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Abstract

A number of medical imaging techniques are used heavily in the provision of spatially resolved
information on disease and physiological status and accordingly play a critical role in clinical
diagnostics and subsequent treatment. Though, for most imaging modes, contrast is potentially
enhanced through the use of contrast agents or improved hardware or imaging protocols, no single
methodology provides, in isolation, a detailed mapping of anatomy, disease markers or
physiological status. In recent years, the concept of complementing the strengths of one imaging
modality with those of another has come to the fore and been further bolstered by the development
of fused instruments such as PET/CT and PET/MRI stations. Coupled with the continual
development in imaging hardware has been a surge in reports of contrast agents bearing multiple
functionality, potentially providing not only a powerful and highly sensitised means of co-
localising physiological/disease status and anatomy, but also the tracking and delineation of
multiple markers and indeed subsequent or simultaneous highly localized therapy
(“theragnostics”).

Introduction

Significant advances continue to be made in medical imaging through developments in the
chemistry of imaging probes and the engineering of imaging devices. One of the principal
objectives of these is to seek a means of enhancing disease diagnosis and thus prognosis;
within this, an ability to visualize tissue morphology, the distribution of specific cell types
and even cell function/status in real time would be exceedingly powerful. Several imaging
modalities can be applied in the realization of such objectives, each with associated
strengths and limitations. For example, optical imaging has an associated high sensitivity
and spatial resolution that is sub-micrometre in scale. The absorption and scattering
characteristics of tissue components do, however, limit the penetration depth to typically
less than 1 cm of tissue.! Positron emission tomography (PET) is a highly sensitive
radionuclide based imaging technique but spatially limited in resolution.? Magnetic
resonance imaging (MRI) and computed tomography (CT) are comparatively insensitive
methods of imaging but present an almost irresistible marriage of convenience and high
spatial resolution.
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In most forms of medical imaging specific molecular probes are applied to generate,
amplify, or focus, image contrast, though most, if not all, of the inherent limitations remain
to some extent. Most of the currently used molecular imaging agents are rapidly cleared i.e.
have a very short blood circulation time (< 30 min), due to their small size.23 Their
application is also limited by a default non-specific biodistribution. Taken with the “no
modality provides all” issue of imaging itself, it is clear that the development of high
contrast targeted imaging agents, with controllable circulation/biodistribution characteristics,
sensitively viewable through at least two modalities, remains important. Coupled to imaging
optimization and (thus) potential impact on diagnostics remains the likely dose dependent
toxicity associated with the contrast agent. There is much, then, to be gained in combining
imaging techniques in a manner which, for example, can pull on the signal intensity of one
imaging mode prior to making use of the spatial resolutions attainable in another in enabling
the co-registration of anatomic and functional/metabolic information. This should be
achieved with minimal levels of contrast agent.

By virtue of their controllable size, high surface area:volume and highly engineerable
internal and external chemistries, targeted nanoparticles remain a keen focus in the
development of potentially powerful multimodal imaging tools.*® Among these, those based
on iron oxide,%8 silica®11 and biocompatible polymers, such as dendrimers!2.13 and
liposomes4-16 have been ubiquitous. For example, Reiter et al. have been using silica
nanoparticles®10:17 and polymer based frameworks18:19 to support multifunctionality, most
notably MRI/optical dual modal imaging. Hyeon et al. have synthesized various iron oxide
based multimodal nanoparticles with a variety of core-shell2? and core-satellite
structures.?1:22 Particles which promote other multifunctional modes such as MRI/SERS,23
MRI/PET,24 and MRI/CT/optical?® have also been reported. In this article, we will briefly
(and necessarily selectively) discuss current developments within PET, CT and MRI
imaging modes and respective strategies of enhancing image contrast. Multimodal
nanoparticle magnetic resonant probes will subsequently constitute the focus. For more
detailed descriptions, we would like to direct readers not only to specifically cited work
herein but also recent reviews in the area.*26-30

Medical imaging

Positron emission tomography (PET)

Positron emission tomography (PET) is a nuclear imaging technique that uses compounds
labeled with a positron-emitting radionuclide for contrast and can be applied, for example, to
the monitoring of biological cell function and failure.31:32 Radioisotopes of oxygen

(140, 150), nitrogen (13N), carbon (}1C), and fluorine (18F) are typically of choice, with an
external detector collecting the emitted y-rays and enabling the distribution and
concentration of probes to be tracked in real time. Positron emitters such as isotopes of Cu,
Zn, K, Br, Rb, 1, P, Fe, and Ga are also used.32 An inherent complication in PET is the finite
emitting lifetime of radioisotope (e.g., 18F has t;, = 110 min), meaning that their
incorporation into vectoring or physiologically active molecules and, subsequently, the
subject, must typically be rapid (though developments with 84Cu and 89Zr are enabling work
over longer timescales).33 The sensitivity of PET is, though, high (in the range of 10711—
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10712mol L™1) and independent of the location depth of the reporter probe. The spatial
resolution of most clinical PET scanners is 6 ~ 83 mm3, but higher resolution clinical brain
scanners have been developed with a 3 mm3 resolution.3! The most commonly used positron
emitter is 18F-fluorodeoxyglucose (FDG), a glucose analog,3* which provides a powerful
means of imaging metabolic activity and, thus, the diagnosis, staging, and treatment of
cancers. It is known3® that malignant tumor growth is, for example, associated with
increased glycolysis resulting from the progressive loss of tricarboxylic acid (TCA) and the
activation of the hexose monophosphate shunt, which provides the carbon backbone for the
synthesis of DNA and RNA required for the high cell proliferation rates of tumors. After
FGD is injected, it is taken up by cells consuming high levels of glucose in the brain, heart
or tumor, where phosphorylation to 18F-FDG-6-phosphate prevents subsequent cellular
release (trapping the contrast agent in the tumor).32 The distribution of FDG is then, a good
indicator of the distribution of glucose activity and tumor cells.32

PET is also considered to be a reliable tool for the identification of myocardial viability, the
accurate assessment of myocardial perfusion and the detection of coronary artery disease
(CAD).31 There are two positron emitters, 13N-ammonia and 1°0-water, which have been
used in the imaging of perfusion. Due to high myocardial retention, the former provides
good quality images of blood flow over a wide flow range.38 Suitable pharmacological
intervention studies require repetitive measurements within short timescales, making the
shorter half-life of radionuclides such as 1°0-water useful .37 Cardiac neurotransmission can
also be studied with PET.38 The commonly used tracer in such work, 11C-
hydroxyephedrine, monitors the regional distribution of cardiac nerve terminals and labeled
analogues of norepinephrine. Tracers to investigate B-receptors, alphal-receptors, adenosine
and muscarinic receptors are also under development.39:40

Single photon emission computed tomography (SPECT)

Single photon emission computed tomography (SPECT) is another radionuclide-based
imaging mode. Although similar to PET in the sense that images are acquired by photon
collection and subsequent mapping of radiotracer distribution, this modality is characterized
by radioisotopes emitting only a single high-energy y photon without the photon coincidence
associated with PET.4! Although the sensitivity of SPECT is between one and two orders of
magnitude less than PET, the radioisotopes used (133Xe, 9MTc and 1231) are more readily
available and typically have longer decay times than those used in PET.42 Although the
spatial resolution of a typical clinical SPECT is lower than that of PET, there are recent
reports of small animal imaging where micropinhole apertures have been used to attain
higher resolution (200 um).1

