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Abstract

The development of novel and effective contrast agents is one of the drivers of the ongoing
improvement in medical imaging. Many of the new agents reported are nanoparticle-based. There
are a variety of natural nanoparticles known, e.g. lipoproteins, viruses or ferritin. Natural
nanoparticles have advantages as delivery platforms such as biodegradability. In addition, our
understanding of natural nanoparticles is quite advanced, allowing their adaptation as contrast agents.
They can be labeled with small molecules or ions such as Gd3* to act as contrast agents for magnetic
resonance imaging, 18F to act as positron emission tomography contrast agents or fluorophores to
act as contrast agents for fluorescence techniques. Additionally, inorganic nanoparticles such as iron
oxide, gold nanoparticles or quantum dots can be incorporated to add further contrast functionality.
Furthermore, these natural nanoparticle contrast agents can be rerouted from their natural targets via
the attachment of targeting molecules. In this review, we discuss the various modified natural
nanoparticles that have been exploited as contrast agents.
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1 Introduction

Medical imaging has undergone tremendous improvements over the last 35 years, with the
introduction of techniques such as magnetic resonance imaging (MRI) [1], computed
tomography (CT) [2] and other developments that allow non-invasive and accurate diagnoses.
Asides from anatomical information, data on a wide variety of processes can be derived from
medical imaging, such as diffusion [3], inflammation [4] and angiogenesis [5,6]. Contrast
agents are prerequisite in some imaging techniques, facilitate the acquisition of new data and
novel or improved contrast agents are an important research topic. Nanoparticles that
incorporate contrast-generating materials are an especially strong focus of recent contrast agent
research [7-12]. Nanoparticles offer several attractions as contrast agents, including improved
contrast, carrying high payloads, long circulation times and the ease of including multiple
properties [13].
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Paramagnetic or superparamagnetic materials induce MRI contrast, so MR-active
nanoparticles are normally labeled with gadolinium ions (Gd3*) [14] or contain iron oxide
cores [15]. Nuclear-based imaging techniques such as positron-emission tomography require
radioactive elements in their contrast agents. Quantum dots have excellent properties for
fluorescence based imaging techniques [16] and are widely used in pre-clinical research. CT
relies on the attenuation of x-rays and therefore nanoparticulate contrast agents for this imaging
technique have been based on heavy elements such as gold [17,18], bismuth [19] or iodine
[20,21]. Many synthetic nanoparticles that contain these contrast generating materials have
now been reported, such as micelles, liposomes, microemulsions, iron oxides, gold
nanoparticles, silica, or carbon nanotubes [10,22-26]. Great efforts have been devoted to
developing coatings for these synthetic nanoparticles that are biocompatible, yield long-
circulation times, low levels of opsonization and have low toxicities, for medical imaging but
for other applications as well. The substances used for this purpose include polymers such as
polyethylene glycol [27], phospholipids [28] and dextran [29].

Although much of the research in nanotechnology has focused on man-made materials, Nature
created a variety of nanoparticles over the eons, such as lipoproteins, viruses and ferritin. These
nanoparticles play important roles in the physiology of many organisms and in disease
processes such as atherosclerosis and infections. While investigating the interactions of natural
nanoparticles in biology, knowledge of their structure and function has been built up. As a
result, various researchers have come to the realization that these natural nanoparticles can be
harnessed as delivery vehicles for contrast generating materials, as an alternative to synthetic
nanoparticle systems. The advantages of natural nanoparticles include precisely defined
dimensions, possible evasion of the immune system, biocompatibility and biodegradability. In
comparison, artificial nanoparticles may be swiftly opsonized and cleared by the immune
system, contain toxic materials or be non-biodegradable. Asides from acting as effective
contrast agents, labeled natural nanoparticles can be used to produce greater knowledge of their
properties by imaging their distribution in vivo. As we will explain in this review, methods for
including contrast generating materials in natural nanoparticles for the majority of medical
imaging techniques have been developed.

For this review we define a natural nanoparticle as an assembly of molecules and atoms that
has at least one dimension in the 1-100 nm size range. Therefore we exclude macromolecules
such as human serum albumin or biological species on the micron-scale such as cells, both of
which can be labeled with contrast generating materials [30,31]. The main categories of natural
nanoparticles we will discuss are lipoproteins, viruses and ferritin, whose composition and the
contrast agents that have been based on them will be described.

