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An MRI contrast agent based on a zwitterionic
metal-chelating polymer for hepatorenal
angiography and tumor imaging†

Peisen Zhang,ab Zihua Wang, c Yiyang Wang,ab Yuqing Wang,d Chunyan Liu,e

Kai Cao,af Yijie Lu,g Leila Behboodpour,a Yi Hou *ah and Mingyuan Gao ab

MRI contrast agents such as paramagnetic Gd(III)-chelates, can improve the ability of MRI in differentiating

diseased and healthy tissues, and have been widely used in clinical diagnosis. However, the enhancement

effect of small molecular MRI contrast agents is unsatisfied due to their relative high rotation rates.

Furthermore, the small molecular contrast agents also suffer from the short blood half-life and nonspecific

extracellular diffusion in tissues, which also restricts their applications. To address these issues, we developed

a macromolecular MRI contrast agent based on a zwitterionic metal-chelating polymer. Poly(acrylic acid)

(PAA) was chosen as the main chain, and diethylenetriamine pentaacetic acid (DTPA) as the metal-chelating

group was coupled through the carboxyl groups of PAA using diethylenetriamine (DET) as a linker. The

macromolecular MRI contrast agent constructed by chelating with Gd3+ (Gd-PAA) exhibited a much higher

longitudinal relaxation rate (r1) than the clinical contrast agent Gd-DTPA. Importantly, due to the stealth

ability of the zwitterionic structure, Gd-PAA can reside in the blood long enough without any microvascular

leakage in the extracellular space of normal tissues, which allows it to be used for precise blood MR

imaging, such as hepatorenal angiography, but also for tumor imaging because of the enhanced

permeability and retention (EPR) effecta. Besides, the result of long-term toxicity tests highlights the safety

feature of the current contrast agent. Hence, the current contrast agent overcomes the defect of traditional

small molecular Gd(III)-based T1-weighted contrast agents and shows great prospects for future clinical

applications.

Introduction

Magnetic resonance imaging (MRI) as a powerful and non-
invasive diagnostic technique has been widely used to provide
images of anatomical structure of the body with high spatial
resolution.1–4 In order to improve the ability of MRI in differ-
entiating diseased and healthy tissues, contrast agents have
been developed and widely used in clinical diagnosis.5–7

Polyaminopolycarboxylic chelates of gadolinium ions (Gd3+)
dominate the contrast agents used in the MRI diagnosis. In
1988, the use of Gd-DTPA was approved for humans and several
other paramagnetic Gd-chelates have been developed, e.g. Gd-
DOTA and Gd-HPDO3A, in the following days.8,9 Owing to their
stable coordination structure and rapid in vivo clearance rate,
their biosafety is reassuring.10,11 To date, through the adjust-
ment of the ligand structure, nearly ten types of Gd-based
contrast agents have been developed and applied to different
clinical conditions – most of which play an important role in
clinical diagnosis.12 However, there are still some deficiencies
in their medical applications, particularly in angiography and
tumor imaging.13,14
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Due to the rapid renal clearance, the blood half-life of these
small molecular contrast agents is usually very short,15 which
not only leads to a rapid weakening of the vascular signal but
also makes it difficult for the small molecular contrast agents to
accumulate in tumors through the EPR effect. Moreover, in
some vascular-rich organs such as the liver, small molecular
contrast agents can rapidly cross the capillary wall and then
distribute themselves in the extracellular space of the tissues,16

which increases the overall signal of the organs but reduces the
contrast between the blood vessels and the tissues. Although
this disadvantage can be overcome using dynamic contrast-
enhanced (DCE) sequences, the quality of the images is still
limited by the time window (usually only a few tens of seconds)
of the contrast agent staying in the blood.17,18