SPECT imaging has been applied to the assessment of myocardial metabolism with probes
including straight or branched chain fatty acid analogues, labeled with 15-p-
iodophenylpentadecanoic acid (1231-1PPA) or 123|-beta-methyl-p-iodophenylpentadecanoic
acid (1231-BMIPP),%3-45 the latter preferentially used because of its higher myocardial
retention. For example, clinical studies have demonstrated the use of 123]-BMIPP in the
detection of acute and chronic ischemic events.44
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The imaging of cardiac neuroreceptors is another established SPECT application with the
primary clinical focus being the sympathetic nervous system.#® Changes in both presynaptic
and postsynaptic cardiac function within ischemic heart disease and heart failure can, for
example, be detected by SPECT using radiotracers such as 123|-meta-iodobenzylguanidine
(1231-MIBG). This contrast agent is also used as a marker for norepinephrine storage where
it shares the mechanism of adrenergic tissue uptake and can, therefore, provide diagnostic
and prognostic information in patients with heart failure.® In such 123IMIBG scans typically
show a reduced heart-mediastinum uptake ratio, heterogeneous myocardial biodistribution,
and increased washout from the heart.#

Computed tomography (CT)

Computed tomography (CT) is a medical imaging technique wherein digital geometry
processing is used to generate a three-dimensional image from a larger series of constituent
two-dimensional X-ray images. The intensity of a CT image, expressed as Hounsfield units,
is related to the efficiency with which X-rays are attenuated as they traverse the volume
element in the human body, and are represented by the picture element in the CT image. The
basis of functional CT is to inject a contrast agent intravenously and then measure the
increase in attenuation or enhancement of the tissue contrast after arrival of the contrast
agent by CT scanning.%8

There are two types of X-ray contrast agent approved for human use: barium sulfate
suspensions, which are used strictly for gastrointestinal tract imaging, and water-soluble
aromatic iodinated contrast agents.*® The first generation of X-ray contrast agent developed
for general intravascular use were ionic triiodobenzene monomers, such as diatrizoate,
though these are now suspected to be chemotoxic.#? lohexol, a non-ionic iodinated agent,
and iodixanol, a dimeric agent, are now more widely used. lodine-based X-ray contrast
agents do, though, suffer from the relatively low iodine atomic number (contrast) and
typically have associated very short blood half-live (<10 min) meaning that detectable CT
contrast can be minimal with current technology.50 Several other experimental X-ray
contrast materials have been investigated with various degrees of success, including electron
dense heavy metals.51-54 Gold nanoparticles have drawn considerable interest recently
because of their well-established synthesis protocols, stability and high X-ray attenuation
ability.®® Like many other nanomaterials, gold nanoparticles possess a prolonged biological
half-life compared to current small molecular imaging agents such as iodine-based
compounds. By way of the inherently large surface area:volume presented by these a wide
range of functional groups can be conjugated. In one recent study®* 1.9 nm gold
nanoparticles, capable of enhancing vasculature image contrast, were intravenously injected
into tumor bearing mice in order to distinguish tumor and normal tissue (the former being
marked by its much denser vasculature).

Ultrasound imaging (US)

Ultrasound imaging uses a pulsed, frequency specific, sound wave focused at the anatomical
region of interest. Diagnostic ultrasound normally operates at frequencies in the 2-20 MHz
range, with ultrasound biomicroscopy system transducers using frequencies up to 100
MH?z.%6 During operation the sound waves are partially reflected back from the body (to an
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extent that depends on tissue density or “acoustic impedance”), received by the transducer,
and subsequently processed and transformed into a digital image.>” Areas of high tissue
density are generally resolved as positive contrast in the final image. Image resolution scales
with the ultrasonic frequency used, reaching a current limit of ~50 microns at 60 MHz.57
Increasing spatial resolution does, however, come at the cost of decreasing tissue penetration
(the image of deeper tissue/organs necessarily utilized lower, more penetrating, frequencies).

Image contrast can be greatly increased through the use of inert gas filled microbubble
contrast agents from which sound waves are effectively reflected.>8:59 The potential
utilization of ultrasound-microbubble interaction in drug delivery (where incident high
energy waves lead to controlled bubble destruction) has been considered.50 Besides
microbubbles, a range of nanoparticles have been reported as ultrasound contrast
agents.61.62 McPherson et al., for example, have developed a nongaseous, site (antibody)
targeted acoustically reflective liposomes.61 Perfluorocarbon emulsion nanoparticles have
also been used as ultrasound contrast agents. Wickline et al. have, for example, synthesized
and applied ligand-targeted, lipid-encapsulated, nongaseous perfluorocarbon emulsion
particles. Though these have comparatively poor inherent acoustic reflectivity compared to
microbubbles, image signal:noise benefits considerably from attainable particle vectoring to
specific targets.62

Optical Imaging

Biomedical optical imaging is a rapidly growing field, with a considerable and varied
application across disease diagnosis and molecular biology. This modality can enable a
probe of both structure and function with a remarkably high spatial resolution and temporal
resolution. A range of different imaging and spectroscopic modes can be applied depending
on the information required and sample physical characteristics (including absorption,
emission, and scattering). A variety of clinical studies have, for example, been conducted to
investigate the diagnostic potential of absorption/scattering spectroscopy in a range of
organs and in the determination of hemoglobin concentration, oxygen saturation and total
blood volume.53 The derived results have been used in clinical studies discriminating
dysplastic from normal tissues with varying degrees of success.54:65

In fluorescence spectroscopy external light of appropriate wavelength is used to initiate the
excitation of target fluorescent molecules prior to the almost simultaneous collection of
emitted photons of longer-wavelength. Targets for fluorescence imaging may be endogenous
molecules (such as collagen or hemoglobin), fluorescent proteins, or fluorescent contrast
agents.54.65 Fiber-optic endoscopes with confocal or 2-photon laser fluorescence imaging
further facilitate clinical applications of fluorescence molecular imaging with a range of
targeted optical contrast agents.86 The absorption and scattering characteristics of tissue
components, such as water, fat, oxyhemoglobin (HbO,), deoxyhemoglobin (Hb) and
melanin, determine the penetration depth of light in tissues and, in general, this is a
significant limitation of this modality. In the ultraviolet-visible range of the spectrum (<700
nm), light can penetrate tissue of a few hundred microns to a millimetre in depth. In the near
infrared (NIR) spectral region (700-900 nm), however, tissues are significantly less
absorbing, enabling light to propagate through several centimetres.®® In addition to the vast
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range of samples operating in the visible spectrum, there exists a continuously growing
range of NIR probes, including Cy5.5, the Alexa dye series and indocyanine green.

In comparison to organic dyes and fluorescent proteins, quantum dots (QDs) are emerging
as a new class of fluorescent label with improved brightness (quantum yields can be close to
90%),57 resistance against photobleaching®® and multicolor emission.5® The benefits of
being able to excite across a broad range and obtain multicolored and highly tunable
luminescence are considerable. In addition, emission is typically environmentally stable as
the production of photons stems from a band gap process rather than the singlet-singlet
transition typical for small molecule fluorophores. These particles typically have a 3-20 nm
hydrodynamic diameter and hence are difficult to clear from general circulation by renal
filtration, resulting in a potentially significant background signal. The specific targeting of
quantum dots has also been investigated by, for example, their encapsulation within a tumor
cell targeting ligand modified triblock copolymer.’® Multifunctional nanoparticle probes
based on fluorescent quantum dots have been developed by several groups.’%-72 The
particles can, for example, be coated with paramagnetic chelates’® or doped with
paramagnetic metal in the crystal structure’® to fabricate optical-MRI dual modal imaging
agent.

