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1. Introduction

Magnetic resonance imaging (MRI) is a widely used
medical imaging technique to visualize the structure
and function of the body. Compared with other imaging
techniques, such as computed tomography (CT), MRI has
no radiation harm and provides great contrast between
different soft tissues, making it widely used in neuro-
logical, musculoskeletal, cardiovascular, and oncological
imaging [1]. To further improve the contrast of the imag-
ing, MRI contrast agents (CAs) are generally needed to
enhance the image contrast between normal and diseased
tissues, and to indicate the status of organ function or
blood flow. Currently, nearly half of all MRI studies are
contrast enhanced, and the degree of contrast utilization
is expected to increase in the future [2]. In 2006, contrast
media (all imaging types) accounted for a total of $1.57
billion in revenue in the United States alone, $364 million
(23%) of which was from sales of MRI CAs [2]. The develop-
ment of novel MRI CAs remains an active area of research,
with many new CAs currently in preclinical developments
or in clinical trials [3].

Paramagnetic transition metal ion chelates (mainly
gadolinium (Gd) chelates) and superparamagnetic iron
oxide nanoparticles are the most widely studied and
used MRI CAs. Paramagnetic transition metal ion chelates
increase the signal intensity by decreasing the longitudinal
(or spin-lattice) relaxation time (T;) of H,0. Many acyclic
and macrocylic polyaminocarboxylate-Gd3* chelates with
various structures, shown in Fig. 1, have been clinically
used [3]. In addition to them, a variety of chelates with dif-
ferent structures and functions have been reported as MRI
CAs for various applications. The design, structure, theory,
dynamics, and applications of small molecule MRI CAs with
different ligands and transition metal ions can be found in
recently published, high-quality reviews [1,4-7].

In contrast, the superparamagnetic nanoparticles that
consist of specific iron oxide cores coated with macro-
molecular materials including dextran, carboxydextran,
chitosan, starch, heparin, albumin and polystyrene,
decrease the signal intensity by shortening transverse
relaxation time of H,O (T, ) [8]. Three iron oxide nanoparti-
cle CAsincluding Feridex, Endorem, and Resovist have been
approved for clinical use as liver-specific CAs. A detailed
introduction of iron oxide nanoparticle CAs is available in
recent reviews [9-11].

Currently, the development of MRI CAs is mainly
focused on searching for CAs with high relaxivity, low
toxicity, and tissue- or tumor-targeting capabilities. MRI

CAs, i.e., Gd3* chelates, conjugated with macromolecules,
referred to as macromolecular CAs (mCAs), have shown
great potential in improving contrast efficiency, providing
tissue- or tumor-targeting capability, as well as conferring
new functions for MRI. An increasing number of reports
on the synthesis, structures, properties and applications of
mCAs have been published [12-17], and several mCAs are
undergoing clinical trials. The goal of this review is to sum-
marize the research in this field and discuss the prospective
directions for MRI mCAs.

2. Macromolecular effects on MRI CAs
2.1. Enhancing relaxivity (r7)

Gd-based CAs play a role in MRI by increasing the lon-
gitudinal (or spin-lattice) relaxation rate (1/T;) of H,O
protons, which is linearly dependant on the concentration
of Gd chelates [Gd]. The capability of increasing the 1/T; of
H,0 protons for a CA is expressed in terms of relaxivity, rq,
which is defined as the slope of this dependence in a unit of
mM~1s-1(Eq.(1)). The ry is determined by both the nature
of the CAs and the condition of the measurement [6].

(rli)obsd = (%)d”ﬂcdl (1)

The origin of paramagnetic relaxation enhancement is
generally divided into two parts, inner-sphere and outer-
sphere (Eq. (2)). The inner-sphere relaxation refers to the
relaxation enhancement of H,O directly coordinated to
the transition metal, the outer-sphere relaxation refers to
relaxation enhancement of H,O in the second coordination
sphere and beyond (i.e., bulk H,0) [3,6].

(%), = (B ™ (%) @
T, p T1 / inner sphere T1 / outer sphere

The longitudinal relaxation contribution from the inner-
sphere mechanism is determined by the number of H,0
molecules coordinated on Gd3*, the exchange rate of H,0
molecules between the coordinated H,0 and bulk H, 0O, and
the relaxation time of the bound H,O0, as shown in Eq. (3)
[3,6].

() _Pwa .
T1 / inner sphere Tiv + v

where Py is the mole fraction of Gd3*, Tyy is the relax-
ation time of the coordinated H,O on Gd3*, t) is the
residence lifetime of the coordinated H,O. The Ty, is given
by the Solomon-Bloembergen equations, which represent
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Nomenclature
MRA magnetic resonance angiography
1/Ty longitudinal (or spin-lattice) relaxation rate MRI magnetic resonance imaging
1/T, transverse relaxation rate MRL micro-magnetic resonance lymphangiogra-
1B4M  2-(p-isothiocyanatobenzyl)-6-methyl- phy
diethylenetriaminepenta acetic acid MVD microvessel density
A549 human lung carcinoma cell line OAS octasilsesquioxane

AIBN azobisisobutyronitrile

BSA bovine serum albumin

BxPC3  orthotopic pancreatic cancer model
CAs contrast agents

CcD [B-cyclodextrin

CMDA  dextran
CMHES carboxymethyl hydroxyethyl starch

CP conjugated polymer

DAB poly(propylene imine) dendrimer with 1,4-
diaminobutane

DACHPt (1,2-diaminocyclohexane)platinum (II)

DCE dynamic contrast-enhanced

DCE-MRI dynamic contrast-enhanced MR imaging

DDS drug delivery system

DNC dendrimer nanocluster

DOTA-Gd3* 1,4,7,10-tetraaza cyclododecane-
1,4,7,10-tetraacetic acid Gd3* chelate

DTPA-Gd3* diethylenetriaminepentaacetic acid
Gd3* chelate

DTPA-OSU N-hydroxysuccinic acid DTPA ester

EA esteramide

EPR enhanced permeability and retention
G generation
Gd gadolinium

Gd-BOPTA gadobenate dimeglumine

Gd-BT-DO3A gadobutrol

GDCC  (Gd-DTPA)-cystamine copolymers

GDCEP (Gd-DTPA)-cystine diethyl ester copoly-
mers

GDCP  (Gd-DTPA)-cystine copolymers

Gd-DOTA gadoterate

Gd-DTPA gadopentetate dimeglumine

Gd-DTPA-BMA gadodiamide

Gd-DTPABMEA gadoversetamide

Gd-EOB-DTPA Eovist/Primovist

Gd-HP-DO3A gadoteridol

H22 hepatoma

HAS human bovine serum albumin
HB hyperbranched
Hela human cervical carcinoma cell line

HOPO  1-Me-3,2-hydroxypyridinonate
HPMA  N-(2-hydroxypropyl)methacrylamide
HPTP 5-(p-carbonyloxy phenyl)-10,15,20-

triphenylporphyrin

HSA human serum albumin

IC-50 half maximal inhibitory concentration of a
substance

Ktrans permeability values

Lu letutium

mCA macromolecular contrast agent

MIP maximum intensity projection

MPEG-PL PEG and polylysine block copolymer

P(Glu) poly(glutamic acid)

PAA poly(acrylic acid)

PAMAM poly(amidoamine) dendrimer

PEG polyethylene glycol

PEI poly(ethylene imine)

Peptide T7 sequenced HAIYPRH

PER pentaerythritol

PG poly(glutamic acid)

PG-b-PLA poly(L-glutamic acid)-b-polylactide
PG-NH, amino-functionalized polyglycerol
PHPMA poly[N-(2-hydroxypropyl)methacrylamide]
PL polylysine

PLG poly(L-glutamic acid)

PLL poly(L-lysine)

PMA poly(methylacrylate)

PMAA  poly(methacrylic acid)

PO polyornithine

PPI poly(propylene imine) dendrimers
1/T; longitudinal (or spin-lattice) relaxation rate
PSI polysuccinimide derivatives

q number of coordinated water

r longitudinal (or spin-lattice) relaxivity
) transverse relaxation relaxivity

RES reticulo-endothelial system

SCK shell-crosslinked nanoparticle

ti;2 blood elimination half time

Tf transferrin

Tfg transferrin receptor

THF tetrahydrofuran

TREN  tris(2-aminoethyl)amine-2,3-
dihydroxyterephthalamide disulfide

™ exchange rate

the sum of dipolar (“through-space”) and scalar, or contact
(“through-bonds”) contributions (Eq. (4)) [3,6].

1 _2V,2g25((5+1)/32)[ 77 37, ]
(

_— = +
Tivw 15 r6 1+w2t?)  (1+witd)
2 A\? Te
+ZsSs+1(2) | —E— 4
355+ )(n) {(1-1—(052&2)} )

where y; is the proton gyromagnetic ratio, g is the elec-
tronic g-factor, S is the total electron spin of the metal ion,
B is the Bohr Magneton, r is the proton-metal ion distance,
wy and ws are the electronic and proton Larmor precession
frequencies, respectively, and A/h is the electron-nuclear
hyperfine coupling constant. The dipolar and scalar relax-
ation mechanisms are modulated by the correlation times
7. and 7, as given by Egs. (5) and (6):

1 — L + l + l (5)

Tt Tie ™ TR
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Fig. 1. Commercially available Gd3* chelate MRI contrast agents. Reprinted from [3].

© 2010 with permission from ACS.
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where Tj, is the longitudinal electron spin relaxation time,
T is the H, O residence time as mentioned above, and ty is
the rotational tumbling time of the entire metal-H,O unit.
Rotation is perhaps the most critical variable in these equa-
tions. It was recognized early that the rotational correlation
time of small Gd(III) chelates was the dominant contributor
to the effective correlation time 7. [3,6].

The conjugation of MRI CAs onto a macromolecule can
efficiently retard the rotational motion of the complex and
increase g and thereby 7., substantially increasing ry. For
example, DTPA-Gd3* conjugated to polylysine chains with
the molecular weights ranging from 3.3 up to 102 kDa had a
r1 2.5 times higher than that of DTPA-Gd3* alone (measured
at 2.4T), and the chain length did not significantly affect
the r; [18]. The polymer property, especially, the rigidity,
strongly affects the enhancement of the relaxivity for the
mCAs. The rigid polymers can retard rotational motion of
the complex more efficiently, and can therefore enhance
the r; of CAs more significantly than the flexible polymers.

For instance, Langereis et al. conjugated DTPA-Gd3*
onto rigid poly(propylene imine) dendrimers (PPI, also
abbreviated as DAB in some references, Fig. 2) [19,20] at

different generations as mCAs. As shown in Fig. 3, the
r1 of the PPI-conjugated DTPA-Gd3* increased as the PPI
generation and thereby the rigidity increased. The fifth-
generation (G5) PPI-CA displayed the highest ionic ry (per
Gd) of 19.7mM~1s~1, which was 4.7 times the ionic r; of
DTPA-Gd3* [21]. However, the flexible polyethylene gly-
col (PEG) had very little effect on the rotation correlation
times of the Gd3* chelates and therefore there was only a
slight enhancement of their relaxivity, because the poly-
mer contributed an almost negligible additional rigidity to
the structure [22,23]. For example, the linear copolymers
of Gd-DTPA-PEG with molecular weight ranging from 10 to
83kDa had ar; of 6,0mM~1s~1 at 37°C and 20 MHz, only
slightly higher than that of DTPA at same temperature and
magnetic field.

