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In this study, we prepared macromolecular MR T1 contrast agent: pullulan-conjugated Gd diethylene triamine
pentaacetate (Gd-DTPA-Pullulan) and estimated residual free Gd3+, chelation stability in competition with
metal ions, plasma and tissue pharmacokinetics, and abdominal MR contrast on rats. Residual free Gd3+ in Gd-
DTPA-Pullulan was measured using colorimetric spectroscopy. The transmetalation of Gd3+ incubated with
Ca2+was performed by using a dialysismembrane (MWCO 100–500 Da) and investigated by ICP-OES. The plas-
ma concentration profiles of Gd-DTPA-Pullulanwere estimated after intravenous injection at a dose 0.1mmol/kg
of Gd. The coronal-plane abdominal images of normal rats were observed by MR imaging. The content of free
Gd3+, the toxic residual form, was less than 0.01%. Chelation stability of Gd-DTPA-Pullulan was estimated, and
only 0.2% and 0.00045% of Gd3+ were released from Gd-DTPA-Pullulan after 2 h incubation with Ca2+ and
Fe2+, respectively. Gd-DTPA-Pullulan displayed the extended plasma half-life (t1/2,α = 0.43 h, t1/2,β = 2.32 h),
much longer than 0.11 h and 0.79 h of Gd-EOB-DTPA. Abdominal MR imaging showed Gd-DTPA-Pullulan main-
tained initial MR contrast for 30 min. The extended plasma half-life of Gd-DTPA-Pullulan probably allows the
prolonged MR acquisition time in clinic with enhanced MR contrast.

© 2015 Published by Elsevier B.V.
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1. Introduction

Magnetic resonance imaging (MRI) is the most powerful technique
for clinical diagnosis [1]. Contrast agents are preferentially prescribed
to enhance the quality of MR images. Approximately 25–30% of MR im-
aging is performed with contrast agents to obtain more descriptive im-
ages, and most of them are gadolinium-chelated contrast agents. As of
2007, more than 200 million patients have received Gd-based MR
agents worldwide [2]. Recently many new functional MR contrast
agents have been reported and are entering preclinical and clinical tri-
als. These experimental contrast agents exhibit exceptional tissue-
specific contrast for tumors, angiogenesis, arteriosclerosis, etc. But the
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safety of MR contrast agents, especially for Gd-based contrast agents,
has been neglected during the developmental stages.

The US Food and Drug Administration (FDA) first reported the asso-
ciation of nephrogenic systemic fibrosis (NSF)with prior administration
of Gd-based MR contrast agents in 2006 [3,4]. More than 215 cases of
NSF were reported in 2007 [5]. Most cases were related to severe
renal deficiency (stage 4), with a glomerular filtration rate (GFR) of
less than 30 ml/min. The administration of Gd-based MR contrast
agents, especially to a renal-impaired patient, is now strictly controlled
[6,7].

Gadolinium (Gd)-based MR contrast agents are relatively safe in
chelated form, but chelated Gd can be trans-metalated in competition
with other metal ions (i.e., Ca2+, Zn2+, Cu2+). The trans-metalated Gd
has a longer biological half-life than the chelated form, accumulates in
tissues, and leads to systemic fibrosis [8–10]. Chelating agents should
therefore be precisely designed to sustain strong chelation power
against Gd.

The plasma distribution half-life (T1/2, alpha) of most Gd-based MR
contrast agents is around 30 min [11]. A shorter half-life is a beneficial
characteristic in terms of safety. However, too-short half-life of Gd-
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based MR contrast agents does not allow a sufficient MR acquisition
time for distinctive diagnostic imaging [12–14]. Macromolecular Gd
chelates have a longer blood circulation time and thus act as effective
contrast agents in tumor MR imaging [15]. In addition, macromolecular
Gd chelates accumulate in the tumor and allow accurate MR imaging
[14].

We recently designed a newmacromolecularMR contrast agent, Gd-
DTPA-conjugated pullulan (Gd-DTPA-Pullulan) [16]. In this study, we
estimated chelation stability of Gd-DTPA-Pullulan. The percentage of re-
sidual free Gd3+ was estimated by colorimetric spectroscopy, and the
chelation stability (degree of transmetalation) was determined after
co-incubation with Ca2+ and Fe2+ ions. We also performed a pharma-
cokinetic study of Gd-DTPA-Pullulan compared with Gd-EOB-DTPA
(gadoxetic acid disodium, Primovist®; Bayer Co.). Gd-EOB-DTPA is a
commercial hepatocyte-specific MRI contrast agent which preferential-
ly used for detecting focal hepatic lesions and blood pool agent. Plasma-
concentration profiles and tissue distribution of Gd-DTPA-Pullulanwere
estimated. Then abdominal MR imaging was performed in normal rats
based on the observed pharmacokinetic characteristics.