Magnetic resonance imaging (MRI)

Magnetic resonance imaging is perhaps the most widely used noninvasive medical imaging
technique. In the vast majority of cases image contrast is generated from the physiological
variation in the nuclear magnetic resonance characteristics of water protons.”® When these
are exposed to an external magnetic field, their nuclear spins will reach an equilibrium state
with a (Larmor precession) frequency that is dependent on the strength of external magnetic
field. On the application of an appropriate radiofrequency pulse the net magnetization vector
associated with these spins will flip from a position parallel to the external field to the
transverse plane. After turning off the radiofrequency pulse, the protons will relax back to
the equilibrium state. There are two relaxation processes: spin—lattice or longitudinal
relaxation (T1) and spin—spin or transverse relaxation (T5). The contrast in an MR image is
the result of a complex interplay of numerous factors, including the relative T1 and T,
relaxation times, proton density of the imaged tissues and instrumental parameters. The MRI
contrast can be further enhanced by introducing suitable MRI contrast agents. Unlike
contrast agents used in CT and PET, for example, 1H MRI contrast agents are not normally
directly visualized in the image; only their effects on associated (spatially or chemically)
proton T4 and T, relaxation times. The relaxivity (r1, r2) of a MRI contrast agent is defined
as the change of longitudinal or transverse relaxation rate per unit concentration of the
contrast agent and is a direct measure of its “effectiveness”. The relative magnitudes of r1
and r2 determine if the agent is T1-weighted agent or To-weighted in nature. Those that
predominantly reduce T, are said to be “positive”, whereas those that largely affect T, are
“negative” and locally reduce MRI signal intensity from background. In theory, anything
which locally perturbs the relaxation of magnetically excited nuclei can be applied as a
contrast agent. In practice, the very strong impact of a locally fluctuating paramagnetic or
superparamagnetic field on the proton relaxation is used. The effectiveness of these agents
scales directly with the paramagnetic field strength and, as such, focus has been dominated
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by the transition metals and lanthanides. Among the latter, applications have been
dominantly associated with gadolinium due to its exceptionally large paramagnetic moment
(seven unpaired electrons) and unique relaxation properties.’3:’4 The free cation is, however,
highly toxic even at low doses (0.3-0.5 mmol kg=1)2. The ionic complexes Gd-DTPA
(Magnevist®) and Gd-DOTA (Dotarem®) were the first contrast agents approved for clinical
practice and have become the reference points against which new agents are compared.
Analogous neutral complexes, Gd-DTPA-BMA (Omniscan®) and Gd-HPDO3A
(Prohance®) are now also commonly used. The high paramagnetism of divalent manganese
has attracted attention.”® Manganese-dipyridoxal diphosphate (Mn-DPDP) has, for example,
been approved for liver imaging, with a ratio of median lethal dose (LD50) and a dosage of
540 mmol kg1, higher than Gd-DTPA.

In addition to 'H MRI, there is increasing interest in the development of heteronuclear
imaging using other magnetic nuclei, such as 13C, 31P or 19F, MRI using these nuclei
potentially avoids the need for pre-scanning and removes localization ambiguity because the
resonant characteristics of the imaging agent itself are assayed directly.”8 13C and 3P nuclei
are of comparatively low gyromagnetic ratio and are naturally present in biological tissue,
reducing their potential impact as probes. The absence of detectable 19F background in
tissues has, in comparison, meant that this nucleus has attracted a good deal of positive
attention over the past couple of decades. In addition to its high gyromagnetic ratio (83% of
that of 1H), fluorine containing probes are typically also “biocompatible” and chemically
stable.”6:77 perfluorocarbons (PFCs), fluorinated aliphatic compounds, have dominated this
area thus far, and exhibit MRI characteristics that are highly dependent on chemical
structure.”’ Of these, perfluorooctyl bromide (PFOB), a linear PFC, was one of the earliest
applied 19F MRI tracers. The PFOB 1°F NMR spectrum does, though, consist of eight
resonances, one for each CFn moiety; its use for cell tracking is not ideal in terms of
sensitivity and requires the use of a frequency selective MRI pulse sequence to limit
chemical shift artifacts.”” Further improvement in MRI sensitivity is possible with
perfluorinated ethers such as perfluoro-15-crown-5 ether, PCE. PCE is a chemically and
biologically inert macrocycle with 20 equivalent fluorine nuclei having a single resonance.
Perfluopolyether (PFPE), a linear polymer, has a simple 19F NMR spectrum with >40
equivalent fluorines, and has recently been applied to cell tracking and quantification in vivo
in a mouse diabetes model.””

Molecular gadolinium complexes contrast agents

A number of interplaying factors affect the proton relaxation afforded by a paramagnetic
complex. As such a great deal of research has been, and continues to be, invested in
optimizing the structure and dynamics of these complexes to maximize relaxivity at any
given incident magnetic field. Solomon and Bloembergen proposed the first model in the
1950s,78.79 where the origin of paramagnetic relaxation enhancement can be divided into
inner-sphere and outer-sphere contributions. Inner-sphere relaxation is associated with the
paramagnetic effects on directly bound water molecules and depends intrinsically on the
complex structure (namely the number of bound water molecules, the mean Gd-H
separation and the mean residence time of bound water). Outer-sphere relaxation is the
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contribution that paramagnetic field makes to the relaxation enhancement of solvent
molecules in the second coordination sphere and bulk solvent.

Current contrast agent designs focus mainly on tuning inner-sphere parameters to obtain
higher longitudinal relaxivity from the protons within the first coordination sphere. Egn (1)
indicates that, if water exchange at the Gd3* center is fast enough (), the relaxation rate,
1/T, is dominated by the relaxation rate of coordinated water, 1/T1, (q is the number of
bound solvent molecules, and Pm is the mole fraction of water coordinated to the metal
center).”® According to the Solomon-Bloembergen—Morgan (S.B.M.) theory,’8:79 Ty,
within a dipole—dipole (DD) relaxation mechanism scheme, is defined by eqn (2) (yis the
nuclear gyromagnetic ratio, g is the electronic g factor, ug is the Bohr magneton, r is the
“electron spin-solvent nuclear spin distance”, ws and @y are the electron and nuclear Larmor
precession frequencies, respectively).” This equation highlights the critical role correlation
time %, (defined in egn (3) where i = 1 or 2 for Tq and T respectively) has in obtaining high
relaxivity. In general terms, a faster water exchange rate (zy), slower molecular tumbling
speed (rotational correlation time, zg) and slow electronic relaxation time (Tje) all serve to

enhance imaging efficacy.’3
(7))
NegPm | ——
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The main focus of recent MRI contrast agent development has been the synthetic
modification of aminocarboxylate derivatives, such as diethylenetriaminepentaacetic acid,
DTPA and 1,4,7,10-tetraazacyclododecane tetraacetic acid, DOTA (Fig. 1a, 1b), for clinical
use, commonly with a view to optimizing one or more of the aforementioned relaxation
parameters through ligand modification.”#80 For example, Merbach et al. have reported
several studies of the factors affecting water exchange rate (7)) of DTPA derivatives8! and
specifically highlighted the effects of steric crowding on 7 (through dissociative
exchange). Relaxation rate enhancements can be achieved, for example, by varying the
number of carbon atoms in the ligand scaffold, though, significantly, this is achieved at the
detriment of complex thermodynamic stability. This phenomenon of losing stability upon
increasing water exchange is common for aminocarboxylate ligands and must be considered
prior to any projected clinical use.”* Attempts to increase the water exchange rate associated
with Gd-DOTA based complexes have also been reported and, again, much of this has been
based on steric crowding effects at the metal centre.82

As indeed predicted by eqgn (1), relaxivity has been shown to be highly dependent on the
number of bound water molecules (q) and numerous examples of this effect have now been
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noted.”480 Examples of q = 2 complexes have been produced, for example, by combining
two Gd3* complexes to create a central core (Fig. 1c, 1d).83:84 Significantly, as with the
effects of ligand steric bulk, the effects of higher g need to be balanced with those of
complex thermodynamic stability. The relaxivity values of these compounds are significant
higher than that of the parent complex (by virtue of both the larger g value and higher
molecular weight/rotational correlation time, zg).

