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Abstract

Magnetic resonance imaging (MRI) contrast agents that contain the gadolinium ion are widely used in biomedical research and diagnosis. The
relaxation mechanism of these T;-agents highlights their sensitivity towards the proximal environment. Greater knowledge of the structurally
related relaxation mechanism, particularly factors that govern relaxivity, leads to scrutinized chelate designs that improve contrast enhancement.
Cyclic and acyclic polyaminocarboxylate gadolinium complexes, especially those have favourable water exchange and tumbling rate for relaxation,
have been reported to improve relaxivity and specificity.

The criteria for a large relaxivity gain upon protein binding, such as the human serum albumin (HSA), are elucidated through the relaxometric
study of the protein—chelate adduct. This adduct is an important model for the development of contrast agents, which may allow the in vivo
visualization of proteins. The strength of HSA binding and the observed relaxivity are related to the pharmacokinetic profile of the contrast agents
and give insight in the sensitivity of the agents after intravenous administration. By using animal models, an understanding of the physiology of
contrast agents, including their biodistribution, excretion, and possible site of interaction, is acquired. The in vitro studies of contrast agents have
demonstrated the feasibility of imaging various disease-related proteins, cell types, and gene delivery and expression. Imaging at the molecular
level can be achieved through this integrative approach and the incorporation of nanotechnology in drug delivery.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The superior spatial resolution of contrast-enhanced mag-
netic resonance imaging (MRI) and advances in proteomics and
genomics have revolutionized the medical imaging field. High
field scanners have a short scanning time and have improved
both signal-to-noise (SNR) and contrast-to-noise (CNR) ratios.
The resolution can be optimized to the tenths of wm. The avail-
ability of specific and “smart” contrast agents in frontier research
has a major contribution to the success of molecular imaging.
‘Smart’ contrast agents are agents that response to the patho-
logical or physiological parameters, such as pH, temperature,
partial oxygen pressure pO,, metal ions [1] or the concentra-
tion of enzymes. In 2000, Meade et al. reported the first “smart”
contrast agent that shows a significant change in the relaxivity
in vivo in the presence of an enzymatic cleavable bond. This
is a breakthrough in the development of small molecular Gd-
based agents, which uses EgadMe to probe the enzyme mRNA
expression and visualize the reporter gene expression in X. laevis
embryos [2].

Image contrast has improved greatly in the presence of
contrast agents, and with a better knowledge of the struc-
turally related relaxation mechanism. It is governed by three
parameters: proton density, longitudinal relaxation time T1; and
transverse relaxation time T,. The variation in the proton den-
sity between tissues is small; therefore, the pulse sequence that
measures the T; and T, provides the necessary contrast for
diagnosis. Two categories of contrast agents are available to
alter the relaxation rate in the tissues where they distributed,
and are named the T;-agent and the T-agent. The T;-agent,
which is commonly the gadolinium complex, reduces the lon-
gitudinal relaxation time and gives a positive contrast. The iron
oxide is a T»-agent, which results in a negative contrast. The
use of these contrast agents improves both the sensitivity and
specificity of MRI, and provides anatomical and physiological
information.

Gd-based T;-agents modify the longitudinal relaxation. By
ascertaining this relaxation, contrast agents can be designed
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precisely to increase relaxivity. The origin of relaxation is the
dipole-dipole interactions between the proton nuclear spins
and the fluctuating local magnetic field that results from the
paramagnetic metal center. The water molecules that are coor-
dinated with the metal center make a direct contribution, and
the bulk solvent molecules experience the paramagnetic effect
when they diffuse around the metal center. These two interac-
tions are the major constituents of the observed relaxivity (as
stated in Eq. (1.1)) and are known as the inner-sphere relaxation
rate and outer-sphere relaxation rate, respectively. In addition,
water molecules may be retained in the periphery of the metal
center through hydrogen bonding for a relatively long time
without binding to the metal, which is known as the second-
sphere relaxation. This contribution plays a significant role in
polyaminocarboxylic chelates [3], especially those with phos-
phonate groups. Fig. 1 shows the graphical representation of the
components in the longitudinal relaxation:

R$™ = R} + RYY + R, (1.1)

where RII% and R?ps are the relaxation enhancement in the pres-

ence of the paramagnetic complex at | mM concentration, R‘l’bs
is the overall measured relaxivity and R\IN is the relaxation rate
of the solvent in the absence of the paramagnetic complex.
Relaxivity describes the efficacy of the paramagnetic contrast
agent in changing the rate of water proton relaxation at 1 mM
concentration. The contrast enhancement of Gd complexes on
Ty is shown in Eq. (1.2). The microscopic paramagnetic relax-
ation that contributes to Ty is modulated by the water exchange
rate, the reorientation of the whole complex and the electron
spin relaxation. Their relationship is expressed by the modi-
fied Solomon-Bloembergen equations (Egs. (1.3)—(1.5)). The
effectiveness of paramagnetism decreases as the radial distance
increases because the dipolar interaction decreases. Therefore,
the mechanism that brings water molecules to the proximity
of the gadolinium ion through the exchange between the bound
water molecules and those in peripheral is important in the prop-
agation of the paramagnetic effect. The water exchange can be
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Fig. 1. Diagram shows the parameters of the longitudinal relaxivity.
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subdivided into the prototropic exchange and the water exchange

[4]:
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where [M] is the molar concentration of paramagnetic ions,
q the hydration number per Gd center, 7y, the residence life-
time of inner-sphere water molecules, 1/T1y the longitudinal
proton relaxation rates, y; the nuclear gyromagnetic ratio
(y(H)=42.6 MHz/T), S is 7/2 for Gd ions, g the electron g-
factor, up the Bohr magneton, rgqy the electron spin—proton
distance, wy and wy are the nuclear and electron Larmor frequen-
cies, respectively, and A/h is the hyperfine or scalar coupling
constant between the electron spins of the paramagnetic center
and the proton spins of the coordinated water molecule. The
correlation times have a relationship, as stated in Egs. (1.6) and
(1.7), where tR is the rotational correlation time, and T, is the
longitudinal electron spin relaxation time of the metal ion:
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1 1 1
—_— =4 —, (1.7)
Tel Tie Tm

(1.6)

The interdependence of these parameters is complicated by the
effect of magnetic field strength. The typical field strength of
clinical MRI scanners is 1.5 or 3 T, and the highest field strength
for the human and animal scanner is 9.4 T and higher than 14 T,
respectively [5].

Structural modifications on ligands improve the above param-
eters of T relaxation and lead to a higher relaxivity with respect
to the traditional contrast agents [6-9]. Ligands occupy seven
coordination sites of Gd ions and form diaqua complexes is pre-
ferred. This may increase the relaxivity directly and maintain a
stable chelation. Estimation shows that a decrease of 0.2 A of the
distance rggy between the coordinated water and Gd leads to a
50% increase in inner-sphere relaxivity [6,10], because the relax-
ivity has a sixth-order dependence on the distance, as expressed
in Eq. (1.4). A slow water exchange rate (kex =1/ty) may
limit the relaxation enhancement of the Tj-agents, especially
for diethylenetriaminepentaacetic acid (DTPA) or 1,4,7,10-
tetraazacy clododecane-N,N',N”,N"-tetraacetic acid (DOTA)
types of complexes, which have kex smaller than 100! [7].

A dissociative water exchange mechanism is adopted by com-
plexes having an octadentate chelate with one inner-sphere water
molecule. A detailed exchange mechanism of trivalent lan-
thanide complexes is described by Merbach et al. [11]. There
are two distinctive situations as predicted by Eqs. (1.3)—(1.7).
One is a slow water exchange (T < Tpp) in which the res-
idence lifetime 7, is the dominant factor, whereas the other
one is a fast water exchange (T1v > ™), and its relaxivity is a
dependent of the proton exchange and the rotation and electronic
relaxation. The tuning of the steric environment in the vicinity
of the Gd centre can increase the dissociative water exchange
rate as well as the increase relaxivity. An increase in the water
exchange rate can be achieved by increasing the portion of a
particular isomer that has a shorter tp,, and the optimal value of
Tr 18 30 ns at 20 MHz. Another factor that limits the relaxivity is
the reorientational correlation time tR. Strategies are employed
to lengthen tR from a typical range of 50-90 ps to hundreds of
picosecond. The formation of covalently or noncovalently bound
macromolecules [8], such as dendrimers [12] or linear poly-
mers [13] or proteins [14], can efficiently retard the rotational
motion of the complex and increase Tr. Alternatives are micel-
lar self-assembly [15] and incorporated liposomes [16]. When
these parameters including the water exchange rate, rotation and
electron paramagnetic relaxation are optimized, the maximum
relaxivity predicted by Solomon-Bloembergen-Morgan theory
can reach 100mM~! s~! for a complex with g=1 at 20 MHz
[9].