To address this limitation, in the past decade, Gd-based
paramagnetic nanoparticles have been employed as a type of T1

contrast agent, and they have a lower systemic clearance, resulting
in longer duration in systemic circulation due to their nanoscale
size.19–21 The pharmacokinetic behavior also supports a better
chance to reach and interact with tumors, which is considered a
guarantee to give full play to the EPR effect.22,23 However, the
inside Gd3+ cannot interact with the water protons and has no
contribution to enhance the T1 contrast, namely, the utilization
rate of Gd3+ is unsatisfactory.24–26 This could influence the
enhancement effect of the nanoparticle contrast agent. In com-
parison with nanoparticles, several macromolecular contrast
agents have been developed to improve the performance of the
Gd-based contrast agents, which show a higher Gd utilization rate
and also good contrast effect through restricting the molecular
tumbling.27–31 On the other hand, zwitterionic materials have
been applied to a broad range of biomedical and engineering
materials.32 Due to an electrostatically induced hydration layer,
surfaces modified with zwitterionic groups are highly resistant to
nonspecific protein adsorption, bacterial adhesion, and biofilm
formation. These non-fouling properties can endow them with
improved blood stability, immune evasion, and prolonged blood
circulation time in vivo.33–36 Based on these advantages, it is
possible to prepare a new type of contrast agent with a zwitterionic
structure, which can evade the immune uptake and show a
remarkably prolonged blood half-life.

Ideally, a good MR angiographic contrast agent should have a
distribution limited to the intravascular space, an appropriate
blood half-life, and no immunogenicity.37 Based on these princi-
ples, herein, we developed a novel macromolecular MRI contrast
agent based on a zwitterionic metal-chelating polymer (MCP). In
brief, poly(acrylic acid) (PAA) was chosen as a backbone, and the
diethylenetriamine pentaacetic acid (DTPA) molecules were
coupled through the carboxyl groups of PAA with diethylenetria-
mine (DET) as a linker. The zwitterionic macromolecular MRI
contrast agent (Gd-PAA) was constructed through the chelating
effect of DTPA groups to Gd3+ ions. Due to the confined effect of
the polymer chain, the movement of the single Gd-DTPA section
is restricted, so the molecular rotation rate of paramagnetic Gd3+

is greatly decreased. Therefore, the longitudinal molar relaxivity
(r1) is expected to be much higher than that of individual Gd-
DTPA. The MR enhancement ability of Gd-PAA was investigated

in vivo. With the alternating positive and negative charges on the
surface, Gd-PAA is also hopeful to achieve excellent hepatic angio-
graphy and tumor imaging capacities.

Results and discussion
Synthesis and characterization of the zwitterionic MCP contrast
agent Gd-PAA.

The synthetic routes of the zwitterionic MCP contrast agent
Gd-PAA is depicted in Scheme 1. DTPA was covalently linked to
PAA through the DET linker via the amidation reaction, which
is catalyzed by 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl
morpholinium chloride (DMTMM). The Gd-PAA contrast agent
was obtained through the coordination reaction between the
residual carboxyl groups of DTPA and Gd3+ ions. As shown,
each side of the DTPA has 4 residual carboxyl groups to
coordinate with Gd3+, so there is excess negative charge. More-
over, the pKa of the secondary amine (–NH–) in DET is higher
than 10;38 thus, the secondary amine presents a positive charge
in neutral or physiological conditions due to protonation. The
adjacent positive and negative charges constitute the zwitter-
ionic side groups of Gd-PAA.

The 1H NMR spectra of PAANa, PAA-DET, and PAA-DTPA are
presented in Fig. 1. The signals from the protons of methylene
and methylidyne on the backbone of PAA (a and b) appear at 1.4
and 2.0 ppm, respectively. After conjugating with DET and DTPA
in sequence, the proton signals of the backbone slightly shifted to
higher magnetic fields, while the proton signals of methylene in
DET (c, d, e and f), and in DTPA (g, h, i and j) appeared in the
range 2.7–4.0 ppm,39 indicating that DET and DTPA were success-
fully conjugated to the main chain of PAA. According to the
integrated peak areas (shown in Fig. S1–S3, ESI†), more than
95% carboxyl groups in PAA were attached with DTPA for the
following chelating Gd3+. In addition, the polydispersity index
(PDI) of PAA-DTPA measured via an aqueous gel-permeation
chromatograph (GPC) system is 1.21, while the PDI of the original
PAA is 1.23. Therefore, the PDI remains unchanged, suggesting
that no inter- or intra-molecular crosslinking happens during the
synthesis process.

