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Abstract

Computed tomography (CT) is an X-ray based whole body imaging technique that is widely used

in medicine. Clinically approved contrast agents for CT are iodinated small molecules or barium

suspensions. Over the past seven years there has been a great increase in the development of

nanoparticles as CT contrast agents. Nanoparticles have several advantages over small molecule

CT contrast agents, such as long blood-pool residence times, and the potential for cell tracking and

targeted imaging applications. Furthermore, there is a need for novel CT contrast agents, due to

the growing population of renally impaired patients and patients hypersensitive to iodinated

contrast. Micelles and lipoproteins, a micelle-related class of nanoparticle, have notably been

adapted as CT contrast agents. In this review we discuss the principles of CT image formation and

the generation of CT contrast. We discuss the progress in developing non-targeted, targeted and

cell tracking nanoparticle CT contrast agents. We feature agents based on micelles and used in

conjunction with spectral CT. The large contrast agent doses needed will necessitate careful

toxicology studies prior to clinical translation. However, the field has seen tremendous advances

in the past decade and we expect many more advances to come in the next decade.
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1 Introduction

The currently approved computed tomography (CT) contrast agents for intravenous injection

are iodinated small molecules.(1) For example, iohexol has a benzene core with three iodine

atoms for CT contrast and three amide and six alcohol groups for water solubility and low

osmolality (Figure 1A). These iodine contrast agents have a short blood half-life, but are

excellent for a number of clinical applications such as vascular imaging, due to the fast

scanning speed of CT.(2) Nevertheless, a wide range of elements give good CT contrast(3)

and a number of types of formulations have been proposed as alternative CT contrast agents

over the years such as gadolinium chelates or tungsten clusters.(4,5) Nanoparticle contrast

agents for CT were developed as early as the 1980s,(6-10) but such reports were infrequent

and the area did not grow.(11) Notably, two of these agents were trialed in the clinic, but

were not further pursued due to non-tolerable side effects.(12) Nevertheless, in the past five

years the field has again attracted significant interest, as evidenced by rapid growth in the
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number of publications and citations on nanoparticle contrast agents for CT, with over one

hundred publications and twenty five hundred citations on the topic from 2012 alone (Figure

1B,C).

Nanoparticles are tiny particles that have one or more dimensions in the nanoscale, i.e. from

1-100 nm. They are frequently spheres, but can have many other shapes, such as rods, cages

or stars.(13-15) Nanoparticles are now widely used in medicinal applications, a field known

as nanomedicine.(16) They can be used as therapeutics: Doxil is a liposomal formulation of

doxorubicin that is FDA approved for the treatment of certain cancers, for example.(17)

Other therapeutic applications for nanoparticles include siRNA delivery or thermal ablation.

(18,19) Nanoparticles are also used as tracers or contrast agents for a variety of medical

imaging methods, such as PET, MRI, photoacoustics and fluorescence imaging. Iron oxide

nanoparticles have been FDA approved for MRI since the mid-1990's.(20) There are several

reasons for this interest in nanoparticles. In general, nanoparticles carry a high payload of

contrast generating material compared with small molecules.(21) Also, some nanoparticles,

such as iron oxides or quantum dots, yield contrast that cannot be produced by small

molecules.(20,22) Depending on the properties of their coating material, nanoparticles can

have long blood circulation half-lives.(23) Last, multiple properties/components can be

integrated into nanoparticles with relative ease.(24) For example, for some types of

nanoparticles, to incorporate additional functionalities simply requires their addition to the

synthesis feedstocks, with no extra steps required.(25)

The knowledge acquired from applying nanoparticles in these other biomedical settings is

now being applied to the development of contrast agents for computed tomography.(26) A

schematic of a nanoparticle contrast agent designed for CT is depicted in Figure 1D. The

material used to generate contrast for CT is usually in the core of the particle. The contrast

generating element used is most frequently iodine,(27) gold,(28) or bismuth,(29) but the use

of various elements such as bromine,(30) tantalum,(31) platinum,(32) ytterbium,(33)

yttrium,(34) gadolinium(35,36), tungsten(1) and others has been reported. The core is coated

with a polymer, lipid, protein, silica or other compounds that yield solubility in biological

media and biocompatibility. The coating can be modified in various ways to include

targeting moieties (antibodies, proteins, peptides, aptamers and so forth).(37-40) Sources of

contrast for other imaging techniques, such as fluorophores for fluorescent imaging or

gadolinium chelates for MR contrast may also be loaded into the nanoparticle.(28,41) Last,

the coating or core can also be loaded with drugs or nucleic acid to create so-called

‘theranostic’ nanoparticles (both therapeutically and diagnostically active).(42,43) A variety

of nanoparticle types have been used as contrast agents for CT, such as emulsions,

liposomes, micelles, lipoproteins, polymeric nanoparticles, solid metal nanoparticles and so

on. Micelles and lipoproteins, which can be regarded as a form of micelle, have yielded

excellent results as CT contrast agents.(28,44-48)

Nanoparticle contrast agents for CT have several exciting applications. As mentioned above,

a feature of nanoparticles is that their circulation half-lives have been reported to be as long

as 15 hours, whereas that of iodinated molecules is only minutes.(49) CT contrast agents

that circulate for a long time(50) could be used in applications where repeated injection of

iodine contrast agents is required, such as for stent placement. Nanoparticles can be used to

allow cell tracking in vivo.(51) Targeted nanoparticle CT contrast agents can detect the

expression of proteins or cell types in tissues, for example detecting the macrophage content

of atherosclerotic plaque.(44) Nanoparticles can also be used with emerging CT techniques,

such as spectral CT, which can specifically detect exogenous contrast agents.(52)

Additionally, nanoparticles can be multifunctional and so can provide contrast for multiple

imaging modalities, e.g. CT, MRI and fluorescence,(28) or provide therapeutic effects as

well as CT contrast.(19) Last, nanoparticles may be compatible with patients for whom
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conventional iodinated contrast media is contraindicated due to renal insufficiency or

allergic responses.(53)

In the following sections we will outline the process of CT image formation, the physics of

CT contrast and give recommendations for the evaluation of the contrast produced by novel

media. We will discuss nanoparticle structure/types and the development of nanoparticle CT

contrast agents over the past thirty years. We will focus on examples of long circulating

agents, targeted agents, cell tracking, agents used in conjunction with spectral CT and will

offer perspectives for the future of the field. In particular we will highlight results from

micelle and lipoprotein based nanoparticle CT contrast agents.