Much effort has been invested in utilizing the beneficial effects of increased rotational
correlation time, g, as afforded through oligomerisation or conjugation of paramagnetic
complexes to macromolecules or nanoparticles.”37480 Interestingly, the linkage structure, in
the sense of linker flexibility, plays a notable role8>-88 (Fig. 2). Casali et al. have, for
example, reported a method to link multiple gadolinium complexes with linear polymers.8>
They have, specifically, reported a 52 kDa Gd-DOTA chelate modified dextran polymer
with high relaxivity. Linking paramagnetic complexes in a linear fashion generates an
oligomer with anisotropic rotation where rotation about the short axis of the molecule is fast
and limits enhancement (Fig. 2a).8% Multiple branched dendrimers have also been used to
link gadolinium complexes (Fig. 2b), where the contrasting effects of slow isotropic rotation
(beneficial) and internal structural flexibility (disadvantageous) have been specifically
noted.86 Another approach to optimizing the effects of motion on relaxivity has been to
place the gadolinium at the center of a large molecule (Fig. 2c),8” where the lack of internal
motion can result in remarkably high relaxivity. Toth et al. have proposed a related approach
based on bridging multiple gadolinium complexes through (structurally rigid) ferrous iron
bound bipyridyl analogues® and have observed relaxivities remarkably better than observed
with the monomeric analogues. From these select examples, it is clear not only that there
exists numerous means of tuning contrast agent effectiveness (most notably through
increasing ny, and decreasing g whilst maximizing g and maintaining molecular rigidity)
but also that there remains appreciable room for further improvement.

Gadolinium chelate bioconjugation

In coupling an MRI contrast agent to a biomolecule, one may be able to effectively marry
the advantages afforded by increased molecular bulk with those engendered by natural
biological targeting. With this in mind a range of DOTA and DTPA derivatives have been
bound to peptides, monoclonal antibodies, nucleic acids or glycoproteins capable of
targeting specific cell receptors.89-190 Asialoglycoprotein, a protein having high affinity for
ASG receptors (specifically existing in hepatocytes), has been used for liver-specific T
imaging,? for example. Human amyloid-B (Ap) peptide that is capable of selectively
targeting individual amyloid plaques in the brain of Alzheimer’s disease transgenic mice.
The Gd-DTPA derivative of this peptide have been successfully synthesized and enabled the
in vivo MR imaging of individual amyloid plaques in the brains of Alzheimer’s disease
animals or patients to enable both early diagnosis and the provision of a direct measure of
the efficacy of anti-amyloid therapies being developed.?8

Breast cancer cells expressing Her-2/neu receptors have been imaged in vivo with avidin-
Gd-DTPA conjugates® and antisense peptide nucleic acids (PNAs) have been DOTA
tagged in generating targeted intracellular MRI contrast agents.%” The relaxivity
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enhancements of bioconjugation (typically 3-5 fold) have been noted in several of these
studies.93.97.99 Anti-ICAM-1 antibody has also been coupled with Gd-DTPA and the
specific binding of the derived complex to ICAM-1-expressing endothelial cells
examined.%9 A tumor angiogenesis-targeting T contrast agent has also been reported by the
bioconjugation of Gd-DTPA with an anti-vascular endothelial growth factor receptor-2
(VEGFR?2) antibody.1%0 A significant amount of research has been performed using Gd-
DTPA derivatives of human or bovine serum albumin (HSA or BSA).101.102 Because of the
long intravascular retention of the macromolecule, Gd-DTPA-BSA/HSA has been used as a
blood pool agent within MR angiography. Lauffer et al. have, for example, reported a
protocol for the reaction of DTPA-dianhydride with a variety of proteins.191 Again,
noteworthy here is the three-fold enhancement in r1 observed with albumin-(Gd-DTPA)1g
compared to the monomeric chelate.102

Antibodies have good target specificity, but their larger size limits kinetics (of both target
vectoring and clearance). Though short peptides have high levels of diffusional mobility,
few have been reported to have high targeting affinity.103 Antibody fragments have
accordingly attracted significant interest from an in vivo imaging perspective.104.105
Affibodies represent a new class of affinity proteins based on a 58-amino acid residue
protein domain, derived from one of the 19G-binding domains of staphylococcal protein.106
Being an order of magnitude smaller than antibodies a much improved penetration of solid
tumors is possible. For example, a Her-2 receptor-specific affibody N-terminally modified
with DOTA has been synthesized!07 and applied to the in vivo 111In, 88Ga or 90Y/177y
imaging of Her-2 expressing carcinomas.108-110

In the more general sense, the bioconjugation of contrast agents empowers the specific
illumination of sites expressing cancer markers, something which has led to important
advances in cancer diagnosis and treatment.111 Endocrine therapy for breast cancer is, for
example, benefitting from our increasing ability to target contrast agents to estrogen
receptorst12 and the Her-2 receptor is playing a rapidly increasing role in tumor-specific
treatment.113 These specifically vectored imaging agents enable analyses at, very often,
markedly lower dose than would be required in nonspecific imaging. There do, though,
remain very significant challenges. The quality of receptor-specific imaging, for example, is
a very sensitive function of both the imaging modality applied and the specificity and
affinity of utilized biotargeting. When binding affinities are high, one may find that even
small quantities of molecular contrast agents saturate receptors,114 potentially capping
signal:noise (and thus acquired diagnostic information) at levels which cannot be improved
with dose. For this reason, current reports of tumor receptor molecular imaging are largely
limited to (highly sensitive) PET and SPECT unless receptors are large.11® There is, then,
much ground for improvement.

Multimodal molecular contrast agents

The simplest means of enabling multimodality whilst maintaining facile diffusion and tissue
penetration is through molecular synthesis. The principal disadvantages of this approach
(even ignoring potential synthetic demands) are the maintenance of high aqueous solubility
and sufficiently long circulation times. Several constructs have been proposed to build up
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multimodality through the direct conjugation of metal complexes to fluorophores.92:116
Meade et al., for example, have reported a bifunctional MRI/optical contrast agent by
coupling Gd-DOTA to rhodamine ina 1 : 1 ratio.116 Gd-DO3A has also been linked to
fluorescein through an ethylthiourea linker.92 Very similar synthetic strategies have been
applied to fuse radio and optical emission within one molecule, commonly through amide
coupling of DOTA or DTPA derivatives to reactive carbocyanine dyes, with

subsequent 84Cu (PET) or 1/7Lu (SPECT) coordination.117-120 Additional peptide
conjugation can facilitate multimodal receptor specific imaging.11” A simpler method to
introduce a radioisotope to a fluorophore is to iodinate the fluorophore directly using
radioactive iodine.12! This approach has been employed, for example, to iodinate the
photosensitizer HPPH (3-(1’-m-hexyloxyethyl)-3-devinylpyropheophorbide-R) using
lodogen beads and Nal24| for potential fluorescence and PET imaging as well as
photodynamic therapy.12!

