avoid any delay that would favor cyclization. The
mixture was then evaporated in vacuo and the product precipitated with
excess diethyl ether. The product was isolated by centrifugation, washed
thoroughly with diethyl ether, and dried in vacuo. It was then dissolved
in H,O (5mL) and the pH neutralized by addition of dilute NH,OH at
0°C. The crude product was purified by preparative HPLC-MS by using
a Waters Atlantis RPAC18 19/100 column by Method 1 using 7 mm
CH;COONH, (pH 4) (A) and CH;CN (B) as eluents (see the Supporting
Information). A second fast chromatographic separation was needed to
eliminate salts (Method 2, see the Supporting Information). The pure
product was obtained as a white powder (270 mg, 39%). 'H NMR
(600 MHz, D,0O): 6=3.92 (m, CH,1H), 3.76-3.70 (br, CH, macrocycle,
4H), 3.49, 3.32 (br, CH, macrocycle, 12H), 3.18-2.97 (br, NCH,CO,
CONHCH,, CH,NH, 12H), 2.36 (m, CHy, 2H), 2.08 (m, CH,,, 2H),
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1.46, 1.26 ppm (m, aliphatic CH,, 8H); *C NMR (600 MHz, D,0): 6=
176.4, 175.6, 170.3, 169.2, 167.8 (CONH and COO, 5C), 55.6, 54.6, 54.3,
51.6 (NCH,CO, CH,, 5C), 50.6, 49.9, 47.2 (NCH, macrocycle, 8C), 38.4,
38.1 (CONHCH,, 2C), 29.1, 27.1, 255, 24.7, 22.8, 22.4 ppm (aliphatic
CH,, CH,;, CH,, 6C); MS (ESI+): m/z: caled for Cp;H;NsO, [M+H]*
631.38; found: 631.62.
(S)-1-[6-(5-Oxopyrrolidin-2-ylcarbonylamino)hexylcarbamoylmethyl]-
1,4,7,10-tetraazacyclododecane-4,7,10-triacetic acid (L4)—cyclic product:
The cyclized product (153 mg, 25 % yield) was recovered by HPLC sepa-
ration. '"H NMR (600 MHz, D,0): 6=4.23 (m, CH,, 1H), 3.81-3.68 (br,
CH, macrocycle, 4H), 3.43, 3.38 (br, CH, macrocycle, 12H), 3.18-3.01
(br, NCH,CO, CONHCH,, CH,NH, 12H), 2.97 (m, CH,, 2H), 2.37 (m,
CH,,, 2H), 1.46, 1.26 ppm (m, aliphatic CH,, 8H); MS (ESI+): m/z:
caled for C,;;H,sN,00 [M+H]™: 614.35; found: 614.58.