Relaxivity and cytotoxicity of Gd-PAA.

The performance of Gd-PAA as an MRI contrast agent was evaluated
on a clinic 3T MRI scanner, and the clinical contrast agent Gd-DTPA
was used as the control (shown in Fig. 2a, b and Fig. S4, ESI†).

Scheme 1 The scheme for the synthesis of the zwitterionic MCP contrast
agent Gd-PAA.
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By the linear regression fitting of the experimental data, the molar
longitudinal relaxivity (r1) is extracted to be 9.99 mM�1 s�1, which is
over 3-fold higher than that (3.19 mM�1 s�1) for the Gd-DTPA.

To gain deeper understanding on the remarkably improved
MRI enhancement effect of Gd-PAA in comparison with Gd-
DTPA, the mechanism of Gd-PAA on shortening the relaxation
time of the water protons was studied. It is known that the effect
of a given contrast agent on the longitudinal relaxation of water
protons can generally be classified into three types, i.e., inner-
sphere, second-sphere, and outer-sphere.40,41 The contributions

of second-sphere and outer-sphere are mainly from the relaxation
of water molecules, forming hydrogen bonds with ligands in
contrast agents and their exchange with bulk water. In the current
Gd-PAA contrast agent, Gd3+ ions are also chelated by DTPA;
hence, the contributions ascribed to second-sphere and outer-
sphere should be similar. On the other hand, the inner-sphere
contribution is dependent on the number of water molecules
directly coordinated with Gd,3+ the residence time of bound water,
the electron paramagnetic relaxation and the molecular reorienta-
tion or the tumbling time of the contrast agent (tR). Since Gd-PAA
and Gd-DTPA have the same paramagnetic ion-chelating struc-
ture, and the difference in the residence time of bound water and
the electron paramagnetic relaxation are not significant at clini-
cally relevant field strengths, the inner-sphere contribution is only
determined by tR and is proportional to the third power of
hydrodynamic radius of the contrast agent (the details are given
in ESI†). Obviously, the hydrodynamic radius of Gd-PAA is much
larger than the single Gd-DTPA molecule; hence, Gd-PAA has a
much longer tR. Therefore, Gd-PAA presents a much higher r1

than Gd-DTPA.30,31

The cytotoxicity of Gd-PAA was evaluated via the methyl
thiazolyl tetrazolium (MTT) assays on LS180 cells (Fig. 2c). In
comparison with Gd-DTPA, the Gd-PAA presents a higher cell
viability. The lower cytotoxicity could partly be attributed to the
zwitterionic structure formed by the uncountered negatively
charged carboxyl group inside the DTPA terminal and positive
secondary amine group in the DET linker, which can suppress
the cell uptake and enhance the biocompatibility of the con-
trast agents.

MR hepatorenal angiography in vivo

On the basis of the excellent MRI contrast enhancement in vitro,
Gd-PAA was used in the following animal experiments for MRI
angiography, while the Gd-DTPA was used as the control. For the
MR contrast agents capable of long-term angiography, the
stealth nature of the zwitterionic Gd-PAA is expected to enjoy
the highest priority for evading the clearance of immune sys-
tems, so as to maintain a high enough concentration in the
bloodstream for extending the observation time window to
realize a multi-dimensional tomography.