Another important issue in the contrast agent develop-
ment is safety. The first Gd-based MRI contrast agent,
[Gd-DTPA(H,0)]>~ Magnevist™, was reported in 1981, and
numerous molecular designs emerged in the following two
decades. The high spin state and long electronic relaxation time
make Gd a good candidate. However, the free Gd ion accumu-
lates in the liver, spleen, and bones, and is highly toxic, with a
LDs5g ~ 0.2 mmol kg_l in mice [17,18]. Therefore, chelates are
designed to form complexes with Gd and to minimize the tox-
icity to a biologically tolerable level of LDsy ~ 10 mmol kg~'.
Complexes should be both thermodynamically [18] and kinet-
ically stable, which is secured by the preorganization effect of
a cyclic chelate, such as [Gd-DOTA(H,0)]~ Dotarem™. The
transmetallation of gadolinium with endogenous metal ions such
as copper and zinc is less common in cyclic chelates than acyclic
chelates [19]. For the clinical agents, the LDj5 falls into a range
of 8-15mmolkg~! [20-22], and reported adverse effects for
these Gd-based contrast agents are rare [23-25].

Macromolecular contrast agents, such as nanoparticles, den-
drimers, peptides, antibodies, and proteins, have a high relaxivity
relative to the traditional contrast agents, but their size prevents
effective extravasation from the vasculature. The consequence
is a reduction in the diffusion through the interstitium, which
affects cellular delivery. They demonstrate a wide range of pos-
sibilities in molecular imaging; however, their preparations are
neither cost — nor time — effective, their shelf life is limited, and
they possess potential immunogenicity [26]. Small molecular
contrast agents, which have promising targeting ability, diffusion
and penetration and relaxivity that can be modified according to
different physiological states, have a crucial role in the imaging
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field. However, the relaxivity of these agents is limited; hence
methods have to be employed to increase their sensitivity. After
assessing different potential molecular architectures, the devel-
opment of contrast agents is accentuated to the small molecular
Gd-based agent [1,27].

In this review, advances in the millennium in this multi-
disciplinary research are addressed. New agents aim to improve
the relaxivity and specificity, which specificity describes the
selectivity of the contrast agent for a particular target, of clinical
agents. Structural modifications of the coordinating environment
around the Gd will be used to elucidate the effectiveness of
a reduced Ty or a lengthened 7R in increasing relaxivity. The
mechanistic study of the reversible non-covalent binding of con-
trast agents with human serum albumin (HSA) is one of the
protein—chelate interactions that show an increase in relaxivity.
Moreover, this interaction demonstrates the pharmacokinetics
of contrast agents after intravenous injection, which reflects
the availability of the agents in the intra- and extra-vascular
compartments. Criteria for the blood-pool, hepatobiliary and
renal agents and the efficacy of these agents in vivo are dis-
cussed. Strategies that are based on biomolecular interactions
have been devised to image at molecular level, illustrating the
indispensable role of contrast agents in molecular imaging. This
comprehensive approach of analyzing the physiochemistry and
pharmacokinetics assists the understanding of possible advan-
tages or limitations in diagnosis, and may catalyze the process
of moving contrast agents from the research arena to clinical
applications.

2. Contrast agent architectures and relaxivity
2.1. Clinical contrast agents

The clinical Tj-agents have a molecular weight around
600 Da and relaxivities between 4 and 5SmM~!s~! at 20 MHz
and 310K, as shown in Table 1. They are regarded as nonspe-
cific agents or extracellular fluid space (EFS) agents, except
MultiHance™ and Evoist™, which are hepatobiliary agents.
The EFS agents are mainly distributed in the intravascular and
interstitial spaces, and are excreted by the glomerular filtration in
the kidneys. Hepatobiliary agents have affinity towards HSA and
are specificially uptaken by the hepatocytes. They are partially
excreted through the biliary system and the kidneys. By com-
paring the structure of hepatic agents with that of EFS agents,
the liver specificity can be ascribed to the pendent hydrophobic
phenyl rings.