2 CT image formation

Computed tomography was developed in 1960s and early 1970s by Godfrey Hounsfield and

Allan McLeod Cormack.(54) The principle components of a CT scanner are an X-ray source

and a detector array. X-rays are emitted from the X-ray source into the patient, where some

of them are absorbed. The X-rays that pass through the patient then encounter the detector

array, which records the X-ray flux. In one of the more common configurations the source

and the detectors rotate around the patient in a synchronized fashion so as to build up a 360

degree dataset where the absorption of X-rays by the patient from all angles is known

(Figure 2A). CT images are reconstructed from this dataset by computers using algorithms.

Filtered back-projection based reconstruction currently predominates, however, at this

current time, iterative and iterative model based reconstruction methods are being

introduced.(55)

Early CT scanners had a single row of detectors, and could thus image only a single thin

section through the patient known as a slice in one rotation. Volume imaging was performed

in a ‘step-and-shoot’ fashion such that a slice was acquired, the patient moved slightly

further out of the scanner, another slice acquired and so on. Slices took about 7 minutes to

acquire and image reconstruction took hours.(54) Modern scanners have as many as 320

detector rows(56) and scan in what is known as a helical fashion, i.e. the source and the

detector constantly rotate and the patient is constantly moved out of the scanner. A 64

detector row scanner can scan 14 cm in under 5 seconds, allowing the entire heart to be

imaged in this time.(57) Reconstruction of the set of images takes less than one minute.

Images are typically displayed in grayscale, which depends on the attenuation of the

different tissues/substances in the field of view (attenuation is the loss of X-ray beam

intensity via interactions with matter). More strongly X-ray attenuating substances appear

white or light gray, while weakly attenuating substances appear dark gray or black. For

example, a CT image of the heart of a patient appears in Figure 2B. The bones, such as the

spine on the right of the image, and the contrast agent in the blood pool attenuate X-rays

strongly and are light gray. The air, which weakly attenuates X-rays, in front of the patient's

chest is black, while tissue, such as the heart muscle, is dark gray. The appearance of the

images highly depends on the windowing used, with the maximum and minimum values

displayed in the image freely adjustable. Images can also be processed into 3D renderings

and displayed in false color such as in Figure 2C. In 2007 it is estimated that there were

10460 CT scanners installed in the USA and 69.5 million CT scans were performed.(58) In

2008, 50.6% of scans were performed on the abdomen, 5.1% for the cardiovascular system,

13.1% for the chest, 24.4% for the brain, 3.4% for the spine and 3.4% for other parts of the

anatomy.(59)

3 Principles of CT contrast generation

X-ray attenuation and therefore image contrast results from differential absorption or

scattering of the X-rays by tissue. As mentioned above, air absorbs X-rays very weakly,
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tissue absorbs X-rays somewhat and bone absorbs X-rays strongly. In the clinic, contrast

agents such as iodinated small molecules are injected intravenously to perform angiography,

for example, and barium suspensions are used for digestive tract imaging. X-ray absorption

and scattering are known together as attenuation, i.e. the reduction of X-ray flux or the

number of X-ray photons in the beam. X-ray attenuation in CT is defined on the Hounsfield

scale, where the attenuation of any substance is given in Hounsfield Units by the following

equation: Attenuation (HU) = 1000*(μx-μwater)/(μwater-μair)

On this scale, the attenuation of air is therefore −1000 HU, that of water is 0 HU, soft tissues

range from −100 to 100 HU and bones range from 400 to 1000 HU. Any given element has

a characteristic, energy-dependent X-ray attenuation profile, as shown in Figure 3A.

Materials attenuate the X-ray beam via two primary mechanisms, the photoelectric effect

and the Compton effect.(60) In the photoelectric effect, the photon collides with and

transfers its energy to a K-shell electron, typically. The electron is then ejected from its shell

and travels a short distance before losing its energy. For a given photon energy, the

photoelectric effect scales with Z3 (Z being atomic number), which can be appreciated in

Figure 3A below 33 keV or above 90 keV. This would imply that a high Z element such as

gold (Z=79) would create CT contrast 3.3 times greater than that of iodine (Z=53).

However, this is not the case. This is because the photoelectric effect is also highly

influenced by the energy of the electron shells in the element. If the energy of the X-ray

photon is less than that of the electron shell, a photoelectric interaction cannot occur, the X-

ray energy must be more than that of the electron shell. The probability of a photoelectric

event is maximal at the energy of the electron shell and declines with increasing energy,

inversely proportional to the photon energy cubed (1/E3). The energy of the K electron shell

for iodine is 33.2 keV, whereas that for gold is at 80.7 keV, resulting in strong attenuation

for iodine of X-rays over 33.2 keV in energy, as can be seen in Figure 3A. This feature is

known as the K-edge. As many clinical scans are performed at a tube voltage of 80 kV, the

K-edge of iodine is strongly influential on its attenuation and greater attenuation advantage

of gold from its higher Z value is erased, with approximately equal attenuation from the two

elements observed in practice.(61,62)

In the Compton effect, an X-ray photon interacts with a weakly bound electron. The electron

absorbs some of the photon energy and the photon moves away from the interaction site in a

different direction and with reduced energy, attenuating the beam in the line between the

source and the detector. All electrons in low atomic number elements are weakly bound, as

are most electrons in high atomic number elements. The primary effect of an element on

Compton scattering is, therefore, its density of electrons. As the number of electrons is

proportional to atomic mass, electron density and hence Compton related scattering scales

with the mass density and is therefore higher for gold (d=19.3 g/cm3), for example, than it is

for water (d=1 g/cm3).

Air and tissue are composed of elements of similar Z and K-edges (hydrogen, carbon,

oxygen and nitrogen), but air is much less dense than tissue, so has very low attenuation,

stemming from a low Compton effect. Bone is rich in relatively high Z elements, for organic

matter, i.e. calcium and phosphorous (Z=20 and 15, respectively). Therefore the attenuation

of bone is high. CT contrast media therefore employ elements that have much higher Z

values than those found in the body, such as iodine, barium gold, bismuth and so on. A

limitation of CT is its low sensitivity to contrast compared with other imaging techniques.

The detection limit for CT is about 10−3 M,(61) whereas for MRI it is about 10−5 M for

gadolinium chelates and for nuclear techniques about 10−9 M.(63) This is because for CT,

the contrast agent is being directly detected against a high background signal. For MRI,

contrast agents increase the signal observed from water in a catalytic fashion, whereas for
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nuclear techniques there is no background. This low sensitivity is a major factor in the

development of extremely dense, high payload nanoparticles for CT.

