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Abstract

As we move towards an era of personalized medicine, molecular imaging contrast agents are
likely to see an increasing presence in routine clinical practice. Magnetic resonance (MR) imaging
has garnered particular interest as a platform for molecular imaging applications due its ability to
monitor anatomical changes concomitant with physiologic and molecular changes. One promising
new direction in the development of MR contrast agents involves the labeling and/or loading of
nanoparticles with gadolinium (Gd). These nanoplatforms are capable of carrying large payloads
of Gd, thus providing the requisite sensitivity to detect molecular signatures within disease
pathologies. In this review, we discuss some of the progress that has recently been made in the
development of Gd-based macromolecules and nanoparticles and outline some of the physical and
chemical properties that will be important to incorporate into the next generation of contrast
agents, including high Gd chelate stability, high “relaxivity per particle” and “relaxivity density”,
and biodegradability.
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1. Introduction

Magnetic resonance (MR) imaging contrast agents are widely used in medical diagnostic
imaging due to their ability to improve tissue contrast and provide pathological correlates for
a wide range of diseases. While various compounds have been evaluated as MR contrast
agents, gadolinium (Gd) complexes continue to be the most widely used, and account for
essentially all of the agents being used in the clinic today. Currently, all of the clinically-
approved Gd complexes consist of individual Gd ions chelated with a low molecular weight
acyclic or cyclic ligand (Figure 1). Due to their small size, many of these agents (e.g.
Magnevist, Dotarem, DO3A) distribute throughout the intravascular and interstitial space
and are rapidly cleared via renal filtration.

The pharmacokinetics and route of excretion of several Gd complexes have been altered by
modifying the chemical properties of the Gd-chelate. For example, the presence of the
lipophilic moiety on Multienhance (Gd-BOPTA) helps drive hepatic excretion, while a
small ligand on Vasovist (MS-325, Ablavar) allows this complex to reversibly bind human
albumin in plasma, leading to a plasma half-life of 2-3h[1]. This is markedly longer than
Magnevist (t1/, of only 0.2+0.13hrs) (http://berlex.bayerhealthcare.com/html/products/pi/
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Magnevist_P1.pdf) and other clinical agents. Recent reports of other small molecules that
can promote tissue or molecular-specific targeting[2] suggest that there is tremendous room
for future developments in chelation chemistry; however, despite this promise, it is generally
accepted that small Gd complexes cannot be used to differentiate between healthy and
disease pathologies through binding of specific cell surface biomarkers. This is simply due
to the inability of individual chelates to provide sufficient contrast via this targeting
mechanism. For example, if it is estimated that a cancer cell has a volume of 1 pL (i.e. ~12.4
um diameter) and if it is assumed that each cancer cell has 1 million target receptors, the
receptor concentration will only be 1.66 nM. Therefore, even if a tumor consisted entirely of
cancer cells and all receptors were bound by Gd complexes, the concentration of Gd within
the tumor would be ~5 orders of magnitude below the detection limit - the lower detection
limit of most small Gd complexes (e.g. Magnevist) on a 1.5 T MR imaging system is
considered to be ~100 pM[3]. Similarly, even if 10’s of Gd complexes were attached to
antibodies, to confer molecular specificity, and even if there was a 10-fold improvement in
relaxivity owing to the slower rotational correlation time that results from attaching Gd to
larger macromolecules[4], the signal amplification would still be ~3 orders of magnitude too
low. This limitation has led to emerging interest in the development and use of Gd-based
nanoparticles and macromolecules as MR molecular imaging contrast agents.

Numerous nanoparticles and macromolecules have already been explored as platforms for
Gd-labeling and/or encapsulation, including polymers, proteins, dendrimers, micelles, and
vesicles[5]. The value in preparing nanoparticles/macromolecules for molecular imaging
applications stems from their ability to carry a large payload of Gd, the ease in which their
physicochemical properties can be finely tuned, which can influence their pharmacokinetic
and pharmacodynamic profiles, and the ability to readily functionalize their surface with
molecularly specific targeting agents.