Conjugation with polymers may reduce the number
of the coordinated H,O molecules (q) and slower the
exchange rate between the coordinated H,O and bulk
H,O (i.e., increase the t); of CAs). Therefore, polymer
carriers, may actually decrease rqy [24]. For example, when
PEG was introduced to a rigid dendrimer conjugated
with DOTA-Gd3*, the PEG chains reduced the number
of coordinated H;O molecules and increase the 1), of
the dendritic mCA, and therefore, the r; decreased from
16.9mM-1s1 to 13.7mM~1s~1 [24]. Doble et al. found
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Fig. 2. PPl dendrimer with 1,4-diamine butane core (generation 4).

that in a non-polyaminocarboxylate Gd chelate, two
H,0 molecules were coordinated to the Gd3* ion. The
chelate had an r; of 8.8mM~!s~1, which was two times
higher than that of a typical polyaminocarboxylate Gd
chelate. When PEG chains of various molecular weights
were grafted onto this chelate, the number of coordi-
nated H,O molecules decreased from two to one. As a
result, the r; increase induced by the PEGylation was
negligible [23].
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Fig. 3. The ionic relaxivities versus the generations (or molecular weight)
of dendrimer-DTPA-Gd3* CAs. Reprinted from [21].
© 2004 with permission from ACS.

2.2. Extending retention in blood circulation

Small molecule CAs are rapidly distributed into the
extracellular fluid and excreted by glomerular filtration
quickly after administration. For example, the distribu-
tion half-life and elimination half-life of DTPA-BMA-Gd3*
in a rat are 4.6+1.7 and 184 2.8 min, respectively [25].
However, cardiovascular and oncological MRIs require long
blood pool retention, and long retention in the body can
also provide a wider time frame for MRI [25]. Conjugation
of CAs onto macromolecules can substantially increase the
blood pool retention times of CAs since their large sizes
prevent them from leaking out the blood vessel into the
extracellular fluid and renal clearance [25].

The blood pharmacokinetics of mCAs is greatly affected
by their size. Generally, the increment of blood circula-
tion time is proportional to the molecular weight of the
macromolecules [26-29]. For instance, Vexler et al. inves-
tigated the pharmacokinetics of the PLL-DTPA-Gd3* (Fig. 4)
in normal rats. The concentration of the small molecule
DTPA-Gd3* quickly decreased to a very low level after injec-
tion with a plasma clearance rate of 14.3 £+ 3.8 mL/min/kg
and a blood elimination half time (t;,) of 13.14 £ 2.39 min.
In contrast, the PLL-DTPA-Gd3* concentration decreased
much more slowly and remained at a stable concentration
for hours. The total plasma clearance rate of PLL-DTPA-
Gd3* decreased from 2.8 to 0.1 mL/min/kg as the molecular
weight of the carrier PLL increased from 3.6 kDa to 480 kDa,
and the ty, increased from 65 to 429 min. Thus, the ¢, of a
mCA can be easily tailored by changing the carrier’s molec-
ular weights [26]. In addition, the hydrophilicity, surface
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Fig. 4. Blood pharmacokinetic curves for PLL-DTPA-Gd>*. Regenerated
from [26].
© 1994 with permission from Wiley.

modification, shape, and flexibility of mCAs also greatly
affect their blood pharmacokinetics, which will be dis-
cussed in details in Section 4. In virtue of the variability
of polymer structures, the pharmacokinetics and biodis-
tribution of mCAs can be tailored according to various
applications.

3. Structures and properties

A variety of mCAs have been reported, but they can be
classified into four groups according to the position of the
Gd3* chelates in the carriers: (a) block, (b) graft, (c) den-
dritic, and (d) micellar mCAs, as illustrated in Fig. 5. For the
block mCAs, the Gd chelates are incorporated into polymers
by the condensation polymerization of DTPA dianhydride
with diol or diamine monomers. As to the graft and den-
dritic mCAs, the Gd chelates are conjugated onto polymers

(Gd)

----- —@@@

a. block mCAs

w

@ @

c. dendritic mCA

467

through the reaction of bifunctional CAs with reactive
groups such as amine group, carboxylic acid groups on the
polymers. The micellar mCAs were made from emulsion
polymerization or the assembly of the mCAs.

Various bifunctional polyaminocarboxylate ligands
have been prepared for making mCAs. Their structures are
shown in Fig. 6. In addition to the inherent carboxylic acid
groups, the bifunctional CA ligands have other functional
groups including anhydride [18], N-hydroxysuccinimide
(NHS) activated carboxylic acid [18], isobutyl chloro-
formate activated carboxylic acid [30], amino [31-33],
isothiocyanato [20,24,34-36], alkynyl [37-40], and squaric
ester (SQ) groups [41] that can react with the reactive
groups on polymers. The CA ligands with anhydride, NHS
activated carboxylic acid, isobutyl chloroformate activated
carboxylic acid, and SQ groups react with the amino groups
on polymers, while those with amino groups react with the
carboxylic acid group on polymers, and those with alkynyl
react with azide group in polymers via a “click chemistry”
reaction. Even through the CA ligands with anhydride, NHS
activated carboxylic acid, isobutyl chloroformate activated
carboxylic acid can be easily prepared, their conjugation
reaction may cause the crosslinking of polymers. The con-
jugations with the CA ligands with isothiocyanato and
alkynyl are efficient and have less side-reactions, but their
synthesis is usually more complex [42]. An ideal conju-
gation method should have high efficiency and minimum
side-reactions, and do not introduce harmful compounds
into the mCAs.

The polyaminocarboxylate ligands are octadentate
and thus they contain only one inner-coordination
H,0 molecule (g=1). Raymond et al.,, however, devel-
oped hexadentate oxygen donor chelators for Gd
with the stabilities similar to those of the commercial
polyaminocarboxylate CAs by utilizing the oxophilic-
ity of gadolinium. These tris(2-aminoethyl)amine
(TREN)-capped ligands, which contained either two

d. micellar mCAs

Fig. 5. The schematic structures of macromolecular contrast agents (mCAs).
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Fig. 6. The structures of the bifunctional MRI CA ligands.

1-Me-3,2-hydroxypyridinonate (HOPO) or two
1,2-HOPO rings and an amine-functionalized 2,3-
dihydroxyterephthalamide (TAM)ring (Fig. 7) [43-47], had
at least two coordinated H,0 molecules and exhibit high
exchange rates, allowing for a much higher theoretical
relaxivity than the small molecule amine-based chelators.
The experiments indicated these complexes indeed had
high r; (10-13mM~!s-1) and thermodynamic complex
stabilities (pGd~17-18) [43,44]. A pendant amine was
also introduced onto the 1-Me-3,2-HOPO-based ligands
for conjugation with polymers (Fig. 7). Complex 1 had a
short, rigid linker and a known g value of 2.2, Complex
2 had a longer, more flexible linkage incorporating a
second ethylamine moiety, and Complex 3 had a branched
linkage with a third ethylamine group. Complex 4, which
contained the 1,2-HOPO moiety, varied from these by

its nitrogen substitution within the HOPO rings [48]. All
these ligands were conjugated with polymers through the
reaction between their amino group with the carboxylic
acid groups on the polymers.

Most of the conjugates have the Gd3* chelates conju-
gated onto the polymers by chemically stable bonds, which
cannot degrade in vivo. In contrast, the polymers and Gd3*
chelates can also be connected by a biodegradable bond.
The Gd3* chelates can be cleaved from the polymer back-
bone in vivo, which can then be used to make excretable
CAs [34]. For instance, in the conjugate shown in Fig. 8,
the chelate DOTA-Gd3* and the poly(L-glutamic acid) (PLG)
polymer were linked by a disulfide bond, which could be
broken by endogenous thiols. As a result, the DOTA-Gd3*
chelate could be cleaved from the PLG polymer chainin vivo
and excreted out of the body, avoiding the systemic toxic
problem due to the accumulation of Gd [33].

3.1. Block mCAs

The block mCAs are DTPA di-ester [49,50], or DTPA-
bisamide [28,51-54] copolymers, in which Gd3* chelates
are inserted in the polymer backbones (Fig. 9). They were
synthesized through the condensation polymerization of
DTPA dianhydride with diol or diamine monomers and the
following complexation with Gd3*, and they could be fur-
ther modified by grafting PEG onto them [53,55,56] (Fig. 9).
In these mCAs, Gd3* chelates were incorporated into the
backbone of the polymers, which restricted the rotation
of the CAs. Therefore, these mCAs had enhanced relaxiv-
ity due to the increase of tg, in comparison with the small
molecule CAs. Their relaxivity properties of the reported
block mCAs are summarized in Table 1. Since the value of rq
is not only determined by the nature of the CAs, but also by
the magnetic field and temperature for the measurement,
when one compares the ris of the mCAs, it is necessary
to pay attention to these measurement conditions. The r;s
of the DTPA-Gd3* block mCAs were generally 1.5-2-fold
of those for their corresponding small molecule CAs. The
molecular weights of the polymers had a slight effect on
their rys. For example, the r; of GDCP-Gd3* increased from
5.4t06.8 mM~1 s~ asthe molecular weight increased from
22 kDa to 62 kDa. The introduction of other polymer chains
into the block mCAs had little effect on the r; [28]. For
instance, GDCP-Gd3* with and without grafting PEG had
similar rqs [53].

Most of the block mCAs were not biodegradable and
thus might cause toxicity problems due to slow excretion.
Lu et al. synthesized a series of biodegradable copolymers
(GDCP, GDCEP, GDCC with the structures shown in Fig. 9)
through the condensation polymerization of DTPA dian-
hydride with disulfide-functionalized diamine including
cystamine, cystine, and cystine diethyl ester [28,52,53,56].
The disulfide bond could be broken in vivo through
the reaction with the endogenous thiol-containing com-
pounds including cysteine and glutathione [28,52,53,56].
For instance, the degradation of GDCC was very fast
with a molecular weight reduction of approximately 28%,
33%, and 50% at 5, 15, and 60 min, respectively, in the
incubation with 15uM cysteine [29]. The degradation
rate was significantly affected by the structures of the
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Fig. 7. Gd-TREN-bis(1-Me-3,2-HOPO)-TAM-ethylamine complexes 1-3 and Gd-TREN-bis(1,2-HOPO)-TAM-ethylamine complex. Reprinted from [48].
© 2011 with permission from ACS.
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copolymers. GDCEP with the ester substituent groups
degraded slower than GDCC, with a molecular weight
decrease of 6%, 11%, 15%, and 24% at 5, 15, 30, and
60 min, respectively. Even the GDCP with the carboxylic

acid substituent groups showed no change in the molec-
ular weight for 6h under the same conditions [52].
The structure and biodegradability of the mCAs signif-
icantly affected their pharmacokinetics and blood pool