It is important to note the characteristics of the X-ray beams sent into the patient in CT

imaging. The X-ray tube voltages used range from 80-140 kV. This voltage defines the

maximum energy of the emitted X-ray photons, however, the beam is composed of a range
of X-rays, from roughly 25 keV to the maximum energy. For example, typical X-ray spectra

emitted when a scanner is run at 80 and 140 kV are depicted in Figure 3B. The X-ray tube

generator actually emits X-rays from 0 keV up to the maximum energy, however low energy

X-rays are very strongly absorbed in the skin and superficial tissues of the patient and

essentially none would reach the detectors, resulting in a needless dose of radiation to the

patient. Therefore Teflon or aluminum filters are placed between the X-ray tube generator

and the patient which absorb the low energy X-rays and result in the X-ray spectra shown.

The CT contrast that will be generated by an element hence depends on its attenuation

characteristics from 25 keV up to the maximum energy. The X-ray attenuation profiles of

elements can be accessed freely online from a NIST database(64) and the attenuation profile

of several elements are displayed in Figure 3A. Comparisons of, or simulations run on the

distribution of the X-ray beam and the attenuation profile will give a reasonable idea of the

performance of the contrast agent at different energies. For example, the K-edge of iodine is

at 33.2 keV, so iodine gives stronger contrast when scanned at 80 kV than 120 kV, as in the

latter case more of the X-rays are in a region of the spectrum where iodine absorbs poorly.

(61,62) On the other hand, the K-edge of gold is at 80.7 keV, meaning that it absorbs X-rays

strongly in the 80-120 keV region and hence it provides stronger contrast when scanned at

120 kV that at 80 kV. Gold produces about 2.1 times the contrast of iodine when scanned at

120 kV.(61)

Nevertheless, one more important point to note is that the contrast generation properties of

an agent are different when scanned in air as compared to in a patient. This is because the

tissues and bones of the patient absorb some of the lower energy X-rays in the beam, in a

process called beam hardening and therefore the average X-ray energy the contrast agent is

exposed to within the patient is increased. To allow an evaluation of a novel CT contrast

agent that is relatable to the clinical situation, and to standardize contrast agent comparisons,

we recommend the following steps:(61,65)

-Use of clinical scanners, as opposed to micro CT or synchrotron systems.

-Placing the samples in a volume of water that approximately mimics the size and shape

of a patient, not to simply scan the samples in air.

-Calculation of a measure termed attenuation rate, which is the attenuation in HU

divided by the agent concentration in mM, determined from scanning a range of

concentrations.

In view of the energy dependent attenuation exhibited by X-ray contrast media and the

development of spectral CT, Hurrell et al. recently proposed a new form of units to measure

CT contrast, i.e. spectral Hounsfield units.(66) In these units, the average energy of the X-

ray beam (in keV) is denoted with a subscript, e.g. HU90, when the average energy of the

beam is 90 keV. We agree in principle with these units and have suggested a modification

where the energy range is given as a subscript, e.g. HU25-140. Therefore attenuation rates

should be given in spectral Hounsfield units, in the form HUXX-YY/mM.(65)
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4 Nanoparticle types and structures

A myriad of different nanoparticle types have been reported for biomedical applications,

such as liposomes, emulsions, micelles, lipoproteins, viruses, polymeric nanoparticles, solid

metal nanoparticles, silica, metal oxides or other salts, carbon nanotubes, graphene sheets

and so forth.(21,25,67-71) For CT the nanoparticles that have been studied are mainly either

lipid-based structures (liposomes, emulsion, micelles or lipoproteins),(7,9,46,50,72,73) solid

core based (metal, metal alloy or metal salt)(29,32,49) or combinations of the two.(28,44,48)

Lipid-based structures are particularly appealing as nanoparticles for biomedical

applications due to their ease of synthesis and inclusion of multiple functional substances, as

well as their general biocompatibility.(25) A summary of lipid based nanoparticle types is

shown in Figure 4. A liposome is an aggregate of lipids formed into a bilayer that encloses

an aqueous core. Functional cargoes can be loaded in the core or in the lipid layer of this

nanoparticle. An emulsion is a tiny droplet of a hydrophobic substance, such as oil, that is

encapsulated in a lipid coating. Emulsions can be loaded with cargoes in the hydrophobic

core, the lipid layer, or the core itself may be functional.

Micelles are closed lipid monolayers with a hydrophobic fatty acid core and hydrophilic

polar surface. Lipids in solution assemble into micelles when their concentration exceeds the

critical micelle concentration (CMC) of the lipid in question. The difference between lipids

that form micelles and lipids that form liposomes lies in the relative sizes of their

hydrophobic tails and hydrophilic headgroups. If the headgroup is much wider than the tail

then the molecule will have a cone-like shape and will form a micelle. On the other hand, if

the headgroup and the tail are similar in width then the shape will be cylindrical and

liposome formation will be favored. For example, phospholipids with a small tail, such as a

single hydrocarbon chain are more likely to form micelles, whereas phospholipids with two

hydrocarbon chains are more likely to form liposomes.(74) Lipoproteins, particularly high-

density lipoprotein (HDL), are natural nanoparticles that transport cholesterol within the

bloodstream.(75) They can be considered to be a form of micelle, being composed of a

single lipid layer, into which is embedded amphipathic proteins, and with a hydrophobic

core.(69) Both micelles and lipoproteins have been studied as drug/gene delivery

platforms(76-79) as well as contrast agents or tracers for MRI, PET and fluorescence.(25,80)

Micelles and lipoproteins can be made functional as CT contrast agents by either forming

them from lipids that contain contrast generating atoms, such as iodine,(46) or by

encapsulating hydrophobically coated metal/metal salt cores, such as gold or bismuth

sulfide.(28,48) In the following sections we will review the different types of nanoparticles

that have been used as CT contrast agents and will highlight micelle-based nanoparticles in

particular.

