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ABSTRACT: The leakage of gadolinium ion (Gd3*) from commercial Gd3*-based contrast agents (GBCAs) in patients is cur-
rently the major safety concern in clinical magnetic resonance imaging (MRI) scans, and the lack of task-specific GBCAs lim-
its its usage in the early detection of disease and imaging of specific biological regions. Herein, ultra-stable GBCAs were con-
structed via decorating chiral Gd-DOTA with a phenylic analogue to one of the pendent arms, and the stability constant was
determined as high as 27.08, accompanied with negligible decomplexation in 1 M of HCl over two years. A hepatic-specific
chiral Gd-DOTA was screened out as a potential alternative to commercial Gd-EOB-DTPA, while combination with functional
molecules favored chiral Gd-DOTA as tumor targeting probes. Therefore, the novel chiral Gd-DOTA is believed to be an ideal

platform for designing next generation of GBCAs for various clinical purpose due to its outstanding inert nature.

INTRODUCTION

Gadolinium-based magnetic resonance imaging (MRI) con-
trast agents (CAs) have been used for more than 30 years
clinically, and they are particularly useful to improve the
soft-tissue contrast signal relative to non-contrast exams.!
However, poor stabilities of many commercial GBCAs
aroused increasing safety concerns over their clinical us-
age. Free Gd3* released from GBCAs is very toxic because
its ionic radius is very close to that of calcium ion (Ca?*),
which may result in the blockage of Ca?* channels, thus
affecting a series of physiological activities.? Since 2006,
free Gd3®* are found to be associated with nephrogenic sys-
temic fibrosis (NSF) in patients with renal impairment,
leading to a contraindication of three least kinetically inert
GBCAs (Gd-DTPA, Gd-DTPA-BMA and Gd-DTPA-BMEA) in
certain patients by U.S. Food and Drug Administration
(FDA) in 2010.3-5 More recently, the long-term retention of
Gd3* in the brain has drawn great attention to the re-
searchers, with studies found that more Gd3* deposition
was commonly associated with the administration of less
inert GBCAs.>7 As a consequence of currently strict regula-
tory status and safety risks of GBCAs, to develop GBCAs
with enhanced stability would readily be the way out of
the dilemma of commercial GBCAs.

Macrocyclic DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) is generally regarded as the “gold
standard” for Gd3* chelation, and Gd-DOTA is the most
thermodynamically stable GBCA approved in clinical use.®
Further improvements on its inertness could be achieved
by introducing chiral groups to the macrocycle and pen-
dant arms, in which steric effects prevent ring inversion
and arm rotation, thus minimizing the interconversion
among its stereoisomers.>1! According to the study of lan-
thanide NB-DOTA complexes, it is suggested that the steric
hindrance induced from a single benzyl group to the mac-
rocycle could hardly avoid the interconversion between its
two pairs of isomers,'? while the stereoisomers of chiral
lanthanide DOTA complexes could be unprecedentedly
stabilized via symmetrical decoration of four chiral groups
to the backbone.10 Besides, the steric hindrance induced by
chiral groups prevents the interactions between the che-
lated metal ions and outer species, contributing to the ki-
netic inertness of complex as well. For example, the square
antiprismatic (SAP) isomer of Gd-E4DOTA in Figure 1 ex-
hibited no decomplexation after 20 days of incubation in 1
M of HCL!® Due the high inertness of chiral lanthanide
DOTA complexes of this type, their stereoisomers could be
purified and used as ideal candidates for optical and bio-
applications in the area of circularly polarized lumines-



cence (CPL) due to their high luminescence dissymmetry
factor (gmm) and emission intensity.!3-15 The water ex-
change kinetics of chiral Gd-DOTA complexes were found
to be very fast, regardless of the four substituents to mac-
rocycle ranging in size from methyl to 4-aminobutyl, with
water residence time (tm31%%) determined from 1.1 to 16 ns,
which indicates ideal inner-sphere contribution as high
field T1 shortening MRI CAs.1 Particularly, the longitudinal
relaxivity (r1) of Gd-E4DOTA was found to be higher than
that of Gd-DOTA (4.2 (SAP), 3.9 (TSAP) versus 3.2 mM-1s1),
making it an ideal platform for CAs design.1?

MRI technique requires micromolar levels of CAs to gener-
ate detectable signal enhancement, while most of the clini-
cally approved GBCAs are nontargeted, thus demanding
infusion of Gd3* at gram level for patients in each MRI
scan.? Yet, currently there are only two task-specific CAs
for liver diagnostic applications, i.e. Gd-EOB-DTPA and Gd-
BOPTA, but facing risks of Gd3* leakage due to their poor
inertness. Many mimics of Gd-EOB-DTPA have been re-
ported by combining the lipophilic ethoxybenzyl (EOB)
group with chelate skeletons including DO3A,617 PyC2A18
and even nanoparticles.!® Besides, difficulties aroused
commonly in discrimination between normal tissue and
lesions such as solid tumors, as common GBCAs have no
significant difference in extravasation between them.?® CAs
targeting biomarkers for cancer specific MRI have been
focused for decades, among which ZD2-N3-Gd(HP-DO3A)
was reported as the first candidate reaching clinical trials
approved by FDA in 2021.2%.22 Small molecule GBCAs such
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as the linear Gd-DTPA or cyclic Gd-DOTA were widely
adopted to bridge targeting molecules via amide bonds
with their side arms but at the expense of inertness of
complexes, which exacerbates the risk of their metal re-
lease.?3

In our recent work, the inertness of Gd-DOTA was highly
improved by introducing a phenylic group to one of its
pendent arms,2* while in this research, further improve-
ments on its kinetic inertness and thermodynamic stability
were achieved by decorating the macrocycle with extra
chiral ethyl groups. The given chiral Gd-Ls (Figure 1) ex-
hibited stability constant and pGd (pH 7.4) as high as 27.08
and 19.25 respectively. Then the developed both chiral and
achiral Gd-DOTA complexes were screened in their in vivo
biodistribution in mice via varying substitutions including
nitro, carboxylic and methylsulfonyl groups to the para-
site of the phenyl ring. One novel liver specific CA consist-
ing four R-ethyl groups on the macrocycle and one p-
nitrophenyl group on the pendent arm of Gd-DOTA (Gd-Ls,
Figure 1) was constructed with comparable MRI perfor-
mance to commercial Gd-EOB-DOTA, and its applicability
in tumor diagnosis was verified using a mice model of or-
thotopic hepatocellular carcinoma (HCC). Gd-L4 bearing a
carboxylic acid was further linked to small molecules in-
cluding glucosamine and 3-nitrobenzene-sulfonamide ana-
logues for MRI targeting solid tumor, in which Gd-Ls
showed outstanding retention and penetration behavior
towards the 4T1 solid tumor, thus deemed as an ideal can-
didate for developing hypoxic tumor targeting probes.
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Figure 1. Design strategy of Gd-DOTA analogues and the isomeric identification of chiral Gd-DOTA derivatives. (A)
Synthetic procedures. a) 1, ACN, r.t.; b) K2COs3, ethyl bromoacetate, ACN, r.t.; c) LiOH, H20, MeOH, THF, r.t.; d) GdCl3-6H20, H20,
reflux; e) glucosamine analogue or 3-nitrobenzene-sulfonamide analogue, EDCI, HoBt, DIPEA, DMF, r.t.. The counterions of
complexes were omitted for clarity. (B) 1H NMR spectra of Eu-L4 and Eu-Ls in D20. The characteristic peaks of SAP and twist-
ed square antiprismatic (TSAP) isomers were grouped in red rectangles and both integrated with the integration of TSAP iso-
mer set as 1.0. *indicates the residual peak of HDO. (C) Isomerization simulation of Gd-Ls by density functional theory (DFT).
Atom labels: Gd (pink), C (green), N (blue) and O (red); H atoms were omitted for clarity.