Acyclic DTPA and cyclic DOTA are two common skeletons
of gadolinium chelates. These polyaminocarboxylate ligands
control the steric and electronic properties of the Gd com-
plex, that is, the steric environment around the water exchange
site [28] and the basicity of the pendent group on the amine
[29]. The Omniscan™ and OptiMarkTM are modified based
on Magnevist™ with the aim to increase the hydrophobicity
and reduce the osmotic load via intravenous injection. How-
ever, the water exchange rate decreases dramatically and casts
a major limitation on a high relaxivity. The 7y, varies between
80 and 970ns at 298-310K, which is far from the optimum

value. Both MultiHance™ and Eovist™ have a faster water
exchange rate (kex =7.0 x 100 s’l) and a shorter rgqg [10] than
those of Magnevist™ because of a more steric environment for
water exchange. Therefore, two agents have a higher observed
relaxivity.

To cope with the surging demand for contrast agents in
molecular imaging, tailor-made chelates are required to improve
relaxivity through the modulation of the coordination environ-
ment around the Gd center and, at the same time, to serve as
specific agents for the in vivo micro-environment.

2.2. New contrast agents in the millennium

2.2.1. Cyclic polyaminocarboxylate chelates

Researchers are trying to create new agents with higher relax-
ivity, and numerous Gd-based cyclic agents have been reported
(as summarized in Table 2). The structural relationship of the
relaxivity to different influencing parameters, such as water
exchange rate, electronic effect and reorientational correlation
time tR is highlighted.

Efforts have been devoted to decreasing the residence life-
time Ty, of complexes, which is a limiting factor for obtaining a
high relaxivity. Water exchange rates depend on different steric
environments around the Gd centre in different isomers. The
conformation and coordination of DOTMA [35,36] and DOTA
with different lanthanide(III) have been studied [37,38]. The
square antiprism-SAP (M or A(AAAA)/A(8665)) and twisted
square antiprism-TSAP (m or A(8888)/ A(AAAL)) isomers are
found in the cyclen system. The TSAP is expected to have a faster
water exchange rate due to a more sterically crowded coordina-
tion environment, which has a torsion angle that is 10° smaller
than that of the SAP isomer. Complexes 29 and 42 have SAP and
TSAP as the dominant isomer, respectively. The exchange rate of
the TSAP isomer reaches kex = 67 x 100 s~! for 2-p-nitrobenzyl-
DOTMA, which is an order of magnitude faster than its SAP
isomer of kex =8.3 x 10°s~! [39]. This phenomenon was also
found in a series of tetrasubstituted cyclen that was reported by
Merbach et al. [40], which showed the importance of m/M ratio
in the 7, of these complexes. Sherry et al. presented two Gd-
DOTA-bis(amide) complexes [41] in which the water exchange
rate of the SAP isomer resembled that of the Gd-DOTA-like
complexes. However, the steric compression around the water
binding site increases the water exchange rate of the TSAP iso-
mer. The exchange rate is enhanced if TSAP is the dominant
species in the solution, thus forming a favourable m/M ratio [42].
This monophosphonate derivative has a pH dependent water
exchange, which the exchange rate increases as the pH increases.

The steric crowding can also be modulated by the introduc-
tion of a linker, such as methylene between the annular amine
and the pendent amide groups [43]. The complex having this
linker has a fast water exchange rate of kexy=111.1 x 100571,
If the methylene group is added between the amines on cyclen,
such as the TRITA type complexes, an increase in the water
exchange is observed due to the sterically compressed water
exchange site [44]. Complexes 51 and 52 are 2,2’-bipyridine
containing cryptand ligands. They are positively charged and
have a slow water exchange rate. Unlike the clinical agents,



Table 1
Selected relaxometric parameters of clinical contrast agents
Complex/generic name (common Ligand structure MW rlry (mM~!s™!) (20MHz/310K) Tm (ns) (310K) 7R (ps) 310K) Ty (ps) (310K) Reference
name)
[Gd(H,0)5]** 11.0 (298 K; 400 MHz) 1.2 (298K) 41(298K) 7.3 (298K) [30]
0, Ry Ry 0
()<0< >O
OH OH HO
1 [Gd-DTPA(H,0)]?>~/Magnevist R;=0H;R;=R3=H 547 3.8/4.9 143 54 25 [25,31]
(gadopentetate dimeglumine)®
2 [Gd-DTPA-BMA(H,0)]/Omniscan R;=NHCH3; R, =R3=H 573 3.8/4.8 967 65 18 [5,31]
(gadodiamide)®
3 [Gd-DTPA-BMEA(H,0))/ R; =NH(CH;);0CH3; R, =R3=H 661 4.1 308 K) 1320 (308 K) 71308 K) 35308 K) [32]
OptiMARK (gadoversetamide)
4 [Gd-BOPTA(H,0)]*~/MultiHance R; =0H; R, =H; R3 =CH,OCH,C¢Hs 711 4.8/9.7 140 89 30 [25,31]
(gadobenate dimeglumine)?®
5 [Gd-EOB-DTPA(H,0)]>~ /Eovist R; =0OH; R, =CH,;C¢H5s0CH,CH3; R3 =H 682 55 82 86 28 [33,34]
(gadoxetate)
Q 0
>/\ N/—\/\<
HO H
HOQ [N Nj
/™
C
6 [Gd-DOTA(H,0)]~ /Dotarem R=COOH 558 3.5/4.3 122 53 7 [25,31]
(gadoterate meglumine)®
7 [Gd-HPDO3A(H,0)]/ProHance R =CH,CH(OH)CH3 558 3.6/4.6 217 51 7.5 [25,31]
(gadoteridol)?
8 [Gd-DO3A-butrol(H,0)]/Gadovist R =CH(CH,OH)CH(OH)CH,OH 604 3.7/5.6 176 57 6.5 [25,31]