2 Lipoproteins

Lipoproteins are divided into five categories: high density lipoproteins (HDL), low density
lipoproteins (LDL), intermediate density lipoprotein (IDL), very low density lipoproteins
(VLDL) and chylomicrons. The ‘density’ nomenclature derives from the density gradient
centrifugation procedure originally used to separate these nanoparticles [32]. In this procedure
serum from blood is ultracentrifuged with increasing densities of KBr solution, yielding
hundreds of milligrams of each lipoprotein from each liter of plasma. The supply of human
plasma available from blood banks is relatively plentiful or plasma can be donated especially
for lipoprotein experiments. The lipoproteins share the same basic structure: a hydrophobic
core of triglycerides and cholesterol esters that is covered with a phospholipid/cholesterol
mixed layer, into which apolipoproteins are embedded (Figure 1A). Apolipoproteins are a class
of amphiphatic proteins that are found in lipoproteins [33]. They integrate in the lipoprotein
assembly in such a way that hydrophobic regions bind to the hydrophobic tails of the
phospholipids and the hydrophobic core, while the other hydrophilic face of the protein is
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oriented towards water. Several of them have been isolated and letters and numbers in their
nomenclature distinguish them, for example the major protein constituent of HDL is
apolipoprotein A-1, abbreviated as apoA-1. The proteins can range quite widely in size with
apoA-I consisting of 243 amino acid residues while apoB100, the major protein of LDL,
consists of 4536 amino acids. Asides from density and protein content, the lipoproteins also
vary in diameter, with HDL the smallest, falling in the 7-13 nm size range, while LDL is in
the size range of 22—-27 nm, followed by IDL (27-30 nm) and VLDL (35-80 nm). Lipoproteins
in a size range of 80-1200 nm are referred to as chylomicrons [34].

The primary function of lipoproteins in the body is transporting cholesterol and other lipids.
The apolipoprotein portions of the particles bind to cell membrane proteins to facilitate transfer
of lipids [35,36]. Generally speaking, HDL removes lipids such as cholesterol from tissues and
transfers it to the liver for redistribution to other tissues or for excretion. The other lipoproteins
deliver lipids to tissues. Lipoproteins have additional known functions, for example HDL is
known to be anti-inflammatory [37]. HDL and LDL are highly involved in atherosclerosis, the
build-up of fatty deposits in the arteries. High LDL levels have been shown to lead to more
advanced atherosclerotic lesions in patients, and LDL is thought to deposit in the arteries
[38], causing atherosclerosis to develop. Elevated HDL levels lead to lesser lesions and
therefore is termed ‘atheroprotective’ [39]. Lowering LDL levels has been effectively achieved
through use of a class of drug known as statins [40] while raising HDL levels is a goal of several
pharmaceutical companies [41]. As a consequence of the importance of lipoproteins in biology,
it is attractive to image their distribution in the body. Furthermore, when modified as contrast
agents, it is possible to exploit the natural interactions of the lipoproteins with cell membrane
proteins to perform specific imaging. For example, LDL may be used to detect cancer as the
LDL receptor is overexpressed in some cancers [42].

Two approaches have been taken to label lipoproteins so they act as contrast agents (Figure
1B). First, contrast generating materials can be included in the coating of the particle. This can
be done by attaching contrast generating atoms to the protein constituent of the lipoprotein
[43] or by including specially modified amphiphiles in the formulation [44]. Lipoprotein
contrast agents containing unstable nuclei (e.g. 1231 for nuclear imaging techniques [43]),
chelated paramagnetic ions (i.e. gadolinium for MRI [44]) and fluorophores (for fluorescence
imaging techniques [45]) have been synthesized via these routes. Second, contrast generating
materials or drugs may be loaded in the hydrophobic core of lipoproteins. Examples of this
include nanocrystals replacing the triglyceride and cholesterol ester core of HDL [18] to create
nanoparticles that are contrast agents for MRI, CT or optical imaging, as well as the inclusion
of paclitaxel in HDL so the particle acts as an anti-cancer therapeutic [46]. Both the approaches
of including contrast generating materials in the lipoprotein coating and in the core can be
combined to create nanoparticles that yield contrast for multiple imaging modalities [18].
Lipoproteins can be further modified to target receptors that they do not naturally interact with,
for example folic acid residues have been appended to the lysine residues of apoB in LDL,
making the nanoparticle specific for cells that over-express the folate receptor [47]. Therefore
lipoproteins can be modified to 1) generate contrast for a wide variety of imaging techniques
and 2) be specific for various cell types or pathologies. Taking all these factors together, it is
clear that lipoproteins are well suited for development as contrast agents. In the following
sections we will outline the contrast agents that have been reported for the different
lipoproteins.