As the main metabolic and blood rich organ in the body, the
liver and kidney MRIs were carried out first in which the
healthy BALB/c mice were used as models. In detail, different
sections of the T1-weighted MR images of pre- and at different
time points post-injection of the Gd-PAA or Gd-DTPA were
acquired. Notably, due to the high molar relaxation rate of
Gd-PAA, the injection dose of the contrast agent is set to
0.06 mmol kg�1 of Gd, which is much lower than the dose
(0.1 mmol kg�1 Gd) for clinical contrast agents apart from
higher biosafety features.

Liver angiography was obtained at its maximum cross sec-
tion, as shown in the upper panel of Fig. 3. After being injected,
the Gd-PAA contrast agent quickly enters the hepatic vessels
with the blood circulation and distribution only limited to the
intravascular space. This angiography is still clearly visible
without significant fading 1 hour after the delivery of Gd-PAA,

Fig. 1 1H NMR spectra of PAA (A), PAA-DET (B), and PAA-DTPA (C),
respectively.

Fig. 2 (a) T1-weighted MR images of the aqueous solutions of Gd-PAA
and Gd-DTPA at different Gd3+ concentrations. (b) The experimental data
(solid square points) and the corresponding theoretical fittings (solid lines)
of the relaxation rate (R1). (c) Viabilities of LS180 cells treated with Gd-PAA
and Gd-DTPA with different doses, respectively.
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which provides enough time period for a thorough MR sequence
scanning. In contrast, Gd-DTPA leaks out of blood vessels and is
diffused into the extracellular space of liver tissues in 5 min post-
injection, which obviously increases the T1 signal of the whole
liver but largely decreases the contrast between liver parenchyma
and vessels to make the vessels indistinguishable.

With respect to the kidney imaging, shown in the lower panel
of Fig. 3, after the injection of Gd-PAA through the tail vein, the
signal of cortex and medulla quickly appears, which clearly
delineate the anatomical structure of the kidney. From 15 min
post-injection, Gd-PAA begins to converge in the renal pelvis,
suggesting that it will be excreted out of the body soon through
urine. In contrast, in the control group, Gd-DTPA barely enhances
the MRI contrast of the kidney and only slightly lightens the renal
pelvis 15 min post-injection, which fades out during the following
45 min. These results indicated that the Gd-PAA contrast agent
presents a much greater performance in kidney imaging com-
pared with Gd-DTPA. In addition, from the imaging, Gd-PAA can
be excreted through the kidney but provides enough time to
complete the angiography of the liver and kidney as well.

To illustrate the blood vessels of the liver and kidney more
clearly, the MR images for the liver and kidney after pseudocolor
processing are shown in Fig. S5 (ESI†). It is clear that not only the
main arteries but also those of veins became more readily dis-
cernible and even the small vessels of submillimeter diameter can
be clearly depicted. In addition, for a better display of the resolu-
tion of liver and kidney MR angiography, two areas highlighted by
yellow frames in Fig. 3 are enlarged, as shown in Fig. 4a and c.
According to the line-scanning spectra drawn across the hepator-
enal blood vessels in Fig. 4b and d, every blood vessel can be
identified by a sharp signal peak, which exhibits a relatively high
signal intensity compared to the organ parenchymal background

and a narrow half-peak width, demonstrating the extremely high
spatial resolution of Gd-PAA-enhanced MR angiography.

In order to further compare the properties of Gd-PAA and
Gd-DTPA in the hepatic angiography, the relative changes in the
T1-weighted MRI signal intensity of arteries and liver parenchyma
were calculated, as shown in Fig. 4e and f. The MRI intensity of the
arteries increased sharply after Gd-PAA administration and is
increased by a factor of nearly 3 within the first 1 h. With respect
to the Gd-DTPA control, the MRI intensity of arteries is increased
only within the first 5 min post-contrasted, and then is decreased
significantly. Contrary to the signal variations of arteries, the trend
of the average T1-weighted MRI signal intensity of liver parench-
yma remains almost unchanged after the Gd-PAA injection, which
contrasts to 3 times variation induced by Gd-DTPA. The stable low
background signal of liver parenchyma and thereby the almost
unvaried MRI signal in liver parenchyma indicates that the
reflected Gd-PAA is long blood half-life and non-extravascular
leakage owing to the polymeric zwitterionic structure.