Table 1
The properties of block DTPA-Gd3* copolymer agents.
mCA Mw (kDa) lonr; (mM-1s1) Freq (MHz) T(°C) Ref.
HMD-DTPA-Gd?* 7.9 8.2 10 25 [51]
CHD-DTPA-Gd3* 8 9.5 10 25 [51]
PEG3,-DTPA-Gd3* 22 6.0 20 40 [55]
GDCC-Gd3* 17.7 4.42 64 37 [52]
35 6.28
GDCP-Gd** 62 6.8 128 25 [28]
46 5.8
22 5.4
GDCP-Gd3* 28.1 8.31 128 21 [53]
GDCEP-Gd3* 73 45 128 25 [28]
48 4.8
34 4.6
PEG2000-GDCP-Gd3* 37.8 8.73 128 21 [53,56]
PEG1000-GDCP-Gd3* 37.7 7.79 128 21 [53,56]
TA-DTPA-Gd3* 18.6 4.7 400 310 [54]
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contrast enhancement. The GDCP and GDCEP had faster charged GDCP prolonged enhancement duration as com-
blood pool clearance than the non-biodegradable HMD- pared with GDCEP [52], and the PEGylated GDCP was
DTPA-Gd3* with the structure shown in Fig. 9, and their also prepared and showed further prolonged retention
long-term Gd(Ill) tissue retentions were substantially time as well as controllable degradation characteristics

lower than the non-biodegradable mCAs. The negatively [53,56].
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3.2. Graft mCAs

The graft mCAs are prepared through the conjugation
of Gd3* chelates onto the side groups of linear polymer
carriers. The polymers used can be either synthetic or
natural. The synthetic linear polymers used for making
mCAs include polylysine (PL) [18,27,57-62], polyornithine
(PO) [63,64], poly(glutamic acid) (PG) [5,31,33], poly[N-
(2-hydroxypropyl)methacrylamide] (PHPMA) [31,65],
poly(methacrylic acid) (PMAA) [66], polysuccinimide
(PSI) derivatives [67], and other conjugated polymers.
Their structures are shown in Fig. 10. PL is a synthetic
cationic polypeptide with substantial amine groups to
conjugate with CAs. PL conjugated with CAs not only show
high rys, but also have low toxicity and immunogenicity
[68]. PO has very similar structure and properties to PL
[63,64]. In contrast, PG is an anionic synthetic polypeptide
that can be readily degraded by lysosomal enzymes into
its basic component, glutamic acid, a nontoxic natural
compound [69,70], and it contains a large number of

carboxyl acid groups for the CA attachment [5,31,33]. PSI
is a poly(amino acid) derivative that has been used as drug
carrier due to its biocompatibility and biodegradability,
and it can be easily conjugated with CAs through its
reaction with amino-functionalized CAs [71,72]. PHPMA
is a neutral water-soluble polymer that has demonstrated
good biocompatibility, and its conjugates with cancer
drugs are currently under clinical trials for targeted cancer
chemotherapy [73-75]. Since the hydroxyl groups in
PHPMA have low reactivity, the copolymer of HPMA
and other monomers with amino or carboxylic acid
groups were prepared to introduce reactive groups for
the conjugation with CAs [31,65]. The structures of HPMA
copolymers are shown in Fig. 10. Recently, a conjugated
polymer (CP) was also prepared and used as a CA car-
rier (Fig. 11). The conjugated polymer had a delocalized
electronic structure, where the multiple and single bonds
appear in turn along the backbone, making the CP more
rigid than flexible polymers. This rigidity resulted in an
increase in the tg and subsequently an increase in r;. The
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Fig. 11. The chemical structure of PF-Gd. Reprinted from [76].
© 2010 with permission from Elsevier.

r1 of the CP conjugated with DOTA-Gd3* (PF-Gd, shown in
Fig. 11) was 12.57mM~1s~1, higher than those of many
other polymers with grafted DOTA-Gd3* [76].

Different mCAs were prepared through the conjuga-
tion between these polymers and the various bifunctional
ligands discussed above (Fig. 6). Their properties are sum-
marized in Table 2. Generally, the r;s increased 1-6-fold
when the Gd3* chelates were conjugated onto the lin-
ear polymers. Similarly to the linear mCAs, the molecular
weights of these polymeric carriers had little effect on the
r1s [18]. However, the molecular weights of the carrier
determined the pharmacokinetics of the mCAs (Fig. 4). For
example, the blood elimination half-life time of PLL-DTPA-
Gd3* increased 7-fold as the molecular weight increased
from 36 kDa to 480 kDa. Thus, PLL-DTPA-Gd3* with a high
molecular weight could provided almost constant tissue
signal enhancement for a 60-min observation period [26].
However, the high molecular weight of the mCAs made
them difficult to be excreted from body, which brought up
toxic problems due to the metabolic release of toxic Gd(III)
ions [27,68,77,78].

In addition, PEG chains were also grafted onto this type
of mCA. The r;s of the resulting mCAs decreased sub-
stantially as the grafted PEG hindered the H,O exchange
between the coordinated H,O and bulk H,O (Table 2). For
example, the rys of PEG grafted PL CAs were only half of
those of PL CAs. On the other hand, the PEG grafting made
the mCAs more biocompatible and increased their reten-
tion time in the blood [58]. For example, the mCAs with
25-kDaPL and 5-kDa MPEG had a blood half-life of 12-24 h,
depending on the modification degree and the size of the
poly(amino acid), which were much higher than that of PL-
DTPA-Gd3. In comparison, the mCA comprised of a 25-kDa
PL modified with 2-kDa MPEG chain was excreted more
rapidly (blood half-life = 6 h). Thus, the blood half-lives of
the mCAs can be tailored to specific needs by grafting
with PEG of different molecular weights and modification
degree [68].

? o
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N N N
Hooc—"
COOH COOH
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Fig. 12. The structure of MS-325 ligand.

In addition to the synthetic linear polymers, natural
polymers have also received substantial research inter-
est due to their good biocompatibility. Human or bovine
serum albumin (HSA or BSA) and polysaccharides are two
main natural polymers used to make mCAs. BSA or HSA
have many amino groups on their side chains, which can
be used to conjugate with the bifunctional DTPA or DOTA
[18,57,79]. For example, up to about 30 DTPA ligands
were readily introduced onto the polymer by the reaction
of DTPA-dianhydride with BSA or HSA in buffered aque-
ous solution [57]. The conjugation rate increased to 100%
when replacing DTPA-dianhydride with the NHS activated
DTPA [18]. BSA/HSA-DTPA-Gd3* is used as the “gold stan-
dard” blood pool agent to demonstrate the benefits of MR
angiography [57,79]. The r; of BSA/HAS-DTPA-Gd3* mCA is
14mM-1s-1, 3 times higher than that of DTPA-Gd3*.

Gd-chelates have also been introduced to endogenous
HSA via non-covalent binding by forming adducts [80,81].
For example, the Gd-chelate MS-325 (Fig. 12) is a commer-
cial CA (generic name: gadofosveset, trade name: Vasovist)
approved in some countries to assess blockages in arteries.
The MS-325 is reversibly bound to HSA via non-covalent
binding. The r; of MS-325-Gd3* bound to HSA is 9 times
higher than MS-325-Gd3* in buffer alone (without HSA).

Polysaccharides are attractive as carriers for drug
delivery and imaging agents because they can be eas-
ily chemically functionalized and have both low toxicity
and low immunogenicity. Dextran, inulin, carboxymethyl
hydroxyethyl starch (CMHES), and cyclodextrin are the
most widely investigated polysaccharides for MRI CAs
[82-86]. Dextran, inulin, and starch conjugates with DTPA
and DOTA are prepared via direct esterification of their
hydroxyl groups using DTPA dianhydride [82], or a multi-
step method by first introducing an ethylenediamine
spacer and then reacting with DTPA-dianhydride or the
bifunctional DTPA and DOTA shown in Fig. 6 [83-86].

To date, a number of dextran-, inulin-, and CMHES-
based mCAs with various molecular weights, spacer
lengths and chelates have been reported [82-86]. Fig. 13
shows a general structure of a dextran-mCAs (CMDAn-
DTPA-Gd3*) with different spacer lengths. Recently, a “click
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Table 2
The properties of the synthetic polymers grafted with Gd chelates.
mCAs Mw (kDa) lonr; (mM~1s!) Freq (MHz) T(°C) Ref.
PL-Gd-DTPA 48.7 13.1 20 39 [27]
PL-Gd-DTPA 50 10.8 10 37 [57]
PL-Gd-DTPA 238.1 11.74 100 37 [18]
PL-Gd-DTPA 89.9 11.58 100 37 [18]
PL-Gd-DTPA 56 10.56 100 37 [18]
PL-Gd-DTPA 7.7 11.67 100 37 [18]
PL-Gd-DOTA 65 13.03 10 37 [57]
MPEG-PL-Gd-DTPA 430 18 20 37 [68]
PG-Hex-DOTA 28-87 9.2-10.6 128 NA [5]
PG-CA-DOTA 5.4 25 64 20 [33]
PG-Hex-DTPA-Gd 54 12 64 25 [31]
PG-Bz-DTPA-Gd 77 22 64 25 [31]
HPMA-Co-DOTA 52-58 21.8-24.9 64 20 [65]
PHPMA-GG-(Gd-DOsA) 27.2-121 11.7-10.7 128 20 [66]
PHPMA-GFLG-(Gd-DOsA) 28-121 11.9-115 128 20 [66]
PO-SQ-DO3;A-Gd3* 35 31.0 20 20 [67]
PO-SQ-DO3A-Gd3* 5 15.6 20 20 [67]
PF-Gd NA 12.57 3T NA [76]
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Fig. 13. The structure of dextran conjugate (CMDAn-DTPA) with different spacer lengths.

Table 3
The properties of CAs based on natural polymers.
mCA MW (kDa) jonr; (mM~'s!) Freq (MHz) T(°C) Ref.
Albumin-DTPA-Gd 90 14 10 25 [57]
Albumin-MS325 NA 38.3 20 37 [80]
Inulin-DTPA-Gd NA 8.3 100 25 [82]
Dextran-DTPA-Gd 9.4 8.7 100 25 [82]
Dextran-DTPA-Gd 40 8.1 100 25 (82]
Dextran-DTPA-Gd 71 71 100 25 [82]
Dextran-DTPA-Gd 487 5.8 100 25 [82]
CMHES-DOTA-Gd 70 141 20 39 [83]
Inulin-DTPA-Gd 23 20 20 37 [84]
CMDA-DTPA-Gd 345 9.8 20 37 [85]
CMDAnR-Gd-DTPA where n=2 NA 9.4 20 37 [86]
CMDAnR-Gd-DTPA where n=3 NA 9.5 20 37 [86]
CMDAnR-Gd-DTPA where n=4 NA 9.4 20 37 [86]
CMDAnR-Gd-DTPA where n=6 NA 8.9 20 37 [86]
B-CD-DOTA 55 122 60 37 (87]
3-CD-DPTA 5.5 6.2 400 37 [88]
Poly-B-CD-DOTA NA 484 20 37 [89]

chemistry” reaction between the azide-functionalized
B-cyclodextrin (3-CD) and the alkyne functionalized lig-
ands DTPA/DOTA-Gd (Fig. 6) have been used to make
a PB-cyclodextrin-based mCAs [87,88]. The rys of the
polysaccharide-based mCAs are summarized in Table 3.
The rys of the polysaccharide-based mCAs ranges from 1.5

to 3 times that of DTPA-Gd3*. The molecular weights of the
carriers, as well as the type of chelates and spacer have lit-
tle effect on their rys. 3-CD has also been used to associate
with DOTA-Gd and DTPA-Gd via a non-covalent host-guest
interactions. The structure of the assembled CAs is shown
in Fig. 14. The resulting mCAs exhibited a great relaxivity
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Gd-loaded nanoparticle

Fig. 14. Formation of Gd3*-loaded nanoparticles through a supramolecu-
lar three-component assembly: Gd>* chelate/pBCD/MD. The alkyl chains
functionalizing dextran are in yellow, the Gd™ chelate is in violet.
Reprinted from [89].