2.1 High density lipoprotein

Shaish et al were the first to modify HDL as a contrast agent [48]. In their study HDL was
modified with 123] and injected into atherosclerotic mice. The radiolabeled HDL allowed the
investigation of the blood clearance and organ distribution of this lipoprotein. The aortas of
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mice injected with this agent were excised and imaged using autoradiography, where it was
seen that the agent accumulated mostly in the aorta arch, in areas near the renal arteries and
the bifurcation, correlating with regions where atherosclerotic plague develops most
extensively [49].

Subsequently, Frias et al reported HDL modified with gadolinium chelating phospholipids to
provide MRI contrast and with a fluorophore labeled phospholipid to enable their visualization
with confocal microscopy [44,50]. The synthesis of HDL labeled with these lipids can be
achieved through a variety of methods, including the cholate dialysis method, incubation
methods and sonication [51]. This gadolinium labeled HDL (Gd-HDL) was injected into
atherosclerotic mice and MR imaging pre- and 24 hours post-injection revealed accumulation
of the agent in the abdominal aortas of the mice. The accumulation occurred in areas where
plaque had developed, as shown by histology and confocal microscopy revealed that the agent
had gathered in macrophage cells. Imaging of this cell type in atherosclerosis is attractive, as
the level of macrophage cells in plaque has been associated with the probability of plaque
rupture and adverse clinical events [52]. Recently an HDL-based nanoparticle was reported
where novel gadolinium-chelating lipids were used so that the longitudinal relaxivity (a
measure of the MRI contrast produced) was 4 times higher than of the previous version [53].

A synthetic version of this gadolinium-labeled HDL platform was developed by Cormode et
al who substituted the apolipoprotein constituent of the nanoparticle with either a 37 or 18
amphiphatic amino acid peptide, both of which mimic the behavior of apoA-I and [54,55].
Fluorescent imaging experiments showed these ‘synthetic’ HDL nanoparticles to be taken up
by macrophage cells in a receptor dependant manner, indicating that they could have potential
for MR imaging of this cell type. Accordingly, both types of synthetic HDL were applied in
atherosclerotic mice and produced an increase in contrast of about 90% in the aorta. The blood
half-life and biodistribution of the agents were found to be similar and therefore the synthetic
HDL based on each peptide was found to be equally effective for macrophage imaging.

As well as modifying the coating of HDL, the core composition can be altered by the
incorporation of contrast-generating materials. Assemblies of labeled phospholipids,
hydrophobically coated inorganic nanocrystals and apoA-1 formed HDL with contrast
generating materials in the core and the coating [18]. The inorganic nanocrystals used in this
study were gold, iron oxide and quantum dots, which provide contrast for CT, MRI and
fluorescence techniques respectively. The gold core HDL was referred to as Au-HDL, the iron
oxide HDL as FeO-HDL and the quantum dot HDL as QD-HDL. By including paramagnetic
and/or fluorescent phospholipids in the coating of the particles each was additionally made
active for MRI and fluorescence techniques (Figure 2A). Analysis of the size, protein content
and macrophage efflux (a bioassay of HDL function, unpublished data), showed that these
nanocrystal-core particles were very similar to native HDL. Confocal microscopy, MRI, CT,
TEM and fluorescence imaging (Figure 2B) were carried out on macrophage cells incubated
with nanocrystal HDL. The cells took up the contrast agents avidly and the multifunctional
nature of the particles was established as contrast was provided for each imaging technique.
The particles were applied to atherosclerotic mice, for which uptake in the aorta was
demonstrated in vivo via MRI and ex vivo via CT and fluorescence imaging (Figure 2C-F).
Confocal microscopy demonstrated the accumulation of nanocrystal-HDL in macrophages.