5 Non-targeted nanoparticles for CT imaging

5.1 Iodine-based agents

The first nanoparticles reported for CT imaging were iodine-based, being based on clinically

approved small molecule agents.(7,81) These nanoparticles were primarily emulsions of

ethiodized oil or liposomes that encapsulate iodinated small molecules.(6,8,82-84) Vermess

et al. reported emulsions of ethiodized poppy seed oil (Ethiodol) as early as 1979.(8) These

particles were formed by homogenization of the oil with lipids such as Tween or lecithin,

resulting in structures such as IV in Figure 4. These particles were in the 1-5 micron size

range, so too large to be nanoparticles. The agent was rapidly taken up by the liver. It was

translated to the clinic, where efficacy for liver tumor imaging was observed,(6) but further

development was halted because of side effects caused by macrophage activation that were

not acceptable for a diagnostic agent. This work, however, laid the foundation for the

development of subsequent nanoparticle formulations(6,82) and, in fact, several recently
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reported formulations are based on the same technology, albeit synthesized with refined

techniques and improved lipid coatings.(85-89) For example, Bakan et al. used microfluidic

processing and dioleoylphosphatidylcholine (DOPC) to create emulsions from polyiodinated

triglycerides 200-300 nm in diameter.(82) Inclusion of cholesterol in a 0.4:1

cholesterol:DOPC ratio resulted in a markedly more stable formulation than without

cholesterol. A more extensive discussion of these older formulations can be found in a

review article by Krause.(11)

In 2013, Ding et al. reported an emulsion of iodinated oil with polyethylene glycol (PEG)

monostearate as the lipid.(87) Hydrophobically coated quantum dots were included in the oil

core to provide fluorescence contrast. The emulsions could be concentrated to 240 mg I/ml

and produced intense CT contrast. These nanoparticles were shown to be taken up by

macrophages in vitro and to accumulate in the plaques of atherosclerotic rabbits at 2 hours

post-injection by CT and fluorescence imaging. De Vries et al. reported nanoemulsions of

small size (>100 nm) formed from triiodo-benzene alkyl ester oils.(85) These

nanoemulsions were synthesized by emulsification of the oils with either PEGylated

phospholipids or block co-polymer amphiphiles via the use of a microfluidizer. The smallest

and most stable formulations were used in vivo. Marked contrast (up to 190 HU) was

observed in the heart and blood vessels immediately after injection. Contrast was also

observed in the liver and spleen, but had dissipated after one week, indicating extensive

excretion. Nanoemulsion circulation half-lives of up to 2.7 hours were found. Asides from

experimental formulations, a nanoemulsion loaded with iodinated oil is commercially

available for preclinical experiments.(90)

Liposomes encapsulating clinically approved iodinated contrast media have been studied

since the 1980s.(91-93) As mentioned above, liposomes consist of a lipid bilayer that

contains an aqueous core. This aqueous core typically contains a payload such as a drug or

contrast agent – one of the first clinically approved nanoparticles was Doxil, a liposomal

formulation of doxorubicin.(17) The advantage of using liposomes for CT is that it is

relatively easy to synthesize them from clinically approved components, i.e. lipid mixtures

and clinically approved iodinated contrast media, although it is challenging to achieve high

iodine payloads/concentrations. Such formulations yield long lasting CT contrast(50) and, it

is theorized, may prove compatible with patients whose kidney function is poor due to slow

release of the encapsulated payload. In fact, a company(94) is currently developing a

liposomal CT contrast agent and aims to start clinical trials within the next two years.(95)

Such liposomes are typically formed by hydration of either a lipid film or an organic

solution of lipids with an aqueous solution that contains an iodinated contrast agent.(50,92)

Additional processing such as extrusion using ~200 nm pore size membranes results in

small, unilamellar liposomes with a narrow size distribution.(50) The unencapsulated

contrast agent is removed by dialysis and the formulation is concentrated. Likely due to poor

pharmacokinetics, some of the older liposomal formulations were not reported to be blood

pool agents, but were observed to accumulate in the liver and spleen.(91) Liver tumors could

be visualized as darker regions, due to poor accumulation of the liposomes in the tumors

compared with the liver. Later formulations saw the introduction of PEGylated surfactants to

the lipid mixture, which resulted in longer blood circulation times.(84) Recent developments

include liposomes that co-encapsulate both iodinated and gadolinium-chelating molecules,

providing MRI and CT contrast.(96) Furthermore, Miyata et al. reported a liposome that co-

encapsulated sodium borocaptate and an iodinated contrast agent.(97) The purpose of the

sodium borocaptate was to facilitate boron neutron capture therapy, so the liposome has both

diagnostic and therapeutic functions, otherwise known as theranostics. The liposome was

targeted with transferrin, whose receptor is overexpressed in certain cancers such as

gliomas. The targeted liposomes were found to accumulate in glioma tumors in the brains of

rats to a greater extent (82.2 vs. 22.5 μg B/g) than non-targeted liposomes. The advantage of
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CT imaging of the liposome distribution is that it would allow more effective planning of

neutron therapy.

An alternative approach to develop lipid structures that produce contrast for CT has been to

synthesize them from lipids that are themselves labeled with iodine or other contrast

generating elements. One of the first examples of this was published by Caride et al., where

brominated phospholipids were formed into liposomes and administered to dogs.(30)

Contrast enhancement of up to 40 HU was observed in the liver and spleen. Notably, the

Torchilin group has developed polymeric, iodinated micelles as CT contrast agents.(98) A

12 kDa hydrophilic PEG chain was conjugated to a 12-repeat unit polylysine polymer. The

free amine groups of the polymer were reacted with 2,4,6-triiodobenzoic acid to synthesize

an iodinated lipid, which was used to form micelles (Figure 5A, B).(47) The iodine content

of the micelles was 17.7% by weight. Rats were scanned using CT at 80 kV before and after

injection with such micelles at a dose of 170 mg of iodine per kg. As can be seen in Figure

5C, at two hours post-injection, strong contrast (150 HU) could still be observed in the heart,

and with contrast in the liver and spleen of 57 and 90 HU respectively.(46) This agent is

clearly effective for providing long-lasting blood pool contrast and also liver and spleen

imaging. More recently, the group of Conyers has developed liposomes composed of lipids

that contain iodine, as potential CT contrast agents.(99)

Dendrimers are branched polymer molecules that are frequently used as scaffolds to develop

into contrast agents. One of the most often used dendrimer types is poly(amidoamine) or

PAMAM, which possesses multiple amine groups, allowing easy modification with a variety

of functionalities. The Brechbiel group first proposed iodinated dendrimers as CT contrast

agents.(27) They reacted a triiodobenzenepropanoic acid derivative with a PAMAM

dendrimer to create an agent that was 33% iodine by mass. The agent was shown to produce

CT attenuation.(100) Fu et al. reported several PEG-core, polylysine dendrimers that had

been coupled with a clinically approved contrast agent, iobitridol.(101) The

physicochemical properties, such as solubility, hydrophilicity, viscosity and osmolality were

carefully evaluated. While the solubility was over 440 mg of iodine/ml and the dendrimers

were very hydrophilic, unfortunately the viscosity and osmolality were higher than

commercial agents, when adjusted for concentration.(101) Strong contrast was observed in

the blood vessels of rats at 2 minutes post-injection of one of these dendrimers. While the

contrast produced was longer lasting than that of small molecule agents, it had largely

dissipated after 32 minutes.