© 2008 with permission from Wiley.

enhancement with an r; of 48.4mM~1s-1, at 20MHz and
37°C, indicating that the host-guest method is a promising
strategy for developing mCAs with high relaxivity [89,90].

3.3. Dendritic mCAs

Dendrimers are a family of nano-sized, three-
dimensional polymers characterized by a unique tree-like
branching architecture and compact spherical geometry
when placed in solution [91]. As carriers for drugs and CAs,
they have many advantages over other polymers because
of their precise, spherical and highly branched structure,
as well as their large modifiable surface functionality.
Poly(propyleneimine) (PPI, Fig. 2), poly(amidoamine)
(PAMAM, Fig. 15), and poly(L-lysine) dendrimers (Fig. 16)
were the most commonly investigated CA carriers. They

have substantial amino functional groups on their surface,
which can be used to conjugate with DTPA and DOTA
chelates. Similarly to the linear polymers, the dendrimers
are conjugated with DTPA and DOTA chelates mainly
through a reaction between the amino groups on their
surface and the bifunctional ligands shown in Fig. 6.

The properties of the dendritic mCAs are summarized
in Table 4. The dendrimers are inherently more rigid than
their linear analogues, resulting in less freedom for the
conjugated Gd-chelates to rotate. Thus, the contrast effi-
ciencies of dendritic mCAs, in terms of rys, are higher
than those of the linear analogues. The generation of den-
drimers corresponding to their molecular weight, is the
main parameter determining the r; of dendritic mCAs. For
instance, the rys of the PAMAM-1B4M CAs has been shown
to increase from 20mM-!s-! to 29mM~!s~! when the
generation increases from 2 to 4[19,20,92], with the eighth
generation having the highest r; of 35 mM~1s~1 [19]. The
chemical structures of dendrimers and chelates have a
minor effect on the rys of mCAs; however, grafting the PEG
onto the dendritic mCAs decreases their r;. For example,
grafting PEG5000 onto PAMAM G3-DOTA-Gd3* has been
shown to decrease its ry from 14.9 to 13.8mM~1s~1 [24].

In addition, the biocompatibility of dendritic mCAs
is an important issue when in vivo applications are
considered [93]. Recently, in vitro studies showed that
amine-terminated PPl and PAMAM dendrimers were cyto-
toxic, in particular at the higher generations. The IC50 of PPI
with 64 terminal amino groups was less than 5 ugmL~!
[94,95]. Their cytotoxicity was due to the interactions
between positively charged dendrimers and the negatively
charged cell membranes [96]. PPl and PAMAM dendrimers
functionalized with carboxylate end groups at the surface
were neither cytotoxic nor haemolytic up to a concen-
tration of 2 mg/mL [97]. Therefore, the overall toxicity of
dendritic structures is strongly determined by their surface
functional groups [97,98]. Gadomer-17 (shown in Fig. 17)
is a dendritic mCA under phase II clinical development.
The pharmacokinetics in many species (rat, rabbit, dog,
monkey) indicated that after a single intravenous injec-
tion, the CA was rapidly and completely eliminated from
the body, mainly via glomerular filtration, and no long-
term accumulation or retention of the non-metabolized
agent was detected in the organs or tissues [99,100]. The
dendritic mCAs with high molecular weights (>40kDa),
however, are more difficult to excrete by the kidneys.
As a result, the prolonged retention of these mCAs will
place patients at high risk due to the high toxicity of
free Gd3* produced by the metabolization of dendritic
mCAs [34].

Recently, a number of novel dendritic mCAs were
prepared and evaluated in vitro and in vivo. Fu et al.
synthesized a series of polylysine dendrimers with a
PEG core and the corresponding dendritic mCAs via their
reaction with the NHS-activated DTPA. Their structures
are shown in Fig. 18. The dendritic mCAs had rys from
8.12t09.76 mM~1s-1 at 2T, and 37°C, and showed a high
degree of hydrophilicity, good stability in plasma, and
lack of binding to proteins [101]. Lu et al. prepared mCAs
from G1 to G3 polylysine dendrimers with a silsesquiox-
ane core (Fig. 19). The dendritic mCAs had well-defined
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Fig. 15. PAMAM dendrimer with ammonia core (generation 4).

compact globular structures with high loadings of Gd-
DOTA monoamide at their surface. The sizes of the G1,
G2, and G3 dendritic mCAs were approximately 2.0, 2.4,
and 3.2 nm, respectively and the corresponding r; values
at 3T were approximately 6.4, 7.2, and 10.0mM~!s-1,
respectively. The dendritic mCAs showed size-dependent
vascular contrast enhancement. The G3 dendritic mCA
produced more significant and prolonged vascular
enhancement than the smaller dendritic mCAs. Moreover,
these dendritic mCAs could significantly enhance the MRI
of the xenografted tumor [102]. In order to avoid the toxic
side effects of Gd based CAs, Gd3* was also replaced by
Mn?* to make non-gadolinium(Ill) dendritic mCAs. The
ionic rq values for the dendritic Mn(II)-DOTA monoamide
mCAs of G2, G3 and G4 were 3.3, 2.8, and 24Mm~!s-1 at
3T, respectively. The dendritic macrocyclic Mn(II) chelate

mCAs also showed good in vivo stability and were readily
excreted via renal filtration [103].

Toth et al. prepared two dendritic mCAs from
a hyperbranched poly(ethylene imine) (PEI), HB-
PEI-[Gd(DOTA-pBn)(H,0)]32, and a hyperbranched
polyglycerol, HB-PG-[Gd(DOTA-pBn)(H,0)]gs, via
a conjugation  with 2-(4-isothiocyanatobenzyl)-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA-pBn-SCN) (Fig. 20), and investigated their rys in
comparison with the CAs made from G4 polyamidoamine
(PAMAM) at different frequencies [104]. Both hyper-
branched structures were found to be as good scaffolds as
regular PAMAM dendrimers in terms of the rys of the Gd3*
complexes. The two hyperbranched mCAs had high rys of
34.2mM-1s~1 at 20 MHz, slightly higher than that based
on PAMAM [104].
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Sideratou et al. prepared dendritic mCAs from a hyper-
branched aliphatic polyester BH40 with EDTA or DTPA
groups and poly(ethylene glycol) chains, with one of the
latter chains bearing the folate targeting ligand at its end,
i.e.,, BH40-EDTA-PEG-Folate and BH40-DTPA-PEG-Folate
(Fig. 21). The rys determined for the Gd3* complexes of
BH40-EDTAPEG-Folate and BH40-DTPA-PEG-Folate were
7.10+0.15 and 12.30+£0.15mM~!s~1, respectively. The
cytotoxicity of the hyperbranched Gd complexes was
comparatively assessed in a human lung carcinoma cell
line (A549) not expressing folate receptors, and in a
folate receptor-positive human cervical carcinoma cell line
(HeLa). Preliminary studies revealed that the two dendritic
Gd complexes were non-toxic and exhibited folate receptor
specificity [105].

Shih et al. developed a dendritic mCA from a polyester
dendrimer with PEG core bearing functional hydroxyl
groups via conjugating folate and Gd chelates (Fig. 22). Its
r1 was tested using a NMR spectrometer at 20 MHz with a
standard pulse program of inversion-recovery. The calcu-
lated ry of this dendritic mCA was 4.8 mM~! s~1. An in vivo
experiment indicated that the PEG-cored dendrimer car-
rying gadolinium chelates and folates could be used in
MR imaging to diagnose FR-positive tumors in a mouse
xenograft model [106].

Raymond et al. synthesized and attached amine-
functionalized TREN-bis(1,2-HOPO)-TAM-ethylamine and
TREN-bis-(1-Me-3,2-HOPO)-TAM-ethylamine to biocom-
patible 40 kDa esteramide (EA)- and poly-L-lysine (PLL)-
based dendrimers capable of binding up to eight
gadolinium complexes. The structure of the dendrimers
and chelates are shown in Fig. 23. One of the conjugates
had an r; of up to 38.14mM~'s~1, which was several
times that of the small-molecule complexes. Moreover,
both the structure of ligands and dendrimers had great
effect on the rys of the dendritic mCAs. For example, the
EA- and PLL-based dendrimers are conjugated with the
same chelate. The resultant EA dendritic mCA had an rq of
38.14mM~1s~1, while the PLL dendritic mCA had an r; of
21.0+0.6mM~1s-1. The same EA dendrimer conjugated
with 4 different chelates, shown in Fig. 23, had different
r150f38.14,31.940.1,7.19+£0.07,and 20.2+0.6 mM~1 s~1
[48].

An interesting pH-responsive dendritic mCA, shown in
Fig. 24, was obtained by introducing pendant phosphonate
groups onto the chelates. The pH-responsive properties
are shown in Fig. 25. The ry of the mCA increased from
10.8mM~1s1 at pH 9 to 24.0mM-1s~! at pH 6 [36].
Similar pH-responsive r; was also found in PAMAM-based
mCA using DO3A-p-Bn-NCS (Fig. 6) as the ligand [35]. The
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Table 4
The properties of the dendritic mCAs.

Dendritic polymers Conjugated ligands ~ Core Mw (kDa)  lonr; (mM~'s™1)  Freq(MHz) T(°C) Ref.
PAMAM G8 1B4M EDA 960 35 64 20 [19,20]
PAMAM G7 1B4M EDA 58 28 64 20 [19]
PAMAM G6E 1B4M EDA 238 33 64 20 [20]
PAMAM G6A 1B4M Ammonia 175 64 20 [20]
PAMAM G5 DO3A-bz-NCS Ammonia 61.8 18.8 25 37 [24]
PAMAM G4 DO3A-bz-NCS Ammonia 374 16.9 20 37 [24]
PAMAM G3 DO3;A-bz-NCS Ammonia 221 149 25 37 [24]
PAMAM G4 DOsA-CS Ammonia 59 28 128 NA [34]
PAMAM G3 DOsA-CS Ammonia 29 25 128 NA [34]
PAMAM G2 DO3A-CS Ammonia 14 20 128 NA [34]
PAMAM G4 1B4M EDA 59 29 64 20 [19,20,92]
PAMAM G3 1B4M EDA 29 25 64 20 [19,20,92]
PAMAM G2 1B4M EDA 15 20 64 20 [19,20,92]
PAMAM G3-PEG 5000 DO3A-bz-NCS Ammonia 69.3 13.8 20 37 [24]
PAMAM G3-PEG 2000 DO3A-bz-NCS Ammonia 333 13.7 20 37 [24]
PAMAM G2-PEG 5000 DO3A-bz-NCS Ammonia 238 124 20 37 [24]
PAMAM G2-PEG 2000 DO3;A-bz-NCS Ammonia 20.6 11 20 37 [24]
PPI G5 1B4M DAB 51 29 64 20 [19]
PPI G4 DO3A-CS DAB 51 29 128 NA [34]
PPI G3 DO3A-CS DAB 25 17 128 NA [34]
PPI G2 DOsA-CS DAB 12 12 128 NA [34]
PPI G4 1B4M DAB 51 29 64 NA [19,92]
PPI G3 1B4M DAB 25 17 64 NA [19,92]
PPI G2 1B4M DAB 12 12 64 NA [19,92]
PPI G5 DTPA-B-NCO DAB 51 27.8 64 20 [21]
PPI G3 DTPA-B-NCO DAB 12.7 19.7 64 20 [21]
PPIG1 DTPA-B-NCO DAB 3.1 13 64 20 [21]
PLL Gadomer 17 DO3A-MA Aromatic acid 17.5 173 20 39 [100]
PLL G4 NHS-DTPA PEG3400 12.2. 8.12 2T 37 [101]
PLL G5 NHS-DTPA PEG3400 18.4 9.76 2T 37 [101]
PLL G4 NHS-DTPA PEG6000 14.2 8.88 2T 37 [101]
PLL G4 NHS-DTPA PEG1200 20.1 9.52 2T 37 [101]
PLLG1 DOTA-MA OAS 7.3 6.4 3T NA [102]
PLL G2 DOTA-MA OAS 14.8 7.2 3T NA [102]
PLLG3 DOTA-MA OAS 34.7 10.0 3T NA [102]
PLL G2 HOPO PER NA 21.0+0.6 60 37 [48]
EA G2 HOPO PER NA 38 60 37 [48]
HB PEI DO3A-bz-NCS Ammonia 50 34.2 20 25 [104]
HB PG DO3A-bz-NCS Glycerol 95 34.2 20 25 [104]
BH40-PEG-Folate DTPA 2-Methylglycerol NA 123 100 25 [105]
BH40-PEG-Folate EDTA 2-Methylglycerol ~ NA 7.1 100 25 [105]
PEG-G3-(Gd-DTPA),1-(Folate)s DTPA PEG 12.6 4.8 20 37 [106]

