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Abstract
Structural effect of polydisulfide Gd(III) chelates on their in vitro degradability, and cardiovascular
and tumor imaging in mice were evaluated as biodegradable macromolecular MRI contrast agents.
Polydisulfide Gd(III) chelates, Gd-DTPA cystamine copolymers (GDCC), Gd-DTPA L-cystine
copolymers (GDCP), Gd-DTPA D-cystine copolymers (dGDCP) and Gd-DTPA glutathione
(oxidized) copolymers (GDGP), with different sizes and narrow molecular weight distribution were
prepared and evaluated both in vitro and in vivo in mice bearing MDA-MB-231 tumor xenografts.
Large steric hindrance around the disulfide bonds in GDGP resulted in greater T1 and T2 relaxivities
than GDCC, GDCP and dGDCP. The degradability of the polydisulfide by the endogenous thiols
decreased with an increase in steric effects around the disulfide bonds in the order of GDCC > GDCP,
dGDCP > GDGP. The size and degradability of the contrast agents had significant impact on vascular
contrast enhancement kinetics. The agents with large size and low degradability resulted in more
prolonged vascular enhancement than the agents with small size and high degradability. It seems that
the size and degradability of the agents did not significantly affect tumor enhancement. All agents
resulted in significant contrast enhancement in tumor tissue. This study has demonstrated that the
vascular enhancement kinetics of the polydisulfide MRI contrast agents can be controlled by their
sizes and structures. The polydisulfide Gd(III) chelates are promising biodegradable macromolecular
MRI contrast agents for MR angiography and cancer imaging.
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1. Introduction
Cancer and cardiovascular diseases are the main causes of the mortality. Earlier and more
accurate detection of both diseases is essential for the patients to have positive prognoses [1].
Magnetic resonance imaging (MRI) is advantageous as compared to other clinical imaging
modality because of the absence of radiation and its capacity of morphological and functional
imaging with high spatial resolution. Contrast agents are frequently used in MRI to enhance
the image contrast between the pathological and normal tissues [2]. Clinical MRI contrast
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agents, however, have small sizes and unfavorable pharmacokinetics, and show undesired
background enhancement due to fast extravasation into the extracellular fluid space [3]. These
limitations of small molecular contrast agents necessitate the development of macromolecular
contrast agents. Recently, numerous macromolecular contrast agents have been prepared and
evaluated for cancer and cardiovascular MR imaging. Preclinical studies have shown that
macromolecular MRI contrast agents provide optimal pharmacokinetics and superior contrast
enhancement for cancer and cardiovascular imaging. However, macromolecular contrast
agents have not been approved for clinical applications because of the safety concerns related
to their slow body excretion [4,5].

We have recently designed and developed a novel class of biodegradable macromolecular MRI
contrast agents based on polydisulfide Gd(III) complexes to facilitate the excretion of the
agents after contrast enhanced MRI [6–14]. Biodegradable disulfide bonds were incorporated
into the polymer backbone and can be readily cleaved by the endogenous thiols, e.g. cysteine
and glutathione, in the plasma. The reduced Gd(III) complexes and oligomers can then be
readily eliminated via renal filtration. These biodegradable macromolecular MRI contrast
agents can provide significant and prolonged contrast enhancement in the blood pool for
effective contrast enhanced MR imaging, then degrade in vivo and excrete with minimal tissue
accumulation [12,14]. In the previous studies, we have observed that the structure of the
polydisulfide contrast agents may significantly affect their biodegradability and kinetics of in
vivo contrast enhancement. For example, the introduction of steric hindrance around the
disulfide bonds in the polydisulfide contrast agents decreases the degradation rate of the
polymers, resulting in prolonged blood circulation as compared to the agents with less steric
hindrance. These observations suggest that optimal in vivo contrast enhancement of the
biodegradable macromolecular contrast agents can be fine tuned for various applications by
structural modification. Better understanding of the structure-property correlation of
polydisufide Gd(III) complexes will allow us to design and develop promising biodegradable
macromolecular MRI contrast agents with optimal in vivo contrast enhancement and minimal
tissue accumulation for further preclinical and clinical development.