2. Materials and methods

2.1. Materials

Pullulan (MW100,000) was acquired from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). Diethylene triaminepentaaceticdianhydride
(DTPA), xylenol orange, and GdCl3·6H2O were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All chemicals were reagent grade and
used as supplied.

2.2. Synthesis of Gd-DTPA-Pullulan

Gd-DTPA-Pullulan (Fig. 1) was synthesized as described: 150 mg of
pullulan (m.w.; 100 k) and 300mg of DTPA dianhydride were dissolved
in 80 mL of dry DMSO; then, the solution was stirred under magnetic
stirring for 24 h at room temperature [16]. After the reaction was com-
pleted, 20mL of distilled water was added to stop the reaction. The final
solution was dialyzed against distilled water with a 12,000–14,000
MWCO membrane for 3 days and then lyophilized for 3–4 days in a
freeze-dry system (FreeZone 4.5; Labconco Co., Kansas City, MO, USA).
100 mg of DTPA-pullulan and 166 mg of GdCl3·6H2O were then dis-
solved in 25mL of distilledwater undermoderate stirring, and the solu-
tionwas adjusted to pH7.0–7.5. The solutionwas stirred in an oil bath at
50 °C for 4 h. The acquired Gd-DTPA-Pullulanwas introduced again into
Fig. 1. Chemical structure of pullulan-conjugated gadolinium
dialysis membrane (MWCO 12,000–14,000) with additional 4 mg of
DTPA to remove free Gd3+ and then lyophilized. The amount of Gd che-
lated in Gd-DTPA-Pullulan was evaluated on an inductively coupled
plasma-optical emission spectrometer (ICP-OES, Optima 7300 DV;
Perkin Elmer, Waltham, MA). Gd-DTPA-Pullulan was diluted with 2%
HNO3 for analysis. The total Gd content of Gd-DTPA-Pullulan and Gd-
EOB-DTPA was 24.35 ± 1.12% and 20.75 ± 0.06%, respectively.

2.3. Estimation of residual free Gd3+in Gd-DTPA-Pullulan

Incomplete chelation of Gd3+may result in residual freeGd3+ in the
system, and free Gd3+ produces false-positive strong MR contrast and
cytotoxicity [17]. We estimated the content of residual free Gd3+

using colorimetric spectroscopy with modification [18]. Briefly, 5 mg
sampleswere dissolved in xylenol orange solution. Xylenol orange solu-
tion wasmade in fresh by dissolving xylenol orange (3mg) into acetate
buffer (250 ml, pH 5.8). Spectra from 300 to 700 nm were collected on
an ultraviolet (UV)–visible absorption spectrophotometer (U-2900;
Hitachi, Japan) with a slit width of 1.0 nm. The standard spectrum for
GdCl3·6H2O was prepared, and the calibration curve of free Gd3+ in
the range of 1 ~ 45 μM was acquired based on the ratio of absorbance
at 573 and 433 nm (See supplemental Fig. S1).

2.4. Chelation stability of Gd-DTPA-Pullulan after co-incubation with Ca2+

and Fe2+

Chelation stability of Gd-DTPA-Pullulan was determined after co-
incubation with Fe2+ or Ca2+ ions, respectively. Five mg of Gd-DTPA-
Pullulan were dissolved in distilled water and transferred to a dialysis
membrane (MWCO 100–500 Da) containing 1 mM CaCl2 or 3 mM
FeCl2, separately, at 37 °C. One milliliter of outside solution was period-
ically collected and analyzed in an ICP-OES. The experimentwas repeat-
ed at least three times. The percentage of transmetalation (released
Gd3+) was calculated based on the total amount of Gd and plotted
against time.