Tetra-tert-butyl ester of ($)-1-[2,11-dioxo-14-(tert-butoxycarbonylamino)-
14-carboxy-3,10-diazatetradecanyl]-1,4,7,10-tetraazacyclododecane-4,7,10-
triacetic acid (2): A solution of DCC (1.4 g, 7.26 mmol) in CH,Cl,
(80 mL) was added to a stirred solution of Boc-L-Glu(OrBu)-OH (2.0 g,
6.6 mmol) in CH,Cl, (80 mL) under cooling at 0°C. Then pentafluoro-
phenol (1.3 g, 7.26 mmol) was added and the mixture stirred at 0°C for
3 h and for another 16 h at room temperature. After filtration of the pre-
cipitated DCU, the solvent was partly removed and the solution was fil-
tered again to remove some more DCU. The filtrate was added dropwise
to a solution of DOTAMA(OrBu);C(NH, (4.4 g, 6.6 mmol) in CH,Cl,
(50 mL). After the mixture had been allowed to react overnight at room
temperature, the solvent was removed under reduced pressure and the
residue was purified by column chromatography (silica gel, elution gradi-
ent: CH,Cl,/MeOH, 95:5—9:1—-8:2—7:3; TLC: CH,ClL,/MeOH, 9:1
(vIv), R=0.20) to yield a slightly yellow oil (3.2 g, 53.9%). 'H NMR
(400 MHz, CDCl;): 6=8.73 (br, CONH, 1H), 8.35 (br, CONH, 1H),
7.82, (br, CONH, 1H), 4.05 (m, CH,,1H), 3.45-3.10, 2.95-1.80 (br, CH,
macrocycle, NCH,CO, CONHCH,, CHy;, CH,, aliphatic CH, 36H),
1.51-1.28 ppm (br, C(CHs,),, aliphatic CH,, 49H); *C NMR (400 MHz,
CDCL): 6=174.0, 173.9, 172.6, 172.5, 172.1, 172.0, 156.9 (CONH, COO,
7C), 81.5, 82.4, 80.7 (C(CH3);, 5C), 58.2, 58.1, 56.1, 56.2, (NCH,CO,
CH,, 5C), 55.5, 55.0, 54.0, 53.5 (NCH, macrocycle, 8C), 40.4, 40.3
(CONHCH,, 2C), 34.2, 30.6, 30.4, (aliphatic CH,, CH,;, CH,,, 4C), 30.1,
28.9, 288 (C(CH;);, 15C), 28.0, 27.9 ppm (aliphatic CH,, 2C); MS
(ESI+): m/z: caled for C;sHgN,NaO,, [M+Na]*: 978.65; found: 979.11.
(5)-1-(2,11-Dioxo-14-amino-14-carboxy-3,10-diazatetradecanyl)-1,4,7,10-
tetraazacyclododecane-4,7,10-triacetic acid (L2): Compound 2 (1.50 g,
1.66 mmol) was dissolved in CH,Cl, (15 mL), trifluoroacetic acid (15 mL)
and triisopropylsilane (0.6 mL) were added, and the mixture was stirred
at room temperature overnight. The liquid was then evaporated in vacuo
and the product precipitated with excess diethyl ether. The product was
isolated by centrifugation, washed thoroughly with diethyl ether, and
dried in vacuo to yield the desired product as an amorphous white solid.
This was purified by preparative HPLC-MS by using a Waters Atlantis
RPdAC18 19/100 column by Method3 and H,0/0.1% TFA (A) and
CH,;CN/0.1% TFA (B) as eluents (see the Supporting Information). The
pure product was obtained as a white powder (0.9 g, 89.9%). '"H NMR
(600 MHz, D,0): 6=3.68 (m, CH,, 1H), 3.40-2.57 (br, CH, macrocycle,
NCH,CO, CONHCH,, CH,NH, 16H), 2.91-2.55 (br, CH, macrocycle,
12H), 2.10 (m, CH,, 2H), 1.85(m, CH,,, 2H), 1.15, 0.95 ppm (m, aliphat-
ic CH,, 8H); "CNMR (600 MHz, D,0): 6=173.7, 171.6, 170.3, 169.5,
164.8 (CONH, COO, 6C), 65.97, 54.7 (NCH,CO, CH,, 5C), 52.5, 52.0,
51.3, 47.5 (NCH, macrocycle, 8C), 39.2, 39.0 (CONHCH,, 2C), 30.9,
27.9, 278, 26.9, 25.7, 25.4, 25.3 ppm (aliphatic CH,, CH,z, CH,,, 6C); MS
(ESI+): m/z: caled for C,;H5N,O,, [M+H]*: 632.36; found: 632.57.
N-Cbz-L-GIn(Tr)-OH: Cbz-L-GIn-OH (1g, 3.57 mmol) and Tir-OH
(1.86 g, 7.14 mmol) were suspended in glacial acetic acid (11 mL). Ac,O
(0.7 mL, 7.14 mmol) and H,SO, (0.02 mL, 0.36 mmol) were added and
the reaction mixture was stirred for 1 h under N, at 50°C (bath tempera-
ture) to form a clear yellow solution. The reaction mixture was dropped
into cold water (110 mL) and the precipitate was filtered, dissolved in
EtOAc (30 mL), and washed with H,O (3x10 mL). The organic phase
was dried with Na,SO, and the solvent was evaporated under reduced
pressure. The product was dissolved in EtOAc (50 mL) and dropped into
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hexane (200 mL). The precipitated product was separated by centrifuga-
tion to obtain a white powder (0.94g, 50%). 'HNMR (400 MHz,
CDCl;): 7.26 (m, 20H), 5.09 (s, 2H), 4.16 (m, 1H), 2.51 (m, 1H), 2.38
(m, 1H), 2.02ppm (m, 2H); MS (ESI+): m/z: caled for C;,H;N,O5
[M+H]": 523.22; found: 523.31.