One of the attractive features of dendrimers is the ease of adding additional contrast

generating groups. For example, Guo et al. synthesized dendrimers that entrapped gold

nanoparticles and subsequently reacted them with diatrizoic acid.(102) This double labeling

resulted in enhanced contrast as compared with dendrimers labeled with gold nanoparticles

alone. To create a dual modality contrast agent, Criscione et al. labeled dendrimers with both

triiodobenzoic acid and technicium, providing contrast for single photon emission

tomography as well as CT.(103)

5.2 Gold-based agents

Gold nanoparticles have been proposed for a myriad of biomedical applications,(104) such

as photoacoustic imaging, photothermal ablation and DNA detection, to name but a few.

(19,105,106) Synthetic approaches to gold nanoparticles are well developed, in terms of

control over their size, morphology and surface chemistry.(107-110) They are generally

regarded as biocompatible(111) and are undergoing evaluation as therapeutic agents in a

number of clinical trials.(43,112-114) In a 2006 publication Hainfeld reported a 1.9 nm gold

nanoparticle formulation as a contrast agent for X-ray imaging.(115) Rats were injected with

these nanoparticles at a dose of 2.7 g of gold/kg. Comparison of pre- and two minutes post-
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injection X-ray images revealed that the agent strongly opacified the blood vessels of the

rats, although such a high dose would likely not be economical to use in practice. Images

acquired at subsequent timepoints showed the agent to be excreted via the kidneys and the

urine over approximately an hour. No toxicity was observed from hematology, blood

chemistry or histology.

Encouraged by these results, two groups investigated large, long circulating gold

nanoparticles as CT contrast agents, both publishing their results in 2007.(26,49) Cai et al.

synthesized 10 nm core diameter gold nanoparticles coated with PEG-2000, resulting in a

hydrodynamic diameter of 38 nm.(49) In vitro experiments, as well as observations,

hematology, blood chemistry or histology again showed no signs of toxicity, although

transmission electron microscopy and inductively coupled plasma mass spectrometry

measurements showed extensive liver retention at three days post-injection. From

experiments with mice at a dose of 493 mg of gold/kg, the circulation half-life was found to

be 14.6 hours and contrast of over 100 HU was seen in the aorta for up to 24 hours. Thus

this agent provided excellent blood pool contrast, which allowed tumor neovasculature to be

resolved.(49) The difference in the excretion between this agent and the one reported by

Hainfeld is due to the nanoparticle diameter. It is thought that small, sub-5 nm nanoparticles

can be swiftly excreted by the kidneys, whereas larger nanoparticles are too big to pass

through the kidney and are retained in the bloodstream.(116) A number of other gold

nanoparticle platforms have been developed, using stabilizers such as dendrimers,(117-120)

thioctic acid,(121) gum Arabic(122,123), PLGA(124) or heparin.(125)

Several groups have pursued multifunctional gold nanoparticles, i.e. formulations that have

an additional diagnostic or therapeutic functionality. In an interesting example, von

Maltzahn et al. used gold nanorods as CT contrast agents and for photothermal tumor

therapy.(19) 13 by 47 nm PEGylated gold nanorods were injected into mice bearing tumors.

CT imaging was used to visualize the accumulation of the gold nanorods in the tumors and

plan the laser irradiation needed for treatment. The gold nanorods used absorb light strongly

in the near-infrared (NIR) window, a region of the electromagnetic spectrum where tissue

absorbs weakly. The absorption of light results in localized heating and cell death. Such

treatment of the mice bearing tumors resulted in elimination of the tumor and survival of the

mice over a 50 day period.(19)

Gadolinium containing chelates can be added to gold nanoparticle surfaces to produce a

contrast agent active for both CT and MRI.(28,41,126-128) The first example of this type of

nanoparticle was published by Alric et al. A diethylene triamine pentaacetic acid (DTPA)

chelate molecule functionalized with thiol groups was used as a capping ligand during the

synthesis of the gold nanoparticles. Complexation with gadolinium ions resulted in the final

product. CT and MRI phantom imaging demonstrated the contrast generating properties of

this nanoparticle. Sun et al. formed CT/MRI active gold nanorods in a micelle-based

approach.(128) The authors prepared gold nanorods with a hydrophobic, dodecanethiol

coating. These nanorods were encapsulated in the core of micelles formed from lipids whose

headgroup was a gadolinium-DTPA chelate. The contrast generating potential of the

nanorods was demonstrated via CT and MRI phantom imaging. Although not demonstrated

in the paper, the rods should also provide fluorescent contrast.(129)

Van Schooneveld et al. reported a trimodality, micelle-based gold nanoparticle contrast

agent for CT, MRI and fluorescence contrast.(28) 66 nm gold nanoparticles were

synthesized and then coated with an 11 nm layer of silica. These nanoparticles were made

hydrophobic by absorption of octadecanol on the surface. The resulting nanoparticles were

then suspended in the core of micelles composed of a mixture of lipids (Figure 6A,B). The

lipid headgroups contained Gd-DTPA, PEG or the NIR fluorophore Cy5.5. The contrast
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generating potential of these nanoparticles was demonstrated via phantom imaging and by

imaging macrophage cells that had been incubated with the nanoparticles. Furthermore,

mice were scanned before and 24 hours after injection with these nanoparticles with CT and

MRI (Figure 6C,D). Contrast was observed in the livers of these animals post-injection.

Last, the livers of mice injected with fluorescent and non-fluorescent micelles gold

nanoparticles were imaged; contrast could also be clearly observed (Figure 6E).