Table 1. Relaxivity and estimated log P of the investigated Gd3+ complexes. Their r1 and rz values were investigated in water
and in the presence of 4.5% (w/v) HSA at 1.4 T and 37 °C. The relaxivity was presented as mean * standard deviation (SD), n = 3.

Complexes in water (mM-1s-1) in 4.5% HSA (mM-1s1) log P
ri r2 ri r2
Gd-L1 3.60£0.11 3.61+0.02 4.97+0.08 5.38+0.06 -1.71
Gd-L2 4.00+0.08 4.24+0.06 5.97+0.07 6.52+0.19 0.65
Gd-Ls 4.19+0.02 4.24+0.05 4.70+0.08 4.88+0.12 0.20
Gd-L4 4.89+0.09 4.99+0.07 7.35+0.15 10.13+0.60 0.85
Gd-Ls 5.13+0.01 5.59+0.11 7.51+0.06 9.80+0.25 1.40
Gd-Le 5.25£0.03 5.61+0.04 6.47+0.05 6.57+0.23 1.20
Gd-L7 6.79+0.02 6.92+0.07 7.48+0.10 8.50+0.18 0.95
Gd-Ls 5.31+0.04 5.44+0.08 10.13+0.10 18.74+0.27 1.43
Gd-DOTA 3.21£0.11 3.33£0.05 3.71£0.05 3.91£0.10 -2.87
Gd-EOB-DTPA 5.23+0.11 5.44+0.02 11.68+0.18 21.14+0.20 0.71
RESULTS AND DISCUSSION SAP isomer of chiral Gd-DOTA combined with the S-isomer

Design and Synthesis of GBCAs. Structural modifications
of DOTA have been widely investigated, with substitutions
introduced to its macrocycle and pendant arms, where
symmetric chiral substitutions on the macrocycle greatly
improved the kinetic inertness of its lanthanide complex-
es.!! In this research, both chiral and achiral Gd-DOTA ana-
logues were constructed and evaluated for targeted diag-
nostics. Phenylacetate analogues were chosen as one of the
pendant arms of the Gd-DOTA as shown in Figure 14, as
groups including methyl formate, nitro and methylsulfonyl
moieties could be introduced to its para-site, thus modu-
lating the properties of Gd-DOTA. Chiral cyclen (E4cyclen)
in Figure 1A was synthesized according to the previous
report with R-2-amino-1-butanol as the starting material.1?
As shown in Scheme S1 (supporting information, SI), bro-
mination was firstly conducted at the a-carbon of phe-
nylacetates in the presence of N-bromosuccinimide (NBS)
and azodiisobutyronitrile (AIBN), and its products were
further reacted with cyclen or E4cyclen via nucleophilic
substitution (SN2) at 1:1 ratio, with the rest of amines on
macrocycles saturated with ethyl bromoacetate in next
step. After hydrolysis in the presence of lithium hydroxide,
the ligands were chelated with Gd3* in neutral water, and
the complexes Gd-Li1¢ were finally purified with a semi-
preparative reverse phase high performance liquid chro-
matography (RP-HPLC) system.

In order to identify the structural isomerism of chiral Gd-
DOTA complexes, Ls and Ls were chelated with Europium
(Eu3*) for nuclear magnetic resonance (NMR) analysis.
Both Eu-L4 and Eu-Ls were found to be nearly SAP pure as
indicated by the four distinct peaks ranging from around
30 to 50 ppm in proton NMR spectra in Figure 1B. As the
bromination has no chiral preference, compound 1 as the
pendant arm contains both R and S isomers with the a-
carbon as the chiral center, thus theoretically giving four
stereoisomers for chiral Gd-Ls.s, while the stereoisomers
induced by the R and S chirality could hardly be distin-
guished by NMR (Figure 1B). Similar stereoisomer prefer-
ence was observed in previous study of DOTMA (bearing
four R-methyl groups on arms), where TSAP geometry was
found to be the privileged structure.?> Considering the
SAP/TSAP ratio of Eu-E4DOTA at 1/1.27,10 it is suggested
that the SAP preference of the chiral complexes in this re-
search could be stabilized by the substitution of phenylic
group to only one of the arms. The isomerism of Gd-Ls was
further simulated in Figure 1C, which confirmed that the

of the phenylacetic arm (SAP-S) was capable of the lowest
energy level, with relative higher energy states estimated
at 4.66, 9.48 and 9.58 kJ/mol for SAP-R, TSAP-S and TSAP-
R isomers respectively.

Rapid growth of tumor leads to dysfunctional microvascu-
lature, generally featured with hypoxia, which protects
tumors from therapy, thus with it emerging as an inevita-
ble biomarker for consideration in developing tumor spe-
cific CAs.26-28 For example, sulfonamides have been widely
incorporated in CAs for targeting hypoxia via interacting
with the carbonic anhydrase IX/XII overexpressed in hy-
poxic cancers.?>31 Yet, the lack of selectivity among
isoforms of human carbonic anhydrase usually brought
unwanted side effects in their therapeutic applications.32 3-
nitrobenzene-sulfonamide analogue exhibited better inhi-
bition on tumor associated carbonic anhydrase IX/XII, and
the reduction of nitro to amine group under hypoxic envi-
ronment did not only improve the selectivity but also ex-
erted enhanced cytotoxicity to tumor cells.3233 The over-
expression of various glucose transporters on cell mem-
brane of cancers would be another ideal biomarker for
targeting.3* Then, Gd-Ls was conjugated to glucosamine
and 3-nitrobenzene-sulfonamide analogue via a simple
coupling reaction, giving Gd-L7 and Gd-Ls respectively. All
the spectra for structural characterization including 'H and
13C NMR and mass spectrometry (MS) were given in sup-
porting information (SI).

Relaxivity and log P. Longitudinal (r1) and transverse (rz)
relaxivities of the investigated Gd3* complexes were meas-
ured at 1.4 T and 37 °C to compare their efficiencies as
contrast agents for MRI. Gd-DOTA in this research was
found with r1 and rz at 3.21 and 3.33 mM-!s! respectively
in pure water, while with addition of an aromatic moiety to
the o position of the pendant arm these values were en-
hanced slightly (3.60 to 4.24 mM-1s'1) as witnessed by Gd-
Li3 in Table 1. Both r1 and r2 were further improved by
introduction of chiral groups (R-ethyl) to the macrocycle,
with r1 and r2 ranging from 4.89 to 5.61 mM-1s! for Gd-La-6.
The conjugation of Gd-Ls4 to 3-nitrobenzene-sulfonamide
moiety led to an increase in r1 from 4.89 to 5.31 mM-1s1,
while its linkage with glucosamine resulted in even higher
relaxivities, i.e. 6.79 and 6.92 mM-1s! for r1 and r2 respec-
tively.