EDA, 1,2-ethanediamine; DAB, 1,4-butanediamine; OAS, octasilsesquioxane; PER, pentaerythritol; NA, not available.

dendritic mCA showed enhanced r; at a pH below 6.0, and
the inflection points in the r; pH dependence profile were
at the pKjs assigned to the protonation of the tertiary
branching amines inside the dendrimers. Therefore, it was
concluded that the r; enhancement in acidic solutions was
a direct consequence of the protonation of the PAMAM
inner-shell amines, which made the structure expand and
consequently increase its rotational correlation time. This
pH-responsive property is promising for developing MRI
CAs to detect kidney disease and cancer, which both have
a significant reduction in the extracellular pH [35,36].

3.4. Micellar MRI CAs

Assembly of mCAs into nano-sized micellar mCA is an
important direction to develop high efficient MRI CAs as
they have many advantages including a high Gd load-
ing capacity and tunable sizes. The methods used to
make micellar mCAs include emulsion polymerization and

assembly of mCAs with the Gd chelates either in the core
or shell of the micellar structures.

Li et al. reported the fabrication of micelle with shell-
grafted DTPA-Gd3* from a biodegradable poly(L-glutamic
acid)-b-polylactide (PG-b-PLA) block copolymer. The struc-
tures of the copolymer grafted with DTPA-Gd3* and the
formed micelle are shown in Fig. 26. The resultant micelle
in aqueous solution had an average diameter of 230 nm
at pH 7.4. The DTPA-Gd3* conjugated to the shell layer of
the micelle showed an r; of 7.90 mM~!s~1 at 4.7 T, which
was significantly higher than that of a small molecule MRI
CA. Since the hydrophobic core of the micelle can load
drugs, this polymeric micelle was proposed as a platform
for the development of MRI-visible, targeted nano-scale
drug delivery systems [107].

Reynolds et al. fabricated a Gd-loaded nanoparticle with
a diameter of 120nm via emulsion polymerization and
succedent modification. The Gd loaded nanoparticle had
a core-shell morphology where the interior comprised
of a copolymer of ethylacrylate (48%), methacrylic acid
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Fig. 17. The structure of Gadomer 17.

(48%), allylmethacrylate (4%), which provided high affin-
ity for a specific metal, while the shell consisted of a
porous hydrophobic copolymer of styrene (20%), ethylacry-
late (70%), methacrylic acid (9%), allylmethacrylate (1%)
that modulated the access to the core. This particle sub-
stantially reduced relaxation time in vitro, and provided
excellent contrast when it was used to image the heart and
gastrointestinal tract in a rat animal mode [108].

Wooley et al. made a Gd labeled shell-crosslinked
nanoparticle (SCK) with a hydrodynamic diameter of
4043 nm, which was made from the aqueous assembly
of poly(acrylic acid) (PAA) and poly(methylacrylate)
(PMA) block copolymer and subsequent covalent
crosslinking by amidation upon reaction with 2,2'-
(ethylenedioxyl)bis(ethylamine) throughout the shell
layer (Fig. 27). The Gd chelates were introduced onto
the SCK via direct covalent conjugation of amino-
functionalized DTPA-Gd chelates with the carboxylic
acid groups in the hydrophilic shell layer of the SCK
(Fig. 27). This SCK-based CAs demonstrated large ionic

ri1s of 39mM-1s-1 at 0.47T and 40°C due to the highly
hydrated nature of the shell layer which allowed for rapid
H,0 exchange [109].

Wang et al. prepared Gd-loaded particles via miniemul-
sion polymerization with amphiphilic Gd(III) complexes as
metallosurfactants. As shown in Fig. 28, the miniemulsions
were initially prepared by mixing cetyl alcohol, styrene,
divinylbenzene and an aqueous dispersion of metallosur-
factant (1 or 2) and cosurfactants followed by sonication
at 180 W of power for 6 min. The polymerization was
initiated at 75°C by adding an oil-soluble initiator, azo-
bisisobutyronitrile (AIBN), into the miniemulsion, and the
polymerization stopped after 6h. The resulting Gd(III)-
based polymer latex was then dialyzed against deionized
H,0 to remove excess surfactants and other low molec-
ular weight impurities. The colloided nanoparticles with
varied sizes (the hydrodynamic diameters ranging from
7.4nm to 78 nm) and Gd-loading were prepared by adjust-
ing: (i) the ratio of surfactants to monomers; (ii) the amount
of co-surfactant; and (iii) the polymerization conditions.
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All these Gd-loaded nanoparticles showed very high rqs
in 3T imaging with the r;s ranging from 7.5mM-1s-1 to
20.4mM-1s-1[110].

Tsourkas et al. made Gd-conjugated dendrimer nan-
oclusters (DNCs) with a tumor-targeting group [111].
As shown in Fig. 29, the nanoclusters were fabri-
cated by crosslinking G5 PAMAM using a bifunctional
amine-reactive crosslinker. After the DNCs formation,
paramagnetic Gd3* ions were conjugated to the DNCs by
DTPA. The resulting paramagnetic DNCs were further func-
tionalized with a tumor-targeting ligand (folic acid) and a
fluorescence dye (FITC). The gadolinium-conjugated DNCs
had an r; of 123 mM~1s~!, This value was only slightly
higher than gadolinium-labeled individual PAMAM (G5)
dendrimers, which had an r; of 10.1 mM~1s-1 at the same
condition. This marginal increase in r; can be attributed to
a large amount of internal motions within the DNCs due to
the PEG linkers [111].

Kataoka et al. developed a theranostic core-shell
polymeric micelle based on the self-assembly of block

copolymers with both MRI contrast and cancer therapy
capacity. As shown in Fig. 30, the micelle incorpo-
rated Gd-DTPA and (1,2-diaminocyclohexane)platinum (II)
(DACHPt), the parent complex of the potent anticancer
drug oxaliplatin, in its core by reversible complexation
between DACHPt, Gd-DTPA and poly(ethylene glycol)-b-
poly(glutamic acid) (PEG-b-P(Glu). The r; of the micelle
increased approximately 24 times compared to that of free
Gd-DTPA. The extremely high r; of the Gd-DTPA/DACHPt-
loaded micelle was ascribed to the combination of the tg
increase and the optimization of the 7,; in the hydrophobic
environment inside the micelle core [112].

Yokoyama et al. prepared a polymer micelle-based
mCA with a pH-adaptable ri. The polymer micelle
was made from cationic polyallylamine or protamine
and an anionic block copolymer poly(ethylene glycol)-b-
poly(aspartic acid) conjugated with DTPA-Gd3* chelates
PEG-P(Asp(DTPA-Gd)) as follows. PEG-P(Asp(DTPA-Gd))
was firstly dissolved in 0.5M NaCl aqueous solution, and
then polyallylamine or protamine in 0.5M NaCl aqueous
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solution was added to the solution. The anionic P(Asp)
block complexed with the cationic polymer via the electro-
static interactions forming a micelle with the Gd chelates
encapsulated inside the core. The micelle had a much
lower rq, only about 2.1-3.6mM~'s~1, in contrast to the
free PEG-P(Asp(DTPA-Gd)) with an r; of 10mM~1s-1, The
changeable r; make it promising for solid tumor imaging
(Fig. 31). In normal tissue, the micelles cannot leak into
tissues through the wall of blood vessel and exhibit low
r1. While in tumor tissue, the micelles accumulate via the
enhanced permeability and retention (EPR) effect of solid
tumors and then dissociate into free PEG-P(Asp(DTPA-Gd))
with high r; due to its acidic intracellular fluid, selectively
enhancing the MRI in tumors [113].

Another pH responsive micellar CA was prepared
through a similar method from poly(ethylene glycol)-
b-poly(L-lysine) block copolymer (PEG-P(Lys)) partially
conjugated with DOTA-Gd3* and an oppositely charged
polyanion, poly(methacrylic acid) or dextran sulfate. It
also showed lower r; (3.8mM-1s-1 at 9.4T) than its
parent polymeric CA, PEG-P(Lys)-DOTA-Gd3* conjugate
(6.2mM-1s-1 at 9.4T) [114]. In addition, the PEG-P(Lys)-
DOTA conjugate partially chelated with Gd could form
a micellar structure in an aqueous medium. The resul-
tant micellar CAs showed long blood circulation time with
22.5+2.9% of injected dose remaining in the blood for

24 h after the injection, and demonstrated a considerable
amount (6.1+0.3% of ID/g of the polymeric micelle) of
accumulation in the solid tumor 24h after intravenous
injection, significantly enhancing the MRI of the tumor
[115].

In summary, the micellar CAs with Gd chelates located
in their shell have free access for H,O molecules to the
bound Gd ions. They, therefore, generally showed higher
r1 values than free mCAs as they have high 7z due to the
restricted rotation of their micellar structures. On the other
hand, the micellar CAs with Gd chelates located in their
interior have much lower r; values than the free mCAs
because the inner core environment hinders the access of
H,0 molecules to the bound Gd ions in the core, which
increases the 1) of CAs. Stimulus-responsive micellar CAs
with changeable r; values can be achieved via designing
environment-sensitive micellar structures, which change
their morphology (e.g. from aggregated state to dissoci-
ated state) due to an external stimulus (e.g. change in pH)
and consequently alter their r; s. The micellar CAs also have
different pharmacokinetics and biodistribution compared
to mCAs due to their larger size. The micellar CAs also
have longer blood retention times and accumulate more
in tumors via the EPR effect. In addition, the structure and
size of micellar CAs can also be tuned according to their
applications.
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4. Clearance and pharmacokinetics

Since the accumulated mCAs in the body may be taken
up by cells and metabolized into toxic Gd3* and other harm-
ful debris from the carriers, an ideal mCA not only should
remain within the system for a sufficient time to produce
desired effects such as tumor accumulation for oncologic
imaging, but also should be effectively excreted from the
body to minimize unwanted effects of foreign materi-
als within body [116]. Nano-sized mCAs are cleared from
the vascular compartment through three primary mech-
anisms: renal clearance with excretion into urine, hepatic
clearance with biliary excretion, or uptake by macrophages
into the reticuloendothelial system (RES) (liver, spleen,
bone marrow)[116]. The renal clearance includes glomeru-
lar filtration or tubular excretion. Among all the modes
of clearance, the glomerular filtration is the most desired
route for mCA clearance from the body, as mCAs are
excreted without cellular internalization or metabolism
[116]. The size, hydrophilicity, surface modification, shape,
and flexibility of mCAs have great effects on their clearance.