5.3 Bismuth-based agents

Bismuth is also an appealing element upon which to base CT contrast agents. It has a similar

Z to gold and also produces contrast that varies little with X-ray tube voltage.(130) It is

regarded as being one of the most biocompatible of the heavy elements, although its ionic

form is toxic at 0.2 M,(131) and it is much cheaper than gold. However, compared to gold

nanoparticles, there is much less known about their synthesis, in terms of control over size,

shape and surface chemistry. Additionally, bismuth is half as dense as gold and synthesizing

elemental bismuth nanoparticles is challenging;(132) other ions such as sulfur are frequently

needed.(29,40,48,133,134) Both these factors mean that bismuth nanoparticles typically

have a lower payload than comparable gold nanoparticles.

Rabin et al. were the first to report bismuth nanoparticles as CT contrast agents.(29) The

authors formed bismuth sulfide nanoparticles from co-precipitation of bismuth citrate and

sodium sulfide in the presence of 3-mercaptopropionic acid, which acted as a surfactant. The

nanoparticles were further coated with polyvinylpyrrolidone (PVP). This resulted in plate-

shaped nanoparticles. In cytotoxicity assays, no effect on the viability of macrophages or

hepatocytes was observed below 20 mM Bi, but reductions of viability were observed at

concentrations above 20 mM. CT imaging experiments performed in mice revealed the

agent to perform well as a blood pool agent, with a maximum enhancement of 557 HU and a

blood half-life of 140 minutes, when injected at a dose of 477 mg Bi/kg. Furthermore,

subcutaneous injections of the agent drained into the lymph nodes, which could be

visualized with CT, hence demonstrating potential for lymph node imaging.

Several other approaches for synthesizing bismuth nanoparticles as CT contrast agents have

been reported. Perera et al. synthesized PVP coated nanoparticles composed of a bismuth-

iron inorganic coordination polymer, although the use of cyanide brings into question their

biocompatibility.(134) A large-scale synthesis of Bi2S3 nanoparticles was reported by Ai et

al.(133) Thioacetamide dissolved in oleylamine was injected into a solution of hot bismuth

neodecanoate in octadecene, producing the nanoparticles in a thermal decomposition

reaction. Again, PVP was used to coat the nanoparticles. The resulting cores were 2-3 nm in

diameter, however, the nanoparticles were observed to accumulate in the livers of rats in CT

images. Elemental bismuth nanoparticles have been synthesized by Brown et al., via the

reduction of bismuth nitrate with sodium borohydride in the presence of dextran.(132) This

resulted in bismuth cores of 19.5 nm diameter on average and 130 nm hydrodynamic

diameter due to the coating. Interestingly, Andreś-Vergeś et al. reported a co-precipitation of

bismuth nitrate and iron (II) sulfate to form iron oxide nanoparticles with a bismuth oxide

shell.(135) Due to the iron oxide core, these nanoparticles have the potential for combined

CT and MR imaging.

5.4 Agents based on other elements

As mentioned above, some of the first nanoparticles developed as CT contrast agents were

based on bromine, such as liposomes formed from brominated phospholipids.(30)

Furthermore, nanoemulsions of perfluorooctylbromide were extensively studied as contrast

agents for CT, as well as MRI and ultrasound, in the 1980s and 1990s.(12,73,136)

Perfluorooctylbromide is an eight carbon chain with one bromine substituent and the other
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substituents being fluorine. It is highly biocompatible, with no adverse responses observed

in dogs at an injected dose of 1g/kg or in humans with an oral dose of up to 12 ml/kg.(73)

Emulsions of perfluorooctylbromide formed with lecithin were found to be effective as both

blood pool and liver imaging agents.(137) Liver imaging allowed identification of tumors

and abcesses.(10,138) Furthermore, this agent was found to be effective for detecting liver

tumors with CT in clinical trials.(12) However, the agent did not progress due to flu-like

symptoms caused by macrophage activation.(12) Furthermore, bromine is limited by the

relatively weak contrast it produces and its low loading density (only one bromine atom per

perfluorooctylbromide molecule).

A variety of other elements have been used to form nanoparticle CT contrast agents, such as

platinum,(32) gadolinium,(34,139) ytterbium,(140) yttrium(34) and tantalum,(31,141-143)

although there are concerns over the use of gadolinium, due to its potential for toxicity.(144)

Nevertheless, gadolinium has been used to create some interesting, multifunctional

nanoparticles that produce contrast for CT, MRI and fluorescence.(34,139) The recent work

on tantalum nanoparticles is of particular interest as most of the publications come from a

focused effort by General Electric employees, indicating a substantial investment from

industry. These nanoparticles have been characterized for their CT contrast properties, their

in vivo imaging efficacy, pharmacokinetics, biodistribution and their physiochemical

properties.(141-143) Furthermore, large scale syntheses (up to 500 g) of these nanoparticles

have been devised.(142) Tantalum is a relatively cheap and abundant element and the

company hopes to put a formulation into clinical trials.(145)

6 Nanoparticles for CT cell tracking

Cell tracking is the process of imaging the delivery and movements of cells in vivo. This is

frequently achieved by labeling cells ex vivo, injecting them into the subject and using an

imaging technique to track the cells over time. This was first pursued using nuclear imaging

in combination with indium-111 labeling.(146) Cell tracking has been extensively pursued

for MRI by loading cells with iron oxides and has been used to study stem cell therapies and

monocyte behavior, for example.(147-149) This topic has barely begun to be explored for

CT. The Bulte group has published several reports on tracking pancreatic islet cells that are

encapsulated in alginate.(150) These capsules may be made inherently radiopaque by using

barium or bismuth ions to cross-link the alginate, and CT imaging has been used to track

such capsules.(151) This group has also explored loading the alginate capsules with the

gadolinium labeled gold nanoparticles developed by Alric et al., which were mentioned

above.(51) These capsules can be detected with CT, T1-weighted MRI and ultrasound and

co-encapsulation of the cells with the nanoparticles had no effect on the cell viability (CT

resolution 83 μm). Furthermore, perfluorooctylbromide nanoemulsions have also been

included in these capsules, allowing their detection by CT, 19F MRI and ultrasound.(152)

The resolution of the in vivo imaging experiments in this study was 353 μm. Menk et al.

used gold nanoparticles coated with horse serum proteins to label cancer cells.(153) These

cells were injected into brains of rats and their distribution was imaged with small animal

CT systems (30 μm resolution). The application of CT to cell tracking is in its infancy, and

progress will likely be challenging due to the poor sensitivity of CT and toleration by the

cells of very high levels of contrast media loading. Nevertheless, we anticipate more reports

on this topic in the coming years.

