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Abstract

Current clinical CT contrast agents are mainly small molecular iodinated compounds, which often

suffer from short blood pool retention for more comprehensive cardiovascular CT imaging and

may cause contrast-induced nephropathy. In this work, we prepared polydisulfides containing a

traditional iodinated CT contrast agent in order to optimize the pharmacokinetics of the agent and

improve its safety. Initially acting as a macromolecular agent and achieving sharp blood vessel

delineation, the polydisulfides can be reduced by endogenous thiols via disulfide-thiol exchange

reaction to oligomers that can be readily excreted via renal filtration. Short polyethylene glycol

(PEG) chain was also introduced to the polymers to further modify the in vivo properties of the

agents. Strong and prolonged vascular enhancement has been generated with two new agents in

mice (5–10 times higher blood pool enhancement than iodinaxol). The polydisulfide agents

gradually degraded and excreted via renal filtration. The gradual excretion process could prevent

contrast induced nephropathy. These results suggest that the biodegradable macromolecular CT

contrast agents are promising safe and effective blood contrast agents for CT angiography and

image-guided interventions.

1. Introduction

X-ray computed tomography (CT) is one of the most commonly used clinical diagnostic

imaging technologies [1–6]. CT is effective to visualize hard tissues due to the inherent

density differences between hard and soft tissues. With the assistance of proper contrast

agents, CT can also provide high resolution three-dimensional images of soft tissues.

Current clinical CT contrast agents are mainly small molecular compounds containing heavy

elements, such as iodine (i.v. injection) [5, 7–10] and barium (oral route) [11–13]. Small

molecular iodinated organic compounds are the most commonly used clinical contrast

agents for cardiovascular CT imaging, including angiography and myocardial perfusion,

image-guided intravascular intervention and cancer diagnosis. There have been significant

advancements in CT technology. Multidetector CT and dual-source CT have been developed
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and used to reduce the radiation dose and to improve both temporal and spatial resolution. In

contrast, little process has been made to address the limitations of CT contrast agents.

Current intravascular CT contrast agents are based on highly functionalized water-soluble

triiodobenzene derivatives. These small molecular contrast agents do not have favorable

pharmacokinetics and are rapidly cleared from the blood circulation [14–16]. Perfect timing

of contrast injection is required to catch the first pass for CT angiography. High doses or

multiple doses are often used to generate sufficient contrast enhancement for accurate

diagnostic imaging. However, the use of the agents at high doses and multiple doses often

induce dose-related toxic side effects, including contrast-induced nephropathy. Their rapid

clearance at high concentrations from blood circulation may cause acute kidney injury or

renal failure. There is an unmet clinical need for safe and effective CT contrast agents that

can provide effective CT contrast enhancement at reduced doses and minimize dose related

toxic side effects.

The search for safer and effective X-ray contrast agents has been continued for over a

century since the first clinical use of X-ray for medical imaging. Besides the small molecular

iodinated contrast agents, various polymeric or nanoparticulate contrast agents containing

heavy elements have been reported to improve the pharmacokinetics and effectiveness of the

iodinated small molecular contrast agents [10]. Iodinated contrast agents have been

incorporated into polymers, polymeric nanoparticles [6, 17–22], liposomes [23–26],

dendrimers [27–30] and nano-emulsions [31–33] to prolong the blood circulation of the

agents for effective blood pool imaging. Colloids or nanoparticles containing other heavy

elements, including thorium, bismuth, gold, erbium, manganese and etc., have also been

reported as effective CT contrast agents [34–39]. These agents have prolonged vascular

circulation and provide sharp blood vessel delineation essential for CT angiography. For

example, colloidal thorium oxide (1–1,000 nm in size) was first used for clinical X-ray

imaging in 1930s. However, the agent was terminated for intravenous use in 1950s because

of its slow excretion from the body and consequent toxic sides, e.g. cancer and liver fibrosis

and cirrhosis. Despite the advantages of the polymeric or nanosized contrast agents for CT

blood pool imaging, it would be ideal if these agents could be readily excreted after imaging

to alleviate any safety concern associated with their incomplete elimination.