The pharmacokinetics and biodistribution of CAs are
known to be affected by extents of albumin binding, and
generally strong binding with human serum albumin (HSA,



accounts for around 4.5% of plasma) prevents CAs from
entering tissues such as hepatocyte, thus lowering the effi-
ciency of blood clearance and tissue accumulation.¢ In this
research, the binding of GBCAs with HSA was compared by
evaluating their relaxivities in 4.5% HSA solution, where
the tumble of CAs was slowed down upon binding macro-
molecule, thus generally resulting in enhancement in relax-
ivity.35> Gd-DOTA in this research was found with slightly
enhancement in r1 after incubation with HSA, by 1.16 fold,
and particularly Gd-Lz and Gd-Ls were proved with higher
improvement in ri, both by around 1.50 fold under the
same condition, which assumes p-nitrophenylic moiety
provides extra binding capacity with HSA. However, com-
mercially hepatocyte specific Gd-EOB-DTPA provided the
highest improvement in r1 (by 2.23 folds) upon interacting
with HSA, showing the highest affinity with HSA among the
investigated CAs in this research due to the contribution of
lipophilic p-ethoxybenzyl (EOB) group.

The albumin binding capacity of CAs is generally correlat-
ed with their lipophilicity, which indicates organ uptake
(e.g. liver) and blood clearance of CAs could be estimated
by assuming their partition coefficients (log P). In this re-
search, a RP-HPLC method was referred for estimating the
log P of GBCAs.3¢37 As a very hydrophilic CA, Gd-DOTA was
reported to be with a log P of -2.87,38 and the log P of Gd-L1
was improved to be -1.71 because of the decoration of p-
carboxyphenylic moiety. As the log P was associated with
the hydrophilicity of decorated groups on the pendent arm,
as shown in Table 1 it ascended in a sequence of p-
carboxybenzene, p-methylsulfonylbenzene and p-
nitrobenzene, and the chiral ethyl groups on macrocycle
highly improved the log P as well, e.g. 0.65 and 1.40 for Gd-
Lz and Gd-Ls respectively. The amphiphilic Gd-EOB-DTPA
was tested with a log P value of 0.71 by using the same
protocol.

Kinetic Inertness Assessments of GBCAs. The health
risks of clinical GBCAs are associated with the release of
Gd3*, thus high inertness is required for developing safe
GBCAs. The stability of GBCAs can be characterized by ki-
netic inertness and thermodynamic stability, in which ki-
netic inertness could be reflected by the rate of Gd3* disso-
ciation from the complexes while thermodynamic stability
refers to the stability constant (log K) after reaching equi-
librium of complexation.

Acid-assisted transmetallation is the main pathway to in-
duce Gd3* release of macrocyclic complexes, thus a relaxo-
metric method was adopted in this research to compare
the Kkinetic inertness of complexes in 1 M of HCl solution.10
11 As shown in Figure 24, the change of transverse relaxa-
tion time (T2) was given as the ratio to its original level,
which exhibited decomplexation rate of the complexes
along with incubation. Over 4 days of incubation at room
temperature, Gd-Li-3 showed similar but slower rate of
decomplexation compared to that of Gd-DOTA, which indi-
cates that the adduct of a phenylic moiety at the a position
of the acetate arm highly enhanced the kinetic inertness of
Gd-DOTA analogues. The decomplexation of Gd-Lz in acid
was further quantified using a RP-HPLC method, and as
shown in Figure 2B, its half-lifetime (t1/2) was expected to
be 61 h, compared to that of Gd-DOTA at around 20 h.3°
Similarly, chiral Gd-Ls-s were analyzed by using both
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Figure 2. Evaluation of inertness of GBCAs in 1 M of HCl
solution at room tempeature. T: relaxation time of CAs was
recorded at 1.4 T, and inertness was compared via their
deceasing rate of T2 along with time (A); Gd-Lz and Gd-Ls
were further analyzed through HPLC by fitting the area of
absorption at 254 nm after certain time of incubation (B).
Half-lifetime of Gd-Lz was acquired by performing a triplicate
study.

relaxometric and HPLC methods. As shown in Figure 24,
obvious advantage in kinetic inertness was witnessed for
chiral complexes Gd-Ls-6¢ over their achiral counterparts
Gd-L1-3 after 4 days of incubation in 1 M of HCI at room
temperature as neglectable decomplexation was observed.
Specially, Gd-Ls were observed with no degradation via
HPLC analysis after up to 102 days of incubation in 1 M of
HCl at room temperature, only with decomplexation de-
termined at 5.2% and 10.8% after 161 and 244 days of
incubation, respectively (Figure 2B and Figure S5). Sur-
prisingly, Gd-L4 in 1 M of HCI was found with only 6.5% of
decomplexation after 750 days of incubation at room tem-
perature (Figure S5). Over half a year of incubation in 1 M
of KOH at room temperature, the Gd-Lis showed ne-
glectable release of metals and minimal transmetallation
was observed for Gd-Li-s in the presence of 10 folds of Zn?*
in phosphate buffered saline (PBS, pH 7.4) even after 6
days of incubation at 80 °C (Figure S4).

Thermodynamic Stability of GBCAs. In order to evaluate
the thermodynamic stability, potentiometric titration was
adopted in which protonation constants of ligands were
determined firstly. The constant ionic background was
maintained by dissolving ligands in 0.1 M of KCl solution,
as potassium ion has much weaker interaction with ligands
than sodium ion, thus minimizing the errors in the meas-
urement.*® Achiral Ligz and chiral Lsgs were chosen for a
comparison study. As shown in Table 2, each ligand was
found with five protonation constants in this research in
accordance with that of the parent ligand DOTA in the pre



Table 2. Protonation constants of ligands and stability constants of their complexes with Gd3+.

L1 L2 L4 Ls DOTA [a]
log K1y 12.85+0.88 9.95+0.25 12.41+£0.22 12.88+0.72 12.60
log Kin2 9.18+0.20 9.90+0.38 11.19+0.20 10.10+£0.12 9.70
log Kin3 4.98+0.11 5.13+0.25 5.88+0.36 5.14+0.01 4.50
log Kin4 3.61+0.18 4.33+0.47 4.73+0.22 4.88+0.01 4.14
log Kius 3.48+0.05 3.56+0.44 4.42+0.07 4.11+0.62 2.32
¥ log Ki# 34.09+0.59 32.87+0.12 38.64+0.20 37.12+0.01 33.26
log KL 25.39 25.49 27.08 26.80 24.7
pGd (pH 7.4) [b] 19.11 19.04 19.25 19.40 18.98

[a] Protonation constants taken from ref. 41; stability constant taken from ref. 42. [b] The pGd was defined as -log[free Gd] when [L]
=10 uM and [Gd] = 1 pM. The pGd of Gd-DOTA was acquired using the data in our previous report.24
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Figure 3. T1-weighted in vivo liver targeting MRI and diagnosis of orthotopic HCC with the aid of Gd-Ls. The images of liver
(A) and kidney (B) were captured prior and 1, 6, 12, 22 min post-injection of Gd-EOB-DTPA, Gd-Ls and BSP+Gd-Ls respectively, in
which liver and kidney were outlined by the red and green dash lines respectively. BL, bladder. The signal changes of liver and
kidney were expressed as relative enhancement to their initial signal intensity prior injection of CAs as shown in graph C and D
respectively (n = 3). E. T1-weighted MR images of liver implanted with orthotopic HCC before and after injection of Gd-Ls. F. Liver
to tumor contrast to noise ratio (CNR) at 10 min post-injection of Gd-Ls. The mice were scanned 2 and 6 weeks after inoculation
respectively. (n =3, *P=0.012, ***P < 0.001, unpaired t test).



vious report.#! Although substituted with electron with-
drawing groups to the a-position of one pendent arm, L1
and Lz showed similar basicity to that of DOTA, with total
protonation constants determined at 34.09, 32.87 and
33.26 respectively. In contrast, L+ and Ls symmetrically
bearing four R-ethyl groups on the macrocycle exhibited
obviously higher total protonation constants (i.e. 38.64 and
37.12, respectively) than that of the parent ligand DOTA,
where the first two protonation constants were associated
to the protonation of the macrocycle,*3 but found relatively
improved due to the electron donation of ethyl groups.