To improve the targeting of HDL to macrophages, Chen et al reported gadolinium and
fluorophore labeled HDL that had a lipopeptide, P2A2, included in the phospholipid coating
[56]. The sequence of this peptide was derived from the LDL receptor binding domain of
apolipoprotein E and has been shown to promote cellular uptake of lipid based particles [57].
It was theorized that inclusion of the P2A2 lipopeptide would improve the uptake of HDL
contrast agents in macrophages. This was shown to be the case in vitro via fluorescence

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 March 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

techniques and MRI experiments and in vivo by the elevated level of contrast in MR images
of the plaques of mice injected with P2A2-Gd-HDL as compared to those of mice injected with
Gd-HDL.

2.2 Low density lipoprotein

Since the 1980s there have been several reports of LDL labeled with unstable nuclei and applied
for nuclear imaging techniques. The unstable nuclei used include 1231, 125] 111|n 19¢

and 99MT¢ [43,48,58-60]. For example, Ginsberg et al labeled LDL with 99MT¢ via reductive
coupling of 99m-pertechnetate with LDL isolated from patients [60]. In this study, %™Tc-LDL
was injected into a normal patient and patients with lipid disorders. The subjects with lipid
disorders bore xanthomas, which are bulbous accumulations of lipids in the skin and tendons
of such patients. Gamma camera images of the patients at 4 and 24 hours revealed significant
uptake of the ®™Tc¢-LDL in the xanthomas (Figure 3A), indicating that the LDL was taken up
by these pathological tissues.

More recently Zheng et al modified LDL with the Dil fluorophore intercalated in the
phospholipid layer and folic acid (FA) attached to lysine residues on apoB, the major
apolipoprotein component of LDL [47]. The addition of FA re-routed the LDL from its natural
targets as demonstrated by the fluorescence observed in confocal microscopy images of cancer
cells that highly express the folate receptor incubated with the modified agent. FA-LDL,
labeled with near-infrared dye DiR (Figure 3B) was applied in vivo to mice inoculated with
two tumors, one on the right flank that over-expressed the folate receptor (KB) and another on
the left flank that did not (HT1080) [45]. Fluorescence imaging of these mice resulted in
preferential accumulation of the agent in the KB tumor indicating that the folate targeting was
successful in vivo (Figure 3C).

LDL has been labeled with manganese(ll) ions coordinated in a porphyrin molecule [62].
Manganese(ll) ions have five unpaired electrons, are hence highly paramagnetic and can act
as contrast agents for MRI. This Mn-labeled LDL was incubated with foam cells, a pathogenic
cell type in atherosclerosis. These incubations resulted in a reduction of the T1 (an MRI
parameter) of these cells to 443 ms from 661 ms when the cells were untreated, which indicates
that Mn-LDL could act as a contrast agent for atherosclerosis. There are several reports where
LDL has been labeled with gadolinium. In the first of which, 50 gadolinium chelates were
integrated into the phospholipid layer of the nanoparticle and MR imaging was performed on
mice injected with this contrast agent [63]. Less contrast was observed in the liver of mice
genetically engineered to not possess the LDL receptor, as compared to mice that did, indicating
that gaolinium modified LDL still binds to this receptor. The same group later reported LDL
loaded with gadolinium via a different methodology, leading to as many as 500 gadolinium
chelates per particle [61]. These nanoparticles were found to be effective for MR imaging of
tumors that highly express the LDL receptor in a mouse model, with a 26% increase in contrast
at 24 hours post-injection (Figure 3D). Geninatti Crich et al reported LDL labeled with a
fluorophore and a novel gadolinium chelate, Gd-AAZTA, which produces elevated levels of
MR contrast [42]. This Gd-AAZTA-LDL was also shown to be effective for MR imaging
tumors in vivo and areas of high MR contrast in the tumor correlated with areas of high
fluorescence as shown by confocal microscopy performed on sections of the tumor. This result
confirmed that the MR contrast observed in the tumor was due to accumulation of Gd-AAZTA-
LDL.

2.3 Very low density lipoprotein and chylomicrons

VLDL has been labeled with 123 and used to investigate the behavior of this lipoprotein in
vivo via gamma camera imaging [64]. Chylomicron-type particles have been loaded with
iodinated triglyceride molecules to act as a CT contrast agent [65]. These were applied in dogs
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for lymph node imaging, in which organ an increase in attenuation as high as 155 Hounsfield
units was observed post-injection [66].