Rational design of CT contrast agents with controlled pharmacokinetics and excretion rates

is critical to address the drawbacks of both iodinated small molecular CT contrast agents and

nanosized contrast agents. We have recently designed and developed biodegradable

macromolecular MRI contrast agents based on polydisulfides [40, 41]. These agents initially

behave as macromolecular agents in the body and produce superior contrast enhancement in

the blood pool and soft tissues. The disulfide bonds in the polymer backbone are then

gradually reduced by endogenous thiols in plasma via disulfide-thiol exchange reaction to

give oligomeric or smaller molecules, which are readily excreted via renal filtration after the

imaging. As a result, the polydisulfide based MRI contrast agents produce prolonged blood

pool enhancement as macromolecular contrast agents and excrete from the body as small

molecular agents with minimal tissue retention. Thus, we hypothesize that iodinated

polydisulfides can also be safer and effective biodegradable macromolecular CT contrast

agents. They will have prolonged blood circulation and limited vascular extravasation to

produce strong blood pool enhancement at substantially reduced doses. At the same time,
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the iodinated polydisulfides can be gradually reduced in the plasma by endogenous thiols to

small iodinated oligomers, which can be gradually excreted via renal filtration. The gradual

degradation of the agents can significantly slow down their renal excretion rate, reduce the

concentration of the iodinated agents in the kidneys and minimize the acute assault to the

kidneys, which is often caused by the conventional small molecular iodinated contrast

agents. Consequently, these agents will have substantially lower toxic side effects to the

kidneys than the small molecular clinical CT agents. The iodinated polydisulfide based

biodegradable macromolecular CT contrast agents will have controlled pharmacokinetics

and better safety for effective contrast enhanced in vivo CT imaging.

Here we described the synthesis and evaluation of iodinated polydisulfides as biodegradable

CT blood pool contrast agents. A clinical iodinated CT contrast agent, 5-amino-2, 4, 6-

triiodoisophthalic acid (ATIPA), was used as a monomer to copolymerize with cystamine to

give iodinated polydisulfides, polyATIPA. The polydisulfides was further modified with a

polymer, polyethylene glycol (PEG550), by pegylation at the amino group of ATIPA to

optimize their pharmacokinetics and to prevent non-specific interaction with the

reticuloendothelial system (RES) [42, 43]. The degradability of the polydisulfides was

investigated in vitro with the presence of cysteine and in vivo by analyzing the urine

samples with mass spectrometry. The dynamic contrast enhanced CT imaging of the

iodinated polydisulfides was assessed in mice on a micro-CT scanner with a clinical agent as

a control. The renal safety of the pegylated iodinated polydisulfides was preliminarily

assessed by histological analysis of the major organs after exposure to the agent.

2. Experimental

2.1. Materials

Poly(ethylene glycol) methyl ether (Mn = 550, PEG550) 5-Amino-2, 4, 6-triiodoisophthalic

acid (ATIPA), Maleic anhydride, thionyl chloride (SOCl2), cystamine were purchased from

Aldrich (St. Louis, MO). N,N-Dimethylformamide (DMF), triethylamine (TEA), Dimethyl

sulfoxide (DMSO) and dichloromethane (DCM) were purchased from Fisher (St. Louis,

MO) and dried over 4 Å molecular sieves.

2.2. Synthesis

2.2.1. Synthesis of PEG550-Acid—PEG550, (11 g, 20 mmol) was dissolved in 30 mL of

anhydrous THF. Succinic anhydride (4 g, 40 mmol) was added into the solution. The

mixture was stirred at room temperature for 48 h. THF was removed under vacuum and the

rude product was redissolved in DCM and washed with water for 3 times. The solution was

dried and pure product was obtained after remove the DCM under vacuum (10.5 g, yield

81%). 1H-NMR (400 MHz, CDCl3): δ (ppm): 4.26 (t), 3.67–3.62 (br), 3.37 (s), 2.64 (t).