N-Cbz-L-GIn(Tr)-OrBu: N-Cbz-L-Gln(Tr)-OH (5 g, 9.55 mmol) was sus-
pended in tBuOAc (64 mL, 0.478 mol) in a round-bottomed flask. HCIO,
(0.164 mL, 1.91 mol) was slowly added dropwise into the reaction mix-
ture, which was stirred for 20 h at RT. A light-yellow suspension resulted
and the reaction was monitored by TLC (silica, CH,Cl,/MeOH, 9:1,
Riproaue =0.95). Aqueous Na,CO; (10%, 40 mL) was slowly added to the
reaction mixture. The solution was transferred to a separating funnel and
EtOAc (100 mL) was added. The water phase was separated, its pH was
adjusted to 10 by adding aqueous NaOH (1M, ca. 22 mL), and then it
was returned to the organic phase in the separating funnel and thorough-
ly shaken. The organic phase was washed with H,0O (3x100 mL), dried
with Na,SO,, and the solvent was removed under reduced pressure. The
product was purified by column chromatography (stationary phase:
silica; mobile phase: gradient starting from CH,Cl, (100 mL), then
CH,ClL,/MeOH 95:5). Yield: 74%. 'H NMR(400 MHz, CDCl;): d=7.26
(m, 20H), 5.09 (s, 2H), 4.22 (m, 1H), 2.41 (m, 1H), 2.33 (m, 1H), 2.16
(m, 1H), 1.86 (m, 1H), 1.42 ppm (s, 9H); MS (ESI+): m/z: caled for
C36H;30N,O5 [M+H]": 579.28; found: 579.3.