There are a wide variety of viruses, but they share the common structure of a shell composed
of protein subunits that encloses either DNA or RNA. They range widely in size and shape,
with the cowpea chlorotic mottle virus being a 28 nm spheroid (Figure 4A-C) and the tobacco
mosaic virus being an 18 by 300 nm rod, as examples [67]. Their natural function is to enter
the cells of other organisms, produce copies of themselves, then leave to infect other cells. A
well-known example of this is the human immunodeficiency virus or HIV, but there are viruses
that target most types of organisms and it is estimated that viruses are the second most prevalent
biological entity on the planet [68]. Large quantities of viruses can be synthesized using
relatively straightforward methodology. For example, the cowpea mosaic virus (CPMV) can
be synthesized using a simple infection procedure that produces effective propagation in the
host, a high yield of virus particles (1-2 g per 1 kg of infected leaf material) [69] and purified
using a simple method. Synthesis of the virus is initiated by mechanically introducing infectious
cDNA clones encoding the viral genome or virus containing solutions (infectious particles in
buffer extracts or sap from infected plants) onto cowpea plants. After extraction from the plant
leaves, the purification of the virus can be accomplished by sucrose cushion ultracentrifugation
[70]. A good yield of empty CPMV capsids can be achieved via mild alkaline hydrolysis of
the viral RNA [71].

The majority of research on viruses has focused on their roles as infectious agents, however
viruses are now being used in novel materials [72,73], in electrode applications [74], as
nanoreactors for enzymatic processes [75] and as delivery agents for therapeutics [76] or
contrast generating materials [77]. The shells of viruses without nucleic acid inside are known
as capsids. For many viruses the capsid form is stable so they can be used without causing
infection and it is these non-infectious forms that are used as contrast agents. Viruses may be
modified to carry contrast within their cavity, at the interface of their subunits and on their
outer faces (Figure 4D). We will discuss the virus-based contrast agents reported below,
focusing first on viruses modified with small molecules or ions, then on viruses modified with
inorganic nanoparticles.

3.1 Small molecule/ion modified viruses

The first virus to be adapted as an MRI contrast agent was the cowpea chlorotic mottle virus
(CCMV) [78]. This virus has 180 metal binding sites between its protein subunits, which
normally bind Ca2* ions. In this study, some of the Ca2* ions were replaced with Gd3* ions,
producing a contrast agent of very high relaxivity (a measure of contrast agent efficacy), with
an rq value of 202 mM~1s71 at 60 MHz, which is almost 100-fold greater than that of
commercial contrast agents. The binding of the gadolinium to the virus is rather weak, however,
and therefore Gd-CCMV could have issues with transmetallation and toxicity. Anderson et al
conjugated the commonly used chelate, DTPA, to the coat of the MS2 bacteriophage, creating
a contrast agent that binds gadolinium strongly and has a relaxivity of 14.0 mM1s71, in the
typical range of gadolinium-labeled nanoparticles [79]. Subsequently, the DOTA and HOPO
gadolinium chelates have also been appended to viruses [80,81]. The pharmacokinetics and
biodistribution of Gd-DOTA modified cowpea mosaic viruses (Gd-CPMV) have been
investigated in mice [82]. At the dose used, Gd-CPMV cleared from the bloodstream within
20 minutes of injection and, at 30 minutes, the majority of the injected dose had gathered in
the liver, with a small amount in the spleen. The behavior of the mice was normal post-injection
and histological examination of the organs revealed no necrosis or tissue degeneration. Overall,
it seems that these virus constructs are biocompatible, at least in the short term. Gd-CCMV
additionally labeled with fluorescein, a fluorophore, and targeted to bacteria with an antibody
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has been reported [83]. This contrast agent was shown to bind to the target bacteria with TEM
and confocal microscopy.

Sherry and co-workers modified the surface of adenoviruses with thulium-DOTA complexes
[84]. They found that the ability of the virus to transfect luciferase was maintained up until
800-900 DOTA chelates were attached to the surface of each viral capsid. The transfection
ability dropped precipitously when the number of chelates increased above 900. Thulium
allows contrast to be induced for MRI using a scanning sequence known as PARACEST, and
when PARACEST was applied a change in signal intensity of 12% in images of solutions of
thulium-labeled adenoviruses was produced.