Despite their promise, early work with Gd-labeled macromolecules has revealed that
translation of these agents to the clinic can be hampered by the slow, and in some cases,
incomplete excretion of these larger agents[6—8]. Moreover, while Gd-complexes are
generally considered safe when used in clinically recommended doses, there has been an
expanding body of literature linking Gd to nephrotoxicity and Nephrogenic Systemic
Fibrosis (NSF) in patients with kidney disease. It is hypothesized that prolonged tissue
exposure to chelated Gd occurs in patients with reduced renal clearance, which may allow
Gd to be released from its chelate and deposit in tissues. In response to concerns over NSF,
it is now recommended that patients with acute kidney injury (AKI) and stage 4/5 chronic
kidney disease (CKD) do not undergo Gd-enhanced MR imaging. The apparent relationship
between poor Gd excretion and NSF is particularly concerning when developing Gd-based
nanoparticles, because nanoparticles generally exhibit a much longer circulation and
retention time in patients compared with small Gd complexes. Therefore, it is anticipated
that in order to develop effective and safe Gd-based nanoparticles as MR contrast agents for
molecule imaging, it will be necessary to strike a delicate balance between adequate
circulation times for effective targeting and rapid excretion to minimize the likelihood of
toxic side effects.

In this review, we will showcase Gd-based macromolecules and nanoparticles that have
been developed for molecular imaging applications. Although a wide range of approaches
will be discussed, particular emphasis will be placed on nanoparticles that exhibit a high
relaxivity per nanoparticle, i.e. (relaxivity of Gd)x(Gd per nanoparticle), and a high
“relaxivity density”, which we define as (relaxivity per nanoparticle)/(nanoparticle volume
or molecular weight). To date, most Gd-based contrast agents are compared in terms of Gd
relaxivity. While this parameter is important for perfusion and blood pool applications,
where a higher relaxivity can mean a lower injected dose or higher contrast, it can be argued
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that it is not an appropriate yardstick for molecular imaging contrast agents. For example, if
a tumor cell has a fixed number of receptors on its surface, the binding of nanoparticles with
100,000 Gd/nanoparticle will certainly provide more contrast than binding of an individual
Gd complex to each receptor, even if the Gd complex has a higher ion relaxivity. Moreover,
since simply increasing the overall size of the nanoparticle will lead to a corresponding
increase in the relaxivity per nanoparticle, in some instances it also makes sense to
normalize to the nanoparticle volume or molecular weight to remove this potential bias and
create a fair measure for comparison. A summary of the physical and magnetic properties of
various macromolecule and nanoparticle-based MR contrast agents reported in this review
are provided in Table 1.

In addition to providing an overview of various Gd-based nanoparticles, we will begin with
a brief discussion on recent advances in the development of Gd ligands. Although individual
chelated Gd complexes cannot be used for molecular imaging applications on their own,
advances in this field are sure to benefit Gd-based nanoparticles since the relaxivity of
individual Gd complexes directly contribute to the overall relaxivity per nanoparticle and
relaxivity density.

2. Gadolinium chelates

As noted above, a number of gadolinium chelates have been approved for clinical
applications (Figure 1), all of which can be classified as either cyclic or acryclic. The
macrocyclic ligands, e.g. DOTA and DO3A, are derivatives of 1,4,7,10-
tetraazacyclododecane (cyclen) and the acryclic ligands, e.g. DTPA and DTPA-BMA, are
derivatives of polyaminocarboxylic acids. Cyclic ligands are more stable in comparison to
acryclic ligands, with [Gd(DOTA)]~! exhibiting an in vitro stability that is five orders of
magnitude higher than [Gd(DTPA)]~2 and an exceedingly slow metal ion dissociation even
at very low pH[9]. Therefore, it is no surprise that NSF has almost exclusively been linked
to linear Gd chelates. For example, while over 8 million patients have been injected with the
cyclic compound Gd-HP-DO3A/gadoteridol/Prohance® (http://usa.braccoimaging.com/
prohance/prohance.html), there is only one reported case of NSF associated with gadoteridol
use alone[10, 11]. Further, there are no reported cases of NSF in patients that received Gd-
DOTA/gadoterate/Dotarem®[10]. Therefore, from a safety perspective, DOTA is certainly
the recommended choice for use in Gd-based nanoparticles.