2.5. Intravenous pharmacokinetics of Gd-DTPA-Pullulan

Gd-DTPA-Pullulan and Gd-EOB-DTPA were intravenously injected
into BALB/c mice (n = 6) at a dose of 0.1 mmol/kg of Gd. Gd-DTPA-
Pullulan was dissolved in injectable normal saline and injected via the
tail vein. Approximately 80 μL of blood from the retro-orbital sinus
were withdrawn using a heparinized capillary tube at 1, 15, 30, and
60 min and at 3, 5, 8, 24 h after injection. After centrifugation of the
diethylene triamine pentaacetate (Gd-DTPA-Pullulan).



Fig. 2. FTIR spectra of (a) diethylene triamine pentaacetic dianhydride (DTPA),
(b) pullulan, (c) pullulan modified with DTPA (DTPA-Pullulan), and (d) pullulan-
conjugated gadolinium diethylene triamine pentaacetate (Gd-DTPA-Pullulan). The band
at 1734 cm−1 supported the ester linkage formation of DTPA and pullulan. The shift of a
band from 1734 cm−1 to 1597 cm−1 is due to coordination between gadolinium and
carboxylic group of DTPA.

Fig. 3. (a) Absorbance of xylenol orangewith various gadolinium concentrations (0–45 μM).
The increase of gadolinium concentration causes a decrease of the band intensity at 433 nm
and increase of the band at 573 nm. (b) Color change photographs of pure xylenol orange
solution, xylenol orange in the presence of various gadolinium concentrations (2.5–
50 μM), and xylenol orange in the presence of Gd-DTPA-Pullulan and Primovist (Gd-EOB-
DTPA). The color changed from yellow to pink due to the complexation of gadolinium and
xylenol orange. The color of xylenol orange after Gd-DTPA-Pullulan and Gd-EOB-DTPA
adding did not change because of less gadolinium binding with xylenol orange.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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blood samples, 20 μL of plasma were diluted with 3% ultra-pure nitric
acid and analyzed in an ICP-OES.

Plasma concentration-time profiles of Gd-DTPA-Pullulan and Gd-
EOB-DTPA were analyzed by the model-dependent method using
WinNonlin software (standard v3.1; Pharsight Corp., Cary, NC, USA).

Tissue concentration was also estimated as follows. Mice were
sacrificed 3 and 24 h after injection, and immediately perfused with
normal saline by heart puncture. Heart, lung, liver, kidney, muscle,
and spleenwere excised, rinsed in normal saline, and blotted dry on tis-
sue paper. Each tissue sample was weighed, placed in a test tube with
distilledwater, and homogenized in a tissue homogenizer (Ultra-Turrax
T-25; IKA, Germany). Tissue homogenates were diluted with a volume
of 60% nitric acid, incubated for 2 days at 60 °C, and centrifuged at
13,000 rpm for 30 min. The supernatant was diluted with 3% ultra-
pure nitric acid and subjected to ICP-OES. The Gd concentration in
each organwas calculated based on calibration curves thatwere obtain-
ed using organs from non-injected mice and standard stock solution
(GdCl3·6H2O).

Animal care and experiments were conducted in accordance with
the experimental protocol approved by the ethics committee of the
School of Medicine, Inha University, and the Ethical Guidelines for Ani-
mal Studies.

2.6. Abdominal MR imaging

AbdominalMR imaging of ratswas performed on a 1.5-TMRI system
(Signa Excite; GE Healthcare, USA) using a custom-made Tx/Rx radio-
frequency coil. SD rats were anesthetized by intraperitoneal injections
of xylazine (10 mg/kg) and ketamine (100 mg/kg), positioned on a cra-
dle heated by temperature-controlled water, and given Gd-EOB-DTPA
or Gd-DTPA-Pullulan into their tail vein via a pre-inserted catheter.
The injection dose was 0.05 mmol/kg of Gd. Dynamic contrast-
enhanced T1-weighted MR images (TR = 200 ms, TE = 3.2 ms, flip
angle =80°, slice thickness = 1.5 mm) were recorded for 30 min.

2.7. Statistical analysis

Levels of statistical significance between two unpaired treatments
were assessed by Student's t-test. A p value of less than 0.05 was
regarded as statistically significant. The data are expressed as mean ±
standard deviation (SD).