The pharmacokinetics and distribution of a mCA deter-
mine its specific applications. Organ-specific imaging can
be achieved via adjusting the pharmacokinetics and dis-
tribution of mCAs by changing their size, shape, rigidity,
and surface modification. For instance, as shown in Fig. 32,

the sizes and hydrophilicity of the dendritic mCAs deter-
mined their pharmacokinetics and distribution and thus
their specific applications [116]. G4-PAMAM CA with a size
of 6nm tends to accumulate in kidney and thus may be
ideal for renal imaging [117,118]. G8-PAMAM CA with a
size of 10 nm is taken up by the lymphatics and retained in
lymphatic system more than 1 day, and thus may be used
for lymphatic system imaging. G6-PAMAM CA with a size
of 8 nm may be good for blood agent. In addtion, the more
hydrophobic G4 PPI CA, which has higher accumulation in
liver, may be suitable for liver imaging [116].

4.1. Size

Generally, macromolecules or particles smaller than
5.5nm primarily undergo renal clearance, whereas those
larger than 12 nm primarily undergo hepatic clearance, and
those of intermediate size vary in terms of their proper-
ties. The pharmacokinetics and biodistribution of the G2 to
G10 PAMAM dendrimers conjugated with 1B4M were eval-
uated by Kobayashi, et al. [119-121]. They found that the
G2 to G4-based mCAs were quickly excreted via the kidney
primarily during the first pass, while the G5 and G6-based
mCAs were more slowly excreted. The G7 to G10-based
mCAs, however, showed minimal excretion from the kid-
ney. In addition, it was reported that the G2 and G3-based
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mCAs with sizes less than 5nm in diameter were quickly
distributed from the circulation into the soft tissue simi-
larly to Gd-DTPA [120], indicating they could quickly leak
out of the vasculature into surrounding tissues, even from
normal vessels. In contrast, the slightly larger mCAs (i.e.
G4 and G5-based mCAs) extravasated from the tumor vas-
culature but could not from normal blood vessels [122],

while the mCAs larger than 8 nm diameter (i.e., G6 or
higher generations-based mCAs) showed minimal leakage
even from tumor vessels into surrounding tumor tissue
[123-125]. Furthermore, the authors also found that the
dendritic mCAs smaller than the G8-based mCAs were not
recognized by the reticuloendothelial system, but the G9
and G10-based ones were quickly taken up and trapped in
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the reticuloendothelial system, resulting in rapid clearance
from the circulation [122].

4.2. Hydrophilicity

The hydrophilicity of polymers also greatly affects
the pharmacokinetics and biodistribution of mCAs. For
instance, Kobayashi et al. compared the pharmacokinet-
ics and biodistribution of dendritic mCAs made from the
G4 PPI or PAMAM, and 1B4M. PPI is more hydropho-
bic than PAMAM because it contains longer carbon
chains and no amide groups. The PPI-G4-(1B4M-Gd)g4
had significantly faster blood clearance and accumulated
significantly more in the liver and less in kidney than
PAMAM-G4-(1B4M-Gd)g4. At 15min after the injection,
the blood concentrations of PAMAM-G4-(1B4M-Gd)g4,
and PPI-G4-(1B4M-Gd)ss were 2+0.1% and 0.8+0.1%
ID/g, respectively. The whole body retention of PPI-G4-
(1B4M-Gd)g4 was also significantly less than that of
PAMAM-G4-(1B4M-Gd)g4 [126].

4.3. Surface modification

mCAs with high molecular weight like other nanopar-
ticles or large macromolecules are often eleminated from
the circulatory system by the reticuloendothelial system
(RES)[127]. This process is initiated by opsonization, which
is the process by which a foreign organism or particle
becomes covered with opsonin protein, thereby making it
more visible to phagocytic cells. Following opsonization,
macrophages recognize, phagocytose, and then sequester
the particles in the liver, spleen, and/or bone marrow.
Avoiding or reducing opsonization is critical to prevent
elimination by RES. One widely used method to slow
opsonization is surface modification with hydrophilic poly-
mers including polysaccharide, poly(vinylalcohol), poly(N-
vinyl-2-pyrrolidone), PEG and PEG containing copolymer
[116]. Of all the polymers tested to date, the most effective
and most commonly used is PEG, which is very flexi-
ble, highly hydrophilic, charge neutral and biocompatible
[127,128]. Bogdanov et al. prepared an mCA from PEG
grafted polylysine copolymer (MPEG-PL), and found that
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the t, of MPEG-PL-DTPA-Gd3* with a molecular weight of
430 kDa reached 14 h, much higher than that of PLL-DTPA-
Gd3* even with a slightly higher molecular weight [68].
Kobayashi et al. made two PEGylated dendritic mCAs from
G4 PAMAM via conjugation with 1B4M and one or two PEG
chains, PEG,-G4PAMAM-(1B4M-Gd)g, (MW: 96 kDa) and
PEG{-G4PAMAM-(1B4M-Gd)g3 (MW: 77 kDa). The blood «
phase half-lives of the two PEGylated mCAs and the one
without PEGylation were 15+4.2min, 5.1 +£1.6 min, and
3.2+ 1.1 min, respectively, and their blood 3 phase half-
lives were 162436 min, 1194+ 26 min, and 55+ 24 min
for PEG,-G4D-(1B4M-Gd)s,, PEG;-G4D-(1B4M-Gd)g3, and
G4D-(1B4M-Gd)g4, respectively. It is evident that the two
PEGylated dendritic mCAs remained in the blood signifi-
cantly longer and accumulated significantly less in the liver
and kidney than that without PEGylation [129].
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4.4. Shape

The effect of shape, which has not yet been exten-
sively explored, also significantly affect the clearance and
pharmacokinetics of mCAs. The clearance and pharmacoki-
netics of linear copolymers and branched spherical PAMAM
dendrimers were compared by Sadekar et al. [130]. They
found that the G5 hydroxyl-terminated PAMAM (G5.0-OH)
was retained in the kidney over 1 week, whereas the lin-
ear HPMA copolymer of comparable molecular weight was
excreted into the urine and did not show persistent renal
accumulation. In addition, the G6 hydroxyl-terminated
PAMAM (G6.0-OH) was taken up by the liver to a higher
extent, whereas the HPMA copolymer of comparable
molecular weight was observed to have a plasma exposure
three times that of this dendrimer due to much less uptake
by the liver [130]. Kobayashi et al. compared the clearance
and pharmacokinetics of dendrimers modified with PEG
of different molecular weights. The dendritic mCAs mod-
ified with short PEG tails had spherical shapes, whereas
those modified with one or two long PEG chain had non-
spherical shapes. As a result, they showed very different

(}l\) A MR imaging agent: DTPA-Gd

M~ Shell: Poly(Glutamic acid)
Chelating with Gd®*
\"']JJ \7 O Core: PLLA, potential drug reservoir.

f=— 150 nm

Fig. 26. Structure of PG(DTPA)-b-PLA (A) and schematic model of the micellar structure with DTPA-Gd chelated to the shell layer (B). Reprinted from [107].

© 2007 with permission from ACS.
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Fig. 27. Graphical representation of the synthesis of Gd"-labeled SCK. Starting from a tetrahydrofuran (THF) solution of an amphiphilic diblock copolymer,
PAAs;-b-PMA s, self-assembly was induced by the controlled addition of H,O to produce a multimolecular, micellar structure. Subsequent crosslinking
of the shell layer upon amidation with a diamine produced a covalently stabilized SCK, which was then derivatized throughout the hydrophilic shell with

a Gd**-coordinated, amino-functionalized DTPA analogue. Reprinted from [109].
© 2005 with permission from Wiley.
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clearance and pharmacokinetics. The later with long PEGy-
lated tails underwentrelatively rapid renal clearance, while
the former with short PEG tails did not show renal clear-
ance (Fig. 33) [116,129]. The effect of nanoparticle shape
on flow and drug delivery was also investigated by com-
paring linear polymer micelles known as filomicelles to
spheres of the same chemistry in rodents. It was found that
the filomicelles remained in circulation ten times longer
than their chemically similar spherical counterparts, sug-
gesting that the shape played a significant role in in vivo
behavior [131].

4.5. Flexibility

The flexibility is also an important determinant of clear-
ance and pharmacokinetics for mCAs. Generally, increasing
flexibility of mCAs can increase the renal clearance of mCAs
[116]. For example, Kobayashi et al. found that the dendritic
mCA with more flexible interior of PAMAM dendrimer
with ammonia core went through glomerular filtration
more efficiently than those with less flexible interior of
PAMAM dendrimer with ethylenediamine core, resulting
faster clearance from the blood and higher renal accumu-
lation, even though both of the two dendritic mCAs have
almost similar molecular size and same chemical structure.
The later remained in the blood significantly more than the
former at 15 min post-injection and visualized the fine ves-
sels longer than the former, whereas, the former showed

higher signal intensity in the kidney on the dynamic MR
images and brighter kidney images than the later [132].

5. Clinical applications

As discussed above, the mCAs have two main advan-
tages over small molecular CAs: enhanced relaxivity
and improved pharmacokinetics. The enhanced relaxivity
makes it possible to reduce the risk of toxicity by lowering
the dose of Gd3* chelates. The different pharmacokinetics
of mCAs makes them suitable for a variety of applica-
tions. The advantages of using mCAs in angiography, cancer
imaging, kidney imaging, liver imaging, lymphatic imaging,
and noninvasive visualization of drug delivery have been
demonstrated by various studies.

5.1. Blood pool imaging

Blood pool CAs, also known as intravascular CAs, are
used in vasculature imaging, also known as magnetic res-
onance angiography (MRA) or cardiovascular imaging to
detect vascular diseases. Therefore, they are required to
remain in the intravascular system for a prolonged time
rather than diffuse quickly into interstitial space. mCAs
show great potential for this application due to their
long blood retention times and their inability to cross the
vascular walls. Bogdanov et al. evaluated a PEG grafted
polylysine-DTPA-Gd3* mCA as a blood pool agent. The t; 2
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Fig. 31. The concept of polymeric micelle-type MRI contrast agent for
tumor imaging. Reprinted from [113].
© 2006 with permission from Elsevier.

of the mCA was 14 h. A dose of 20 wmol of Gd per kg of
body weight was sufficient to increase the vessel-muscle
contrast ratio 4-5-fold [68]. Fig. 34 shows the maximum
intensity projections (MIP) image from a 3D TOF sequence
of a rat head before and after intravenous administra-
tion of 15 wmol/kg MPEG-PL-Gd-DTPA. While virtually no
vessels were seen on the precontrast images, a consider-
able improvement in vessel delineation was evident on

the postcontrast image. Not only the signal intensities of
arteries but also those of veins became more readily dis-
cernible, even in the vessels of submillimeter diameters.
Fig. 34 shows the right femur and tibia of the same rat. The
iliac and femoral artery and vein are clearly demonstrated.
Up to four orders of branching vessels could be identified
[68].