To allow for lower injected doses of Gd and/or improve Gd-mediated contrast, numerous
groups have been working towards developing Gd ligands with improved relaxivity (Figure
2). The predominant approach involves synthesizing ligands that allow a higher number of
water molecules to coordinate with Gd. For example, Raymond et.al. published a new class
of ligands based on hexadentate hydroxypyridinone (HOPO), which almost doubles the
relaxivity compared with DTPA and DOTA, due to its ability to coordinate a second inner
sphere water molecule[12]. Similarly, Aime et. al. developed a polyaminocarboxylate based
contrast agent [GA(AAZTA)]™1, which also permits more than one inner-sphere water,
resulting in a relaxivity value of 7.1 mM~1s™1 at 20 MHz and 25 °C[13]. However, in both
cases the reduction in the number of donor atoms in the chelating ligands decreases the
thermodynamic and kinetic stability of the chelates[14] thus raising concerns over toxicity in
clinical applications.

In an alternative approach, the relaxivity of chelated Gd has also been improved by
increasing the water exchange rate. This has been achieved by introducing steric constraints
on the water-binding site. In the complex [Gd(EGTA)]™! (EGTA=3,12-
bis(carboxylmethyl)-6,9-dioxa-3,12-diazatetradecanedioate), the ethyl group bridging the
two coordinating oxygens causes a steric compression around the water binding site[15, 16].

Curr Top Med Chem. Author manuscript; available in PMC 2013 September 04.


http://usa.braccoimaging.com/prohance/prohance.html
http://usa.braccoimaging.com/prohance/prohance.html

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang and Tsourkas

Page 4

This destabilizes the metal bound water molecule, thus resulting in an accelerated exchange
rate. The [GAd(EGTA)] ! derived contrast agent showed an enhanced relaxivity of 7.0
mM~1s~1 at 20 MHz and 25 °C[15]. Although [Gd(EGTA)]~! demonstrated much higher
relaxivity than commercially available contrast agents, EGTA suffers from poor
thermodynamic stability. More recent studies have suggested that stability can be improved
through the replacement of carboxylate groups with phosphonates or by introducing
aromatic moieties into the oxoethylenic bridge[17, 18]. These modifications also enable the
possibility of nanoparticle conjugation.

A new complexation method that leads to a dramatic improvement in Gd relaxivity over
current commercial chelates involves entrapping Gd in a fullerene, i.e. buckyball. The first
metallofullerene was designated as Gd@Cgy, with @ indicating the incorporation of Gd3* in
the interior of the fullerene[19]. To increase the water solubility, Mikawa et. al. modified the
exterior of the fullerene with the hydroxyl groups to produce Gd@Cgp(OH),, (Gd-
fullerenols). Elementary chemical analysis indicated that fullerenol has 30-40 hydroxyl
groups and 11-15 coordinated water molecules via hydrogen bonds[20], and
Gd@Cgy(OH),4o demonstrated a 20-fold higher relaxivity than that of Gd-DTPA at 1T[21]
(r1= 67 mM™1s1 at 0.47T, 25°C). Interestingly, this high relaxivity was not produced by
direct interaction between the bulk water molecules and the gadolinium ion. Electron energy
loss spectroscopy (EELS) results indicated the high relaxivity was caused by the
paramagnetic electronic structure of the metallofullerene as a result of a 3-electron transfer
from gadolinium to the fullerene cage[20, 22]. Thus, the hydrogen bond protons of the water
molecules on the metallofullerene surface undergo relaxation. Gd-metallofullerene is
expected to possess a high biological safety in regards to Gd-mediated toxicity, since Gd
ions are entrapped within a stable carbon cage. Several recent studies have also shown that
cells can be labeled with GAd@Cgo[C(COOH)]1¢ With no major adverse effects reported,
making them an interesting candidate for molecule imaging studies[23, 24].