Two reports were published in 2008 where viruses were labeled with 18F, a nucleus that decays
to emit a positron, providing contrast for PET. The group of Francis selectively modified the
interior of MS2 bacteriophages with [18F]fluorobenzaldehyde (}8F-MS2) via a reaction with
tyrosine residues, which are only expressed on the inner surface of the virus capsid [85]. PET
imaging of rats was carried out post-injection with 18F-MS2. The agent was observed to localize
in the liver, whereas [18F]fluorobenzaldehyde transferred from the kidneys to the bladder.
Further PET imaging experiments showed that loading the inner compartment of the virus with
a therapeutic, coumarin, did not alter its distribution. The second report detailed the loading of
hemagglutinating virus of Japan capsids with iron oxides and F-18 fluoride ions simultaneously
[86] and also showed this virus-based PET tracer to gather in the liver of rats, post-injection.

Furthermore, viruses have been modified with a variety of fluorophores to act as contrast agents
for fluorescent imaging [87]. Lewis et al conjugated Alexa 555, Alexa 488 or fluorescein to
CPMYV and found these fluorescent virus nanoparticles useful for the visualization of blood
vessels in intravital microscopy. These agents were additionally applied to image new blood
vessels forming in tumors.

3.2 Inorganic nanoparticle modified viruses

4 Ferritin

The technology of modification of viruses with inorganic nanoparticles such as iron oxide,
gold nanoparticles and quantum dots, is quite advanced, with numerous reports in the literature
[72,73,88-90]. Joo et al labeled the surface of HIV with quantum dots using a biotin-strepavidin
linkage, which allowed live cell imaging of the trafficking of this virus into endosomal
compartments [91]. In a 2007 report, adenoviruses were modified with manganese iron oxide
(MnMEIQ), as depicted schematically in ure 5A and in TEM images in Figure 5B. U251N
cells, which highly express receptors for adenoviruses were incubated with adenovirus-
MnMEIO nanoparticles. MR images of these cells revealed much greater signal loss, and hence
particle uptake, than untreated U251N cells, U251N cells incubated with MnMEIO and CHO-1
cells, which have low expression of receptors for adenoviruses, incubated with adenovirus-
MnMEIO (Figure 5C). Furthermore, the ability of adenovirus-MnMEIO nanoparticles to
transfect the cells was maintained, as demonstrated by fluorescence imaging of cells transfected
with GFP (Figure 5D-F).

Iron is stored and managed in the body by a nanoparticle called ferritin, which is composed of
1 nm thick, 24 subunit (ca. 20 kilodaltons each) protein coating known as apoferritin, which
surrounds a 10 nm hydrated iron oxide core (FeO,H) that includes around 4500 iron atoms
[92]. Iron entering the body reacts with apoferritin to form ferritin, where it is stored until
required by cell constituents such as cytochromes, nitrogenase, hemoglobin and so forth. The
amino acid sequence of ferritin varies quite substantially between organisms, but also between
the different organs of the same organism. Iron regulation is an important function and so
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ferritin is found in every cell of mammals. The level of ferritin in patients is a marker for
diseases such as anemia, porphyria and hemochromatosis.

As ferritin possesses an iron oxide core it is possible that this nanoparticle can generate contrast
for MRI. Endogenous levels of ferritin can indeed be detected by the correct MR sequence,
most commonly in the brain, where it has been used to study lesions in the brains of Parkinson’s
patients [93]. More recently, ferritin has been detected in the atherosclerotic plaques of rabbits
[94] and when produced by a gene transfected to overexpress ferritin in mice [95]. The
relaxometric properties of ferritin have been extensively investigated in vitro [96-98]. Meade
and co-workers have reported ferritin bound to liposomes, whose relaxivity was higher than
that of free ferritin due to the aggregation of ferritin at the liposome surface [99]. Iron oxide
particles synthesized within the cavity of apoferritin have been applied for the imaging of
macrophages [100]. Bennett et al compared normal ferritin (NF) and cationized ferritin (CF)
for the detection of basement membranes, matrices of proteins and proteoglycans that support
epithelial and endothelial cells [101]. There is a thick, negatively charged basement membrane
in the glomeruli of the kidneys, therefore it was hypothesized that CF would be superior for
detecting glomeruli. The basement membrane breaks down in renal diseases [102] and thus a
method for non-invasively detecting its structure would be very valuable. The authors found
CF to produce a speckled pattern of signal loss through the kidney of normal rats, when imaged
1.5 hours after injection, whereas there was little accumulation of NF (Figure 6A and B).
Confocal microscopy performed on sections of kidney stained for ferritin confirmed that CF
accumulated in glomeruli (Figure 6C and D). A rat disease model of focal and segmental
glomerulosclerosis (FSGS) was used in the study and images of the kidneys of normal, early
stage FSGS and late stage FSGS rats treated with CF are compared in Figure 6E-G. As the
disease progressed, the pattern of ferritin deposition in the kidney changed from speckled to
more and more diffuse, a result which is consistent with loss of glomerular integrity and
permeation of large proteins through the glomerulus in such diseases.