2.2.2. Synthesis of PEG550-Chloride—PEG550-acid, (6.5 g, 10 mmol) was dissolved

into 30 mL of anhydrous DCM. SOCl2 (5 mL) and a drop of DMF were added into the

solution and the mixture was stirred at room temperature for 20 h. The solvent and excess of

SOCl2 were removed under vacuum to obtain the chloride (6.5 g, yield 98%). 1H-NMR (400

MHz, CDCl3): δ (ppm): 4.25 (t), 3.68–3.61 (br), 3.37 (s), 3.20 (t), 2.68 (t).
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2.2.3. Synthesis of PEG550-ATIPA—ATIPA (5.84 g, 10 mmol) was suspended in 20

mL of DI water. NaOH (1 g, 25 mmol) was added into the solution to make the solution

clear. At 0 °C, PEG550-chloride (6.5 g, 12 mmol) was added to the solution dropwise and

NaOH (2 M) solution was added at the same time to keep the pH value at around 10. The

mixture was stirred at 0 °C for 2 h then RT overnight. Water was removed under vacuum

and pure product was purified through silicone gel column (DCM : methanol = 5 : 1) (9.8 g,

yield 81%). 1H-NMR (400 MHz, d-Acetone): δ (ppm): 4.26–4.23 (br), 3.68–3.61 (br), 3.37

(s), 2.68 (br).

2.2.4. Synthesis of PEG550-ATIPC—PEG550-ATIPA (12.3 g, 10 mmol) was dissolved

in 20 mL of anhydrous DCM. 10 mL of thionyl chloride was added into the mixture and 2

drops of DMF was added as catalyst. The mixture was refluxed at 80 °C overnight. The

solvent was removed under vacuum to obtain the final product (11.5g, yield 92%). 1H-NMR

(400 MHz, d-Acetone): δ (ppm): 4.26–4.23 (br), 3.68–3.61 (br), 3.37 (s), 2.80–2.68 (br).

2.2.5. Synthesis of the ATIPC chloride—5-Amino-2,4,6-triiodoisophthalic acid

(ATIPA, 28 g, 50 mmol) was added into 50 mL of anhydrous toluene. 30 mL of thionyl

chloride was added into the mixture and 2 drops of DMF was added as catalyst. The mixture

was refluxed at 80 °C for 12 h and TLC showed that there is no acid left. The solvent was

removed under vacuum to obtain the crude product as yellow solid powder. The solid was

recrystallized with anhydrous ethyl acetate twice to obtain the pure chloride (25g, yield

83%). Characterized with MALDI TOF and HPLC.

2.2.6. Synthesis of the polyATIPA—At 16 °C, cystamine (160 mg, 1.05 mmol) was

dissolved in the mixture solvents of 1 mL of anhydrous DMSO and 0.5 mL of TEA. ATIPC

powder (630 mg, 1 mmol) was added portion by portion into the mixture during 1.5 h. The

mixture was stirred at this temperature for 6 h and put into 60 °C oil bath for another 12 h.

After that, the mixture was dissolved into 20 mL of deionized water and put into a dialysis

bag (MWO 6000–8000), dialyzed against deionized water, and then lyophilized (480 mg,

yield 63%). 1H-NMR (400 MHz, d-DMSO): δ (ppm): 3.5–3.3 (br). PolyPEG550ATIPA was

obtained with the same method.