7 Targeted nanoparticles for CT imaging

Targeted imaging with CT represents a particular challenge due to its low sensitivity to

contrast media. Krause defined the minimum detectable signal change in CT to be 30 HU.

(11) With the attenuation rate of gold being 5.1 HU25-120/mM,(61) this implies that the
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minimum detectable concentration difference between target and background is 5.9 mM.

Despite the varying contrast generating properties of CT contrast media, the required

concentration of any other agent will be reasonably close to this value. Accumulating such

concentrations of contrast media at target sites is difficult. Nevertheless, using nanoparticles

densely loaded with CT contrast media and applying them to highly expressed targets,

targeted imaging with CT has been shown to be feasible.(154) Furthermore, in certain

clinical settings, such as imaging atherosclerosis in the coronary arteries, CT is preferable to

alternative imaging methods (MRI, PET). So developing molecular imaging of

atherosclerosis for CT, for example, would be highly attractive.

Consequently, the first targeted CT contrast agent was reported for imaging thrombi, whose

occurrence in the arteries is the source of heart attacks, strokes and other adverse

cardiovascular events. Thrombi are mostly composed of densely packed fibrin, enabling

their detection with CT via fibrin targeting. Nanoemulsions loaded with either

perfluorooctylbromide or an iodinated oil were synthesized and modified to have an anti-

fibrin antibody attached to their surface.(154) Clots were formed from human plasma in

vitro and were incubated with the targeted nanoparticles. Strong attenuation was observed in

the clots in vitro. The targeting was proven by a competitive-inhibition experiment where

incubation with an excess of free anti-fibrin antibodies caused a five-fold decrease in the

contrast to noise ratio in the clot. Subsequently the same group reported nanoparticles

loaded with either Ethiodol oil or bismuth neodecanoate complexes, with a cross-linked

block co-polymer coating.(155) A similar anti-fibrin targeting strategy was pursued to

perform in vitro imaging of clots.

An example of a micelle-based targeted nanoparticle was reported by Kinsella et al.(48)

Bismuth sulfide nanoparticles were synthesized via the addition of a solution of elemental

sulfur to bismuth acetate and oleic acid in boiling octadecene. This resulted in

hydrophobically coated (oleic acid), 10 nm core nanoparticles. These nanoparticles were

made biocompatible by mixing with PEG-phospholipids and forming a lipid film, which was

hydrated with PBS. Some of the PEG-phospholipids used were functionalized with

maleimide and amines at the distal end, which were used to attach the LyP-1 peptide or the

NIR fluorophore Cy7, respectively (Figure 7A). The LyP-1 peptide was developed in a

phage display methodology to preferentially target breast cancer cells.(156) In vitro assays

and biodistribution analysis showed that the targeted nanoparticles were more extensively

taken up in cancer cells than non-targeted nanoparticles (Figure 7B). Comparison of CT

images acquired immediately after and 24 hours post-injection of LyP-1 targeted

nanoparticles revealed significant contrast in tumors (Figure 7C,D).

As mentioned above, lipoproteins can be considered to be a form of micelle. Cormode et al.

reported a gold core high-density lipoprotein nanoparticle that was targeted to macrophages

in atherosclerotic plaque, and whose accumulation in the aorta of a mouse model could be

detected with microCT imaging.(45) Hyafil et al. also targeted macrophages with an

iodinated polymeric nanoparticle.(157) These experiments were carried out in a rabbit

model of atherosclerosis using clinical CT scanners.

Several other groups have published studies about nanoparticle CT contrast agents targeted

to cancer. In 2008, Popovtzer et al. reported gold nanorods that had been conjugated with

anti-antigen A9, which is over expressed in squamous cell carcinoma.(158) Image analysis

results from CT images of cell pellets indicated the targeting to be successful. The Montet

group targeted iodine loaded liposomes with E-selectin specific peptides.(159) E-selectin is

overexpressed in tumor vasculature, so injections of this targeted formulation resulted in

enhanced and E-selectin specific accumulation in tumor bearing mice. Hill et al. developed a

low-density lipoprotein (LDL) like nanoparticle loaded with iodinated triglycerides that was
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shown to be taken up in HepG2 cancer cells, which over express the LDL receptor.(72)

Platinum-iron alloy nanoparticles were targeted with antibodies to the Her2 receptor.(32) In

vitro experiments showed this nanoparticle to be preferentially taken up by cancer cells that

over expressed the Her2 receptor. Eck et al. conjugated antibodies against the CD4 receptor

to 38 nm gold nanoparticles.(160) CT imaging showed these nanoparticles to preferentially

accumulate in the lymph nodes when compared with IgG targeted control nanoparticles.

8 Nanoparticles used with spectral CT

In 2008 Schlomka et al. reported the development of a new type of CT scanner, called

spectral or multicolor CT, by Philips.(52) This prototype scanner can distinguish different

materials in the field of view, such as gold, iodine, bismuth, ytterbium, gadolinium, calcified

tissue and soft tissue, displaying the distributions of these materials in different colors, hence

the name multicolor CT.(33,40,44,161) The primary difference between this scanner and a

conventional CT scanner lies in the detectors.(52,162-164) The spectral CT scanner has

detectors whose sensor material is cadmium telluride, allowing the detection of the energy

of incident X-rays. When an X-ray hits this kind of detector, a current pulse is generated.

The magnitude of the current is proportional to the X-ray energy, and each current pulse

occurrence is recorded in one of several data channels, depending on its magnitude. The

bounds of the channels are freely adjustable and can be altered to match the K-edges of the

contrast agents used in each experiment. For example, we have used 25–34, 34–51, 51–80,

80–91, 91–110, and 110–130 keV when imaging iodine and gold based contrast agents in

the same experiment. The first and third energy boundaries match the K-edges of iodine and

gold, respectively, to facilitate detection of these elements. Calculations performed on the

six data sets produced allow the spatial distribution and concentration of the materials in the

field of view to be determined and rendered as images.(165,166)

We have employed spectral CT in conjunction with nanoparticles in a mouse model of

atherosclerosis.(44) In coronary imaging with conventional CT, iodinated clinical contrast

agents are used to delineate areas of luminal narrowing, or stenoses, which may require stent

emplacement.(167) In addition, detection of calcium deposits, otherwise known as calcium

scoring, is another important method to estimate the cardiovascular risk of a patient.(168)

Last, as mentioned before, macrophage content of atherosclerotic plaque has been

established as a marker for vulnerability to rupture.(169) In this study we used a gold

nanoparticle, whose coating is similar to that of high-density lipoprotein, which we had

previously shown to be specific for macrophages in atherosclerosis (Figure 8A,B).(45)

Therefore we attempted to use spectral CT to characterize three parameters of

atherosclerotic plaque simultaneously, i.e. stenosis, calcification and macrophage content.