(gadobutrol)®

7y relaxivity in plasma; MW: molecular weight; NA: not available.
% rgan fixed at 3.1 A.

(4544
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Table 2
Gadolinium complexes of cyclic polyaminocarboxylate

Complex  Ligand structure MwW q ri (mM~'s71) (20MHZz/298K) 1, (ns) (298 K) 7R (ps) (298K)  Reference

O, O
>/\Nf \N/\<
R: HO OH
9 o 599 NA 3.3 (300 MHz) NA NA [47]
N N
/N
R
[e)
o]
HN NH
H
I\ S
(0]
10 R= 1o 777 NA 5.4 (300 MHz) NA NA [47]
/\/II\} g O 0
s o O OH
(6]
11 R =CH,CONH(CH,);SH 477 NA 2.9 (200MHz, 310K) NA NA [48]
12 R = CH,CONH(CH,)¢SH 519 NA 2.3 (200MHz, 310K) NA NA (48]
e
13 R=  —\ ) 591 2 95 3 NA [49]
&o\j
14 R =CH,CH,NH;* 390 2 59 240 NA [49]
o
R= = v NH,
15 \/\\/O 529 1 67(10MHz) 16 88 [50]
16 R= A 480 1 45 507 NA [51]
(o] o]
17 R= \)kh’%, - 587 1 50 746 NA [51]
(o] (o]
— [}
18 R= \)‘\hfs\;.@_ 556 1 sl 613 NA [51]
(o] [+]
— I
19 R= A 5 1 53 NA NA [51]
R= /\(
20 7N 577 1 53 1180 88 [52]
e PO‘HZ
e
R= «N )
21 ook \ﬂ 893 2 6.5 (24MHz, 308K) NA NA (53]
(I)H (I)H (I)H
HO OH
_ . " [0)
22 R= \4\("@0 ST 760 1 3.9 (60 MHz, 310K) NA NA [54]
HO
© NO2
- /‘\
23 R= ) 428 1 48 NA [55]
24 R= gy, 534 1 39 180 90 [56]
n=2,R; =n-C4Hg
25 n=6,R;=CHs 684 1 46 216 86 [56]
26 R= N 584 1 41 500 85 [56]
27 R= - 480 2 7.4 770 120 [56]

OH
COOH

28 R= Wf) 524 2 75 18 116 [56]
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Table 2 (Continued )
Complex Ligand structure MW q r1 (mM~!s~1) (20 MHZz/298 K) Tm (n8) (298 K) R (ps) (298 K) Reference
NI
29 R= = 453 1 4.1310K) 39 NA [57]
-0
30 R= ) 467 2 8.0 (10 MHz) 135 77 [29]
31 ~ ) 437 2 8.5 (10 MHz) 57 81 [29]
k) S o 515 2 10.5 (10 MHz) 46 NA [58]
33 Q 466 2 9.5 (10MHz) 32 Na (58]
OCH,
34 ~ ) 515 2 75 15 102 [59]
35 W /O\/ 649 2 1.0 12 161 [59]
36 b V 463 2 9.0 (10MHz) 99 NA (58]
uMQ
OCH;
no...__l,,/\ \ )\P/Z_on
II() E j ()I[
37 ne Ve 660 0 5.1 NA NA [45]
HO //“-/ \ / \/lﬁ\"‘c)u
R, = (CH,),CH,
38 Ry = (CHy)10CH3 702 0 4.6 NA NA [45]
H(!()(/é/—\ >\( "OOH
Hn()(\<\_/ COOH
39 O 628 NA 60 65 NA [60]
OCH,
"(l()(/é /_\ >\(()()H
mm\<\_/ COOH
40 O 674 NA 64 NA NA [60]
[ O
m
41 m C o 884 1 8.7 NA NA [61]
L/
C 0
Pt
42 i N 404 1 3.9 53 73 [62]
>~y
H”()(/\N/_\ /\( "OOH
43 o 404 1 4.8 (61 MHz) NA NA (63]