2.3. FPLC and reverse-phase HPLC

All the polymers were characterized by size exclusion chromatography (SEC) on an AKTA

FPLC system (Amersham Biosciences Corp., Piscataway, NJ) equipped with a Superose 12

column and a refractive index detector. Molecular weights were calibrated with standard

poly[N-(2-hydroxypropyl) methacrylamide]. Ion-pairing reverse-phase HPLC (Agilent

1100, Santa Clara, CA) was performed with a RP-C18 HPLC column (4.6 × 250 mm2, 5 μm

particle size) and UV detector. The mobile phase was a gradient of 10–50% of acetonitrile

aqueous solution containing 0.5% TFA at a total flow rate of 1 mL/min. An aliquot of 200

μL sample at approximately 0.1 mg/mL was injected, of which 20 μL went into the column

at 25 °C. The UV absorption peaked at 210 nm of the elution was recorded for analysis.
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2.4. Evaluation of the in vitro CT values

All the samples were scanned on a small-animal PET/SPECT/CT system (Inveon, Siemens)

with x-ray energy 0 – 80 kVp and a detector with the field of view 2048 mm × 2048 mm.

The images were obtained at an x-ray voltage of 80 kVp, an anode current of 500 μA and an

exposure time of 200 ms for every rotational steps (total rotation degree is 360 and rotation

steps are 180). The field of view was 2048 mm × 2048 mm. Images were reconstructed on a

512 pixel × 512 pixel grid with a pixel size of 66.7 μm × 66.7 μm. The polymeric contrast

agents were scanned at the concentration of 37.5, 75, 150 and 300 mg-I / mL compared with

iodixanol based on a standard UV concentration curve at 240 nm. Deionized water was used

as the control (0 HU).

2.5. Degradation of polymers

The degradability of the polymer was investigated by the incubation of polymer with DL-

homocysteine under physiological conditions [44]. The DL-homocysteine concentration was

15 μM, mimicking the thiol concentration in the plasma. The concentration of polymers was

9.19 mM representing the iodine concentration 27.56 mM (350 mg-I / Kg) based on an

average Balb/c mouse weighing 20 g. The polymer solution was put into a dialysis bag

(MWO 6000) and incubated with of 15 μM DL-homocysteine solution (1 L X 3) at 37 °C.

The UV absorption was detected at 240 nm. The molecular change of the polymer was

traced by FPLC.

2.6. In vivo blood pool CT imaging

The polymeric contrast agents and the control contrast agent, iodixanol, were evaluated with

BALB/c mice (18 – 22 g body weight, 6 mice per agent). All the mice were scanned on the

same machine as the in vitro detection. The images were obtained at an x-ray voltage of 80

kVp, an anode current of 500 μA and an exposure time of 200 ms for every rotational steps

(total rotation degree is 360 and rotation steps are 180). The field of view was 1024 mm ×

2048 mm. Images were reconstructed in a 1024 pixel × 1024 pixel grid with a pixel size of

18 μm × 18 μm. Each group was anesthetized by intramuscular injection of ketamine (35

mg/kg) and xylazine (8 mg/kg); anesthesia will be maintained by isoflurane inhalation. The

injection volume of contrast agent for each mouse was 150 μL with the dose of 350 mg-I /

kg. The acquisition times were pre-injection and at 10, 20, 30, 45, and 60 min post-injection.

2.7. In vivo elimination

BALB/c mice were injected the contrast agent (PolyATIPA) at the concentration 27.56 mM

(350 mg-I / Kg). Their urine was collected at 10, 20, 30, 45, 60, 90 and 120 min

postinjection by pushing bladders. The in vivo elimination was analyzed through MALDI-

TOF mass spectrometry.

2.8. CT image analysis

CT values are expressed in Hounsfield Units (HU) and were obtained per organ by drawing

volumetric regions of interest (RIOs) [45]. The average ∆HU values and the standard

deviation were calculated from the data with 3 ROIs per organ. The CT data was analyzed to

determine the contrast enhancement of different agents at various time points post-injection.
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In vivo CT values of the regions of interest, such as heart, blood, liver and bladder, were

measured according to the equation ∆HU = HU (at time t) – HU (before injection) to study

the dynamic enhancement of different organs. The dynamic enhancement of the blood

showed the efficiency of the polymers used as blood pool contrast agents. The dynamic

enhancement of the bladder indicated how fast the contrast agents will degrade and be

excluded from the body.