Nanoparticle based MRI contrast agents

Nanoparticles are potentially powerful imaging probes by virtue of their highly tunable
characteristics and large surface area:volume. The latter, especially, can enable a large
amount of functionality to be confined to a relatively small volume. Coupled with the
comparative ease with which surface bioconjugation can be achieved, the inherently low
rotational correlation time, and the possibility of multiple core-shells and one arrives at an
irresistible and almost infinitely variable resonant contrast vehicle. Broadly speaking,
nanoparticle based MRI agents can be categorized into those based on superparamagnetic
iron oxide T, contrast agents, gadolinium ion based T4 contrast agents and other inorganic
nanoparticle T, contrast agents.

Superparamagnetic iron oxide T, contrast agents

Superparamagnetic iron oxide (SP10O) nanoparticles are the most widely used T, MRI
contrast agents. The relaxation induced by these can be explained by classical outer-sphere
relaxation theory in considering the relaxation rates of water protons diffusing within the
particle magnetization field.6122 These agents typically exhibit strong T4 relaxation
characteristics, and, by virtue of their strong and varying magnetic fields due to variable
particle sizes, also produce strong T, effects. An important consequence of outer-sphere
theory is that the r2/r1 ratio increases with increasing particle size; SP1O nanoparticles were
initially developed as T, agents, producing dark (negative) contrast within images. A new
generation of ultra small superparamagnetic iron oxide nanoparticles, with sizes less than 10
nm, has also been reported to have excellent ri-enhancing properties.123

Colloidal stability and biocompatibility are crucial requirements for clinical application.
Generally, iron oxide nanoparticles are composed of a core of one or more magnetic
crystallites embedded in a stabilizing coating, of, for example, dextran, citrate or PEG.”:8
Subsequent replacement of the organic coating with alternative surface cappings, such as
those based on silanes, enables a chemically flexible/tunable surface modification. The most
widely used and traditional method of preparing iron oxide nanoparticles is by the reduction
and co-precipitation of a mixture of ferrous and ferric salts in aqueous media, in the
presence of stabilizers such as hydrophilic polymers.124 This process has been commercially
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adapted in the generation of a number of MRI contrast agents based on multiple iron oxide
cores encapsulated within a dextran coating, such as Feridex®, Resovist®, and Combidex®.
Particles such as these are selectively up taken by Kupffer cells in the liver, spleen and bone
marrow,125 a process which enables, for example, differentiation (through image contrast)
between normal and abnormal liver tissue.

Generally, smaller nanoparticles have a longer plasma circulation time.126 Particles with a
diameter of less than 300 nm specifically remain intravascular for a prolonged period of
time and thus can serve as blood pool agents.126 Coating particles with hydrophilic PEG or
dextran films has been proved to reduce phagocytic capture, leading to extended circulation
and subsequent accumulation in the targeted sites.12” Weissleder et al., for example, have
demonstrated the detection of lymph-node metastases in prostate cancer with dextran coated
SPIO nanoparticles.128

Gadolinium ion based T; contrast agents

The predominant Tq contrast agents are, by some margin, those based on chelated forms of
gadolinium. Though there are examples of kinetically stable complexes with appended
luminescent or radioimaging tags, these are limited in both range, signal intensity and by
rapid renal excretion.129 In view of considerable potential, spatial resolution, ubiquitous
scanners and intrinsic low signal : noise Gd agents, there is a great deal of interest in the
development of improved, and particularly, targeted and non-toxic forms. In recent years, a
wide range of nanoparticles (dendrimers, inorganic nanoparticles, carbon nanotubes etc),
with Gd chelate conjugation have been reported with this in mind.4:27.28

Contrast agent doped lipid based vesicles are well established?6 and present a means of
incorporating a variety of agents into the internal aqueous phase or directly linked to the
lipid (or indeed both). They are typically prepared by mechanical dispersion of the
constituent lipids in solution and generally lie in the 80-300 nm size range.13% Through
appropriate design, hybrid particles can be generated which facilitate combined dual mode
imaging e.g. CT and MRI%4 or MRI and opticall® or MRI and SPECT2 etc. The potential
issues associated with enabling facile water exchange at the incorporated paramagnetic
center have been noted and can potentially be solved by confining these centers to the outer
region (lipid) of the particle. The tissue and cell penetration of these particles has been
intensely studied from a gene delivery perspective.130

Dendrimers are highly branched spherical polymers of various chemical composition and
structure, with those based on polyamidoamine (PAMAM) and diaminobutane (DAB)
perhaps the most common.12 These particles are water soluble, size tunable and can be used
as scaffolds for a potentially large number of Gd binding chelators such as derivatives of
DTPA and DOTA (appropriately modified G3 PAMAM dendrimers can bind 32Gd ions per
5 nm particle; larger 15 nm G10 analogues can bind 4000 Gd centers, for example).12 Nano-
sized dendrimers are generally retained in the body long enough to be used as active
targeting MRI contrast agents after conjugating with vectoring materials. Wu et al. have, for
example, synthesized antibody-labeled dendrimers, PAMAMAM-G2-DOTA and PAMAM-
Am-G2-CHXB, and labeled these with 90Y, 111|n, and Gd3*, (without loss of
immunoreactivity), as potential tools for either radiotherapy or MRI.131 Wiener et al. have
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reported folate-conjugated dendrimer polychelates by attaching folic acid to a fourth-
generation ammonia-core polyamidoamine dendrimer and observed accumulation in tumors
expressing the high-affinity folate receptor (enabling targeted imaging).13

Metal-organic frameworks (MOFs) are hybrid materials consisting of metal ions bound
within the well-defined coordination geometry provided by organic linkers.18.19 Reiter et al.
synthesized nano-scale metal-organic nanorods with compositions of Gd(BDC)1 5(H20)»
(where BDC is 1,4-benzanedicarboxylate) with Gd3* coordinated in organic frameworks.
The r1 MR relaxivity obtained with the suspension of 100 nm nanorods was at least an order
higher than that of comparable Gd containing liposome contrast agents. The same group
have also utilized (less toxic) paramagnetic manganese within these constructs while
retaining good levels of in vivo rl MR relaxivity.132

Carbon nanotubes have also been proposed as scaffolds for Gd binding. Wilson et al. for
example, have loaded aqueous GdCls in single-walled carbon nanotubes and have measured
relaxivities at some 40 times higher than observed with commercial Gd-DTPA.133 Richard
et al. have, additionally, reported the non-covalent modification of carbon nanotubes with
amphiphilic gadolinium chelates and, again, measured high r1 nuclear relaxivities.134

Uniform colloidal silica nanoparticles have been utilized as templates for the assembly of a
number of functionalities, primarily through well-established alkoxysilane hydrolysis-
condensation surface chemistry. Rieter et al., for example, have used non-porous silica
nanoparticles to support Gd-DTTA or Gd-DTPA complexes and obtained one order higher
r1 relaxivity than acquired from small Gd complexes.® Besides work with non-porous silica
nanoparticles reported to date, mesoporous silica nanoparticles (MSNs, Fig. 3a) have
attracted a great deal of interest from a multimodal imaging perspective due to their
extraordinarily high surface area. Several groups have proposed synthetic strategies enabling
the incorporation of imaging functionality into these frameworks (Fig. 3b and 3c).1911 Kim
and Rieter et al. have, for example, reported the development of mesoporous silica based T
contrast agents derived from grafted Gd-DTTA (Fig. 3b).10 Mou et al. have also directly
synthesized mesoporous silica hanoparticles by the co-condensation of Gd-DTPA
complexes with tetraethyl orthosilicate (TEOS) (Fig. 3c).11 With all of these thus far, rl
relaxivity is observed to be at least one order higher than that acquired with the
corresponding free small molecular complexes.10:11