The slow excretion, however, also increases the risks
from the cellular uptake and metabolism of Gd chelates,
resulting in long-term tissue accumulation of toxic Gd3*
ions. Two solutions have been proposed to solve this
problem. One, is choosing the carriers with suitable molec-
ular weights, which are large enough to have a much
slower leakage of the mCAs through the normal function-
ing endothelium than small molecule CAs but still small
enough than the renal clearance threshold for renal clear-
ance via the kidneys. Gadomer 17, a dendritic mCA under
phase Il clinical development, which carries 24 Gd ions with
a molecular weight of 17 kDa, is an example of this type of
mCA [99]. While Gadomer 17 has a plasma half-life in rat
of 1.4 h, more than 99% of the agent could be eliminated
from the body after 7 days [59]. P792, shown in Fig. 35, is
another mCA which is too large for capillary extravasation
but is small enough for rapid renal elimination, which is
currently under phase III clinical development [133].
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Fig. 33. Two long, linear PEG (20 kDa) conjugated PAMAM-G4-Gd shows renal excretion, whereas short PEG (2 kDa) conjugated PAMAM-G4-Gd of similar

physical size shows no renal excretion. Reprinted from [116].
© 2011 with permission from the ACS.

a b

Fig.34. MIPspoiled GRASS MR images of a rat head, obtained before (left) and after (right) intravenous administration of MPEG-PL-Gd-DTPA. The precontrast
image was obtained at 60/8 (repetition time ms/echo time ms) with a flip angle of 20°. The postcontrast image was obtained at 60/8 with a flip angle of 60°.
Veins and arteries are much better visualized after administration of the contrast medium. Vessels less than a millimeter in diameter are seen because of
the high vessel-muscle ratio. Notice the areas of high vascularity in the whisker region. (b) Spoiled GRASS MR image (60/8; flip angle, 60°) obtained after
administration of MPEG-PL-Gd-DTPA. The excellent vessel-muscle ratio facilitates delineation of four orders of vascularity. Reprinted from [68].

© 1993 with permission from the Radiological Society of North America, Inc.
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An alternative method is to use biodegradable mCAs.
These mCAs work as intravascular agents for blood pool
imaging and then degrade into low molecular weight
pieces to be excreted. Lu et al. developed a series of
polydisulfide-based copolymers, shown in Fig. 9, which
could be degraded into small pieces by cleaving the
disulfide bonds in the polymer chains via disulfide-thiol
exchange reaction with endogenous thiols. The smaller
Gd(IIl) chelates can then be excreted rapidly by kid-
neys. These copolymers were evaluated as blood pool
agents using different animal models, indicating that these
copolymers had superior contrast enhancement in heart
and blood vessels as compared to a low molecular weight
control CA [52,53,56]. Fig. 36 demonstrates that GDCC
markedly improved the visualization of the thoracic vessel
branches and the heart for first-pass breath-hold imaging
and the GDCC drastically improved blood signal-to-noise
ratio compared to the precontrast images [134]. More-
over, the biodistributions of Gd(III) in the major organs and
tissues, including the femur, heart, kidneys, liver, lungs,
muscle, and spleen of rats 10 days after the injection of
either GDCC, and control agent Gd-(DTPA-BMA), at a dose
of 0.1 mmol Gd/kg were monitored. The accumulations of
Gd(III) in the tissues measured were at the same minimal
level for GDCC and the control agent [29].

5.2. Cancer imaging

Most solid tumors possess unique pathophysiological
characteristics that are not observed in normal tissues or

organs, such as extensive angiogenesis and hypervascu-
lature, defective vascular architecture, and an impaired
lymphatic drainage recovery system [135,136]. They also
overproduce vascular permeability mediators to greatly
enhance the permeability of their blood vessels. It was
reported that even 1000 nm bacteria could diffuse out from
these permeable vessels [137], which is known as the
EPR effect [138]. mCAs are able to accumulate in tumors
through the EPR effect, which makes them very promising
for cancer imaging.

The applications of mCAs for tumor imaging mainly
includes differentiating benign and malignant tumors
[139], imaging the tumor aggressiveness [140,141], mon-
itoring the early tumor responses to anti-angiogenesis
drug therapy [142,143], and being used as a predictive
biomarker for future tumor response [101,144]. The major-
ity of reports focused on tumor angiogenesis imaging using
dynamic contrast-enhanced MR imaging (DCE-MRI), which
acquires a consecutive series of MR images before, during,
and after administration of a CA. The results can be depicted
numerically, or as color-encoded images. The measured
DCE-MRI parameters were shown to correlate with the vas-
cular permeability and hence the angiogenesis in the tumor
tissue. A detailed description of DCE-MRI is available from
previously published reviews [145,146].

Albumin, dextran and PAMAM or PPI dendrimers con-
jugated with DTPA/DOTA-Gd3* chelates are the most
frequently used mCAs for tumor imaging [145]. They
have been successfully exploited for detecting and grad-
ing tumors, as well as detecting early responses to
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Fig. 36. First-pass breath-hold 3D MRA of the thorax. Source images acquired (A) pre-contrast, (B) post-GDCC. Corresponding MIP images acquired (C)

pre-contrast, (D) post-GDCC. Reprinted from [134].
© 2006 with permission from ACS.

anti-angiogenesis drug therapy. Daldrup et al. developed
a method to test the angiogenesis and grade tumor
via measuring the tumor permeability using dynamic
albumin-(DTPA-Gd-)-enhanced MRI. The tumor perme-
ability for mCA was analyzed by testing the changes in
the relaxation rate between the pre- and post-contrast
tumor rim at different times. The results obtained from the
dynamic albumin-(DTPA-Gd-)-enhanced MRI correlated
closely with histological tumor analysis and grade [139].
The permeability values (K1) from albumin-(Gd-DTPA)-
enhanced MRI measurement have been found effective
for monitoring the response of anti-angiogenic therapy
[139,147,148]. Kobayashi et al. evaluated the changes in
the permeability of SCC VII tumor vessels after radiation
treatment as a function of time by dynamic MRI with a
generation-8 PAMAM dendrimer-based mCA, and found a
significant transient image enhancement of the tumor tis-
sue with a maximum occurring between 7 and 24 h after
the radiation treatment [149].

Besides passive targeting via the EPR effect, tumor-
targeting groups were also introduced onto mCAs to
improve the tumor imaging. Monoclonal antibodies,
peptides, or folate are the most commonly used target-
ing groups for tumor-targeting [150]. For example, the
PAMAM-DTPA-Gd3* mCA conjugated with folic acid as
the targeting group was taken up specifically by tumor
cells, leading to a specific increase of over 100% in the
ry of tumor cells. When administrated in vivo, the folate
conjugated mCA was found accumulated in xenografted
ovarian tumors expressing the folate receptor and had
a 33% increase in the contrast enhancement of ovarian
tumors compared with a non-specific agent [151,152].

Torchilin et al. found that 2C5 (a monoclonal antibody
capable of binding to the surface of a variety of cancer
cells but not normal cells)-modified PEGylated liposome
CA allowed for fast and specific tumor imaging as early
as 4 h post-injection. The T inversion recovery maps dis-
played a significant increase in the tumor-associated rq
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Fig. 37. MR imaging of mice with subcutaneous Bel-7402 xenograft. T1-weighted MR images of nude mice at various time after i.v. injection of Gd-DTPA
(top row), Gd-DTPA-PAMAM-PEG (second row) and Gd-DTPA-PAMAM-PEG-T7 (bottom row). Images were acquired preinjection and 5, 30 min, 1, 2 and
24 h post-injection; white arrow shows location of subcutaneous Bel-7402 xenograft. Reprinted from [155].

© 2011 with permission from Elsevier.

in animals 4h after injection of the targeted liposome
CA and a gradual decrease thereafter consistent with the
clearance of the agent from the tumor region. In the con-
trol animals injected with antibody-free liposome CA, the
corresponding ry values at the investigated time points
were significantly smaller [153]. Zhuo et al. prepared
a tumor-selective mCA with 5-(p-carbonyloxy phenyl)-
10,15,20-triphenylporphyrin (HPTP) as a targeting group
and polyaspartamide as the carrier. The mCA containing
HPTP moiety significantly enhanced the MRI contrast of
hepatoma (H22) and Ehrlich ascites carcinoma after injec-
tion [30].

Transferrin receptors are highly expressed on both
liver cancer cells and brain glioma cells. Peptide T7
(sequenced HAIYPRH) has been found to have high affin-
ity for transferrin receptors (Tfz) comparable to that
of transferrin (Tf), with Kd of ~10nM [154]. Thus,
T7 has been explored as a ligand for targeting deliv-
ery of agents to target Tfgy highly expressed tumors.
Jiang et al. prepared a tumor targeting mCA from T7-
conjugated polyethylene glycol (PEG)-modified polyami-
doamine (PAMAM) dendrimers (PAMAM-PEG-T7) after
conjugation with DTPA-Gd. The mice with subcutaneous
Bel-7402 xenografts were treated with GADTPA-PAMAM-
PEG-T7, GADTPA and GADTPA-PAMAM-PEG as controls to
assess the specificity of GADTPA-PAMAM-PEG-T7 (Fig. 37).
Axial MR images were acquired pre-contrast and at var-
ious time after administration. As shown in Fig. 37, an
image acquired pre-contrast, demonstrated that there
was little intrinsic contrast between Bel-7402 tumor
and surrounding muscle or organs. Five minutes after
the injection of GADTPA-PAMAM-PEG-T7, the subcuta-
neous Bel-7402 tumor appeared hyper intense, with the

signal in the tumor lesion gradually increasing. After
24 h the image showed accurate delineation of the tumor
boundary. The tumor signal enhancement by GdDTPA-
PAMAM-PEG-T7 was evidently higher than that by GADTPA
and GADTPA-PAMAM-PEG, and the signal enhancement
by GADTPA-PAMAMPEG-T7 could be retained for a much
longer time [155].

5.3. Liver imaging

The presence of hydrophobic groups on the Gd3*
chelates can cause hepatocellular uptake and excretion
into the bile ducts, gall bladder, and intestines, resulting
in the visualization of a hyperintense/bright liver by the
MRI. Thus, small molecule liver MRI CAs with hydrophobic
groups enhance the signal of the normal liver parenchyma,
and have been actively investigated for many years
[156,157] with some being currently used in clinical prac-
tice [158-160]. The mCAs based on polymer carriers are
also inclined to accumulate in the liver, and are therefore
promising as liver MRI CAs [117]. For example, a PPI-Gs5-
dendrimer-based mCA was found to accumulate in the liver
at 50% of the injected dose within 15 min after injection.
The hydrophobicity of the carriers plays an important role
in liver imaging using mCAs. The more hydrophobic PPI-
based CAs accumulated more significantly in the liver and
less in blood compared to the less hydrophobic PAMAM-
based mCAs. The MRI enhanced by the PPI dendrimer mCA
was able to visualize liver parenchyma and both portal and
hepatic veins of 0.5 mm in diameter in mice (Fig. 38) [126].
Furthermore, the experiment on a mouse colon carcinoma
liver metastasis model indicated that the dynamic micro-
MRI with PPI-Gs-dendrimer-mCA could homogeneously
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Fig. 38. Axial liver images of contrast-enhanced MRI at the level of the hepatic veins (A) and the portal veins (B) obtained 20 min after the injection of
0.033 mmol/kg of DAB-Am64-(1B4M-Gd)s4 are shown. The scale indicates 1 cm. The images showed a homogeneously high signal intensity in the liver
parenchyma with negative contrast to both hepatic and portal veins. Reprinted from [126].