Phantom imaging proved that spectral CT could distinguish iodine, gold and calcified

material in the same field of view (Figure 8C). The gold nanoparticles were injected into

atherosclerotic mice. After 24 hours the same mice were injected with a long circulating

iodine nanoparticle contrast agent. The mice were imaged with the spectral CT system. As

can be seen in Figure 8D, the lumen of the mouse aorta is highlighted with the iodine agent

and a nearby macrophage-rich plaque has taken up gold nanoparticles. While no

calcifications were observed in the plaque of these mice, the bones are clearly detected,

indicating that calcifications, if present, could be identified by the system.

Pan et al have used thrombus targeted bismuth nanoparticles together with spectral CT.(40)

Thrombi form in arteries when atherosclerotic plaque ruptures and smaller thrombi are also

a marker for unstable plaque, hence imaging them is of great interest in cardiovascular

disease. These bismuth nanoparticles are formed from a bismuth fatty-acid complex in a

sorbitan sesquioleate matrix that was coated with phospholipids to provide biocompatibility.

Cormode et al. Page 13

Contrast Media Mol Imaging. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Biotin phospholipids included in the coating and incubation with avidin tagged fibrin-

specific antibodies resulted in thrombus targeted bismuth nanoparticles. Incubation of these

nanoparticles with clots in vitro and as well as clots formed in the iliac arteries of rabbits,

resulted in accumulations of the nanoparticles in the clots which were detectable by the

spectral CT scanner. The same group has recently reported an ytterbium-based nanoparticle

which was targeted to thrombi in the same fashion.(33) The benefit of using ytterbium based

nanoparticles is that the sensitivity of their detection is higher than for bismuth, due to a

greater discontinuity in attenuation at the K-edge.(170)

9 Summary and Outlook

As we have described above, there has been tremendous progress in nanoparticle contrast

agents for CT in the past decade. Improved blood pool agents have been developed, new

elements have been introduced (gold, bismuth, tantalum, etc), targeted and cell tracking

agents have been reported and specific detection with spectral CT is now possible. Several

advanced blood pool agents, such as long-circulating iodine loaded liposomes and small,

renally excretable gold or tantalum oxide nanoparticles are nearing clinical trials.

(50,115,142) These formulations may benefit patients with compromised renal function, as

well as patients with hypersensitivity to iodine contrast agents. Furthermore, their different

pharmacokinetic properties to small molecule agents may allow imaging over a wider time

window and improved perfusion imaging. The developments in CT technology, such as dual

energy CT or spectral CT, that allow specific detection of contrast media are highly

beneficial.

Despite this positive outlook, a number of additional areas need to be addressed. Further

progress in synthetic approaches is needed to develop cheap, high contrast density

nanoparticles that can be synthesized on a large scale. Targeted agents need to be further

validated in additional animal models and be studied and optimized for their

physicochemical properties. Evaluation of CT contrast properties should be standardized.

(61) The field would benefit from greater interactions between the chemists developing

novel agents and the radiologists and other clinicians who may eventually use them. Last,

the use of contrast agents for CT entails the use of large quantities of heavy elements, which

will always pose a risk of toxicity. Thorough toxicological evaluations will be needed to

assess the issue of side effects that prevented clinical translation of nanoparticles in the

1980s.(12) Nevertheless, the field has seen rapid advancement in the past decade and we

expect to see similar progress made in the coming decade.
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Figure 1.
A) The chemical structure of iohexol. Graphs of the increase in B) publications and C)

citations in the area of computed tomography and nanoparticles over the past 17 years. Data

acquired from a search of ‘computed tomography’ refined by ‘nanoparticles’ in the Web of

Science database. The data is reproduced with permission from Thomson Reuters. D)

Generalized schematic depiction of CT nanoparticle contrast agent.
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Figure 2.
A) A schematic of a CT scanner. B) A grayscale image of the heart of a patient who had

been injected with an iodinated contrast agent. C) A false color, 3D-rendered image of the

heart of a patient. Images reproduced with permission from (171,172).
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Figure 3.
A) Mass attenuation coefficients of a variety of elements. Data downloaded from (64). B)

Photon energy distribution generated from the X-ray tube of a CT scanner run at 80 or 140

kV. Adapted with permission from (61).
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Figure 4.
Schematic depiction of a number of nanoparticle types formed from aggregates of lipids.

Reproduced with permission from reference (173).

Cormode et al. Page 28

Contrast Media Mol Imaging. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5.
A) chemical structure of an iodinated polymeric lipid. B) Schematic depiction of a micelle

formed from the iodinated polymeric lipid. C) CT images of a rat at the level of the heart,

liver and spleen before and after injection with the iodinated micelles. Images reproduced

with permission from reference (46).
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Figure 6.
A) Schematic depiction of a CT/MRI/fluorescence active, micelle-based gold nanoparticle

contrast agent. B) Transmission electron microscopy characterization of the nanoparticles.

C) CT and D) MR images of a mouse liver pre- and 24 hours post-injection with the gold

nanoparticles. E) Fluorescence imaging of the livers of mice injected with either fluorescent

(left) or non-fluorescent (right) gold nanoparticles. Figure adapted with permission from

(28).
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Figure 7.
A) Schematic depiction of the structure of a micelle-based, targeted bismuth core

nanoparticle. B) Biodistribution of targeted and non-targeted nanoparticle formulations at 24

hours post-injection. T=tumor, Sp=spleen, Li=liver, K=kidney, Lu=lungs, H = heart, Br =

brain, M = muscle. CT images acquired C) immediately and D) 24 hours post-injection of

targeted nanoparticles. Figure adapted with permission from (48).
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Figure 8.
A) Structure of Au-HDL, a macrophage targeted CT contrast agent. B) Negative stain

transmission electron microscopy characterization of the nanoparticle. C) Spectral CT image

of an artery phantom. D) Spectral CT image of an atherosclerotic mouse acquired 24 hours

after injection with Au-HDL and directly after injection of an iodine nanoemulsion. In C)

and D) gold (yellow), iodine (red) and photoelectric (blue) images are overlaid on a

Compton image (greyscale). Images reproduced with permission from (44).
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