3. Macromolecular Contrast Agents

3.1 Linear Polymeric Macromolecules

Early macromolecular contrast agents utilized linear natural or synthetic polymers, i.e.,
protein human serum albumin, HSA), polyamino acids (poly(L-lysine)), or oligosaccharides
(dextran) as platforms for Gd labeling (Figure 3). The primary advantages of using proteins
include their homogeneity and their availability/abundance. The primary disadvantage for
molecular imaging applications is their limited capacity for labeling with Gd, e.g., HSA
contains 57 lysines and a typical synthesis yields only 20 to 35 molecules of Gd per
albumin. In addition, the use of foreign proteins can elicit an immunogenic response[8, 25].
Consequently, linear synthetic polyamino acids, such as Gd-DTPA polylysine[26-28],
polyglutamic acid[29], and poly(N-hydroxypropyl-L-glutamine)[30] have generally
garnered more attention as macromolecular MR contrast agents. For comparison, polylysine
of the same molecular weight as HSA has more than 500 lysine residues that are accessible
for conjugation and even higher molecular weight chains are available (>400 kDa) if higher
Gd payloads are required. The large capacity for Gd labeling per macromolecule makes
polyamino acids very attractive for MR molecular imaging applications. Attachment to
polyamino acids also prolongs the blood circulation time[28] and increases the relaxivity of
Gd due to a slower rotational correlation time. For example, polylysine with a molecular
weight of 480kDa has a blood half life of 429 minutes[28] and the attached Gd has a
relaxivity of 10.8 mM~1s71 (0.4T at 39°C)[31]. Recently, it has been shown the folate-
conjugated, Gd-labeled polylysine can be used to specifically detect folate receptor
expression in murine tumor xenografts[32]. Notably, the plasma half-life of polylysine can
be extended through the addition of MPEG (i.e. grafted co-polymer); however, animal
studies revealed that these compounds exhibit incomplete excretion after 12 days[7].
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Similar to polyamino acids, polysaccharides also provide an intriguing linear platform for
carrying high Gd payloads[33, 34]. Dextran is a water soluble and biodegradable
polysaccharide that has been used medicinally as an antithrombotic and volume expander in
anemia[35]. It has been shown that a 165kDa dextran can be labeled with as many as 187
Gd per molecule. In a separate study, it was shown that the relaxivity of Gd following
conjugation to dextran (75 kDa) was 10.5 mM~1s71 (0.25T, 37°C)[36]. Therefore, it can be
roughly approximated that the resulting relaxivity density can be at least ~26.18 mM~1s~1/
kDa[34]. Unfortunately, dextran does suffer from a high degree of polydispersity, which
makes it difficult to repeatedly prepare identical formulations. Moreover, anaphylactic
reactions have been noted for higher molecule weight dextrans[37, 38]. Other
polysaccharides that have also been evaluated as MR contrast agents include inulin,
hydroxyethyl starch, and chitosan oligosaccharides[39-41].

Another synthetic approach that has been used to create macromolecules with high Gd
payloads, involves the direct tethering of Gd chelates, i.e. cascade polymers[42], or the
formation of linear copolymers whereby PEG, polypropylene glycol (PPG)[43], or cystine
linkers[44, 45] are placed between monomeric chelate units (Figure 3). These compounds
have typically been synthesized with molecular weights below 50 kDa; however, larger
constructs could be created for molecular imaging applications if so desired, although this
will likely come at the cost of increased polydispersity. In general, the relaxivity density of
cascade co-polymers can be fairly high, considering the low amount of extraneous materials
used in the preparation. For example, cascade-Gd-DTPA-24 (~30kDa) is composed of 24
Gd chelates and the relaxivity per Gd is 10 mM~1s™1 (2T, 37°C)[42, 46]. Therefore, the
relaxivity per macromolecule is 240 mM~1s~1 and the relaxivity density is 8 mM~1s1/kDa.
Since some current formulations can only be functionalized with targeting ligands at the
termini, additional chelation chemistry may be required to allow for higher labeling with
targeting agents. Nonetheless, linear co-polymer chains do provide an interesting direction
for future research.

One particularly valuable characteristic for most of the linear macromolecules discussed in
this section is their ability to be degraded into smaller units and cleared. For example, it has
been shown that lysosomal enzymes (e.g. cathepsin B) can degrade poly(L-glutamic acid)
back to individual units of L-glutamic acid[29]. Similarly, it has been shown that Gd-labeled
polydisulfide-based co-polymers (cystine linkers) are slowly reduced in circulation[42, 44,
45, 47-51], while still generating significant contrast enhancement in the blood pool for as
long as ~0.5 hours.

3.2 Dendrimers and Dendrimer Nanoclusters

Dendrimers have become a popular platform for constructing multifunctional agents for
therapeutic and diagnostic purpose due to their defined structure, the ability to tightly
control dendrimer size and the presence of multivalent surface groups[52]. The high density
of surface groups is particularly appealing for the development of highly paramagnetic Gd-
based contrast agents for molecular imaging (Figure 4). For example, a generation 10
PAMAM dendrimer has a total of 4096 amines that are available for possible conjugation
with Gd chelates. In one report, generation 10 dendrimers were labeled with 1860 Gd, with
each Gd possessing a relaxivity of 36 mM~1s71[53]. Therefore, the relaxivity per
nanoparticle was 66,960 mM~1s~1 and the relaxivity density was 22.3 mM~1s~1/kDa.