/oo
k/\/\m(m
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Table 2 (Continued )
Complex Ligand structure MW ri (mM~!s~1) (20 MHZz/298 K) Tm (ns) (298 K) 7R (ps) (298 K) Reference
ll(l()('/\N/_\ /\(‘ﬂ()ll
44 </\\> 418 4.7 (61 MHz) NA NA [63]
i rux)u
N ~COOH
“()m—[\.\l,_(h‘/_(}
45 oo ) 561 5.9 1100 110 [64]
(, )
Hooc~ \—(\U
HOOC™\ /—<0
¢ i
46 nm-’f\ Iﬂ 577 6.1 1500 121 [64]
H
H(K)('—/\\—‘N\—)
| : 0OC 5 s
47 mooc™k ¥ coon 564 135 70 473 [65]
N.
<(‘()(7H
H()U('/\X ' N/\(.()UH
48 N 471 8.3 58 92 [66]
HOOC
Hln_,l’/\V A N POH,
49 s 543 8.1 75 120 [66]
HOOC
ll()ﬂ(/\?\' A N/\('(K)H
N
50 589 10.5 79 134 [66]
'COOH
HDO}
Ravag
51 R3;=H 574 9.8 556 88 [67]
52 R3=COOCH3 690 11.2 1031 108 [67]
H}\'!’_\\/\{JII
n(}‘g_\, _\j 5
LS
L E‘{_\‘ﬁm
HQ N N OH
(?V\_" \’{l
53 R OO~k 1008 4.1 per Gd 53 183 [68]
54 Ry~ Th"‘p‘){"‘ 832 3.6 per Gd (310K) 769 150 [69]
55 R;= TN 886 6.25 per Gd (310K) 910 130 [69]
r>rS Tnet
Gl
56 Y/ ,_\/\(5 1148 19.4 (24 MHz, 308 K) NA NA [70]
45, 3 ﬁu\&:.‘

MW: molecular weight; *: anchoring point. Ph: phenyl ring; NA: not available.
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the exchange mechanism is associative because of their unique
coordination. Complex 52 has an ester group to retain the inner-
sphere water molecule, which is favourable for the associative
exchange. Thus, its exchange rate is slower than that of complex
51 and its relaxivity is higher.

Complexes 45 and 46 possess a slow water exchange, and
their relaxivities are approximately 6mM~'s~! and slightly
higher than ESF agents. This is probably due to the contribu-
tion of the second-sphere water molecules in the presence of
the ether-linked annular oxygen. Although direct evidence for
second-sphere relaxation is difficult to obtain, the hydrogen-
bond water molecules cannot be neglected [3]. The second
hydration sphere has a significant role in complexes without
inner-sphere water molecules, e.g. Gd-DOTP [3]. Complexes
37 and 38 are DOTP analogues without inner-sphere water
molecules. The presence of the phosphonate groups help to
attract water molecules to the second-sphere, therefore enhances
the relaxivity [45]. A phosphonate group is added on the Gd-
PCTA-[12] to increase the second-sphere interaction [46].

The electronic effect contributes to the modulation of the
water exchange rate, such as the basicity of the amine on the
cyclen. Several complexes that were studied by Aime et al. (com-
plexes 30 and 31) show that the positive inductive effect on the
aromatic ring favours a faster water exchange rate because of the
destabihzation of the Gd—O bond of the bound water molecule.
The lability of the coordinated water is particularly interested in
the case of the DO3 A-like chelate, which has a nine coordinated
ground state and a dissociative water exchange [30]. On contrary,
the delocalization of the negative charge on complexes 1618
through the N-sulfonylacetamide decreases the water exchange
rate.