In this study, we prepared polydisulfide Gd(III) complexes with different steric hindrance
around the disulfide bonds and different molecular weights with narrow distribution to study
the structural effects of the biodegradable macromolecular MRI contrast agents for tumor and
cardiovascular MR imaging. These agents include Gd-DTPA cystamine copolymers (GDCC),
Gd-DTPA L-cystine copolymers (GDCP), Gd-DTPA D-cystine copolymers (dGDCP) and Gd-
DTPA glutathione (oxidized) copolymers (GDGP). The dGDCP was prepared to study the
possible influence of polymer configuration on degradation and contrast enhancement. Three
molecular weights, approximately 20, 45 and 110 kDa, were prepared and studied for each
agent in nude mice bearing MDA-MB-231 xenography on a 3T MRI scanner.

2. Materials and Methods
2.1. Preparation and fractionation of polydisulfide contrast agents

DTPA cystamine copolymers (DCC), DTPA L-cystine copolymers (DCP), DTPA D-cystine
copolymers (dDCP) and DTPA glutathione (oxidized) copolymers (DGP) were prepared by
condensation polymerization according to the method described in the previous work [12]. The
paramagnetic complexes GDCC, GDCP, dGDCP and GDGP were prepared by the
complexation of DCC, DCP, dDCP and DGP with Gd(OAc)3 at pH 5.5~6.0, respectively, and
then fractionated to prepare the agents with different molecular weights and narrow molecular
weight distributions using size exclusion chromatography (SEC) equipped with a Superose®

XK 50/100 column (Amersham Bioscience Corp., Piscataway, NJ). The loading amount of
samples was 500 mg and the mobile phase was 20 mM Tris buffer with 0.1 M NaCl (pH 7.4).
The molecular weights of the fractions were determined by SEC eluted with 20 mM Tris buffer
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with 0.1 M NaCl (pH 7.4). The fractionations were calibrated with poly-[N-(2-hydroxypropyl)
methacrylamide] (PHPMA) standards. The Gd content for all agents was determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Perkin Elmer,
Norwalk, CT, Optima 3100XL) at 342 nm.

2.2. Relaxivity
The T1 values of water protons in aqueous solutions of GDCC, GDCP, dGDCP, and GDGP
with various concentrations were measured on a Siemens Trio 3T scanner at room temperature
using an inversion recovery (IR)-prepared turbo spin echo (TSE) imaging pulse sequence and
a birdcage human head coil [15]. Using a variety of inversion times (TIs) ranging from 22 ms
to 2000 ms, T1 values were calculated by a nonlinear regression of MTI = M0 (1 − 2e(−TI/T1)),
where M0 is the initial magnetization, and MTI is the magnetization after a particular TI. T1
relaxivity (r1) was determined based on the equation (1/T1)0bserved = (1/T1)background + r1 ×
[Gd3+]. To determine T2 relaxivity r2, T2 relaxation time was measured first using a turbo spin
echo imaging sequence with turbo factor 3 T2 values and a serial of echo times TE = 12, 24,
36, 47, 59, 71, 83, 95 and 107 ms. T2 value for a given concentration was calculated from
MTE = M0e(−TE/T2) after non-linear regression with various TE. Relaxivity r2 was then derived
from the equation (1/T2)0bserved = (1/T2)background + r2 × [Gd3+].