Recently, a new approach for the preparation of bifunctional DOTA and DTPA chelates was
reported, which further enhanced the relaxivity of Gd-labeled dendrimers and reduced the
possibility of free Gd ions from becoming entrapped within the dendrimer core during the
chelation process. This method pre-complexed the gadolinium chelates in alcohol prior to
conjugation to dendrimers (pre-metalation), thus the free metal ions could easily be removed
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prior to dendrimer labeling. In comparison to the analogous G4 dendrimer-based agent
prepared by the post-metalation method, the agent prepared via the pre-metalation method
demonstrated a higher Gd relaxivity value (r;= 26.9 vs 13.9 mM~1s71 at 3T and 22 °C)[54,
55].

While generation 10 dendrimers have not yet been tested as targeted MR contrast agents,
generation 4 and 5 PAMAM dendrimers (64 and 128 surface amines, respectively) have
previously been used to image folate receptor expression in tumor xenografts[56, 57].
Although generation 5 dendrimers typically possess a total relaxation per nanoparticle
(Table 1) that is below the expected threshold for molecular imaging, it is hypothesized that
these targeted contrast agents may have benefited from receptor-mediated internalization
and recycling, thus providing a natural signal amplification mechanism, i.e. the same
receptor can continually internalize new dendrimers[57].

It is reasonable to assume that improved tumor contrast could have been achieved if higher
generation dendrimers were utilized in the above studies; however, high generation
dendrimers (>10) are often difficult to prepare owing to the many protection/deprotection
steps and the lowering yields associated with each new generation. The solubility of high
generation dendrimers can also be problematic. These shortcomings have recently led to the
development of dendrimer nanoclusters (DNCs)[58]. DNCs are composed of individual
gadolinium-labeled PAMAM dendrimers that are crossed-linked to form large nanoparticles
(Figure 4). This design allows for the use of low generation dendrimers, which are easier to
synthesize and solubilize, but also benefits from a large number of surface groups for Gd
labeling, which are only available with larger nanoparticles. The overall DNC size and
porosity can also be adjusted by altering the synthetic conditions and linker length,
respectively, to ensure high water permeability[58]. Because of their larger size, DNCs
exhibit a higher rq value per gadolinium in comparison to individual gadolinium-labeled
PAMAM dendrimers (12.3 vs. 10.1 mM~1s™1 for generation 5 dendrimers). Further, it has
been shown that a 150 nm DNC can be labeled with ~300,000 gadoliniums. Therefore, on a
per particle basis the r;= 3.6x106 mM~1s71 at 1.41T and 40°C. Due to their high relaxivity,
DNC:s functionalized with folic acid were capable of specifically detecting folate receptor-
positive tumors in mouse xenografts. More recently, it has been shown that biodegradable
polydisulfide DNCs can also be formed, through the use of PEG-disulfide linkers[59]. These
agents exhibited a serum half-life of 1.6 hrs and low tissue retention at 24 hours. Therefore,
these agents present an exciting direction for future molecular imaging applications.