3. Results

3.1. Synthesis of Gd-DTPA-Pullulan

The chemical structure of Gd-DTPA-Pullulan is depicted in Fig. 1. The
conjugation was confirmed by zeta potential and Fourier transform in-
frared (FT-IR) spectroscopy. The estimated zeta potential of pullulan
was −1.5 ± 0.8 mV. After modification with DTPA, the zeta potential
decreased to −15.0 ± 3.0 mV. The zeta potential reversed back to
2.9 ± 0.9 mV when Gd3+ ions were conjugated with DTPA in the
DTPA-Pullulan. The Gd-DTPA-Pullulan was further characterized by
FT-IR. The absorption peaks at 3390 cm−1, 2930 cm−1, 1643 cm−1,
and 1023 cm−1 were assigned to O–H, C–H, O–C–O, and C–O stretching
of pullulan. The ester linkage between DTPA and pullulan was verified
by C = O at 1734 cm−1. After complexation of Gd3+ ions to DTPA-
Pullulan, the absorption peak at 1734 cm−1 was shifted to 1597 cm−1,
as shown in Fig. 2.

3.2. Content of residual free Gd3+in Gd-DTPA-Pullulan

The content of free Gd3+ (residual Gd3+) in Gd-DTPA-Pullulan after
synthesis was estimated. Fig. 3A illustrates the absorption peaks of
xylenol orange (a colorimetric dye) at 433 and 573 nm. In the absence
of Gd3+ ions, the band at 433 nm is more intense than that at 573 nm.
On the other hand, when free Gd3+ ions are introduced the band inten-
sity at 433 nm decreases whereas the band at 573 nm increases. Fig. 3B
shows the solution color of Gd-DTPA-Pullulan and Gd-EOB-DTPA com-
pared to that of free Gd3+ at various concentrations. The solution
color changed from yellow to violet with higher Gd3+ concentration.
The yellow color was observed for both Gd-DTPA-Pullulan and Gd-
EOB-DTPA. Thus, less than 0.01 wt.% of residual Gd3+ resided in Gd-



Fig. 5. Plasma gadolinium concentration versus time profiles of pullulan-conjugated
gadolinium diethylene triamine pentaacetate (Gd-DTPA-Pullulan) (fill circle) and
Primovist (Gd-EOB-DTPA) (open circle) after intravenous injection at a dose of
0.1 mmol Gd/kg. The plasma gadolinium concentration of Gd-DTPA-Pullulan showed
the extended blood circulation which suggested the possible application for blood-
pooling MR imaging agent.
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DTPA-Pullulan, a value that is relatively smaller than the reported free
Gd content of commercial Gd-based contrast agent [19]. We found
that addition of extra DTPA effectively removed the residual Gd3+ in
the Gd-DTPA-Pullulan samples.

3.3. Release of transmetalated Gd3+

The transmetalation study between Gd3+ and Ca2+ as well as Fe2+

ionswas performed in dialysismembrane. Sampleswere collected from
1 to 8 h and introduced into an ICP-OES. The amount of Gd3+ released
by co-incubation with Ca2+ at 8 h was approximately 1.0 ± 0.51%,
whereas Gd-EOB-DTPA released 2.65 ± 1.50% of Gd3+ in total
(p b 0.05), as shown in Fig. 4. In the case of Gd-DTPA-Pullulan with
Ca2+ ions, the percent exchange of Gd3+ ionswas only 0.2% after 2 h in-
cubation. The transmetalation of Gd-DTPA-Pullulan occurred at moder-
ate rates. Gd-DTPA-Pullulan also showed the good chelation stability
against Fe2+. Co-incubation with Fe2+ shown only 0.00046% (5 ppm)
of Gd3+ was released at 8 h (Fig. S2).

3.4. Plasma and tissue concentration

Fig. 5 displays the plasma concentration–time profiles of Gd-DTPA-
Pullulan and Gd-EOB-DTPA after mouse tail vein injection. Gd-DTPA-
Pullulan showed extended plasma circulation compared with Gd-EOB-
DTPA. Both agents showed typical bi-exponential decay of plasma
concentration (i.e., rapid distribution and slow elimination). The con-
centration of Gd-DTPA-Pullulan and Gd-EOB-DTPA at 1 h after injection
was 69.44 ± 12.64 g/mL and 3.77 ± 0.48 ng/mL, respectively. The bio-
logical half-life at alpha-phase was 0.43 ± 0.07 h and 0.11 ± 0.002 h
for Gd-DTPA-Pullulan and Gd-EOB-DTPA (Table 1).