As the formation of Gd-DOTA analogues has extremely
slow Kkinetics, an “out of cell” method was adopted to as-
sess the thermodynamic stability of DOTA-type complexes,
in which batch samples containing ligand and metal were
prepared with variations in titrated potassium
hydroxide.*? As shown in Table 2, the stability constants of
Gd-L1sz were found to be 25.39 and 25.49 respectively,
which is slightly higher than that of Gd-DOTA (i.e. 24.7 4?)
in spite of their similar basicity. Chiral complexes Gd-Lasas
exhibited even higher values at 27.08 and 26.80 respec-
tively. Their pGd values at pH 7.4 were also compared,
where the chiral Gd-Lsgs were found with pGd at 19.25
and 19.40 respectively, which indicates obviously higher
conditional stability than achiral Gd-Ligz (ie. 19.11 and
19.04 respectively) and Gd-DOTA (18.98).

Hepatic in vivo MRI of mice. To develop task-specific
GBCAs with improved safety profiles meets the demands of
market and maximizes the advantage of MRI as a noninva-
sive technique. In the area of hepatobiliary MRI, currently
there is no reliable alternative to commercial Gd-EOB-
DTPA and Gd-BOPTA in spite of their instable characteris-
tics. The complexes Gd-Lis were firstly investigated in
normal mice for their biodistributions and pharmacokinet-
ics, where a 3.0 T clinical scanner (Ingenia elition, Philips)
was adopted for dynamic contrast enhanced MR scanning.
The coronal Ti-weighted images of Gd-Li-s were listed in
Figure 3A&B and Figure S8&S9, in which the excretion of
complexes via liver and kidney was emphasized, and rela-
tive enhancement as a function of time was used to com-
pare the degree of signal changes and prolonged retention
of CAs in organs (Figure 3C&D and Figure S10). Gd-Ls was
found with outstanding liver distribution while the other
five complexes were witnessed with only renal excretion
as shown in Figure 3A and Figure S8&S9. In order to eval-
uate the potential of Gd-Ls as the hepatocyte-specific CA,
the commercial Gd-EOB-DTPA was adopted for compari-
son. Both Gd-Ls and Gd-EOB-DTPA reached the peak of
contrast enhancement at around 20 min post-injection
(Figure 3C) and obvious excretion into gallbladder was
observed for both of them (Figure 3A). Upon administra-
tion of complexes, signal enhancement of kidney immedi-
ately peaked at 1 min post-injection for Gd-Ls and Gd-EOB-
DTPA while this enhancement decreased gradually, ac-
companied with subsequent signal accumulation in uri-
nary bladder (Figure 3B&D).

It is well known that the hepatic uptake of Gd-EOB-DTPA is
transported by organic anion transporting polypeptides
(OATPs), which plays a key role in pharmacokinetics of
many drugs, and bromosulfophthalein (BSP) is able to bind
OATPs strongly, thus inhibiting the transportation of Gd-
EOB-DTPA.3” Thus, BSP was adopted as the competitive

inhibitor in this study to verify the mechanism behind he-
patic uptake of Gd-Ls. Before administration of complex
Gd-Ls, BSP was intravenously applied to mice and main-
tained at a level of 0.1 mmol/kg for 45 min, after which T1-
weighted images were recorded prior and post-injection of
Gd-Ls. As shown in Figure 3A&C, minimal improvement of
signal in liver was observed compared to the baseline. In
contrast, its excretion via kidney was prolonged as evi-
denced by Figure 3B&D, which indicates the improved
burden of kidney due to the loss of uptake by hepatocyte.
Thus, OATPs transportation can be attributed as the path-
way for hepatic uptake of Gd-Ls.

As the discrimination between healthy hepatocyte and
tumor by contrast agents is attributed to the low OATPs
expression in HCC,1% 44 Gd-Ls was then used for detection
of liver tumor. Human HuH7 tumor due to its limited
OATPs expression was transplanted to the liver of mice in
order to build orthotopic HCC model,*5 and the mice were
further fed 2 and 6 weeks respectively after inoculation
before MR scanning. Consecutive Ti-weighted scanning
was applied for 26 min under a 3.0 T clinical magnet, and
the hepatic lesion was barely seen before administration of
Gd-Ls, compared to the significantly enhanced contrast
between normal liver tissue and tumor post-injection (Fig-
ure 3E and Figure S11). For both 2 and 6 weeks groups, the
liver to tumor CNR peaked at around 10 min, followed with
a decay after 20 min post-injection (Figure S11). As shown
in Figure 3E, by 10 min post-injection, the tumor was visu-
ally measured with a diameter of around 1.24 mm in the
liver of 2 weeks group, and obvious grow in size was wit-
nessed by 6 weeks after inoculation, with the diameter
reached around 2.74 mm. The increase in size of tumor
leaded to improved contrast between hepatocyte and tu-
mor, where the liver to tumor CNR grew from 5.2 in the
mouse of 2 weeks to 30.3 in the mouse of 6 weeks at 10
min post-injection (Figure 3F), but visually both showing
clear contrast for tumor diagnosis. In summary, Gd-Ls pro-
vided rapid diagnosis of orthotopic liver tumor upon injec-
tion, and early tumor with diameter of around 1 mm could
be clearly observed. The early detection of liver tumor less
than 2 mm would highly improve the cure rate by surgical
resection before tumor induced vascular invasion.6
Molecular Docking Studies. The isoforms of OATPS in-
cluding OATP1B1, OATP1B3 and OATP2B1 and Na*-
dependent taurocholate transporting polypeptide (NTCP)
play a vital role in facilitating drug uptakes by liver, in
which OATP2B1 and NTCP are expressed at similar but
lower levels.#” The pathway for hepatic uptake of Gd-Ls
was further investigated taking advantage of molecular
docking studies with Gd-EOB-DTPA as the comparison, in
which the crystal structure of OATP1B1, OATP1B3,
OATP2B1 and NTCP were referred to previous reports.16-48
As the two most abundant transporters expressed in the
liver, the representations of OATP1B1 and OATP1B3 ac-
commodated with Gd-Ls and Gd-EOB-DTPA were shown in
Figure 4. Gd-Ls was found to be less favored by OATP1B1,
with the energy release determined at -19.76 kJ/mol in
contrast to that of -25.66 k]/mol for Gd-EOB-DTPA, while
higher score was observed for Gd-EOB-DTPA in terms of
binding OATP1B3 than that of Gd-Ls, i.e. -33.28 and -26.29
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Figure 4. Schematic representations of Gd-Ls (A and B) and Gd-EOB- DTPA (C and D) bound to OATP1B1 (left) and
OATP1B3 (right) respectively. PDB code for OATPs, 2GFP. The hydrophobic interaction, hydrogen bond and salt bridge between
GBCAs and transporters were indicated by gray, blue and yellow dash lines respectively.

kJ/mol respectively (Table S1). According to Figure 4 and
Figure S12, the investigated GBCAs interacted with trans-
porters mainly through hydrophobic interactions, hydro-
gen bonds and salt bridges, and generally the rigid Gd-Ls
was preferred to build more hydrophobic interactions via
both lipophilic ethyl and aromatic groups, but accompa-
nied with less flexibility for accommodation in the trans-
porting cavity in contrast to Gd-EOB-DTPA. Another gap
between Gd-Ls and Gd-EOB-DTPA was witnessed in bind-
ing NTCP (i.e. -12.22 and -37.71 kJ/mol), while the inhibi-
tion constant of Gd-EOB-DTPA for NTCP was estimated as
low as 0.25 pM compared to that of Gd-Ls higher than 1
mM (Figure S12 and Table S1). Gd-Ls was estimated with
the highest affinity towards OATP2B1 (-33.24 kJ/mol), and
a similar value of -38.34 k]J/mol was calculated for Gd-
EOB-DTPA.