3.3 Liposomes and Polymersomes

Liposomes have been transformed into paramagnetic contrast agents by either encapsulating
chelated Gd within the aqueous lumen or by immobilizing the chelated Gd on the membrane
surface. Although, liposomes with encapsulated Gd-chelates have previously been used for
contrast-enhanced MR imaging, the slow flux of water across the membrane bilayer does
impair the water exchange rate with encapsulated Gd and thus leads to a significant
reduction in relaxivity[60]. This can be partially overcome by increasing the surface-to-
volume ratio (i.e., decreasing the size of the vesicle); however, even liposomes that are 100
nm in diameter exhibit a relaxivity (per Gd) that is 62% lower than free chelated Gd[60, 61].
Cholesterol, which is generally required to increase the stability of liposomes, further
reduces the relaxivity of encapsulated Gd[62]. Therefore, the immobilization of chelated Gd
on the surface of the bilayer membrane has become the preferred embodiment for vesicle-
based MR agents, since surface-bound Gd has much better water accessibility than
encapsulated Gd. Further, an additional advantage of attaching chelated Gd to the
nanovesicle surface is the enhancement in the rq per Gd[63], which has been attributed to the
slowed rotational correlation time, compared with free chelated Gd in solution.
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The idea of developing nanovesicles with encapsulated Gd was recently revisited with the
development of paramagnetic porous polymersomes (Figure 4). The foreseen advantage of
loading chelated Gd within the intravesicular volume was that much higher Gd payloads
could be obtained, and thus higher relaxivities per particle - if improved water permeability
could be achieved[64]. Compared to liposomes, polymersomes possess several beneficial
properties, including increased mechanical stability[65, 66] and the ability to be finely tuned
through polymer selection, to yield vesicles with diverse functionality, i.e biodegradability,
biocompatibility, elasticity, etc. However, most polymersomes are significantly less
permeable to water than liposomes[65]. Therefore, membrane permeability was achieved by
introducing pores into the vesicle bilayer[67, 68]. Two different approaches have been taken
to create porous polymersomes. In the first approach, polymersomes were produced from
the aqueous assembly of polyethylene oxide-&-polybutadiene, PEO-PBD, in the presence of
a small percentage of phospholipids. The polymers were crosslinked using a chemical
initiator and the phospholipids was extracted with surfactant, generating a highly porous
outer membrane[68]. In a second approach, the porous polymersomes were produced
through the aqueous assembly of two polymers, PEO-PBD and the hydrolytically-labile
diblock copolymer, polyethylene oxide-b-polycaprolactone (PEO-PCL)[67]. Subsequent
acid hydrolysis of the caprolactone block resulted in a permeable outer membrane. For both
porous vesicles, paramagnetic agents were produced by encapsulating chelated-Gd. To
prevent the small Gd-chelates from leaking through the porous membrane, Gd-chelates were
attached to dendrimers prior to their encapsulation. It was found that the porous
polymersomes, 130 nm in diameter, had an ry relaxivity value of 7.5 mM~1s™1 per Gd. For
comparison, non-porous vesicles with Gd-DTPA encapsulated within the lumen had an ry of
1.7 mM~1s71 per Gd. Further, it was estimated that there were ~40,000 Gd per
polymersome. Therefore, the resultant relaxivity (r{) per porous polymersome was
calculated to be ~3 x 105 mM~1s71,

The pharmacokinetics of the paramagnetic porous polymersomes revealed a circulation half-
life of > 3.5 h, which is considerably shorter than the half-life of analogous
polymersomes[69] (t1/» > 15h). Further, biodistribution and MR-enhancement studies
indicated that the porous polymersomes were gradually destabilized in circulation and
excreted via renal filtration.

3.4 Micelles and Nanoemulsions

One interesting approach that has recently been taken to create high relaxivity
macromolecular contrast agents involves developing Gd-labeled amphiphilic compounds
that can self-aggregate into micellar nanoparticles[70]. The hydrophobic blocks are
orientated toward the core of the particles, while the hydrophilic moieties (i.e. Gd-chelates)
are exposed to the solvent. Micelles formed in this manner exhibited a relaxivity of 18.01
mM~1s71 on a per ion basis (20MHz, 25°C). A 10% increase in relaxivity was observed
following the incorporation of cholesterol into the hydrophobic interior, due to the increased
rigidity and reduced rotational flexibility of the chelated Gd.

A higher relaxivity of 22.6 mM~1s71 and 24.2 mM~1s71 (at 20MHz and 25°C) was achieved
when amphiphilic Gd-chelates were derived from DTPA and DOTA[71, 72]. Botta et. al.
reported the synthesis of a Gd-DOTA derivative functionalized with two hydrophobic chains
on adjacent pendant arms [Gd-(DOTA(GAC)12)2][73]. This compound exhibited
remarkable relaxivity values when embedded into micelles (r1= 34.8 mM~1s71 at 20MHz
and 25°C), since the presence of two aliphatic chains on adjacent acetic arms greatly
reduced the fast rotation of the Gd-chelates.

Highly paramagnetic micelles have also been created through post labeling of pre-formed
micelles. For example, 38 nm micelles formed from the diblock copolymer poly(acrylic
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acid)-b-poly(methyl acrylate), also known as shelll-crosslinked knedel-like (SCK)
nanoparticles, were labeled with 510 Gd atoms (Figure 4). The Gd relaxivity in these
formulations was 39 mM~1s71 (0.47 T and 40°C) and the relaxivity on a per particle basis
was 19,890 mM~1s1[74].