It should be mentioned that the variation of the relative organ
position in the same mouse is mainly caused by the displacement
of the internal organs induced by repeatedly fixing the mouse on a
respiration sensor for monitoring the living status of the mice
under anesthesia during the MRI experiments.

MR imaging of tumor in vivo

In the previous studies on tumor imaging, it was found that
Gd-DTPA was difficult to accumulate in tumors due to its short
blood half-life.42,43 In this current study, Gd-PAA exhibits a
longer blood circulation time, so it is highly probable to show
an improved tumor uptake through the EPR effect. To confirm
this hypothesis, Gd-PAA were used in the following in vivo
experiments for detecting colorectal tumors in BALB/c nude

Fig. 3 T1-weighted images of the MR cross-sectional anatomy of the liver and kidney of mice obtained at different time points pre- and (at different time
points) post-injection of Gd-PAA and Gd-DTPA, respectively, where main arterial and venous vessels are highlighted by yellow arrows. (RPV: right portal
vein; MPV: main portal vein; SPV: splenic vein; IVC: inferior vena cava; AA: abdominal aorta; RA: renal artery; RV: renal vein).
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mice, and the clinical contrast agent Gd-DTPA was used again
as the control experiment. T1-weighted MR images acquired before

and (at different time points) post-injection are provided in Fig. 5a.
In order to clearly reflect the behavior of contrast agents in the

Fig. 4 Enlarged view of the area according to the yellow frames in the MR images of liver (a) and kidney (c) in Fig. 3, respectively. The resolution of the
MR angiography of the liver and kidney are reflected through the line spectra drawn across the part of liver (b) and kidney (d) regions, respectively.
Temporal evolution of the relative MR signal intensity of abdominal aorta (e) and liver parenchyma (f) pre- and post-contrasted. The embedded scale bars
correspond to 1 mm.

Fig. 5 T1-weighted images of tumor-bearing mice acquired at different time points pre- and post-injection of Gd-PAA and Gd-DTPA, respectively (a),
and adjacent tumorslices stained with H&E and CPN III, respectively (b). The scale bars embedded correspond to 50 mm.
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tumor site, pseudocolor processing was used within these areas.
Expectedly, owing to the high molar relaxation rate of Gd-PAA, the
tumor is quickly lightened within 15 min and characterized by the
strongly increased R1 values of the tumor regions (Fig. S6, ESI†).
The enhanced contrast lasts for at least 60 min. As shown in Fig. S6
(ESI†), Gd-DTPA can also enhance the tumor contrast under the
same experimental conditions but with a much lower DR1, e.g., 21%
(15 min post-injection) and 13% (1 h post-injection) for Gd-DTPA,
vs., 54% and 22% for Gd-PAA observed at the same time points.

To further validate the accumulation of Gd-PAA in tumors, the
mice were sacrificed after the MR imaging experiment and solid
tumors were extracted. Two adjacent tumor slices were subjected
to hematoxylin–eosin (H&E) staining for the histopathological
analysis and chlorophosphonazo III (CPN III) staining for showing
the Gd3+ content.44 The color of the tumor slice from the mouse
receiving Gd-PAA changes from purple to blue, while the control
tumor slices from the mouse receiving Gd-DTPA keeps the initial
purple through the CPN III staining, as shown in Fig. 5b. It
therefore can be concluded that the tumor uptake of Gd-PAA is
substantially higher than that of Gd-DTPA.

To further show the biocompatibility of Gd-PAA, the tumor-
bearing mice were sacrificed 40 d after MR imaging, and the
major organs were collected, sliced, and stained by H&E for
histological analysis (Fig. S7, ESI†). Compared with the healthy
mice treated with PBS, no noticeable inflammation or damage
was observed in any of the major organs, which highlights the
safety feature of the Gd-PAA agent.