H,N-L-GIn(Tr)-OBu: N-Cbz-L-GIn(Tr)-OrBu (2g, 3.47 mmol) was
placed in a PARR reactor, dissolved in dioxane (60 mL), and water-mois-
tened 10% Pd/C (0.3 g) was added. The mixture was stirred under hydro-
gen pressure (50 bar) at 50°C for about 24 h. The reaction was checked
by TLC (silica, CH,CL,/MeOH, 9:1, R proquet=0-32, Rieactan=0.95). The
resulting solution was first filtered, then run through a short column of
silica gel. This was washed with methanol to recover all the product re-
tained on the silica gel. The solvent was removed under reduced pres-
sure. Yield: 84%. 'H NMR (400 MHz, CDCl;): 6=7.26 (m, 15H), 3.30
(m, 1H), 2.41 (m, 2H), 2.08 (m, 1H), 1.75 (m, 1H), 1.41 ppm (s, 9H);
MS (ESI+): m/z: caled for C,sHysN,O5 [M+H]T: 445.25; found: 445.32.
Tri-tert-butyl ester of (S)-1-[2-oxo-11-(tert-butoxycarbonyl)-13-(N-trityl-
carbamoyl)-3,10-diazaterdecanyl]-1,4,7,10-tetraazacyclododecane-4,7,10-
triacetic acid (3): A solution of DOTAMA(OrBu);C;CHO (1.8¢,
2.73 mmol) in CH;OH (10 mL) was adjusted to pH 5 with glacial acetic,
then NH,-L-GIn(Tr)-OrBu (1.2 g, 2.73 mmol) dissolved in CH;OH
(10 mL) was added. The mixture was transferred to a glass cylinder and
sonicated in a cup horn at 20 W for 20 min. NaBH(OAc); was then
added portionwise and the mixture sonicated for another 30 min. The re-
sulting solution was evaporated in vacuo and the residue dissolved in
H,0/CHCI; (30 mL, 1:1 (v/v)). Dilute aqueous NH,OH was added under
stirring at 0°C to adjust the pH to 8, then the organic phase was separat-
ed and the aqueous phase extracted with CHCl; (3x30 mL). The organic
phases were collected, dried with anhydrous Na,SO,, filtered, and evapo-
rated in vacuo. The residue was purified by column chromatography
(silica gel, eluent: CHCl;/MeOH, 9:1; TLC: R;=0.36) to yield a light-
yellow oil (1.4g, 49%). 'HNMR (400 MHz, CDCl;): 0=851 (br,
CONH, 1H), 8.08 (br, CONH, 1H), 7.26-7.18 (m, ArH, 15H), 3.46 (m,
CH,, 1H), 3.41-3.26 (br, CH, macrocycle, NCH,CO, CONHCH,,
CH,NH, 28H), 2.34 (m, CHy, 2H), 2.29 (m, CH,,, 2H), 1.41 (m, C-
(CH,);, 36H), 1.46, 1.43, 1.24 ppm (m, aliphatic CH,, 8H); “C NMR
(400 MHz, CDCLy): 6=172.7, 172.3, 171.8, 171.7, 171.6 (CONH, COO,
6C), 145.04, 128.8, 127.9, 126.6 (aromatic, 15C), 82.0, 81.9, 81.8 (C(CH,)s,
4C), 70.6 (C(Ph);, 1C), 61.5 (CH,, 1C), 56.4, 56.0, 55.9, 53.9 (NCH,CO,
NCH, macrocycle, 12C), 48.0 (NHCH,, 1C), 39.5 (CONHCH,, 1C), 34.3,
32.8,29.7 (aliphatic CH,, CHy, 3C), 28.7, 28.4, 28.3, 28.2 (C(CH,);, 12C),
27.6, 27.2, 26.3 ppm (aliphatic CH,, CH,,, 3C); MS (ESI+): m/z: calcd
for Cg,HgN,Oy [M+H]": 1098.72; found: 1099.03; caled for
Ce,HosN;NaO,, [M+Na]*: 1120.70; found: 1121.02.
(5)-1-(2-Oxo-11-carboxy-13-carbamoyl-3,10-diazaterdecanyl]-1,4,7,10-tet-
raazacyclododecane-4,7,10-triacetic acid (L3): Trifluoroacetic acid
(20 mL) was added dropwise to a solution of 3 (337 mg, 0.30 mmol) and
triisopropylsilane (0.6 mL) in CH,Cl, (5 mL) cooled to 0-5°C. The solu-
tion was stirred at room temperature for 1h, then evaporated, and the
residue dissolved in the same volumes of CH,Cl, and trifluoroacetic acid.
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After 2 h, the solvent volume was reduced and the product precipitated
by adding diethyl ether at 0-5°C. The precipitate was dissolved in H,O
(5 mL), the solution neutralized at 0-5°C by adding dilute aqueous
NH,OH, and finally lyophilized. The product was then purified by prepa-
rative HPLC-MS by using a Waters Atlantis RPdC18 19/100 column by
Method 4 and 7 mm CH;COONH, (pH 4) (A) and CH;CN (B) as eluents
(see the Supporting Information). A second fast chromatographic separa-
tion was needed to eliminate salts (Method 2, Supporting Information).
The pure product was obtained as a white powder (270 mg, 39%).
'"H NMR (600 MHz, D,0): 0=3.82-3.69 (br, CH, macrocycle, 4H), 3.57
(m, CH,, 1H), 3.42-3.34 (br, CH, macrocycle, 12H), 3.14-2.96 (br,
NCH,CO, CONHCH,, CH,NH, 12H), 2.38 (m, CH,;, 2H), 2.15-2.02 (m,
CH,,, 2H), 1.66, 1.47, 1.32ppm (m, aliphatic CH,, 8H); “"CNMR
(600 MHz, D,0): 6=178.8, 176.9, 175.9, 175.8, 170.9 (CONH, COO, 6C),
60.2 (CH,, 1C), 59.9, 55.0 (NCH,CO, 4C), 53.5, 51.1, 48.1, 46.6 (NCH,
macrocycle, 8C), 41.8 (CH,NH, 1C), 39.2 (CONHCH,, 1C), 30.4, 29.6,
28.0, 27.8, 25.8, 25.7 ppm (aliphatic CH,, CH,5, CH,,, 6C); MS (ESI+):
mlz: caled for C,;HsN,0,, [M+H]*: 632.36; found: 632.51; caled for
C,;H N, NaO,, [M+Na]*: 654.34; found: 654.5.
(S)-1-[6-(2-Carboxy-5-oxopyrrolidin-1-yl)hexylcarbamoylmethyl]-1,4,7,10-
tetraazacyclododecane-4,7,10-triacetic acid (L5)—cyclic product: The cy-
clized product (123 mg, 20%) was recovered by HPLC separation.
'HNMR (600 MHz, D,0): 6=4.40 (m, CH,, 1H), 3.92-3.64 (br, CH,
macrocycle, 4H), 3.42-3.10 (br, CH, macrocycle, NCH,CO, CONHCH,,
CH,NH, 24H), 2.45-2.34 (m, CH,, 2H), 2.12-2.02 (m, CH,, 2H), 1.46,
126 ppm (m, aliphatic CH,, 8H); MS (ESI+): m/z: caled for
C,;H;;N,O,o [M+H]*: 615.33; found: 615.41.