Perfluorocarbon (PFC) nanoemulsions represent another promising platform whereby
amphiphilic compounds were labeled with Gd (Figure 4); in this case Gd-labeled
phospholipids were used to stabilize PFC emulsions in an aqueous environment. The
presence of Gd on the outer surface of the nanoemulsion and PFC within the core[75, 76],
allowed these agents to be used for both T4- and fluorine-imaging. The first generation of
paramagnetic PFC nanoemulsions (250 nm) utilized the amphiphile, Gd-DTPA-BOA
(gadolinium-diethylenetriamine-pentaacetic acid bis-oleate), and carried Gd payloads of up
to 100,000 per particle[75]. Substitution of the twin oleic acids with a naturally occurring
membrane phospholipids (phosphatidylethanolamine, PE) to anchor the Gd chelated to the
outer lipid monolayer enhanced the Gd relaxivity from 17.7 mM~1s1 to 33.7 mM1s71
(1.5T at 37 °C)[77]. To reduce any potential toxicity, gadolinium-methoxy-DOTA-PE based
nanoparticles were also developed. These macrocyclic DOTA-based PFC nanoemulsions
diminished the transmetalation of gadolinium in the presence of ZnCl, in comparison to the
acryclic DTPA-based particles[78]. Following these improvements, PFCs have been
reported to possess relaxivities as high as 2.48x10% mM~1s~1 on a per particle basis. This
high relaxivity has allowed these agents to be used for a variety of molecular imaging
applications, including the imaging of tumors, atherosclerotic plaques, and restenosis[79-
81].

3.5 Silica Nanoparticles

Mesoporous silica nanoparticles (MSNSs) represent another interesting nanoplatform for Gd
labeling due to their uniform mesopores, biocompatibility and functionality[82, 83]. The
large surface area that results from the highly porous structure allows for the loading of high
Gd payloads. Silica nanoparticles with different sizes and shapes have been reported as
contrast agents. For example, the mesoporous silica SBA-15 has been used to create rod-like
particles (600-700 nm) with 80 A pores[84], while MCM-41 has been used to create
spherical nanoparticles (20-50 nm) with 35 A pores. Interestingly, despite their smaller
pores, MCM-41 MSNss actually demonstrated a higher relaxivity (r;=27+2 mM~1s71, at 20
MHz and 37°C) than SBA-15 MSNs (6.7+0.3 mM~1s71), after conjugation with Gd-
DOTAMA. It was hypothesized that these findings stem from the localization of the Gd-
complex on the inner or outer surface of the MSN, which is largely dictated by the pore size.

3.6 Gd Oxide Nanoparticles and Gd-loaded nanotubes

Recently, there has been increasing interest in the use of magnetic inorganic particles, e.g.
Gd,03 and Gd-loaded nanotubes, as MRI contrast agents. Small nanoparticle Gd,O3
(SPGO), with diameters between 20 and 40 nm, were found to possess Gd relaxivities
comparable to Gd-DTPA chelates[85]. Ultrasmall nanoparticle Gd,O3 (USPGO), with
diameters between 3 to 10 nm, exhibited twice the relaxivity compared to Gd-DTPA[86].
Considering the tight packing of Gd within Gd,O3 nanoparticles (200 Gd per 3 nm
particle[87]), these nanoparticles present an interesting research direction; however,
concerns over the release of free Gd3* ions may inhibit their clinical utility. Recent efforts
focused on coating Gd,O3 with various materials, in order to reduce the potential toxicity,
presents a possible solution, but the presence of non-chelated Gd does remain
worrisome[88].

Similar concerns limit the translatability of Gd-loaded nanotubes, but their interesting
magnetic properties do warrant at least a brief discussion. Gd-loaded nanotubes are
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constructed by chemically cutting single-wall carbon nanotubes (SWNTS) into ultra-short
nanotubes (20-100nm, US-tubes)[89]. The exterior of the US-tubes provide a versatile
scaffold for the conjugation of targeting ligands, while the interior space is used to
encapsulate Gd ions. The first carbon nanotube-based contrast agent called “gadonanotube”
was reported by Sitharaman et. al. (Figure 4)[90]. These Gd3*,@US-tubes are linear
molecular magnets with Gd ion relaxivities as high as 180 mM~1s71 (60 MHz, 40 °C). This
high relaxivity is due to the formation of small clusters of 3 to 10 Gd within sidewall
defects, which exhibit superparamagnetic properties. Each nanotube contains approximately
100 Gd ions[91]. Surface modification and functionalization with various amino acids and
peptides have promoted the development of gadonanotubes as targeted MR contrast
agents[92]; however, as noted above, the release of hon-chelated Gd into circulation remains
a potential concern.