Conclusions

In summary, an excellent zwitterionic MCP MRI contrast agent
Gd-PAA was prepared through covalently attaching Gd-DTPA to
the PAA backbone via DET linkers. Owing to the prolonged rota-
tional correlation time (tR), the longitudinal molar relaxivity (r1)
reached 9.99 mM�1 s�1, three times higher than that for
Gd-DTPA at 3T. More importantly, the innovative zwitterionic
structure of this contrast agent enabled it to circulate in the blood
stream without any microvascular leakage in the extracellular
space of normal tissues, which was demonstrated to be very
useful for the MR angiography of the liver and kidney, apart from
tumor MR detection. In addition, the result of long-term toxicity
tests highlighted the excellent safety feature of the current con-
trast agent. In short, the current studies report a novel MRI
contrast agent that is potentially useful for high resolution
hepatorenal angiography and tumor imaging. It overcomes the
shortcomings of the existing small molecular contrast agents,
thus showing great prospects for future clinical applications.

Experimental
Materials

Gadolinium(III) chloride hexahydrate (GdCl3�6H2O, 99.9%),
sodium polyacrylate (PAANa, MW = 5000), diethylenetriamine
(DET), diethylenetriaminepentaacetic acid (DTPA) and 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride

(DMTMM) were purchased from Aladdin Co. Ltd. Sodium
hydroxide (NaOH, 96%), sodium bicarbonate (NaHCO3) and
sodium citrate were obtained from Beijing Chemical Reagents
Co. Ltd. Human colorectal cancer cell line LS180 was obtained
from the Oncology School of Peking University. MTT (M2128)
and PBS (P5493) were purchased from Sigma-Aldrich. Dulbec-
co’s modified Eagle medium (DMEM, HyClone), fetal bovine
serum (HyClone), penicillin, and streptomycin were bought
from Beijing Biodee Biotechnology Co. Ltd. The Sodium pento-
barbital was purchased from Baxter Healthcare Corporation.

Design and Synthesis of the PAA-Gd MR contrast agent

Synthesis of the PAA-DET polymer. PAA (120 mg) was dissolved
in 12 mL Milli-Q water via magnetic stirring in a round bottomed
flask, and subsequently, DET (1.1 mL) and DMTMM (1.152 g
dissolved in 21 mL 0.01 M NaHCO3 water solution) were added
immediately. This mixture was then stirred overnight at room
temperature and purified by 3k MWCO centrifugal devices to remove
the unreacted DET molecules and neutralize pH (2000 rpm for
3 times). The PAA-DET polymer was obtained as a white solid after
freeze-drying.

Introduction of pendant DTPA groups to form PAA-DTPA

DTPA (8 g) was dissolved in 11.4 mL Milli-Q water in a flask and
pH was adjusted to 8.5 through a 5 M sodium hydroxide
aqueous solution. Then, DMTMM (1.5 g) was added quickly
and the mixture was stirred for 10 min at room temperature to
activate the one of carboxyl groups in each DTPA. After that,
PAA-DET prepared above was added to react with the activated
DTPA for 4 h to form PAA-DTPA. The white production was
obtained after being purified via 3k MWCO centrifugal devices
and freeze-drying.

Coordination of Gd3+ to construct the PAA-Gd contrast agent

PAA-DTPA (30 mg) synthesized in the previous step and GdCl3�
6H2O (60.2 mg) were dissolved in 2 mL and 3.24 mL citric acid
and sodium citrate buffer solution, respectively. Then, the
Gd3+-containing solution was dripped slowly into the PAA-
DTPA solution and stirred at low speed for 3 h. After that, 3k
MWCO centrifugal devices were used to remove the free Gd3+

ions and convert the solvent to 1� PBS. The production was
stored at 4 1C.