2.9. Histochemical analysis

After CT imaging, the mice were sacrificed under anesthetic conditions, and tissues of

interest (lung, kidney, liver, spleen and heart) were excised and fixed in 10% neutral

buffered formalin (10% NBF) [46]. For haematoxylin and eosin (H&E) staining, formalin

fixed tissues from each organ were embedded into paraffin and paraffin-embedded tissues

were sectioned into 4 μm thickness. Each histological section was documented by a

dissecting microscope. The results were analyzed to evaluate the safety of the contrast

agents to the organs.

2.10. Statistical analysis

Statistical calculations will be performed using Prism (Graphpad Software, Inc). The data

will be analyzed by repeated-measures two-way ANOVA using Bonferroni’s post-test,

assuming statistical significance at p < 0.05.

2.11. Ethical aspects of proposed research

BALB/c mice are a well-established model for blood pool CT imaging. In-vivo animal

studies are critical for this project. There are no non-animal models available for this type of

research. There are no alternatives in the literature that we can use to evaluate the

degradable macromolecular contrast agents before proceeding to clinical trials. Mice are

selected for this project because their physiology closely matches that of the human beings.

In addition, all the injection doses were proved safe to the mice. All animals will be cared by

veterinarians on the campus in Case Western Reserve University. All animals will be treated

under the guidelines of a protocol approved by the Case Western Reserve University,

Institutional Animal Care and Use Committee.

3. Results and discussion

3.1. Synthesis

Synthesis of two biodegradable polymeric iodinated contrast agents, polyATIPA and

pegylated polyATIPA (poly-PEG550ATIPA), is described in Scheme 2 and detailed in the

Supporting Information. First, two carboxylic groups of ATIPA were converted to acyl

chlorides by reacting with thionyl chloride. The ATIPA acyl chloride was then polymerized

with cystamine to produce the iodinated polydisulfides (Scheme 2.2). For the synthesis of

the pegylated contrast agent, PEG550 was first conjugated to the amino group of ATIPA to

produce a pegylated ATIPA (Scheme 2.1). MethoxyPEG550 was reacted to succinic

anhydride to convert the hydroxyl group to a carboxylic group at the end. This carboxylic

group was converted to acyl chloride, and then reacted with ATIPA to form the pegylated

monomer PEG550ATIPA. PEG550ATIPA was similarly converted to acyl chloride and was
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finally polymerized with cystamine to give polyPEG550ATIPA. After polymerization, the

products were dialyzed with a membrane (MWCO = 8,000 Da) against deionized water to

remove the small molecular weight compounds and oligomers. The polymers were further

purified with size exclusion chromatography using G50 Sephadex column eluted with

deionized water. The polymer fractions were collected and lyophilized to give off-white

solid products. The final polymers were characterized with NMR and size exclusion

chromatography (Fig. 1A and B). The number and weight averaged molecular weights of

polyATIPA were 21 and 23 KDa, and 22 and 23 KDa for polyPEG550ATIPA. Both

iodinated polydisulfides had good water solubility.

3.2. In vitro CT values

Figure 2A shows the CT images of iodixanol, polyATIPA and polyPEG550ATIPA at the

equivalent iodine concentrations ranging from 37.5 to 300 mg-I/mL. All agents showed

concentration dependent X-ray attenuation. The CT values of different concentrations were

measured to compare the effectiveness of the contrast agents for X-ray attenuation. Figure

2B shows the X-ray attenuation as a linear function of iodine concentration of the agents.