Biodistribution. In aforementioned in vivo MRI study, Gd-
Ls was found to be an ideal candidate for liver targeting
visualization, and clear discrimination between normal
hepatic cells and HCC was demonstrated as well. A com-
parison of biodistribution between Gd-Lz and Gd-Ls was

performed by analyzing the Gd3* levels in brain, heart, liver,

lung, spleen, intestine, muscle and kidney of mice post-
injection respectively. As can be seen from Figure 5 and
Table S2, dominated renal accumulation was observed for
Gd-Lz at 5 min as high as 87.8 pg Gd3* per g tissue, which
was in accordance with the results from in vivo MRI (Fig-
ure S9). Neglectable retention of Gd-Lz in major organs
was detected after 24 hours due to its rapid renal evacua-
tion. In contrast, Gd-Ls was determined with 39.7 and 29.2
ug Gd3* per g tissue at 5 min in liver and kidney respective-
ly, and these two values went down rapidly along with
time while an increase of Gd3* in intestine was observed
from 5 min to 30 min, due to the excretion of Gd-Ls from
gallbladder (Figure 3A). The renal and hepatobiliary reten-
tions of Gd-Lz and Gd-Ls were compared in Gd3* percent-
age of total injection as shown in Figure 5 and Table S3. At
5 min post-injection, around 7% and 17% of Gd-Lz was

detected in liver and kidney respectively in contrast to 28%

and 6% of Gd-Ls in liver and kidney respectively. The
hepatocyte uptake of Gd-Ls is only around half the amount
of Gd-EOB-DTPA (around 50%),244° and this phenomenon
is consistent with the lower affinities of Gd-Ls to trans-
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Figure 5. Biodistribution of Gd-L, and Gd-Ls in normal mice. The
Gd3* contents were presented by ug per g tissue. The total up-
takes of Gd-L, and Gd-Ls were also compared as percentage of
the injected dose. The results were given as mean +SD, n = 3.
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Figure 6. Cytotoxicity and in vivo toxicity assessments. (A) Cytotoxicity of Gd-Li-s was evaluated in LO2 and HEK-293 cells re-
spectively via a CCK-8 assay after incubation with 0.01, 0.05, 0.1, 0.3, 0.5 and 1.0 mM of complexes at 37 °C for 24 hours. Each value
represents as the mean + SD (n = 3). (B) Blood biomarkers including BUN, CR, ALB and various enzymes (ALT, AST, ALP, LDH and
CK) were quantified for evaluation of acute and subacute toxicity towards mice after Gd-DOTA and Gd-Ls treatments. Each value
represents as the mean * SD (n = 3). (C) H&E staining histological analysis of major organs including heart, liver, spleen, lung and
kidney. The acute and the subacute toxicity group of Gd-DOTA and Gd-Ls were compared with the control group.

porters including OATP1B1 and OATP1B3 as indicated in
molecular docking study. The evacuation of Gd-Ls from
liver took around two days, with about 7% and 0.5% of
Gd-Ls detected in hepatic tissue at 24 and 48 hours post-
injection respectively.

Toxicity Evaluation. The cytotoxicity of the investigated
complexes Gd-Li-s was examined in human fetal hepato-
cyte (LO2) and human embryonic kidney cells 293 (HEK-
293) respectively. As shown in Figure 64, the level of CAs
was investigated as high as 1.0 mM for both cell lines, and
all the CAs were found to induce neglectable toxicity to-
wards LO2 cells while a dose dependent inhibition on HEK-
293 cells was witnessed for GBCAs except Gd-L1. At a con-
centration as high as 1 mM, the investigated GBCAs except
Gd-Lzss exerted limited toxicity to HEK-293 cells, with
viability found higher than 70%, while obvious inhibition
was observed for both Gd-Lzss, with cell viability found
less than 60%. Considering the fast clearance of GBCAs
from the kidney, it is suggested that Gd-Li-s would induce
limited toxicity despite HEK-293 cells are more vulnerable

than LO2 towards the investigated GBCAs of high concen-
trations.

As a potential candidate for clinical liver MRI, the acute
and subacute toxicities of Gd-Ls were further examined in
normal mice in comparison to commercial Gd-DOTA4, in
which mice of acute toxicity group were treated with 0.1
mmol/kg complexes one day before analysis while mice of
subacute group were injected with same dose of complex-
es every one weeks for total 4 weeks. The control group
was treated with PBS. The potential damage of complexes
to the function of major organs were assessed by evaluat-
ing the biochemical parameters in blood. The levels of as-
partate aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP) and albumin (ALB)
were related to the function of liver while renal function
could be reflected by concentrations of blood urea nitro-
gen (BUN) and creatinine (CR).5° Activities of lactate dehy-
drogenase (LDH), creatinine kinase (CK) were also includ-
ed in the analyses. Firstly, there was no obvious difference
in the levels of BUN and CR for both GBCAs compared to
the control group, which indicates the renal function was



not disrupted in both acute and subacute groups as shown
in Figure 6B. In spite of slightly lower levels of CK and AST
in acute group after administration of Gd-Ls, the other bi-
omarkers in Figure 6B were found to be consistent to the
levels of the control group, which demonstrates that Gd-
DOTA and Gd-Ls have limited damage to liver and heart.
Histological statuses of major organs including heart, liver,
spleen, lung and kidney were shown in Figure 6C by using
a hematoxylin and eosin (H&E) staining method, and ne-
glectable abnormalities were observed in both acute and
subacute toxicity groups after Gd-DOTA and Gd-Ls treat-
ments. Particularly, clear and abundant glomerulus was
found in images of kidney, and the hepatocytes was found
with no inflammatory infiltrates. The lung and spleen were
observed with neither fibrosis nor hyperplasia as well. All
these results demonstrate the good in vivo safety profiles
of Gd-DOTA and Gd-Ls, and particularly Gd-Ls is expected
to be a potential candidate for hepatobiliary MRI in clinical
trials.