2.3. Degradation of the polydisulfide complexes
Degradability of GDCC, GDCP, dGDCP and GDGP was evaluated in the presence of either
one of four endogenous free thiols, i.e. cysteine, glutathione, cysteinylglycine and
homocysteine. The agents with similar weight-averaged molecular weight of approximately
50 kDa and a similar polydispersity of approximately 1.1 were chosen in order to accurately
compare their relative degradability. The experimental procedure is briefly described using
GDCC as an example. GDCC (0.42 mM Gd) was incubated with 5 μM of the aforementioned
free thiols in Tris pH 7.4 at 37 °C in triplicates. Samples were taken at 0, 5, 15, 60, 120 and
360 minute incubation and ultrafiltrated at 4,000 rpm and 4 °C for 10 minutes using YM-3
filter (Millipore, Bedford, MA) with molecular weight cutoff of 3,000 Da. The Gd contents in
filtrates were determined using ICP-OES at 342 nm to calculate the amount of degradation
products. The percentage of unfiltrated Gd were calculated to represent the relative stability
of polydisulfide contrast agents to the corresponding free thiols. The degradation of GDCP,
dGDCP and GDGP was similarly evaluated at a high free thiol concentration 50μM because
of their relatively slow degradation rate.

The degradability of GDCC, GDCP, dGDCP and GDGP (0.42 mM Gd) in the presence of
mixture of four thiols mimicking their composition in human and rat plasma was also evaluated
with similar procedure as described above. The human plasma contains approximately 10μM
cysteine, 5μM glutathione and 3μM cysteinylglycine, and rat plasma comprises of
approximately 57μM cysteine and 26μM glutathione [16].

2.4. MR Imaging
Female athymic nude mice (5–6 weeks old, 20–25 g) were cared for according to an approved
animal protocol and the guidelines of the University of Utah Institutional Animal Care and Use
Committee. The mouse tumor model bearing MDA-MB-231 human breast carcinoma
xenografts was developed as previously described [11]. The mice were anesthetized by the
intramuscular administration of a mixture of ketamine (80 mg/kg) and xylazine (12 mg/kg)
before administration of contrast agents. MR images of the mice were acquired on a Siemens
Trio 3T scanner using a 3D fast low-angle shot (3D FLASH) pulse sequence with a human
wrist coil before and at 2, 5, 10, 15, 30 and 60 min after injection of the contrast agents at a
dose of 0.1 mmol-Gd/kg via a tail vein. Imaging parameters were 2.44 ms echo time (TE), 7.36
ms repitition time (TR), 25° RF tip angle, 120 mm field of view, 0.5 mm coronal slice thickness.
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A group of three mice were used for each polymeric contrast agent. T1-weighted axial images
of tumors were also acquired using a 2D spin-echo sequence. The imaging parameters were
10 ms TE, 400 ms TR, 90° RF tip angle, 2 mm axial slice thickness.

2.5. Data analysis
The MR images were analyzed using a free software package OSIRIX
(http://homepage.mac.com/rossetantoine/osirix/). Regions of interest (ROIs) were set on the
right ventricle in the heart, tumor periphery and center of each mouse. Signal intensities in
these ROIs were measured at different imaging time point. Each data point for the contrast
enhancement pattern was the average from three different mice. Statistical analysis was
performed to compare the polymeric contrast agents at each time point in each tissue using a
one-way ANOVA with a Tukey post-test. A statistical significance was considered to be
p<0.05.

3. RESULTS
3.1. Properties of polydisulfide contrast agents

The chemical structures of GDCC, GDCP, dGDCP and GDGP are shown in Figure 1. GDCP,
dGDCP and GDGP have negatively charged side chains at physiological pH 7.4, while GDCC
is a neutral agent. The steric hindrance around the disulfide bonds increased in the order of
GDCC, GDCP and GDGP. The polydisulfide contrast agents were prepared by condensation
polymerization of DTPA dianhydride with cystamine, L-cystine, D-cystine and glutathione
(oxidized form), respectively, followed by the complexation with Gd(OAC)3. The polymeric
complexes had a broad molecular weight distribution and were fractionated with size exclusion
chromatography. Three fractions with weight-averaged molecular weights of around 20, 45
and 110 kDa and a polydispersity index of approximately 1.1 were selected to represent low,
medium and high molecular weights for this study. GDCC, GDCP and dGDCP had r1 and r2
relaxivities in the range of 5 - 8 mM−1s−1, while GDGP had higher r1 and r2. The physical
parameters of the polydisulfide contrast agents are listed in Table 1.