PolyATIPA had higher HU values than the clinical contrast agent iodixanol, especially at

high iodine concentration. High iodine content per molecule in polyATIPA could contribute

to increase X-ray attenuation of the agent. In contrast, polyPEG550ATIPA exhibited lower

HU values than iodixanol possibly due to pegylation. PEG was reported as a negative CT

contrast agent. The presence of PEG in polyPEG550ATIPA may diminish the X-ray

attenuation ability of the agent.

3.3. In vitro degradation

The degradability of the iodinated polydisulfides was investigated by incubating the

polymers with cysteine under physiological conditions. The polymer solutions were put into

a dialysis bag with MWCO of 6,000 Da and incubated with 15 μM cysteine solution at 37

°C. The cysteine concentration was used to mimic the thiol concentration in the plasma. The

concentration of the polymers was 27.56 mM of iodine mimicking the initial plasma iodine

concentration of the agents in an average Balb/c mouse weighing 20 g at a dose of 350 mg-

I/Kg. Samples were taken at 0.5, 2, 5, 10, 20 and 48 hr and analyzed by SEC on an AKTA

FPLC system equipped with a Superose 12 column and a UV detector. Figure 3A and 3B

shows the gradual disappearance of the polymer peaks in the presence of cysteine due to the

reduction of the disulfide bonds in polymer chains. Because of the dialysis method used

here, the low molecular weight fractions could not be detected in the polymer samples.

However, the decrease of the height of polymer peaks indicated the degradation of the

polymers. Figure 3C shows the degradation kinetics of contrast agents determined by UV

spectrometry at 240 nm (according to standard sample). It appears that degradation of

polyPEG550ATIPA was slightly slower than polyATIPA possibly due to the steric effect of

PEG.

3.4. In vivo CT imaging

The effectiveness of the iodinated polydisulfides for in vivo contrast enhanced CT imaging

was assessed in BALB/c mice (18 – 22 g body weight, 6 mice per agent) on a micro-CT

scanner with iodixanol as a control agent. The iodinated polydisulfides produced strong
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vascular enhancement and sharp vascular delineation at a dose of 350 mg-I/kg, while the

control agent did not produce any enhancement at the same dose and 10 minute after

injection due to rapid extravasation and excretion of the agent (Fig. 4). The pegylated agent

polyPEG550ATIPA resulted in better vascular delineation and less background enhancement

than polyATIPA, despite the fact that it had a relatively low in vitro X-ray attenuation at the

same dose. PEG in polyPEG550ATIPA might decrease non-specific tissue accumulation of

the polymers and, consequently, resulted in higher blood concentration for better vascular

enhancement than the unpegylated iodinated polydisulfides. Much less non-specific tissue

enhancement was also observed for polyPEG550ATIPA than polyATIPA.

Dynamic CT imaging revealed that the iodinated poydisulfides showed prolonged blood

circulation and vascular enhancement. Signal enhancement was still visible in the mouse

aorta at least 30 minutes after the intravascular injection of both agents (Fig. 4C and D).

PolyPEG550ATIPA exhibited stronger prolonged vascular enhancement than polyATIPA.

Significant vascular enhancement was still visible for polyPEG550ATIPA at 60 minutes after

the injection. The blood signal increased from 27 ± 30 HU to 526 ± 89 HU at its peak (Fig.

5B). In comparison, the values for polyATIPA and iodinaxol were 226 ± 67 and 56 ± 26,

respectively. PolyPEG550ATIPA showed 10 times higher blood pool enhancement than

iodinaxol and 2 times higher than polyATIPA. This high enhancement result was

comparable to the polymer-coated bismuth contrast agent [37] and polymer-coated gold

contrast agent [47].

Figure 5A shows the representative CT axial images of the liver before and at different time

points after contrast with iodinaxol, polyATIPA and polyPEG550ATIPA in Balb/c mice. It

appears that polyPEG550ATIPA resulted in fewer enhancements in the liver tissue than

iodinaxol and polyATIPA in Balb/c mice. PolyATIPA had more prolonged liver retention

and produced stronger liver enhancement than iodinaxol and polyPEG550ATIPA (Fig. 5B).