Gd"™ complexes (Gd-L1, Gd-L2, Gd-L3, Gd-L4, Gd-L5, and Gd-DOTA-
MAC(NH,: An equimolar amount of GdCl; solution (about 120 mM in
water) was slowly added to a 40 mm ligand solution; the solutions were
maintained at pH 7 with NaOH.

In the cases of Gd-L1 and Gd-L3, iminodiacetic acid (0.5 equiv) was
added after 2h to complex free Gd*" ions. The mixtures were stirred
overnight at RT and lyophilized to give a white solid. Then Gd-L1 and
Gd-L3 were purified by preparative HPLC-MS by Methods 5 and 6, re-
spectively, using a Waters Atlantis RPdC18 19/100 column and H,O (A)
and CH;CN (B) as eluents (see the Supporting Information). Starting
from crude L1 and L3 (i.e., also containing L4 and L5, respectively), the
same protocol was used, but this time Gd-L4 and Gd-L5 were also ob-
tained after HPLC purification.

In the cases of Gd-L2 and Gd-DOTAMACNH, the mixtures were
stirred overnight at RT. Then the pH was raised to 8.5 and the mixtures
stirred for 2 h. Centrifugation at 7000 rpm for 5 min at 10°C allowed the
separation of Gd(OH); from solution.

The amount of residual free Gd** ions was assessed by the Orange Xyle-
nol UV method.” All complexes used in this work were found to con-
tain less than 0.3% (mol/mol) of residual free Gd** ions. The overall ga-
dolinium contents were determined by '"H NMR T, measurement of the
mineralized complex solution (in 6M HCI at 120°C for 16 h).

Gd-L1: MS (ESI+): m/z: caled for C,H,GdAN;O, [M+H]*: 786.28;
found: 786.74; HPLC: Method 7 (see the Supporting Information), reten-
tion time 2.83 min, purity 96 %.

Gd-L4: MS (ESI+): m/z: caled for C;;H,;sGAN,Oy [M+H]*: 769.25;
found: 769.65; HPLC: Method 7, retention time 4.70 min, purity 80 %.
Gd-L2: MS (ESI+): m/z: caled for C,H,;GdN,O,, [M+H]*: 787.26;
found: 787.68; HPLC: Method 7, retention time 3.16 min, purity 95 %.
Gd-L3: MS (ESI+): m/z: caled for C,H,;GdN,;O,, [M+H]*: 787.26;
found: 787.51; HPLC: Method 7, retention time 2.08 min, purity 84 %.
Gd-L5: MS (ESI+): m/z: caled for C,H,GdNO,, [M+H]*: 770.24;
found: 770.61; HPLC: Method 7, retention time 3.27 min, purity 80 %.
For all complexes the signals observed show isotopic distribution consis-
tent with a gadolinium complex. The products were stored at —20°C to
prevent cyclization.