3.2. Degradability of the polydisulfide complexes
Degradability of GDCC, GDCP, dGDCP and GDGP in the presence of various endogenous
thiols is shown in Figure 2. GDCC had similar degradability in the presence of 5μM of cysteine,
cysteinylglycine, glutathione and homocysteine during 6 hour incubation, Figure 2A. GDCP,
dGDCP and GDGP showed little degradation in the presence of 5μM thiols. Therefore, the
degradation of these agents was evaluated with 50μM thiols. Both GDCP and dGDCP showed
different degradability in different endogenous thiols, Figure 2B and 2C. GDCP and dGDCP
degraded more rapidly in cysteine and cysteinylglycine than homocysteine and glutathione at
physiological pH 7.4. Both agents had the lowest degradability in glutathione possibly due to
the steric effect of its relatively large size. GDGP with large steric hindrance around the
disulfide bonds had much lower degradability than GDCP and dGDCP and little degradation
was observed during 6 hour incubation with 50μM of various endogenous thiols, Figure 2D.

Figure 3 shows the degradability of GDCC, GDCP, dGDCP and GDGP in the thiol solutions
mimicking the human and rat plasma compositions of major thiols. GDCC showed higher
degradability in both human and rat plasma thiol compositions than the other agents. GDCC
degraded more rapidly in rat thiol composition than human thiols composition due to the higher
total thiol concentration in the former. GDCP and dGDCP also had much higher degradability
in rat thiol composition than human thiol composition. GDGP had little degradation in both
human and rat thiol compositions.
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3.3. Contrast enhanced cardiovascular MRI
Figure 4 shows the representative three-dimensional maximum intensity projection (MIP) MR
images of mice with MDA-MB-231 tumor xenografts before and at various time points after
injection of GDCC, GDCP, dGDCP and GDGP with different molecular weights. Figure 5a
shows the quantitative analysis of dynamic change of the signal intensity ratios of the blood
in the heart to muscle, and figure 5b showed the contrast enhancement ratio in the vasculature
to the surrounding tissues for all agents. Five to eight times contrast enhancement was observed
in the heart, vasculature and kidneys for all agents at 2 min post-injection, and the signal
intensity gradually decreased thereafter depending on their structures and sizes. For the four
different agents with similar molecular weight, the duration of cardiovascular enhancement
increased with the increasing steric hindrance around the disulfide bonds in the order of GDCC
< dGDCP, GDCP < GDGP. The duration of the contrast enhancement in the heart and
vasculature increased with the increasing molecular weight for the same agent. GDGP with
high relaxivity and slow degradation rate resulted in more prominent contrast enhancement in
the blood pool within the first 30 minutes post-injection even at the low molecular weight (21
kDa). Gradual enhancement in the urinary bladder was also observed for all polydisulfide
contrast agents, indicating urinary clearance of Gd complexes after the degradation.

3.4. Contrast enhanced tumor imaging
Figure 6 shows the two dimensional axial T1-weighted spin-echo images of tumor tissues
before and after injection of the polydisulfide contrast agents. All agents resulted in substantial
enhancement in the tumor periphery for at least 60 minutes. The quantitative analysis of the
contrast enhancement in tumor periphery is shown in Figure 7. All agents resulted in 30 – 100%
contrast enhancement in tumor periphery irrespective of their sizes and structures. However,
GDCC showed a different size-dependent enhancement profile from GDCP, dGDCP and
GDGP. The enhancement in the tumor periphery with GDCC increased with molecular weight,
while GDCP, dGDCP and GDGP showed a reverse size-dependent enhancement pattern from
GDCC within the first 10 to 15 minutes post-injection. Nevertheless, the difference among the
agents in tumor enhancement is statistically insignificant.

4. Discussion
Macromolecular MRI contrast agents have advantages, such as high specificity for tumor
characterization and prolonged enhancement for high-resolution vascular delineation as
compared to small molecular contrast agents. Polydisulfide Gd(III) chelates have demonstrated
superior contrast enhancement as macromolecular MRI contrast agents, and can be gradually
degraded in the plasma and excreted with minimal tissue retention. In this study, we have shown
that the degradability of the polydisulfide can be controlled by the structural modification. The
introduction of steric hindrance around the disulfide bonds significantly decreased the
degradation rate of the polydisulfides by the endogenous thiols.