PEG in polyPEG550ATIPA prevented non-specific tissue accumulation of the agent and

resulted in minimal liver enhancement. Consequently, the pegylated agent had a prolonged

blood circulation and significant enhancement was still visible in the intrahepatic

vasculature. The results indicate that the iodinated polydisulfides, especially the pegylated

agent, are advantageous for CT blood pool imaging over the clinical agent and polyATIPA.

The prolonged blood pool enhancement with minimal background signal is particularly

valuable for CT image-guided interventions. The iodinated polydisulfides of the prolonged

blood circulation can also have several other clinical applications such as cancer detection

and characterizing tumor angiogenesis.

3.5. In vivo elimination

The in vivo elimination of the iodinated polydisulfides was also investigated using

polyATIPA, because the elimination products of polyATIPA excreted in the urine sample

were relatively simple and easily to be detected by MALDI-TOF mass spectrometry. Serial

CT images of the urinary bladder (red arrow, Fig. 6A) showed significant bladder

enhancement from 10 to 120 min postinjection of polyATIPA. The images revealed that the

contrast agent started clearing out from the body at least 10 minutes after the injection. The

dynamic change of the CT values in the bladder was shown in Fig. 6B. It seems that a
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significant amount of the contrast agent, possibly small molecular weight oligomers, was

released in the first 10 minutes postinjection. CT value reduction at 30 minutes was possibly

due to urine discharge. The results strongly indicate that the polydisulfide based CT contrast

agent was gradually degraded and excreted via renal filtration. The elimination and renal

excretion of the iodinated polydisulfides validated the decrease of the blood contrast showed

in Fig. 4. Figure 6C showed the MALDI-TOF mass spectra of the urine samples collected at

different time points. The molecular weight of the monomeric units from the reduction of

polyATIPA (Fig. 8C) was 676. The 698 peak in the spectra corresponded to the unit with a

sodium ion. The increasing intensity of the monomer peak over time strongly suggested the

contrast agent was eventually degraded into small molecules. These results clearly

demonstrated the feasibility of the iodinated polydisulfides as the effective biodegradable

macromolecular CT contrast agents.

3.6. Histochemical analysis

Iodinated contrast agents are generally safe in clinical applications. However, exposure of

major organs to high doses of iodinated agents may cause tissue damages in some cases.

Safety of iodinated polydisulfides is a critical parameter to determine their potential for

further translational development. It is appears that poly-PEG550ATIPA is a promising

biodegradable macro-molecular CT contrast agent because of its superior blood pool

contrast enhancement and minimal non-specific tissue accumulation. The safety effect of the

agent on the major organs was preliminarily assessed in mice with histochemical analysis.

One week after injection of the agent at a dose of 350 mg-I/kg, the mice were sacrificed, and

organs of interest (the kidney, liver, spleen, and heart) were collected and fixed in 10%

neutral buffered formalin (10% NBF) for haematoxylin and eosin (H&E) staining. The

histological images of the organs from the mice injected with the contrast agent were

compared with those from the mice injected with PBS (Fig. 7). No significant difference

was observed between the mice received with polyPEG550ATIPA and PBS, possibly be-

cause of minimal non-specific tissue interaction and gradual excretion of the agent via renal

filtration. The result suggests that this contrast agent has a good safety profile to these

organs.