© 2001 with permission from Wiley.

enhance the imaging of normal liver parenchyma and visu-
alize the micrometastatic tumors of 0.3 mm in diameter
in the mouse liver with a better contrast than that with
Gd-DTPA [161].

Liver-targeting groups were also introduced into mCAs
to increase their specificity to liver. For example, Zhuo
et al. made liver-specific CAs by introducing p-galactose
onto polylysine-DTPA/DOTA conjugates and found they
could preferentially enhance liver imaging [162,163]. Ai
et al. prepared liver-targeting dendritic mCAs via introduc-
tion of multiple galactosyl moieties onto dendritic mCAs.
The dendritic mCAs provided better signal intensity (SI)
enhancement in mouse liver, especially at 60 min post-
injection, with the most efficient enhancement from the
galactosyl moiety decorated G3 dendritic mCA [164].

5.4. Kidney imaging

Kidney imaging is mainly used to detect structural and
functional abnormalities of the renal parenchyma [92].
Kobayashi et al. found a G4-dendrimer-based mCA could
efficiently monitor renal injury caused by administration
of cisplatin in mice [165]. Since then, PAMAM- and PPI
dendrimer-based mCAs with molecular weight less than
60 kDa were synthesized and evaluated as an efficient mCA
for imaging early renal tubular damage[20]. All the tested
dendritic mCAs allowed MRI to visualize the renal func-
tional anatomy in mice (Fig. 39) [92]. PPI-dendrimer-based
mCAs were excreted more rapidly from the body than
PAMAM-dendrimer-based mCAs at same generations, and
the PPI-G, dendrimer mCA was found to be the best candi-
date for functional kidney imaging because it was cleared
most rapidly but still enabled visualization of mild renal
tubular injury at very early stages after injury [19,92].

5.5. Lymphatic imaging

Up to now, very few methods are available to visualize
the deep lymphatic system [19]. Recently, mCAs, especially
dendritic mCAs, have been shown to enable the clear visu-
alization of even deep lymphatic vessels and lymph nodes

using the micro-magnetic resonance lymphangiography
(MRL) method [166-168], which can be used for diagnos-
ing the impairment of lymphatic drainage function in a
lymphedema, and distinguishing the appearance of infec-
tious lymph nodes [20]. The core and size of dendritic mCAs
affected their performances in visualizing the lymphatic
system.

Kobayashi et al. compared different dendrimer-
based mCAs for dynamic MRL in the context of
lymphoma/lymphoproliferative disease, inflammation,
and cancer metastasis, and found that PAMAM-G8-(1B4M-
Gd)1024, DAB-G5-(1B4M-Gd)g4, PAMAM-G4-(1B4M-Gd )g4,
and Gadomer-17 enabled most of the deep lymph nodes
to be visualized throughout the body of mice (Fig. 40)
[169]. The large hydrophilic molecule, PAMAM-G8, was
advantageous for visualizing lymphatic vessels. In con-
trast, the small hydrophobic DAB-G5, allowed specific
visualization of the lymph nodes. The small hydrophilic
PAMAM-G4, which showed intermediate characteristics
between PAMAM-G8 and DAB-G5, appears to be the best
compound for clinical use due to its quick clearance and
low background signal [169].

5.6. Visible drug delivery system (visible DDS)

Visible DDS, also termed as theranostics, integrates
therapy and diagnosis functions in one system. MRI guided
DDS that carries both therapeutics and MRI CAs, is one
of the most important theranostics used in clinical and
preclinical study. The MRI guided theranostics could be
polymeric colloids loaded with iron oxide nanoparticles
and drugs [170-172], or polymer conjugates and poly-
meric colloids incorporating gadolinium chelates and drugs
[5]. These MRI-guided DDSs can be used to noninvasively
assess the biodistribution and the target site accumulation
of therapeutics, to predict therapeutic responses, and to
longitudinally monitor the efficacy of therapeutic interven-
tions [173].

Kataoka et al. investigated the detection and treat-
ment of pancreatic cancer using the previously introduced
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Fig. 39. Coronal high-resolution images of contrast enhanced dynamic micro-MRI at the center of the right kidney obtained preinjection, or 0, 6, and 12 min
postinjection of 0.03 mmol/kg of CA: PAMAM-G4 (A), PAMAM-G3 (B), PAMAMG?2 (C), DAB-G4 (D), DAB-G3 (E), DAB-G2. Reprinted from [92].
© 2004 with permission from Wiley.
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Fig. 40. Whole-body dynamic 3D-micro-MR lymphangiograms of mice injected intracutaneously into all four middle phalanges with 0.005 mmolGd/kg of
PAMAM-G8-(1B4M-Gd)1024, DAB-G5-(1B4M-Gd)gs, PAMAM-G4-(1B4M-Gd )s4, Gadomer-17, or Gd-DTPA are shown. MIPs obtained from images acquired
at (A) 10 and (B) 45 min postinjection are shown for all five CAs. Reprinted from [169].

© 2003 with permission from Wiley.

theranostic polymeric micelles with DTPA-Gd3* and (1,2-
diaminocyclohexane)platinum (II) (DACHPt), the parent
complex of the potent anticancer drug oxaliplatin in the
core (Fig. 30). The T;-weighted MR images after intra-
venous administration of the Gd-DTPA/DACHPt-loaded
micelles clearly showed specific contrast enhancement
at the tumor area for more than 4h (Fig. 41A and B),
while the administration of free Gd-DTPA did not show
any enhancement in the tumor region (Fig. 41A and B).
The amount of Gd-DTPA delivered by the micelles in
the orthotopic pancreatic tumor was 7 times higher than
the accumulation of free Gd-DTPA (Fig. 41C). Accord-
ingly, 3.5% of the total Gd dose from the micelles and

7.2% of the total Pt dose had accumulated in the tumor
within 4 h after administration. The macroscopic observa-
tion of the orthotopic tumor-bearing mice that received
Gd-DTPA/DACHPt-loaded micelles confirmed the position
of every organ and the tumor (Fig. 41D, top and middle),
while the histological study of the malignancy revealed a
poorly differentiated histology of pancreatic adenocarci-
noma with thick fibrosis and low vascularization (Fig. 41D,
bottom) [112].

The antitumor activity of Gd-DTPA/DACHPt-loaded
micelles was also evaluated by MRI. The mice treated with
the micelles at 8 mg/kg on a Pt base achieved a signifi-
cant reduction in the volume of orthotopic BXPC3 tumors
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Fig. 41. In vivo behavior of Gd-DTPA/DACHPt-loaded micelles on an orthotopic pancreatic cancer (BxPC3). (A) In vivo MRI series of T;-weighted transaxial
slices of mice after i.v. injection of Gd-DTPA/DACHPt-loaded micelles or Gd-DTPA at 5 mol/kg. (B) Relative MRI intensity in each organ after i.v. injection of
Gd-DTPA/DACHPt-loaded micelles at 5 wmol Gd-DTPA/kg or i.v. injection of Gd-DTPA at 5 wmol. (C) The Gd-DTPA/DACHPt-loaded micelles and Gd-DTPA
accumulation in the BxPC3 tumor 4 h after i.v. administration (n=4). (D) Top, Macroscopic findings of orthotopic BxPC3-bearing BALB/c nude mice after
MRI acquisition. Bar =1 cm. Pancreatic cancer (T), liver (L), kidney (K) and spleen (S). Middle, the pancreatic tumor after excision with spleen and normal
pancreas. Bar=0.5 cm. Bottom, microscopic findings (H&E staining) of the pancreatic cancer (T) and normal pancreatic tissue (P). Bar=100 wm. Reprinted

from [112].

© 2010 with permission from the American Association for Cancer Research.

(Fig. 42A). Likewise, the weight of the pancreas at day 18
of the micelle-treated animal was much lower than the
mice that received only Gd-DTPA (Fig. 42B). Moreover, Gd-
DTPA/DACHPt-loaded micelles were shown to enhance the
signal intensity at the tumor region (Fig. 42C). Thus, Gd-
DTPA/DACHPt-loaded micelle can be used to follow the
micelle accumulation in the tumor and the tumor size by
MRI [112].

Lu et al. synthesized pegylated and non-pegylated poly-
(L-glutamic acid) conjugates containing mesochlorine6, a
photosensitizer, and Gd(III)-DO3A, an MRI CA. The effects
of pegylation on the biodistribution and tumor targeting
were non-invasively visualized in the mice bearing MDA-
MB-231 tumor xenografts with MRI. MRI-guided photody-
namic therapy was carried out in the tumor bearing mice,
and the tumor response to photodynamic therapy was

evaluated by dynamic contrast enhanced MRI and histo-
logical analysis. The pegylated conjugate had longer blood
circulation, lower liver uptake and higher tumor accu-
mulation than the non-pegylated conjugate as shown by
the MRI. Site-directed laser irradiation of tumors resulted
in higher therapeutic efficacy for the pegylated conju-
gate than that for the nonpegylated conjugate. Moreover,
the animals treated with photodynamic therapy showed
reduced vascular permeability on DCE-MRI and decreased
microvessel density in the histological analysis [174].
Besides cancer detection and therapy, MRI-based ther-
anostics can also be used for other diseases. Wang
et al. found the Gd-DO3A-modified poly(HPMA) effectively
accumulated in the ankles of rats suffering from adjuvant-
induced arthritis, whereas no accumulation was observed
inthe ankles of healthy rats[173],and the HPMA copolymer
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Fig.42. Invivo antitumor activity of Gd-DTPA/DACHPt-loaded micelles on orthotopic pancreatic cancer model (BXPC3) assessed by volumetric MR imaging.
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tumors. (B, left) Weight of the whole pancreas for mice treated with the micelles or Gd-DTPA at day 18 on the antitumor experiment. Right, macroscopies
of the excised pancreas after treatment with the micelles or Gd-DTPA. (C) MR imaging at day 0 and day 18 of a tumor-bearing mouse treated with
Gd-DTPA/DACHPt-loaded micelles. The tumor size was 89 mm? at day 0, and 5 mm? at day 18. Reprinted from [112].
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conjugated with corticosteroid drug dexamethasone had
long circulating and substantial improvement in disease
inhibition [175-177].

6. Summary

This review presents the state of the art in mCAs.
Compared with small molecule CAs, mCAs have two
main favorable characteristics: enhanced relaxivity and
extended retention in the blood circulation. Up to now,
a variety of mCAs with various structures have been syn-
thesized and studied in animal models, and demonstrated
their great potential in angiography, cancer imaging,
kidney imaging, liver imaging, lymphatic imaging, non-
invasive visualization of drug delivery, to name a few.
However, only few mCAs are currently under clinical trials.

The kinetic and thermodynamic stability, basic pharma-
cokinetics, side effects and the costs of these agents limit
their clinical translation. Since most of the mCAs are not
biodegradable, they are difficult to excrete when their
molecular weights are higher than their renal thresholds.
Long-term retention of such mCAs imposes high risks to
patients due to the high toxicity of free Gd3* released by
mCA metabolization. Thus, biodegradability of mCAs with
high molecular weight must be considered. The future
direction of mCAs may include: (1) further improving the ry
of mCAs through self-assembly in order to reduce the dose
of Gd3* and hence minimize its side effects; (2) develop-
ing biodegradable and biocompatible mCAs; (3) developing
tissue or tumor targeting/specific mCAs; (4) designing
visible drug delivery systems and other multifunctional
systems in combination with other imaging modes.
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