Other inorganic nanoparticle T, contrast agents

There exist a number reports on the application of nanoparticles based on transition metal or
lanthanide metal oxides as Tq contrast agents. These have included, thus far, nano-sized
gadolinium oxide (Gd,03)35-137  gadolinium fluoride (GdF3),138 gadolinium phosphate
(GdPO,),139 and manganese oxide (Mn0).196.107 McDonald and Watkin have successfully
synthesized dextran-stabilized 30 nm gadolinium oxide nanoparticles by reduction and co-
precipitation reaction of GdCls,13° though these had limited dispersion and thus lacked
application without additional surface modification. Fortin et al. have reported that the
reaction of Gd(NO3)-6H,0 in diethylene glycol through polyol process can fabricate
ultrasmall (3 nm) gadolinium oxide particles.193 The relaxivities of subsequently PEG-silane
coated derivatives was reported to be twice as high as that of Gd-DTPA.103
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Nanoparticles consisting of GdF3 or mixed GdFs/LaF3 have been proposed as a new class of
water-soluble paramagnetic MR contrast agent. Prosser et al. have, for example, synthesized
GdF3 or an 80/20 mixture of GdF3 and LaF3138 and subsequently tuned water solubility
through surface modification. Dextran coated GdPO,4 nanoparticles, synthesized
hydrothermally, have also been developed as potential high contrast MRI agents.139

Water-dispersible and biocompatible MnO nanoparticles, synthesized by thermal
decomposition of Mn-oleate complexes, have been put forward as effective T, agents and
applied to appropriately weighted brain imaging.140 These particles have also been
conjugated to tumor targeting antibodies, Her2/neu, and successfully targeted to the
epidermal growth factor receptors on the surface of the breast cancer cells. Hollow
manganese oxide nanoparticles, prepared by an acidic etching process, have been reported
as T4 MRI agents by Lee et al.141 The hollow interior of these is potentially also utilizable
from a drug delivery perspective, and, to this end, the uptake and release of the anticancer
drug, doxorubicin, has been demonstrated.141

Nanoparticles in multimodal MRI imaging

As mentioned in the introduction, the concept of combining imaging modes within a single
administered contrast agent, and thereby achieving both high sensitivity and high spatial
resolution, is a seductive and rapidly evolving one. MRI enables the high spatial resolution
acquisition of physiological and anatomical images and can be powerfully combined with
optical methods to provide cellular/sub-cellular information and rapid screening.10:142.143
Trimodal imaging probes have also been reported where, for example, 1111n or 84Cu PET
isotopes have been integrated.2* Within the highly engineerable platform presented by
nanoparticles, there lie a number of distinct classes.

SPIO based multimodal imaging agents

When designing a nanoparticle based multimodal MRI imaging material, the first concern is
how to incorporate each modality together without dramatically changing or reducing the
functionality of either. There are various models that have been proposed to construct
multimodal nanoparticles. One of these is the core-shell approach where multifunctionality
is built up layer-by-layer in a synthesized particle.20-23.24.142-144 |ron oxide cores have
notably been a focus in many such constructs, where the shell is a biodegradable polymer or
relatively inert silica. Hyeon et al. have proposed, for example, a multifunctional polymer
platform for simultaneous cancer-targeted magnetic resonance or optical imaging and
magnetically guided drug delivery.142 To achieve this iron oxide nanoparticles, CdSe/ZnS
quantum dots, and the anticancer drug doxorubicin were all encapsulated in biodegradable
poly(o.-lactic-co-glycolic acid) (PLGA) nanoparticles (Fig. 4a, 4b). In this work, a folate
based targeting agent (poly(.-lysine)-poly(ethylene glycol)-folate) was subsequently
attached to particle surfaces and To-weighted MR imaging at 3T carried out with KB cancer
cells (Fig. 4c). Hyeon et al. have also reported the synthesis of fluorescein isothiocyanate
(FITC) embedded mesoporous silica nanoparticles with a single iron oxide nanoparticle
core.20 Cetyltrimethylammonium bromide (CTAB) was used, not only as the stabilizer for
transferring hydrophobic iron oxide to the aqueous phase, but also as the template for
forming mesoporous structure and fluorescent modality (FITC, introduced via a co-

Dalton Trans. Author manuscript; available in PMC 2015 July 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Huang and Davis

Page 15

condensation reaction to produce a highly luminescent porous T, nanoparticle agent). Zhang
et al. have developed iron oxide based MRI contrast agent with a similar structural concept
(Fig. 5a, 5b) but with NIR emitting Nd3* and Yb3* chelates.243 In work by Nel et al.144 20
nm superparamagnetic iron oxide nanoparticles have been incorporated into mesoporous
silica shells, the latter also luminescent by virtue of a co-condensation with a FITC silane.
Surface modification with folic acid engendered the targeting of the a-folate receptor in
human cancer cells line PANC-1 with particles also subsequently capable of being loaded
with significant levels of the cancer drugs camptothscin or paclitaxel. Fig. 5¢ and 5d show
the increased uptake of folate-modified nanoparticles in PANC-1 (overexpressed folate
receptor). Folica acid modification can selectively increase the delivery of drugs to the cells
with overexpressed folate receptor and the luminescence enables to monitor the drug
treatment.

In addition to the burying of superparamagnetic cores within a modifiable silica matrix, the
subsequent surface functionalization of synthesized iron oxide nanoparticles presents a
popular (and potentially simpler) method of introducing additional modality.145-147 Kircher
et al. have, for example, reported the decoration of aminated iron oxide nanoparticles with
the near-IR fluorescence dye, Cy5.5.14% On intravenous injection of these into brain tumor
bearing rats, T, weighted MRI imaging at 4.7 T indicated particle accumulation within the
tumor. Bao et al. have also developed MRI/PET dual modal contrast agent with aminated
iron oxide nanoparticles (Fig. 6a).146 Dual functional PEG derivatives have been used to
aminate iron oxide nanoparticles and DOTA-NHS esters then subsequently conjugated to
enable Cu2*chelation. These particles, stable in serum for 24 h, produced strong MR (Fig.
6b) and PET (Fig. 6¢) signals.