3.7. Conclusion

We have validated the hypothesis that iodinated polydisulfides are effective bio-degradable

macromolecular contrast agents for X-ray CT imaging. The iodinated polydisulfides had

prolonged blood circulation and limited vascular extravasation and produced sharp and

prolonged vascular delineation. They were more effective for cardiovascular imaging than

the clinical agent iodinaxol. Pegylation of the iodinated polydisulfides further improved the

blood pool enhancement by reducing non-specific tissue interaction. The high performance

of the agents was comparable to the reported heavy metal based agents, e.g. the polymer-

coated bismuth contrast agent and polymer-coated gold contrast agent. The agents degraded

in vivo and gradually excreted via renal filtration. The gradual excretion of the agents could

obviate the acute contrast assault to the kidneys, resulting in better safety profile. The

pegylated iodinated polydisulfides did not show any observable side effects to the major

tissues and organs based on histochemical analysis. The biodegradability, gradual clearance

after the imaging and good safety profile are clearly the advantageous features of the
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iodinated polydisulfides for further clinical development of the agents. Thus, the iodinated

polydisulfides are promising biodegradable macromolecular CT contrast agents for

cardiovascular, cancer CT imaging and image-guided interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Size exclusion chromatograms of polyATIPA (A) and polyPEG550ATIPA (B).
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Figure 2.
The in vitro CT images of iodixanol, polyATIPA and polyPEG550ATIPA in the equivalent

iodine concentrations of 37.5, 75, 150 and 300 mg-I/mL (A) and X-ray attenuation of

iodixanol, poly-ATIPA and polyPEG550ATIPA as a function of the concentration (B).
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Figure 3.
In vitro degradation of the polymers. (A) The molecular weight distribution of polyATIPA

(27.56 mM-I) in the incubation with 15 μM cysteine in PBS buffer (pH 7.4) at 37 °C. (B)

The molecular weight distribution of polyPEG550ATIPA (27.56 mM-I) in the incubation

with 15 μM cysteine in PBS buffer (pH 7.4) at 37 °C. (C) The degradation kinetics curves of

contrast agents in PBS buffer (pH 7.4) at 37 °C (determined by UV at 240 nm).
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Figure 4.
Comparison of in vivo contrast enhanced blood pool CT imaging of iodinaxol, polyATIPA

and poly-PEG550ATIPA in Balb/c mice. A, coronal images of mice obtained 10 min after

i.v. injection of the agents at a dose of 350 mg-I/kg; B, three-dimensional CT angiogram of

the mice contrast enhanced by the polydisulfides at 10 min after i.v. injection. Dynamic

contrast enhanced coronal CT images of the mice acquired at 10, 20, 30 and 60 minutes

(from left to right) after i.v. injection of polyATIPA (C) and poly-PEG550ATIPA (D) (350

mg-I/kg).
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Figure 5.
Dynamic contrast enhanced axial CT images (A) of the liver of the mice acquired before and

at 10, 20, 30 and 60 minutes after i.v. injection of Iodixanol, polyATIPA and

polyPEG550ATIPA (350 mg-I/kg). Increase in HU after injection of different contrast agents

were also measured in Blood (B) and Liver (C).
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Figure 6.
Detection of in vivo degradation. (A) Serial CT imaging of the bladder (red arrow) of a

BALB/c mouse after tail-vein injection with polyATIPA (350 mg-I/kg). (B) Increase of HU

in bladder after injection of polyATIPA (350 mg-I/kg). The kinetic curve indicates that the

in vivo degradation of polyATIPA is relatively fast (less than 10 min). (C) MALDI-TOF MS

traces degradation of in vivo degradation of polyATIPA with the urine of a Balb/c mouse

collected at different time points. The increasing intensity of the monomer peak (M.W. 676)

suggests polydisulfides can be reduced to oligomers and can be readily excreted via renal

filtration.
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Figure 7.
Histological section of the heart, liver, spleen and kidney of the mouse 1 week after

intravenous injection of a single dose (350 mg/Kg) of PolyPEG550ATIPA solution. Sections

are stained with H&E and observed under a light microscope at 20 × magnification.
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Scheme 1.
Synthesis of biodegradable polymeric contrast agents. 1, synthesis of the monomer of

polyPEG550ATIPA; 2, polymerize the iodinated monomers with cystamine. PolyATIPA, R

= H; polyPEG550ATIPA, R = PEG550.
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