In vivo MRI of Subcutaneous Tumor Mice. Currently,
none of the clinical GBCAs could be used for tumor-specific
diagnosis, as tumor specific MRI requires higher accumula-
tion of CAs than surrounding tissues. With the extremely
stable Gd-L4 in hand, small molecules including glucosa-
mine and 3-nitrobenzene-sulfonamide were easily conju-
gated to give Gd-L7 and Gd-Ls respectively for targeting
tumor microenvironments, i.e. Warburg effect,3 5! and
hypoxia.28 As 4T1 tumor is a quickly growing, more ag-
gressive malignancy with early central necrosis for-
mation,®? a subcutaneous tumor model was prepared by
injecting 4T1 cells to the right side of mice axillary to mim-
ic the hypoxia microenvironment. Then Gd-L4, Gd-L7 and
Gd-Ls were applied to the mice intravenously in order to
compare their in vivo tumor targeting properties. Both
coronal and axial MR images of tumor before and post-
injection were shown in Figure 7, and all three investigated
GBCAs provided clear borderlines between solid tumor
and normal tissue upon injection as shown by the post 5
min images due to the angiogenesis of tumor. The tumor
uptake of Gd-Ls was not significant within 2 hours of
screening. Interestingly, the tumor treated with Gd-L7 was
observed with gradual uptake by measuring the tumor to
muscle CNR, with peak reached at 20 min, and stepwise
drop was indicated from 20 min onwards (Figure 7B&C).
As the reduction of the nitro group on 3-nitrobenzene-
sulfonamide analogue could enhance its affinity to tumor
associated carbonic anhydrase IX,33 the enzyme catalyzed
reduction of Gd-Ls under hypoxia condition was confirmed
by using a hypoxia chamber, in which the nitro group was
reduced to be amine as evidenced by HPLC-MS analysis
(Figure S13). Specially, a clear drop in CNR between tumor
and muscle was observed immediately after injection of
Gd-Ls and gradual accumulation of signal intensity was
observed from outer into inner regions of tumor in up to 2
hours (Figure 7B&C), constantly providing clear discrimi-
nation between tumor and the neighboring normal tissue.
Visually, the renal excretion of Gd-Ls was observed with
abnormally high signal level in kidney of mice up to 2
hours post-injection (Figure 7A), which may be due to its
inevitable interaction with the carbonic anhydrase II ex-
pressed in kidney. 33.53

CONCLUSIONS

A Pre 5min 20 min 1h

Gd-L,

Gd-L,

)
©
o
B
<
=
o
o
~
=
©
G}
-
©
o
C

CNR (tumor to muscle)

v
/
/
rrrrrr rrrrrr rrrif
Q ‘a.\m,ﬁa@\,\’a ) b,@,ﬁs@'&a ° ‘;.\a@@\.‘g

Time (min)

Figure 7. The assessments of targeting GBCAs for MRI
of 4T1 subcutaneous tumor. Gd-Ls, Gd-L7 and Gd-Ls
were injected to 4T1 bearing mice intravenously, and the
coronal and axial Ti-weighted images are shown in (A)
and (B) respectively. Tumors were outlined with red dash
lines. K, kidney; T, tumor; B, bladder. (C) The tumor to
muscle CNRs were compared over 2 hours post-injection.
(n = 3, *P<0.03, **P<0.003; ns, not significant; unpaired t
test).

A class of chiral Gd-DOTA complexes was developed
through decorating chiral Gd-E4DOTA with a phenylic ana-
logue to one of the arms, which exhibited unusual kinetic
inertness, thus deemed as ideal candidates for developing
safe GBCAs to avoid Gd3* leakage in patients. A potential
hepatobiliary GBCAs was screened out as Gd-Ls by decora-
tion of a nitro group to the para-site of phenylic group,
which exhibited comparable liver imaging quality to that of
Gd-EOB-DTPA, clear discrimination of orthotopic HCC and
minimal in vivo toxicity in mice, therefore deserving fur-
ther investigations as an alternative to commercial Gd-
EOB-DTPA under the guidelines of regulatory agency. The
application of chiral Gd-DOTA in probing tumors was testi-
fied by introducing functional molecules to Gd-L4 via a
simple coupling reaction, in which Gd-Ls bearing a 3-
nitrobenzene-sulfonamide moiety showed prolonged re-
tention in hypoxic tumor tissue, hopefully covering the
lack of tumor specific GBCAs. Therefore, chiral Gd-DOTA is



emerging as a novel platform for designing next generation
of GBCAs with high safety, and the introduction of task
specific molecules to the agents is believed to a feasible
strategy to meet the demands of clinical diagnosis of vari-
ous scenarios.

MATERIALS AND METHODS

General Information. All chemicals and solvents for syn-
thesis were acquired from commerecial suppliers, including
Energy (Shanghai, China), Macklin (Shanghai, China),
Aladdin chemical (Shanghai, China) etc. and were used as
received. Human serum albumin (HSA) was bought from
Sigma-Aldrich (Beijing, China) as lyophilized powder, and
it was dissolved in water as 22.5% (w/v) stocks and kept
in 4 °C fridge before further usage. Gd-DOTA (Gadoteric
acid, HENGRUI, Lianyungang, China) and Gd-EOB-DTPA
(Gadoxetic acid, BAYER, Berlin, Germany) were acquired
from clinics. The standard solution of HCI (1 M) and KOH
(2 M) were supplied by BOLINDA technology CO. LTD.
(Shenzhen, China). Deuterated solvents such as CDCls, D20
and DMSO-ds were purchased from Macklin Chemical
(Shanghai, China). All the nuclear magnetic resonance
(NMR) spectra were performed on a 400/100 MHz spec-
trometer (Q.One Instruments, Wuhan, China). Liquid
chromatography-mass spectrometry (LC-MS) was con-
ducted on an Agilent ultraperformance liquid chromatog-
raphy (UPLC) equipped with an electro spray ionization
(ESI)-MS detector (1290 Infinity II + 6135MS), while the
high resolution MS of Gd3* complexes were recorded by
using a Thermo Scientific Q Exactive Quadrupole-Orbitrap
mass spectrometer. The purity of Gd-Li-s was determined
using reverse phase high performance liquid chromatog-
raphy (RP-HPLC), and the purity of each complex was con-
firmed to be higher than 95%.

HPLC Methods. A Waters alliance 2695 RP-HPLC system
equipped with a Waters C18 column (5 pm, 4.6 x 150 mm)
was adopted for analytical study. The general analytical
methods can be described as following: the pump started
with 90% water containing 0.05% trifluoroacetic acid
(TFA) (phase A) / 10% pure acetonitrile (phase B) at a
constant flow rate of 1 mL/min, and then the percentage of
B increased linearly to 100% in 10 min, with both A and B
phases recovered to their initial contents in next 2 min and
rinsed for another 3 min before next injection. A Waters
semi-preparative RP-HPLC system equipped with a Waters
C18 column (5 um, 19 x 250 mm) was used for purification
of ligands and their Gd3* complexes, and similarly the in-
strument method started with 90% A and 10% B at a con-
stant flow rate of 7 mL/min. In the following 20 min, both
A and B phases were linearly changed to 50%, and before
next injection the column was rinsed with 90% A and 10%
B for 2 min. Photodiode array detectors were equipped for
both analytical and semi-preparative HPLC systems.