One can also directly grow a luminescent shell around a generated iron oxide core. Shells of
Cdsel48.149 and Eu : Gd,0310 have, for example, been generated to enable effective MRI
and optical imaging, made more effective still through subsequent surface silanisation and
biofunctionalisation.149

Other core-shell dual-mode probes have been developed for MRI-SERS and MRI-PET. Lee
et al. have, for example, reported multifunctional silver embedded magnetic nanoparticles as
surface enhanced Raman spectroscopy (SERS) probes?3 by coating iron oxide nanoparticles
with silica shells and then attaching silver nanoparticles, Raman probes and antibodies.
Subsequent Raman analyses enabled a differentiation of cancerous cells from normal cells
(although this study did not utilize the magnetic particle cores, an extrapolation of this
selective cell uptake and Raman signature to an additional MRI modality is obvious).
Numerous probes with MRI and PET functionality have been reported. In work by Patel et
al.24 superparamagnetic iron oxide cores have been encapsulated within a porous silica shell
additionally impregnated with ligands capable of chelating the positron-emitting metal, Cu2*
making the particles potential PET agents. Subsequent MRI assessments highlighted highly
core dependent r2 relaxivities comparable to Feridex®. In addition to the 84Cu surface
modification of generated iron oxide nanoparticles, labeling has also been carried out

with 1241151 For example, Cheon et al. have labeled serum albumin modified iron oxide
nanoparticles with 124| by iodinating the ortho position of tyrosine residues on the
protein.15! The resulting 32 nm nanoparticles were reported to enable highly effective MRI
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and PET imaging. Gold shells have also been introduced around iron or iron oxide cores as a
means of introducing a CT modality (and a means of additional further surface
functionalisation).192.153

Several structures other than those which are core-shell have also been utilized to engender
multimodality.2122.114 Hyeon et al. have fabricated core-satellite structural hybrid
nanoparticles (Fig. 7a, 7b)2122 with a core material of either dye-doped mesoporous silica or
solid silica and satellite material comprising externally appended nanometre scale
superparamagnetic iron oxide, quantum dots or gold clusters, enabling MR, luminescent or
plasmon resonant characteristics. Mou et al. have also proposed nanoparticles (Fig. 7c,
7d)154 based on luminescent and magnetic mesoporous hybrid silica nanoparticles, where
Fe30,@silica nanoparticles and mesoporous silica nanoparticles are attached, as potential
T, agents with high relaxivity at 0.47T.

Gadolinium based multimodal nanoparticle imaging agents

The paramagnetic and electronic characteristics of gadolinium remain unsurpassed and,
providing kinetic stability is both high and reliably assessed, there remains a good deal of
development and application possible with this metal through its incorporation into designed
nanostructures. Silica nanoparticles present one of the most ideal platforms by virtue of their
chemical, physiological, optical and tailorable multimodal characteristics. A number of
research teams have, accordingly, reported the incorporation of Gd chelates onto silica
particles which are, additionally, luminescent (Fig. 8a, 8b).%:10.17 This dual mode probe
allows the co-confirmation of obtained information between MRI and optical imaging and
the luminescent modality makes the optical guide of surgery possible. In most cases the
determined T, relaxivity is 5-10 times higher than that observed with the free chelate, an
observation generally assigned to the reduced tumbling rate of the paramagnetic centre.
Significantly, from the perspective of maximizing signal, it has been observed that
relaxivities are limited by water access, most clearly when the paramagnetic payload is
present in multilayers.? Conversely, in related work, Gd-DOTA complexes have been
deposited on Gd-DTTA maodified silica nanoparticles via electrostatic interactions between
the complexes!’ (Fig. 8c, 8d). As the number of layers increased, the authors here report a
proportional increase in rl relaxivity on a per particle basis, suggesting significant water
access through the hydrophilic multilayers. Mesoporous silica presents a means of greatly
increasing Gd loading in a closely related platform. Lin and Reiter et al. have, for example,
prepared 75 nm dye-doped mesoporous silica nanoparticles and subsequently post-
functionalized the particles with Gd-DTTA.10 Significantly, the observations within this
work are consistent with facile water access to the particle interior (enabling the
considerable internal surface area to be utilized in a Tq manner). The same group have
recently reported the intravenous injection of these particles into mice and subsequent 9.4 T
T1 weighted imaging.1% Nanoparticles of this type are also associated with effective cell
uptake (Fig. 9a). Santra et al. have reported a conceptually simple extension of this to a
trimodal format with Ru(bpy) dye doped silica particles with paramagnetic gadolinium
complexes on the particle surface.15° The presence of ruthenium enables additional
application of the particles as CT contrast agents. Mou et al. have synthesized fluorescent
mesoporous silica nanorods (aspect ratio 4) with Gd-DTPA co-condensed within the pore
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structure!® and shown that these similarly enjoy r1 relaxivities approximately an order of
magnitude greater than the free complex. The group has additionally demonstrated effective
particle uptake by 3T3-L1 mouse fibroblast cells and their subcellular luminescent imaging.

Optical-MRI-CT trimodal imaging agents can be configured from an Au core based
paramagnetic silica particle. Mulder et al. have, for example, fabricated such particles with
r1 relaxivity of 14.0 mM~157125 and carried out T1 weighted liver imaging and CT imaging
in mice (Fig. 9b, 9¢).2° The MR liver imaging showed a 24% intensity enhancement
compared to the value of the image prior to particle injected, while CT images
demonstrating a striking 50% increase in X-ray attenuation. A number of other gold
nanoparticle based constructs have also been proposed.156:157 For example, Gd enriched
DNA-Au conjugates have been reported to enable highly efficient cell penetration and
accumulation that provides an MRI contrast enhancement sufficient to enable the imaging
small cell populations.136 The additional modification of these particles with organic
fluorophores facilitates an optical determination of cell uptake and intracellular
accumulation as well as a means of histological validation. Kim et al. have also synthesized
small gold nanoparticles with a gadolinium chelate modification.1>’ The ability to
incorporate several thousand chelated on top the surface of each particle reportedly enables
both MRI imaging with very high r1 relaxivity and effective X-ray attenuation.

As mentioned previously, quantum dots have been exploited as optical indicators because of
their narrow and tunable emission spectrum.”2:158 Several groups have developed
multifunctional nanoparticle probes based on fluorescent quantum dots. A common
approach is to attach PET or MRI enabling chelates to the surface of aminated QDs. In work
of Jin et al., for example, CdSeTe/CdS QDs were first surface coated with glutathione then
coupled to Gd-DOTA units through standard succinimide chemistry to produce particles of
high r1 relaxivity.15° In other work by Gerion et al., 10 nm CdSe/ZnS QDs were coated with
a 1-2 nm thick PEGylated silica shell prior to Gd-DOTA decoration.160 The generation and
application of paramagnetic quantum dots with paramagnetic PEGylated lipid coating has
also been reported’? and Louie et al. have developed a series of core/shell CdSe/Zn;,Mn,S
nanoparticles synthesized for use in dual-mode optical and MRI techniques.’! These
particles exhibit quantum yields reaching 60% and relaxivity (r1) values in the range of 11—
18 mM1s71L,

Liposomes represent another common platform for supporting multimodality. One of the
simplest approaches has been the encapsulation of more than one type of contrast agent into
the aqueous liposome phase by inclusion in solution during liposome formation. This
approach facilitates flexible multimodality without the requirement of multiple synthetic
steps. One example, of many such approaches has been the incorporation of the CT contrast
agent, iodohexol, with MRI contrast agent, gadoteridol, into unilamellar bilayer
liposomes.14161 This marriage facilitates image-guided radiotherapy where CT is used to
perform radiation dose mapping and MRI contrast to identify target soft tissues. Such
contrast agent encapsulation also increases agent half-life (that is they remain in circulation
longer than the individual molecular probes would have). Multimodality can additionally be
generated within the liposomal membrane. For example, gadolinium chelates for MRI162
and iodinated contrast agents for CT163 have both been conjugated to lipid head groups prior
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to liposome formation. Besides MRI/CT, a number of groups have reported the synthesis of
liposomes containing a rhodamine phosphotidylethanolamine derivative and a Gd-lipid for
dual-modal MRI and fluorescence imaging.164-166

Dendrimers have been fairly exhaustively investigated as potential multimodal imaging
probes because their structure presents a potentially large number of modifiable groups. The
representative water-soluble and biocompatible polyamidoamine (PAMAM) dendrimers
have been utilised in this way.167 Talanov et al. have, for example, conjugated gadolinium
chelates and NIR emissive Cy5.5 with the 256 surface amino groups presented by a G6
PAMAM dendrimer.167 These particles were subsequently injected into the mammary fat
pad of mice and lymph node imaging carried out by both T, weighted MRI and NIR
imaging (Fig. 9d). The high paramagnetism of gadolinium oxide has also been utilized in the
generation of Gd,03 nanoparticle Ty agents.13°-137 On encapsulating the same particles
within a luminescent polysiloxane shell, one arrives at an effective size tunable bimodal
agent.136 Interestingly, this study also highlighted not only the potential water accessibility
of internalized Gd centers but also the chemical tunability of subsequent nanoparticle
biodistribution in mice.