Alternatively, the iron oxide core of ferritin has been replaced with a variety of materials such
asuranium [103], platinum anti-cancer drugs [104] and quantum dots [105]. Aime et al reported
the loading of apoferritin with gadolinium chelates via disassembling the protein subunits by
lowering the pH to 2, before adding Gd-HPDO3A and raising the pH to 7 [106]. At pH=7 the
protein subunits reassembled, trapping Gd-HPDO3A in the nanoparticle cavity (Figure 7A).
Biotin moieties were added to the protein subunits leading to a particle (Gd-ferritin) that could
be targeted via incubation with streptavidin and biotinylated C3d peptides, which are specific
for receptors on vascular cells [107]. This nanoparticle was shown to be effective for MR
imaging of tumor blood vessels in a mouse model of cancer, with significantly greater contrast
produced in the tumor with C3d targeted Gd-ferritin than untargeted Gd-ferritin (Figure 7B-
D).

5 Discussion

We have discussed examples of natural nanoparticle contrast agents for most of the available
imaging techniques. These nanoparticles can deliver contrast generating materials to their
natural targets or be re-routed to other receptors by the conjugation of targeting ligands. Natural
nanoparticles have the advantage that they can be synthesized with quite precise size control,
are potentially non-immunogenic and biodegradable. Modifying natural nanoparticles as
contrast agents may also yield routes to novel materials and greater knowledge of the chemistry
of these important endogenous nanoparticles.

With respect to the lipoproteins, HDL has some advantages over the other lipoproteins as it is
atheroprotective rather than atherogenic and it is easier to reconstitute as the protein and
phospholipids of HDL can be separated and subsequently reformed into particles whereas those
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of the other lipoproteins cannot. In favor of the other lipoproteins, they can carry greater
payloads of contrast generating materials. An issue that surrounds some contrast agents
reported as being ‘lipoprotein-based’ is that the properties of the contrast agent differ very
substantially from those of lipoproteins. The minimal criteria would be that, compared to the
lipoprotein in question, the contrast agent has i) an average diameter in the relevant size range,
ii) has a similar size distribution and iii) contains the correct apolipoprotein or an adequate
substitute such as a peptide mimic.

As can be seen from the examples highlighted in this review, there are a large number of
candidate viruses for adaptation as contrast agents. The available viruses have quite widely
differing properties in terms of their availability, cells they target, dimensions and ways in
which they can be modified [67], so the choice of virus is application dependant. As highlighted
in section 3.1 above, the MS2 capsid is notable because the interior can be selectively modified
[85], which can be very attractive. A notable problem with virus-based delivery systems is
toxicity and immune responses [108]. This is being ameliorated by use of polymer coatings
added to the virus exteriors [109].

The eventual goal of developing modified natural nanoparticle contrast agents is to use them
in patients for diagnosis, to discover more about human diseases or the effects of treatment.
Before meeting this goal there are several important challenges that need to be overcome. First
is to develop methods to ensure no contamination of naturally derived contrast agents with
pathogens or, in the case of viruses, infectious forms of the contrast agent. Another challenge
would be creating synthesis procedures for widespread use of these agents. Lipoproteins can
be extracted from expired human plasma or from the patients themselves. Some viruses can
be produced in culture in large quantities. For translation to the clinic, these agents will need
to be demonstrated safe (i.e. of insignificant toxicity) and effective in vivo in clinical scanners
prior to human trials. Standardized, validated natural nanoparticle contrast agents could also
be very valuable for disease investigations in pre-clinical research. Looking to the future, we
expect work on these goals to proceed, as well as applications of more novel natural
nanoparticle contrast agents to be reported revealing valuable information on biological
processes.
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Figure 1.
A) Schematic depiction of lipoprotein structure. B) The ways in which lipoproteins may be
modified to act as contrast agents.
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Figure 2.