GDGP has two larger substituents around the disulfide bonds than those in GDCC and GDCP.
The steric hindrance inhibited the disulfide-thiol exchange reaction with the endogenous thiols,
resulting in slow degradation in the presence of endogenous thiols [17–22]. The large steric
hindrance also inhibited free rotation of the disulfide bonds in GDGP. Consequently, GDGP
had higher T1 and T2 relaxvities than GDCC and GDGP.

The structure of the endogenous thiols did not significantly affected the degradation rate of
GDCC, possibly due to the high reactivity of the disulfide bonds because of the lack of steric
hindrance. For GDCP and dGDCP with intermediate degradability, their degradability was
affected by the structure of the thiols. Both GDCP and dGDCP degraded more slowly in
glutathione than other tested endogenous thiols because glutathione had a large steric effect
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around its thiol group. GDCP and dGDCP also had relatively low reactivity towards to
homocysteine. The configuration of GDCP and dGDCP did not affect their degradation rate
with the endogenous thiols, even though these thiols are amino acids or peptides with L-
configuration.

The degradability of the polydisulfide Gd(III) chelates significantly affected the vascular
enhancement within the vasculature. Vascular enhancement kinetics of the agents correlated
well to their in vitro degradability in the presence of endogenous thiols. GDGP resulted in more
prolonged vascular enhancement even at a molecular weight as low as 20 kDa, validating its
low in vivo degradability as predicted by the in vitro study. The high relaxivity of GDGP might
also contribute to its strong vascular enhancement. The GDCC with high in vitro degradability
cleared more rapidly from the vascular circulation than the other agents. The agents with small
sizes also cleared more rapidly than the same agents with large sizes. The agents with small
sizes can be readily degraded into smaller oligomers that can be rapidly eliminated via renal
filtration. The vascular enehancement significant decreased and significant enhancement was
observed in the urinary bladder at 60 minutes post-injection for all agents, indicating that all
agents can be degraded in vivo and excreted via renal filtration. However, the vascular
enhancement kinetics of the biodegradable contrast agents observed in rodents may not be
suitable for predicting the plasma kinetics in humans because the plasma thiol concentration
in human is much lower than that in rodents. As we shown in this study, the degradability of
GDCC and GDCP in human plasma thiol composition was slower than in rodents. It is
reasonable to predict that the vascular enhancement duration by the polydisulfide agents in
human might be longer than that in rodents.

It appears that the size and degradability of the polydisulfide Gd(III) chelates do not
significantly affect tumor enhancement in mice. All agents resulted in 30–100% tumor
enhancement, which should be sufficient to detect tumor tissue for diagnostic purpose. GDCC
with high molecular weight (113 kDa) was more effective for tumor enhancement, possibly
because it was a neutral agent and had relative longer blood retention. Neutral polymers may
have a more flexible backbone than the charged polymers, and therefore have high permeability
into extracellular matrix. High permeability and prolonged vascular circulation of high
molecular weight GDCC may result in high tumor accumulation and strong tumor
enhancement.