DFT Calculations. All calculations were performed on the
basis of PBEO/BSI level of theory by Gaussian 09 (revision
D.01) software package.5* The PBEO functional has been
proved suitable for lanthanides.>> The BSI denotes a mixed
basis set, which uses 6-311G(d) basis set for non-metal
elements, m06 functional and MWB53 basis set for Gd3*.
Geometry optimizations were performed via the Berny
algorithm until the total energy converged to within 1x10-
6 Ha, the forces on all atoms were less than 0.0025 a.u., the
maximum step size was less than 0.01 a.u,, and the root

mean square (RMS) force was less than 0.006 a.u.. The vis-
ualized molecular orbitals were shown as an iso-surface
value of 0.02 a.u.. Water (H20) was chosen as the solvent
and the polarizable continuum model (PCM) was used as
the solvent model. The relative conformation energy that
indicates the coordination stability took the energy-
minimal Gd3* complex as the reference (0 kJ/mol).
Quantification of Gd3+. The contents of Gd3* in this re-
search were quantified using an Agilent 7850 inductively
coupled plasma mass spectrometry (ICP-MS). The samples
for test were dissolved in 2% nitric acid and filtered using
a 0.22 um membrane before injection. The Gd3+ standards
were diluted from the stock (1000 ppm, Guobiao Testing &
Certification Co., Ltd., Beijing, China) to levels including 50,
100, 200, 300, 500 and 800 ppb with 2% nitric acid, and a
standard curve for calibration was built by infusing Gd3+
standards in each measurement, with 1 ppb of Tbh3* as the
inner standard simultaneously.

Relaxivity Measurements. The complexes Gd-Li.s were
dissolved in pure water (MilliQ, 18.2 MQ-cm-1) to levels of
Gd3+at 0.1, 0.2, 0.3, 0.4 and 0.5 mM respectively. The longi-
tudinal (T1) and transverse (Tz) retention time of samples
(200 pL in NMR tube) were recorded on a 1.4 T MR magnet
at 37 °C (60 MHz, Huan Tong Nuclear Magnetic, Shanghai,
China), with the 90° and 180° pulse durations set at 37 and
75 us respectively. For T1 measurement the repetition time
was set at 10.0 s with an inversion recovery experiment
ranging from 0.05xT1 to 5xTi, while T measurement in-
cluded a CPMG pulse sequence, with the echo spacing and
repetition time set at 3.0 ms and 5.0 s separately. The re-
laxivities r1 and r2 were determined by plotting 1/T1 or
1/T2 versus concentrations, which gave the slope of the
linear fitting curve as the relaxivity. Then each tube was
added with 50 pL of HSA stock (22.5%) and their T1 and Tz
values were recorded subsequently under the same condi-
tions. All the relaxivity measurements were performed in
triplicates.

Log P Estimation. A previously reported RP-HPLC method
was adopted for the estimation of log P.3¢37 A RP-HPLC
equipped with a Waters C18 column (5 pm, 4.6 x 150 mm)
was adopted for sample analysis, and 20 mM ammonium
acetate solution and pure acetonitrile were selected as
mobile phase A and B respectively. Initially, 95% A and 5%
B were eluted for 1 min at a flow rate of 1 mL/min, and the
content of B increased to 50% from 1 to 10 min, then to
95% in 1 min. The content of B remained unchanged at
95% for 1 min while this content dropped to 5% from 12
to 13 min, with the column rinsed for another 2 min. The
retention time (Tr) of standard chemicals including DMSO,
DMF, methyl acetate, pyridine, phenol and nitrobenzene
were acquired, and the standard curve was plotted be-
tween their log P and log Tr. The HPLC trials of samples
were recorded, and their log P were then estimated based
on their Tr with the aid of the standard curve.

Evaluation of Kinetic Inertness. The kinetic inertness of
complexes was examined by using both relaxometric and
HPLC methods. Gd-L1.¢ were dissolved in 1 M of HCl or
KOH to acquire a concentration of 1 mM, and then the
complexes were incubated at room temperature and
measured using a 1.4 T MR magnet for T2 relaxation time
or a RP-HPLC for decomplexation check. The instrument
method of HPLC analysis is according to the description in



HPLC methods. For the transmetallation study, 1 mM of
Gd-L1-6 were dissolved in 1xPBS (pH 7.4) containing 10
folds of excess Zn2*, and then 200 pL of the mixture in NMR
tube was heated to 80 °C for incubation before measuring
T2 relaxation time. The ratios between T: relaxation time
after certain time of incubation and its original value
(T2(t)/T2(0)) were plotted versus time, which reflected the
degree of transmetallation.

Thermodynamic Studies. The pH-potentiometric titra-
tions were conducted on a Metrohm Eco titrator at 25 °C.
The ligands were dissolved in 0.1 M of KCI solution, and
the pH of the solution was adjusted with 1 M of HCI to be
around 1.7, with the total volume fixed at 10 mL and lig-
ands concentration at 2 mM. The titration started with
addition of 0.01 mL of KOH solution (0.5 M) for each point
under nitrogen atmosphere and ended with the measured
pH reached 12.0. The acquired volume-pH data were ana-
lyzed using Hyperquad2013 to produce the protonation
constants.5¢

An “out of cell” method was adopted for evaluating the
stability constants.?> Each ligand (2.05 mM) and Gd3* (2
mM) were dissolved in 0.1 M of KCI solution with a volume
of 2 mL, and around 20 tubes of this solution were titrated
with KOH solution (0.1 M) to acquire variations in pH from
around pH 1.7 to 8.0. The tubes were then sealed and heat-
ed to 60 °C for one week, afterwards the pH of these solu-
tions was measured using a METTLER TOLEDO pH meter
at 25 °C. The thermostability constants and pGd values at
pH 7.4 were produced from Hyperquad2013 based on the
protonation constants of ligand and the acquired volume-
pH data.’¢ The pH-potentiometric titrations were per-
formed in triplicates and the standard deviations were
calculated.

Molecular Docking Studies. AutoDock Suite was adopted
for performing protein-ligand docking calculations.>” The
three-dimensional structure of Gd-EOB-DTPA was opti-
mized from the crystal of Gd-DTPAS58 by using Avogadro,
and the DFT calculated SAP-S isomer of Gd-Ls was adopted
for simulations. The three-dimensional structures of
OATP1B1, OATP1B3, OATP2B1 (PDB code, 2GFP) and
NTCP (PDB code, 3ZUY) were referred to previous re-
ports.1648 The docking results with the lowest energy re-
leases were further uploaded to Protein-Ligand Interaction
Profiler (PLIP)% for analyzing the binding sites and their
types of interaction. PyMOL was used to produce the imag-
es of GBCAs bound to transporters.

In vivo MRI of Normal Mice. All animal experiments were
carried out according to the Institutional Ethical Guidelines
on Animal Care and were approved by the Institute of An-
imal Care and Use Committee at Wenzhou Institute UCAS.
Male BALB/c mice (20+3 g, Charles River, China) were
used for MRI experiment with a 3.0 T MR scanner (Ingenia
elition, Philips) equipped with a custom made mice coil.
The mice were firstly anesthetized with Zoletil-50 (80
mg/kg) and xylazine (20 mg/kg), then fixed in the coil for
background scan, which was followed by administration of
GBCAs via tail vein injection (0.1 mmol/kg), with subse-
quent T1-weighted images of both coronal and axial planes
recorded for around 30 min. The parameters of MRI scan-
ner were setas TE = 9.7 ms, TR = 191.1 ms, FA = 50°, FOV =
50 x 50 mm, matrix size = 200 x 135, 12 slices and slice
thickness = 1.5 mm with 0.15 mm interval. Bromosulfoph-

thalein (BSP) was used as the competitor for OATPs, and
50 mM of BSP in PBS (pH 7.4) was injected to the mice via
tail vein at a dose of 0.1 mmol/kg for 3 times, ie. 45, 30,
and 15 min before administration of GBCAs. The MRI ex-
periments were conducted in a triplicate study.