Characterizations

The products obtained at each step were characterized via
1H NMR to analyze their structures. The PDI of the resultant
PAA-DTPA and original PAA samples were measured using an
aqueous GPC system, and the system was calibrated with poly
(ethylene glycol) standards.

Relaxivity measurements

The relaxivity measurements were performed on a 3 T clinical
MRI instrument (Philips Achieva 3.0 T TX). A series of aqueous
solutions of Gd-PAA and Gd-DPTA in 2.0 mL Eppendorf tubes
were prepared. The parameters for T1 measurements were set
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as follows: echo time (TE) = 12 ms; repetition time (TR) = 500 ms;
number of excitations (NEX) = 8.

Cell culture and MTT Assays

Human colorectal cancer cell line LS180 was cultured in a
medium of DMEM high glucose and F-12K nutrient mixture
(1 : 1) supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin solution (100�) at 37 1C under a 5%
CO2 atmosphere.

MTT assays on LS180 cells were carried out as follows. Cells
were seeded into a 96-well cell culture plate at 5 � 103 cells per
well under 100% humidity, and then cultured at 37 1C in an
atmosphere containing 5% CO2 for 24 h. Further, Gd-PAA and
Gd-DTPA were added to the wells at a range of concentrations,
and incubated with the cells for 24 h at 37 1C under 5% CO2,
respectively. Subsequently, the supernatant containing the
excrescent nanoparticles was decanted, and the cells were
incubated for another 48 h. After that, 10 mL of MTT (5 mg mL�1)
was added to each well and incubated for 4 h at 37 1C. Thereafter,
150 mL of DMSO was added into each well, and the assay plate was
shaken for 20 min. The optical density of each well at 490 nm was
recorded on a microplate reader (Thermo, Varioskan Flash), while
the optical density at 630 nm was used as the reference.

Animal tumor models

The tumor models used were established upon subcutaneous
injections of LS180 cells (B5 � 106) into 4-week-old male BALB/
c nude mice. The tumor imaging studies were carried out for
7 d after the inoculation of tumor cells.

MR imaging in vivo

All the MR images were acquired on a 7 T animal MRI instru-
ment (Bruker BioSpec 70/20).

Liver/kidney angiography. Healthy BALB/c mice were
anesthetized and then Gd-PAA and Gd-DTPA (0.06 mmol Gd
per kilogram body weight) were injected respectively through
the tail vein. The liver and kidney angiography were acquired
before and post-injection of Gd-PAA and Gd-DTPA, respectively.

Tumor imaging. BALB/c nude mice bearing LS180 tumor
xenografts were anesthetized and then the Gd-PAA and Gd-DTPA
(0.06 mmol Gd per kilogram body weight) were injected through
the tail vein for tumor imaging. T1-weighted images were
acquired at designated time points. The detailed parameters for
T1 imaging were set as follows: FOV = 3.5 � 3.5 cm2, matrix size =
256 � 256, slice thickness = 1 mm, TE = 5.48 ms, TR = 300 ms,
and NEX = 5. T1 maps were calculated by pixel-wise fitting of the
TR-dependent signal intensity changes to a single-exponential
function. The mice were anesthetized by 1% isoflurane delivered
via a nose cone during the imaging sessions.

Histology study.

The subcutaneous tumors were harvested and then kept in 10%
formalin for 3 d. After being embedded into paraffin, the fixed
tumors were sliced. Two adjacent slices were stained with H&E
and CPN III, and then subjected to microscopy study for the
histological analysis and Gd assessment.

Major organs, including the liver, spleen, kidney, heart, and
lung, were harvested 40 days after angiography, fixed in 10%
neutral buffered formalin, processed routinely into paraffin,
sectioned into thin slices, and stained with H&E for histological
analysis.

All animal experiments reported herein were carried out
according to a protocol approved by Peking University Institu-
tional Animal Care and Use Committee.
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