Cell culture: The culture media DMEM F-12, M199, and fetal bovine
serum (FBS) were purchased from Cambrex, East Rutherford, NJ, USA.
The penicillin—streptomycin mixture, serum bovine albumin (BSA), tryp-
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sin, glutamine, and all other chemicals were purchased from Sigma
Chemical Co., St. Louis, MO, USA. Rat hepatocytes were isolated by fol-
lowing the previously reported method®**! and were used for the uptake
experiments after 24 h of culture. HTC (rat hepatoma tissue culture)
were grown in DMEM F-12 medium supplemented with 5% FBS, 2 mm
glutamine, 100 UmL™" penicillin, and 100 ygmL™"' streptomycin. HTC
were cultured in 75 cm? flasks in a humidified incubator in CO,/air (5:95,
v/v) at 37°C. For the uptake experiments HTC cells were seeded at a
density of 1.5x10*cellscm 2 Cells were ready for the uptake experi-
ments 24 h after seeding.

Uptake experiments: To carry out the uptake experiments with the gado-
linium complexes, HTC and rat hepatocytes were seeded in 6 and 10 cm
diameter culture dishes, respectively. After removal of the culture
medium, cells were washed three times with phosphate saline buffer
(PBS) (5 mL) and then Earl’s Balanced Salt Solution (2 or 5 mL; EBSS:
CaCl, 0.266 gL', KCl 0.4 gL, NaCl 6.8 gL', glucose 1 gL', MgSO,
0.204 gL', NaH,PO, 0.144 gL"!, NaHCO, 1.1 gL', pH 7.4) were added
to the 6 or 10 cm dishes, respectively. Cells were incubated (5% CO, at
37°C) for 6 h with the different compounds dissolved in EBSS at a 1 mm
concentration. At the end of the incubation, the medium was removed
and cells were washed three times with ice-cold PBS. Then cells were re-
covered from the Petri dishes in 250 uL. PBS with a cell scraper. The ga-
dolinium content of the HTC was determined by using inductively cou-
pled plasma mass spectrometry (ICP-MS, Element-2, Thermo-Finnigan,
Rodano (MI), Italy). Sample digestion was performed with concentrated
HNO; (70%, 2 mL) under microwawe heating (Milestone MicroSYNTH
Microwave labstation equipped with an optical fiber temperature control
and a HPR-1000/6M six-position high-pressure reactor, Bergamo, Italy).
After digestion the volume of each sample was brought to 2 mL with ul-
trapure water, and the samples were analyzed by ICP-MS. Three repli-
cates of each sample solution were analyzed. The protein concentration
of each sample was determined from cell lysates by the Bradford method
using bovine serum albumin as the standard.

MRI: MR images of cell pellets were acquired on a Bruker Avance 300
(7'T) instrument equipped with a microimaging probe. The system was
endowed with two birdcage resonators of 30 and 10 mm inner diameter,
respectively. 1.5x10° HTC cells were incubated for 6h with equal
amounts (1 mm) of the different gadolinium complexes. 5x 10° rat hepa-
tocytes were incubated for 6 h with Gd-L1. At the end of the incubation,
cells were washed three times with ice-cold PBS, detached with EDTA
(1 mm), and transferred into glass capillaries for the analysis. MR imaging
was performed by using a standard 7)-weighted multislice multiecho se-
quence (TR/TE/NEX=200:3.3:16, field of view=1.2cm, one slice=
1 mm, in-plane resolution=94x94 um). 7; measurements of cells were
performed by using a standard saturation recovery sequence.
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