Tissue distribution of Gd-DTPA-Pullulan andGd-EOB-DTPA is shown
in Fig. 6. Gd- showed high accumulation in liver and kidney at 3 h and
24 h. In contrast, Gd-DTPA-Pullulan exhibited higher accumulation in
spleen and liver, and the accumulation in liver was prolonged up to
24 h. These data strongly suggest that Gd-DTPA-Pullulan affords a
prolonged MR acquisition window for the vascular system and abdom-
inal tissues (e.g., liver) more than 30 min after injection.

3.5. Enhanced MR contrast and prolonged MR acquisition time

Fig. 7 illustrates the coronal-plane abdominal images of normal rats.
Especially in the abdominal region (liver vessels), Gd-DTPA-Pullulan ex-
hibited higher T1 contrast than Gd-EOB-DTPA and sustained the initial
contrast more than 30 min (Fig. 7b). Generally Gd-DTPA-Pullulan
Fig. 4. Transmetalation of free gadolinium ions fromGd-DTPA-Pullulan (fill circle) andGd-
EOB-DTPA (open circle) under incubation with 1 mM CaCl2.
provided more distinct abdominal MR imaging than Gd-EOB-DTPA
both initially and 30 min after injection.

4. Discussion

Successful synthesis of Gd-DTPA-Pullulan was confirmed via FT-IR
and zeta potential. The zeta potential of pullulan decreased when it
was chemically modifiedwith DTPA due to introduction of the carboxyl
groups of DTPA to themolecules of pullulan. Gd3+ ionswere chelated to
those carboxylate groups of DTPA via coordination, leading to zeta po-
tential reversal through neutralization of the charge of DTPA compo-
nents. The ester linkage observed by FT-IR supported the formation
between DTPA and pullulan. The shift of the carbonyl absorption peak
(C= O) to a lower wave number suggested that coordination between
carboxylate groups of DTPA and Gd3+ ions had occurred.

The residual free Gd3+ was then evaluated by colorimetric method
using xylenol orange. The presence of free Gd3+ produced a violet
color observed visually. In the Gd-DTPA-Pullulan samples, the residual
free Gd3+was less than 0.01wt.%. This result implied that our synthesis
of Gd-DTPA-Pullulan reliably controlled the residual free Gd3+ and that
Gd-DTPA-Pullulan was safe and would not generate false positive sig-
nals in the body.

In-body metal ions including Fe2+, Zn2+, Cu2+, and Ca2+ exchange
Gd3+ in DTPA, and the release of Gd3+ increases the risk of nephrogenic
systemic fibrosis and dermopathy [2,6,20]. Cacheris et al. studied the
transmetalation of Gd3+ ions in the body and reported that Cu2+ ions
had very high affinity for the complexes, yet were present at low con-
centration (1–10 μM) in the blood [21]. In this study, Ca2+ and Fe2+,
Table 1
Summary of pharmacokinetic parameters of Gd-DTPA-Pullulan and Gd-EOB-DTPA after
intravenous injection into normal mice. Values are means ± S.D.

Gd-DTPA-Pullulan Gd-EOB-DTPA

AUC (last), (μg ∗ h/ml) 280.59 ± 28.33 36.98 ± 0.53
T1/2, alpha (h) 0.43 ± 0.07 0.11 ± 0.002
T1/2, beta (h) 2.32 ± 1.21 0.79 ± 0.09
AUMC (μg ∗ h2/ml) 611.19 ± 284.17 15.15 ± 1.44
MRT (h) 2.17 ± 0.81 0.41 ± 0.03
Vss (ml/kg) 122.07 ± 34.97 174.17 ± 11.80
CL (ml/h/kg) 56.0 ± 5.66 425.1 ± 6.11

AUC; area under the curve, AUMC; area under the first moment curve, MRT; mean resi-
dent time, Vss; volume of distribution at steady state, CL; clearance.



Fig. 6. Tissue and blood distribution of gadoliniumafter intravenous injection of Gd-DTPA-
Pullulan (a) and Gd-EOB-DTPA (b), respectively; 3 h (open bar), 24 h (fill bar). The
accumulation of gadolinium in liver and spleen was higher than that in other tissues in
the case of Gd-DTPA-Pullulan injection, whereas for Gd-EOB-DTPA injection, the
gadolinium was accumulated in liver and kidney. *; under the limit of detection.