3.7 Natural biological nanoparticles

Virus-like particles (VLPs) are a special class of multimeric proteins that form protein shells
with an empty interior space. These highly ordered and nanoscale protein building blocks
make VLPs an interesting platform for developing multifunctional agents owing to their
highly uniform core-shell structure and the high density of chemically reactive groups on the
outer surface. VLPs derived from the coat of the bacteriophage were functionalized with
chelated Gd and poly(ethylene glycol) (PEG) units. VLPs composed of MS2 capsids were
labeled with as many as 515 Gd, with each Gd exhibiting a relaxivity of 14 mM~1s71, The
relaxivity per VLP was 7200 mM~1s~1 (1.5 T)[93, 94]. Notably, the polymer assembly on
each VLP does not significantly restrict water exchange between the bulk water and VLP
interior, as was seen in some polymersomes and liposomes, which makes Gd encapsulation
a viable approach.

Recently, bacteriophage P22-based VVLPs were modified with the primary amine rich
polymer, AEMA, to further increase the number of functional groups on the VVLP surface.
P22439c-XxAEMA-Gd nanoparticles exhibited a relaxivity of 22.0 mM~1s™1 (1.4T) per Gd
ion. Further, the ability to functionalize each VLP with 9,100+800 Gd led to an rq of
200,000 mM~1s71 per P22,39.-XxAEMA-Gd nanoparticle, which surpasses the previously
reported VVLPs[95, 96].

Similar to VLPs, lipoproteins are natural biological nanoparticles that have been used as a
nanoplatform for Gd-labeling. Lipoproteins are composed of a phospholipid monolayer
encapsulating a hydrophobic core. Both high-density lipoproteins (HDLs) and low-density
lipoproteins (LDLs) have been extensively studied as nanoplatforms owing to their
important physiological functions. For example, due to the nature of HDL to transport
cholesterol from the peripheral tissue to the liver, HDL nanoparticles have been developed
to target hepatocytes and atherosclerotic plaques[97]. LDL nanoparticles have been
developed as MRI contrast agents for malignant cells expressing LDL receptors[98].
Amphiphilic gadolinium-DPTA chelates have been incorporated into lipoproteins to produce
lipoprotein-like nanoparticles. Zheng et. al. reported that 150 to 496 Gd could be
incorporated into each LDL nanoparticle[99]. For an LDL nanoparticle containing 180
amphiphilic Gd chelates, the ry per Gd was 7.9£0.22 mM~1s71 at 60 MHz - thus the rq per
LDL particle was estimated to be 1440 mM~1s71. In vitro studies showed that LDL-like Gd
nanoparticles retained a similar hydrodynamic size and surface charge as the natural LDL
particle and retained selective cellular binding and uptake. The design of this biocompatible
nanoplatform greatly expands the possible application of lipoprotein nanoparticles in
diagnostic imaging.
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4. Conclusion and future outlook

Currently, all clinically-used Gd-based contrast agents are monomeric Gd(l11) chelates;
however, over the last decade, Gd-based nanoparticles and macromolecules have garnered a
high degree of interest as molecular imaging agents due to their ability to carry high Gd
payloads and their versatile composition. However, when designing nanoparticles for
imaging applications, one must keep in mind the chemical and biological limits for MR
imaging. Attempts to maximize the gadolinium payload and increase the rotational
correlation time by increasing molecular weight are often compromised by low water
solubility, lack of scalability, poor pharmacokinetics, and protracted elimination. Although
great progress has been made in overcoming these hurdles, many challenges still remain
before Gd-based nanoparticles can become a viable option for clinical use. As we continue
to move towards an approach of “personalized medicine”, molecular imaging will
undoubtedly become a vital part of routine patient management and Gd-based nanoparticles
offer an exciting opportunity to fill this need.
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Figure 1.

Clinally-approved and clinically-tested Gd-based contrast agents. All relaxivity values were
acquired at 20 MHz, 310K.
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Examples of Gd ligands that exhibit improved rq relaxivity, compared with current
clinically-approved agents. All relaxivity values were acquired at 20 MHz, 298K.
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Examples of Gd-labeled macromolecules that have been developed as contrast agents for
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Examples of Gd-based nanoparticles that have been developed as contrast agents for

magnetic resonance imaging.
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