The short reorientational correlation time Tr of small molecu-
lar gadolinium agents is another factor that limits the relaxivity.
Complex 15 has an optimal water exchange rate because the
TSAP and SAP isomers have similar t,,. However, the relax-
ivity increase is limited by the reorientational correlation time
TR, which is assessed by the 7O longitudinal relaxation of the
complex in solution. Dimeric and tetrameric ligands, such as
complexes 53-56, have a longer T than the monomeric ligands.
Complex 53 has a longer tr than complex 54 due to the presence
of the phenyl rigid linker, reducing the flexibility between the
two Gd centers. Lipophilicity favours the intermolecular inter-
action of complex 47. This slows down the tumbling rate of the
complex and results in a higher relaxivity than the Gd-PCTA-
[12], which is a complex without the Cj; carbon side chain. The
combination of these factors has a favourable Gd coordination
for a fast water exchange.

2.2.2. Acyclic polyaminocarboxylate chelates

The majority of Gd complexes in the acyclic family (see
Table 3) are DTPA derivatives with functional moieties such
as amide and phenyl. The steric environment and the number of
coordinated water molecules influence relaxivity. Their relaxiv-
ities fall in the range of 3.6-7.2mM~! s~!. The 7y, are relatively
long in ws range, especially in chelates that are less sterically
hindered and do not have a negative charge. The stereoiso-
mers of complexes 84 and 85 have a similar t,,, with a similar

steric environment. A long aliphatic substituent on the nitrogen
may increase the hydrophobicity around Gd and increase the
water exchange rate under a dissociative exchange. Muller et
al. [71] prepared a series of DTPA bisamide complexes 68-73
that showed a reduction in residence lifetime as the alkyl chain
length increased. On the other hand, the bulky butyl groups on
the amide nitrogen of complexes 59 and 60 reduce the water
exchange rate to a very slow level of kex =0.6 x 100 s~! with
a lower negative charge and reduced steric hindrance. This is a
result of the less dissociative water exchange, and the fact that the
butyl group prevents the incoming water molecules from partici-
pating in the exchange process. For the triamide derivative, such
as complex 59, the absence of the acetate group may stabilize the
eight-coordinated transition state in the exchange process, which
results in a slower exchange of the bound water molecules [72].
Moreover, the substitution in complex 59 of the third acetate
group by an amide group has a less pronounced effect on a
decrease in the water exchange rate relative to complex 60.

The substituent on the first carbon has a significant effect on
the hydration shell, particularly on the nitrogen of the amine
group. The butyl groups in complexes 77 and 78 demonstrate
that only a hindrance on the first carbon can effectively increase
the water exchange rate. The modification on the a-carbon on
the nitrogen by a phenyl group further decreases the 7, value
of the DTPA-like complex 84-87 ns. The DTPA skeleton was
modified to TTDA by changing the ethylene to propylene. TTDA
derivatives like complexes 90-96 have an additional steric strain
which leads to faster water exchange rates (the ty, decreases to
a few nanoseconds) than that of a DTPA complex. This effect
prevails and is significant in monoaqua nine-coordinated Gd
complexes that have a dissociative water exchange. The most
prominent change of t, is in Gd-EPTPA (ty, =3 ns) which is
almost two order of magnitude faster than that of Gd-DTPA [73].
Further modifications on the side arm turn the pendent ethylene
group to propionate such as Gd-DTTA-Nprop (t,=12.5ns)
[74], and this terminal substitution of the acetate group has a
more pronounced effect than the central substitution; or include
the phenyl or ethoxybenzyl group like complexes 90-92, which
have short ty, for a high relaxivity. The relaxivity increases fur-
ther for complexes that have two inner-sphere water molecules
(complexes 93, 95 and 96) and a fast water exchange.