Conclusion and future challenges

The potential benefits of combining medical imaging modes are clear and there has been a
surge in both the development of contrast agents and in associated experimental imaging
methods. The vast explosion of literature in this area during the last five years does shed
light on the intriguing and equally vast possibilities that remain but also continues to
generate (often) as many questions as answers. Though a number of powerful platforms
have been reported, none have yet progressed from the research laboratory to the clinical
coalface. Nanoparticles render a range of highly tailorable properties including size, shape,
surface chemistry, charge, biodistribution, emission etc., and can potentially provide a
comprehensive mapping of disease status across multiple analytical platforms. Issues of
biocompatibility, toxicity, in vivo targeting efficacy, and long-term stability remain,
however, to be addressed. The highly beneficial collaborative effort between chemists,
biologists, engineers, microscopists and clinicians is a clear and powerful one but it remains
important that tools are not developed solely for the sake of being able to report the
development of tools; though the concept of multimodality has driven innovation in not only
contrast agent synthesis (most markedly with nanoparticles), but also in instrumental design,
too often reports of new agents precede any consideration of practical application. The
clinically relevant capabilities and potential toxicities of new materials remain paramount
and this is where much of the next phase of development needs to be focused. This mini-
review has sought to briefly summarize some of the key developments thus far.
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Fig. 1.

St?uctures of (a) diethylenetriaminepentaacetic acid (DTPA) and (b) 1,4,7,10-
tetraazacyclododecane tetraacetic acid (DOTA); (c) (d) Examples of g = 2 DTPA based
complexes (g: number of bound water molecules). The increase in q is made possible by
removing one carboxylate arm of the parent DTPA.83.84
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Fig. 2.

Sc%ematic representations of Gd chelate linkage and adduct rotation/conformational
fluctuation. (a) linear oligomer linkage with anisotropic rotation where rotation about the
short axis of the molecule is fast and limiting in terms of relaxivity enhancement (r1 = 10.6
mM~1s71):85 (b) dendrimer linkage with both isotropic rotation and internal motion around
the core; the latter by virtue of the linkage flexibility and, again, limiting in terms of MR
contrast (r1 = 16.5mM~1s71);86 (c) Centralised Gd linkage where structure rigidification
results in a remarkably high relaxivity (r1 = 39.0mM~1s71).87
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Fig. 3.

(a?TEM image of mesoporous silica nanoparticles; Schematic representations depicting the
Gd-DTTA grafting of mesoporous silica nanoparticles (b) and Gd-DTPA modification of
mesoporous silica nanorods (c). With all of these constructs, rl relaxivity is observed to be
at least one order higher than that acquired with the corresponding free small molecular
complexes.10:11
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Fig. 4.

Sc%ematic structure (a) and TEM image (b) of PLGA polymer/iron oxide hybrid
nanoparticles with encapsulated 15 nm Fe304 nanocrystals; (c) In vitro To-weighted MRI
images of KB cancer cells. From left to right: untreated cells; cells treated with plain
nanoparticles; cells treated with PEGylated nanoparticles; cells treated with targeting
nanoparticles; cells treated with targeting nanoparticles under an uptake-promoting external
magnetic field142 (maximum contrast).
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Fig. 5.

Sc%ematic representation (a) and TEM image (b) of multimodal mesoporous silica
nanoparticles with iron oxide cores and additional NIR fluorescent modification;143
fluorescence microscopy images of PANC-1 cells (overexpressing folate receptors) treated
with (¢) unmodified nanoparticles and (d) folate-modified nanoparticles. Increased uptake of
the folate-modified NPs was observed with the PANC-1 cells. Green: nanoparticles; Blue:
cell nuclei stained with 4’-6-diamidino-2-phenylindole (DAPI); Red: cell membranes stained
with wheat germ agglutinin (WGA).144

Dalton Trans. Author manuscript; available in PMC 2015 July 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Huang and Davis

Page 30

(a) ) (b) (c)

\Cu/
N i \o

CN"QO
)

“00C

o

High

o

{ = DSPE-PEG5000
\ = 64Cu-DOTA-DSPE-PEG2000

Fig. 6.

Sc%ematic structure (a) of dual modal 84Cu-modified iron oxide nanoparticles; (b) To-
weighted MR image of 25 pg mL™1 (top) and 10 pug mL~1 (bottom) 84Cu-labeled magnetic
nanoparticles (the scale bar corresponding to particle concentration). (c) Decay-corrected
microPET image of 25 pg mL™1 (top) and 10 pg mL~1 (bottom) 84Cu-labeled magnetic
nanoparticles (the scale bar corresponds to $4Cu concentration).146

Dalton Trans. Author manuscript; available in PMC 2015 July 10.



s1dLIoSNUBIA Joyany sispund DN 8doin3 g

s1dLIOSNUBIA JOUINY Sispund DN 8doin3 g

Huang and Davis Page 31

(a)

® = FC304
® =AuorQDs

(c)

@® -0, . = silica shell

= fluorescent mesoporous silica nanoparticle

Fig. 7.

Sc%ematic structure (a) and TEM micrograph (b) of hybrid silica nanoparticles with iron
oxide, gold and quantum dot (QD)?! satellites; (c) (d) schematic and electron microscopy
depictions of hybrid nanoparticles comprising of a Fe30,@silica body with a fluorescent
mesoporous silica nanoparticle appendage.1>4
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Fig. 8.

Sc%ematic structure (a) and TEM image (b) of Gd complex modified fluorescent silica
nanoparticles® and (c) (d) multilayered fluorescent silica nanoparticles. As the number of
layers increases, a proportional increase in rl relaxivity on a per particle basis is observed,
suggestive of significant water access through the hydrophilic multilayers.1”
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Fig. 9.

(a;gMerged confocal fluorescent image of Hela cells treated with rhodamine modified
mesoporous silica nanoparticles co-localized with various cell stains (Red: nanoparticles;
Blue: nucleus; Green: lysosomes); (b) MRI and (c) CT images of mice abdomens prior to
and 24 h post injection of the trimodal nanoparticles (Au nanoparticles coated with Gd and
cy5.5 labeled lipids). The Tq1-weighted images of livers showed a 24% intensity
enhancement post nanoparticle injection, while CT images demonstrated a 50% increase in
X-ray attenuation;25 (d) fluorescence and MRI images of particle (Gd and cy5.5 labeled
dendrimer nanoparticle) injected mouse taken from the back (arrow: injected site, mammary
fat pad on the front of the mouse; arrow head: sentinel lymph node). Left: Optical image
obtained with excitation light (615-665 nm) and detected with the emission filter set to 720
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nm. Middle: image from left shown in false color showing particle distribution. Right: MRI
image at 3T.167
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