Fig. 7. (a) The abdominal MR images of rat after intravenous injection of Gd-EOB-DTPA
(upper) and Gd-DTPA-Pullulan (lower). (b) Intensity of region of interest (ROI) of Gd-
EOB-DTPA and Gd-DTPA-Pullulan in heart region and abdominal vessel at 30 s and 30min.
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themost abundant metal ion in the body, was selected as a competitive
ion rather than Zn2+ and Cu2+. The reported concentration of serum
calcium is 2.25–2.5 mmol/L. Moreover, Fe2+/3+ is the most abundant
metal ion in the circulating blood (red blood cells). We proved Gd-
DTPA-Pullulan possessed much higher chelation stability than Gd-
EOB-DTPA (Figs. 4 and S2). Frenzel et al. reported that the percent
transmetalation of Gd-EOB-DTPA was approximately 1.5% in serum
with 10mMphosphate buffer for 15 days [19]. Our experimentwasper-
formed at high concentration of Ca2+ ions, and 1.0 ± 0.51% of
transmetalation was a considerably safer than that in the reported
data [19]. However, the longer half-life of Gd-DTPA-Pullulan paradoxi-
cally increases the chance of transmetalation in the body. In this study,
we did not estimate the free Gd3+ in the blood or tissues during the an-
imal study.We just, therefore, interpret the extent of transmetalation in
the body based on the pharmacokinetic parameters. The mean resident
time (MRT) of Gd-DTPA-Pullulan and Gd-EOB-DTPA was 2.17 ± 0.81
and 0.41±0.03h, respectively (Table 1). Gd-DTPA-Pullulan showed ap-
proximately 5.3 folds higher body retention thanGd-EOB-DTPA. The ex-
tent of transmetalation at the MRT was 0.21% and 0.48% for Gd-DTPA-
Pullulan and Gd-EOB-DTPA, respectively (Fig. 4). Based on this observa-
tion, we can suggest Gd-DTPA-Pullulan probably keeps lower extent of
transmetalation during the circulation in the body.

The kidney is the major elimination organ of Gd-chelating agents,
but Gd-EOB-DTPA typically undergoes both hepatic and renal elimina-
tion [22]. Our data also showed higher accumulation of Gd-EOB-DTPA
in liver and kidney. Interestingly, Gd-DTPA-Pullulan displayed higher
accumulation in liver and spleen than kidney at 3 h after the injection
and showed prolonged accumulation in liver until 24 h (Fig. 6).
Yamaoka et al. reported that more than 40% of the injected pullulan
(100 k of m.w.) accumulated in the liver [23]. Pullulan has specific affin-
ity for asialoglycoproteins, which are abundantly expressed on the sinu-
soidal surface of hepatocytes. So, Gd-DTPA-Pullulan has a potential for
abdominal MR imaging, especially for liver, and our data also strongly
support this observation.

The instantaneous distribution and elimination of contrast agents
allow very short time windows for MR imaging, especially for vascular
imaging. Dynamic contrast-enhanced MR (DCE-MR) is performed
from 2 to 15 s to 5–10min post-injection [24–27]. MR imaging of vascu-
lar vessels, i.e., cerebral, cardiac and hepatic vessels, demonstrates rapid,
short contrast enhancement followed by a fairly fast washout. In the
case of hepatic tumor, MR imaging is taken during the arterial phase
(25–30 s post-injection), specifically the late hepatic arterial phase,
when the portal vein is only slightly enhanced (60–80 s post-
injection). Therefore, extended blood retention of MR agents could be
very helpful in obtaining more distinct diagnostic images [28]. Gd-
DTPA-Pullulan maintained the initial contrast intensity in heart and
liver for at least 30 min after injection (Fig. 7B). This extended MR con-
trast power coincides with the plasma concentration profile of Gd-
DTPA-Pullulan (Fig. 5). The data suggest that Gd-DTPA-Pullulan with
prolonged blood retention and enhanced chelation stability eventually
allows more precise diagnosis of abdominal vascular abnormalities.
5. Conclusion

Gd-DTPA-Pullulan was comparable to the commercial Gd-chelation
MR imaging agents in the degree of free Gd3+ content (b0.01%). Gd-
DTPA-Pullulan also showed longer blood circulation, liver retention
and prolonged T1 contrast. Those data suggest that Gd-DTPA-Pullulan
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is eligible for further preclinical and clinical development as a blood-
pooling MR contrast agent.
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