A) Schematic of nanocrystal core HDL. B) QD-HDL was taken up preferentially by
macrophage cells as evidenced by fluorescent imaging. FeOHDL produced negative contrast
in the aorta of atherosclerotic mice when MR images taken C) pre-injection and D) 24 hours
post-injection are compared. E) Micro-CT images of the excised aortas of mice showed
significant uptake of Au-HDL. F) Fluorescent imaging showed QD-HDL to be taken up
throughout the excised aorta of atherosclerotic mice. Figure adapted with permission from
reference [18].
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Figure 3.

A) A gamma camera image of the legs of a dyslipidemic patient injected with 9°MTc labeled
LDL. The 9MTc-LDL accumulated in lipid rich deposits at the knees known as xanthomas
(arrows). B) Schematic depiction of LDL labeled with a fluorophore (DiR) and modified with
folic acid (FA) to re-route the nanoparticle to the folate receptor (FA-LDL). C) Fluorescent
images of a mouse inoculated with two tumors: a KB tumor, right, which highly expresses the
folate receptor and a HT1080 tumor, left, which has low expression of the folate receptor.
When FA-LDL was injected into the mouse, preferential accumulation of this contrast agent
in the KB tumor occurred, indicating that the particle was successfully re-routed to the folate
receptor. D) MR images of a mouse bearing a tumor (arrows) that highly expresses the LDL
receptor pre-injection and 5, 24 and 36 hours post-injection with Gd-labeled LDL. The contrast
produced in the tumor indicates that Gd-LDL can be used as a selective contrast agent for these
tumors. The images in this figure are reproduced with permission from references [45,60,61].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 March 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Cormode et al. Page 19

\né\de

//3 _—

bR
NN N \ Interface

A /]
\\/Y\ 1 i
E—h /// Hsige

Figure 4.

A) Cryo-electron micrograph reconstruction of CCMV. B) Cut-through image of CCMV
showing the interior cavity. C) Schematic of the three ways in which a virus particle can be
loaded with contrast generating material: in the interior, at the interfaces between the subunits
and on the exterior. Images reproduced, with permission, from reference [67].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 March 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Cormode et al. Page 20

Lys residue of ; DMSA-modified
h -linker
Adenovirus cross-linke! MnMEIO nanoparticle

C “ “ :‘ '.-,:.-:«‘ " adenovirus-MnMEIO
probe non-treated - ‘ * . hybrid nanoparticle
MnMEIO .
+ +
wYL Y L w Y s
! Ll 5" Lol 4 £ 4

targe by < <

cell |7 c ||? e ||? <
b 4 > 4 Tar i

U251N U251N U251N CHO-1

10 pm 10 pm

Figure 5.

A) Schematic depiction of the modification of adenoviruses with manganese iron oxide
particles (MnMEIO). B) TEM image of the modified viruses, where the dark spots are the
MnMEIOQ. C) T2-weighted MR images of U251N cells untreated, incubated with MnMEIO or
adenovirus MNMEIO and CHO-1 cells incubated with adenovirus MNnMEIO. Fluorescence
images of D) untreated U251N cells, E) adenovirus MnMEIO treated U251N cells and F)
adenovirus MNnMEIO treated CHO-1 cells showing that the ability of the modified viruses to
transfect cells is retained. Figure adapted with permission from reference [77].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 March 8.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Cormode et al.

Page 21

Normal + CF

Late FSGS + CF Early FSGS + CF

Figure 6.

Detecting the basement membrane in kidney glomeruli. MR images of the kidney of a rat
acquired 1.5 hours after injection with A) NF and B) CF, with the speckled pattern of signal
loss in B) indicating detection of glomeruli. Confocal microscopy images of sections of kidney
of a rat injected with C) NF and D) CF, with the cell nuclei stained with DAPI (blue) and for
ferritin (red). MR images of excised rat kidneys: E) normal injected with CF, F) early FSGS
injected with CF and G) late FSGS injected with CF. Figure adapted with permission from
reference [101].
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Figure 7.

A) Loading apoferritin with Gd-HPDO3A, a Gd3+-chelate, by reducing the pH to 2, to
disassemble the apoferritin subunits, before raising the pH to 7 to trap Gd-HPDO3A in the
apoferritin cavity. Biotin is subsequently attached to the nanoparticle surface to form Gd-
ferritin. MR images of a tumor in a mouse pre (B) and 5 hours post (C) injection with targeted
Gd-ferritin. D) Enhancement seen in tumors implanted in the flanks of mice injected with
targeted or non-targeted Gd-ferritin. Figure adapted with permission from reference [107].
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