In vivo MRI of Mice with Liver Cancer. The orthotopic
HCC model of mice was built from male BALB/c mice
(203 g, Charles River, China). After acclimation for one
week, the mice were fasted 12 hours before operation.
Zoletil-50 (80 mg/kg) and xylazine (20 mg/kg) were used
for mice anesthesia, and disinfection before surgery was
conducted by using iodophor. The pre-grown HuH7 tumor
seeds were implanted into the right lobe of the liver
through a right abdominal transverse incision, and the
incision was sutured properly after sending the liver back
to abdominal cavity, with antibiotics applied in next few
days for avoiding infection. The mice were allowed to re-
cover in a warmed-up cage and used for MR scanning 2
weeks after inoculation. The MR scanning was conducted
following the parameters described above.
Biodistribution Study. BALB/c mice (20£3 g, Charles Riv-
er, China) were used for the biodistribution study of Gd-Lz
and Gd-Ls. The mice were euthanized 5 min, 30 min, 24
hours and 48 hours (for Gd-Ls only) after intravenous in-
jection of complexes (0.1 mmol/kg), and the tissues includ-
ing brain, heart, liver, spleen, lung, kidney, muscle and in-
testine were collected for Gd3+ analysis. 0.1 g of organs and
tissue were weighed and were mixed with 0.2 mL of con-
centrated nitric acid in centrifuge tubes respectively. After
digestion at 70 °C for 12 hours, the mixtures were diluted
with 2% nitric acid and filtered, followed by Gd3* quantifi-
cation using the Agilent 7850 ICP-MS. The experiments
were performed in triplicates.

Cytotoxicity Assessments. Human fetal hepatocyte cells
LO2 and human embryonic kidney cells 293 (HEK-293)
were used for evaluating cytotoxicity of complexes Gd-
DOTA and Gd-L1-s. Both two cell lines were seeded in 96-
well plates with 5000 cells per well in 100 pL of Dulbecco’s
modified Eagle’s medium (DMEM), respectively, followed
with 24 hours of incubation at 37 °C, 5% COz and saturated
humidity. Complexes were dissolved in DMEM to give con-
centrations at 0.01, 0.05, 0.1, 0.3, 0.5 and 1.0 mM respec-
tively, and the LO2 and HEK-293 cells were rinsed with
PBS (pH 7.4) before incubation with complexes in 100 pL
of DMEM. After 24 hours under standard condition, the
cells were added with 10 pL of cell counting kit-8 (CCK-8)
solution, and then incubated for 1 more hour before re-
cording the absorption of samples at 450 nm using a mi-
croplate reader. The viability of cells was calculated by
comparing to the control group without adding complexes,
and the experiment was repeated in triplicates.

In vivo Biosafety Evaluation. Gd-DOTA and Gd-Ls were
applied to male BALB/c mice (20+3 g, Charles River, China)
for evaluation of acute and subacute toxicity. The subacute
toxicity group (n = 3) was injected with Gd-DOTA or Gd-Ls
(0.1 mmol/kg) in PBS (pH 7.4) via tail vein each week for 4
weeks before analysis, while the acute toxicity group (n = 3)
was euthanized 24 hours after injection of complexes (0.1
mmol/kg). Blood samples were collected for biomarkers
analyses, including alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST) and alkaline phosphatase
(ALP), blood urea nitrogen (BUN), creatinine (CR), creati-



nine kinase MB (CK), albumin (ALB), and lactate dehydro-
genase (LDH).

Major organs including heart, liver, lung, spleen and kidney
were collected for histological analysis. Tissues of organs
were fixed in 4% paraformaldehyde, dehydrated, embed-
ded in paraffin, and sectioned. The representative sections
were subjected to hematoxylin and eosin (H&E) staining.
The images of slides were recorded under a confocal mi-
croscope. Each item for analysis was repeated for 3 times,
and the results were given as mean * SD.

In vivo MRI of Subcutaneous 4T1 Tumor Mice. The 4T1
cells were cultured with RPMI1640 medium in six-well cell
culture plates and then harvested by centrifugation after
treatment with Trypsin-EDTA solution. After removing the
supernatant, the cells were resuspended in 1 mL of fresh
medium at a concentration of 1x107/mL. Then 0.1 mL of
this solution was injected to the right side of axillary, and
the BALB/c mice were ready for MR scanning when the
size of tumor reached around 0.5 cm. A 3.0 T MR scanner
(Ingenia elition, Philips) was used for recording Ti-
weighted images at representative time points, e.g. 5 min,
20 min, 60 min and 120 min postinjection of CAs (0.1
mmol/kg). The parameters of the scanner were set accord-
ing to previous description, and the experiment was con-
ducted as a triplicate study.

Data Analysis of MRI. MRI images were analyzed using
MicroDicom viewer and signal intensity (SI) was read by
drawing regions of interest (ROI) on organs/tissues in-
cluding liver, kidney, tumor and muscle. The uptakes of
CAs by liver and kidney were described by relative en-
hancement (RE), calculated as (SIpost = Slpre)/SIpre x100%,
where the Slpre and Slpost were signal intensities before and
after administration of CAs. The liver to tumor contrast to
noise ratio (CNR) was described as (Slhiver — Sltumor)/SDair, in
which SDair is the standard deviation (SD) of the signal in-
tensity in the ROI adjacent to the mice. The tumor to mus-
cle CNR (calculated as (Sltumor = SImuscie) /SDair) was adopted
to describe the contrast enhancement of 4T1 subcutaneous
tumor after injection of CAs.

In vitro Enzymatic Nitroreductase Reaction. PBS (pH 7.4)
was firstly treated in a 1% hypoxia chamber (SCI-tive-Dual
chamber hypoxia workstation, Baker Ruskinn) for 24
hours to remove the dissolved oxygen. Afterwards, 10 pl of
Gd-Ls (10 mM), B-Nicotinamide adenine dinucleotide ((-
NADH, 100 mM) and recombinant E. coli nitroreductase
protein (NTR, 1 ug/uL) were mixed with 1ml of the treated
PBS and further incubated for 24 hours under 1% hypoxia
condition. 10 pL of NTR was added after 4 and 8 hours of
incubation respectively. The reduction of Gd-Ls was then
analyzed using an Agilent 1290 Infinity II UHPLC equipped
with an Agilent ZORBAX RRHD Eclipse plus C18 column
(1.8um, 2.1 x 50mm), and the mass spectrometry was ac-
quired using an Agilent 6540 Quadrupole-ToF with an
electrospray ionization source in positive ion mode.
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ABBREVIATIONS

ACN, acetonitrile; AIBN, azodiisobutyronitrile; BSP, bromosul-
fophthalein; CAs, contrast agents; CNR, contrast to noise ratio,
DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid; EOB, ethoxybenzyl; GBCAs, Gd3+-based contrast agents;
HCC, hepatocellular carcinoma; HEK-293, human embryonic
kidney cells 293; HuH7, human hepatoma 7; MRI, magnetic
resonance imaging; MS, mass spectrometry; NBS, N-
bromosuccinimide; NMR, nuclear magnetic resonance; NSF,
nephrogenic systemic fibrosis; NTCP, Na*-dependent tau-
rocholate transporting polypeptide; OATPs, organic anion
transporting polypeptides; PBS, phosphate buffered saline;
RP-HPLC, reverse phase high performance liquid chromatog-
raphy; SAP, square antiprismatic; TSAP, twisted square an-
tiprismatic.
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