5. Conclusions
The structure of polydisulfide Gd(III) chelates had a significant impact on their degradability
and in vivo contrast enhancement as biodegradable macromolecular MRI contrast agents.
Degradability of the contrast agents decreased as the steric hindrance around the disulfide
bonds increased. Strong steric effect also reduced free rotation of disulfide bonds and resulted
in high relaxivities. The vascular enhancement of the contrast agents was improved with a
decrease in degradability and an increase in polymer size. The size and degradability of
polydisulfide contrast agents did not have significant effect on contrast enhanced tumor
imaging. Optimal biodegradable macromolecular MRI contrast agents can be obtained by
careful structural modification of the polydisulfide Gd(III) chelates for effective contrast
enhanced MR angiography and cancer imaging.
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Figure 1.
The chemical structures of GDCC, GDCP/dGDCP and GDGP.
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Figure 2.
In vitro degradation of GDCC (A), GDCP (B), dGDCP (C) and GDGP (D) with Tris buffer
pH7.4 (■) or various free thiols (5μM for GDCC, 50μM for GDCP, dGDCP and GDGP)
(cysteine, ▲ and solid line; glutathione, ▼; and solid line; homocysteine ▲ and dashed line;
cysteinylglycine ▼; and dashed line) (n=3).
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Figure 3.
In vitro degradation of polydisulfide contrast agents (0.42 mM Gd) with a mixture of major
human plasma free thiols (cysteine (10μM), glutathione (5μM) and cysteinylglycine (3μM))
or rat plasma free thiols (cysteine (57μM) and glutathione (26μM). GDCC: Tris buffer pH7.4,
□; human plasma free thiols, ■ and solid line; rat plasma free thiols, ■ and dashed line. dGDCP:
Tris buffer pH7.4, ◻; human plasma free thiols, ▲ and solid line; rat plasma free thiols, ▲
and dashed line. GDCP: Tris buffer pH7.4, ▽; human plasma free thiols, ▼; and solid line;
rat plasma free thiols, ▼; and dashed line. GDGP: Tris buffer pH7.4, ○; human plasma free
thiols, ● and solid line; rat plasma free thiols, ● and dashed line.
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Figure 4.
Three dimensional maximum intensity projection MR images of mice before injection (a) and
2 (b), 5 (c), 10 (d), 15 (e), 30 (f) and 60 (g) minutes after injection of GDCC ( 23 kDa, A; 43
kDa, B; 113 kDa, C), dGDCP (23 kDa, D; 46 kDa, E; 112 kDa, F), GDCP ( 23 kDa, G; 43
kDa, H; 109 kDa, I) and GDGP( 21 kDa, J; 43 kDa, K; 108 kDa, L) at a dose of 0.1 mmol-Gd/
kg via a tail vein.

Zong et al. Page 12

Magn Reson Imaging. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Relative MR signal intensities in the heart of mice before and at various time points after the
intravenous injection of GDCC (a, dashed line) ( 23 kDa, ▼;; 43 kDa, ▲; 113 kDa, ■), dGDCP
(a, solid line) (23 kDa, ▼;; 46 kDa, ▲; 112 kDa, ■), GDCP (b, dashed line) ( 23 kDa, ▼;; 43
kDa, ▲; 109 kDa, ■) and GDGP (b, solid line) ( 21 kDa, ▼;; 43 kDa, ▲; 108 kDa, ■) at a
dose of 0.1 mmol-Gd/kg via a tail vein (n=3).
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Figure 6.
Two dimensional T1 weighted MR images of mice before injection (a) and 2 (b), 5 (c), 10 (d),
15 (e), 30 (f) and 60 (g) minutes after injection of GDCC ( 23 kDa, A; 43 kDa, B; 113 kDa,
C), dGDCP (23 kDa, D; 46 kDa, E; 112 kDa, F), GDCP ( 23 kDa, G; 43 kDa, H; 109 kDa, I)
and GDGP( 21 kDa, J; 43 kDa, K; 108 kDa, L) at a dose of 0.1 mmol-Gd/kg via a tail vein.
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Figure 7.
Relative MR signal intensities in the tumor periphery in mice before and at various time points
after the intravenous injection of GDCC (a, dashed line) ( 23 kDa, ▼;; 43 kDa, ▲; 113 kDa,
■), dGDCP (a, solid line) (23 kDa, ▼;; 46 kDa, ▲; 112 kDa, ■), GDCP (b, dashed line) ( 23
kDa, ▼;; 43 kDa, ▲; 109 kDa, ■) and GDGP (b, solid line) ( 21 kDa, ▼;; 43 kDa, ▲; 108
kDa, ■) at a dose of 0.1 mmol-Gd/kg via a tail vein(n=3).
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