There are a number of new polyaminocarboxylate skeletons,
such as complexes 97-104. They are designed to accommo-
date more than one inner-sphere water molecule and thus
increase relaxivity. As demonstrated by Raymond et al. the
hydroxypyridonate (HOPO) ligands of complexes 106-118
have intramolecular hydrogen bonds to facilitate the water
exchange [75]. The residence lifetime is shortened to one
tenth of a nanosecond, and the inner-sphere hydration num-
ber increases to two or three. The relaxivities are optimized
to 8.8—11.1mM~!s~!. For the dendrimeric analogue complex
113, the t, is 10ns, and the 7R increases to 238 ps, resulting
in the highest relaxivity (14.3mM~!s~!) among the HOPO-
type chelates. The pyrimidinone analogue of HOPO, such as
Gd-[TrenHOPY], has two inner-sphere water molecules and a
faster water exchange rate of kex =4.9 x 108 s~1 [76]. It has a
better solubility than the HOPO complex. Unlike complexes
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Table 3
Gadolinium complexes of acyclic polyaminocarboxylate
Complex Ligand structure MW q r1 (mM~!s™1) (20 MHz/298 K) Tm (ns) (298 K) TR (ps) (298 K) Reference
0, 0O
R{ N N N Ry
RZ/ o
57 709 NA 43 (313K) NA NA [78]
R] = . OH
bl
R, =CH,COOH
R, = H'N
58 ! _\_O_ 631 NA 43 (313K) NA NA [78]
R, =CH,;COOH
59 R; =NBu; 670 1 7.2 1667 293 [72]
R, =CH,;CONHMe
60 R; =NBu; 657 1 6.8 1020 233 [72]
R, =CH,;COOH
R] = COOH
61 N 1167 1 4.6 259 (310K) 93 (310K) [79]
i OH
Y OH
“()Il()
R, =CH,COOH
62 R;=0H 566 2 7.3 (313K) 116 NA [80]
63 690 NA 6.1 (64 MHz, 293 K) NA NA [81]
[o]
HN' NH
!\[
5
Ry= S
COOH
64 R;=0OH 429 1 5.5 88 86 [82]
Rz = i)H
x/\ﬁ_OH
0
65 R;=0OH 489 1 55 92 110 [82]
R2 = OH
I
0
66 R;=OH 622 1 5.9 685 121 [82]
R, VA:I,L\\KO
s
67 R; =NH, 377 1 3.6 310K) 1171 (310K) NA [71]
R, =CH,;COOH
68 R; =NHCH,CHj3; 433 1 3.7 (310K) 927 (310K) NA [71]
R, =CH,COOH
69 R; =NH(CH;),CHj3 461 1 4.0 (310K) 845 (310K) NA [71]

R, =CH,COOH
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Table 3 (Continued )

Complex Ligand structure MwW q r1 (mM~!s~1) (20 MHZz/298 K) Tm (ns) (298 K) TR (ps) (298 K) Reference
70 R; =NH(CH;);CH3 489 1 4.4 (310K) 713 (310K) NA [71]
R, =CH,COOH
71 R; =NH(CH;)4CH3 517 1 4.3 (310K) 575 (310K) NA [71]
R, =CH,COOH
72 R; =NH(CH;)5CH3 545 1 4.5 (310K) 681 (310K) NA [71]
R, =CH,COOH
73 R; =NH(CH;)sCH3 573 1 4.5 (310K) 673 (310K) NA [71]
R, =CH,COOH
74 R; =N(CH3z); 433 1 3.8 (310K) 624 (310K) NA [71]
R, =CH,;COOH
75 R; =N(CH;CH3), 489 1 39 310K) 654 (310K) NA [71]
R, =CH,COOH
76 R; =N(CH,;CH,CHj3), 545 1 4.5 (310K) 672 (310K) NA [71]
R, =CH,COOH
77 R; =NHC(CH3)3 489 1 4.1 (310K) 654 (310K) NA [71]
R, =CH,COOH
78 R; =NHCH(CH3); 461 1 4.2 (310K) 659 (310K) NA [71]
R, =CH,COOH
79 R; =NHCH,CH(OH)CH3 493 1 4.5 (310K) 1128 (310K) NA [71]
R, =CH,COOH
80 R; =NHCH,Ph 557 1 4.2 (310K) 305 (310K) 70 (310K) [83]
R, =CH;COOH
81 R; =0CH;,Ph 559 1 3.8 (310K) 134 (310K) 58 (310K) [83]
R, =CH,COOH
82 R;=0H 575 NA 5.0 NA NA [84]
/_Q/SI)ZVI—Q
RZ = HN
{¢)
Q R R O
R W W W, R;
3 N /N N, 3
o, R 0
83 VoH Hd 661 1 6.4 (80 MHz, 308 K) NA NA [85]
R;= i
R4 =CH,COOH
Rs,Rg=H
84 R3=0H 483 1 4.8 87 61 (310K) [83]
R4 =CH,COOH
Rs5=(S)CH,;Ph
R¢=H
85 R3;=0H 483 1 4.5 108 62 (310K) [83]
R4 =CH;COOH
Rs5=(R)CH;,Ph
R¢=H
86 R3 =NHCH3 553 NA 5.8 976 84 [33]
R4 =CH,;COOH

Rs = (S)CHPhOC,Hs
R¢=H
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Table 3 (Continued )
Complex  Ligand structure MW q ri (mM~'s7!) (20MHZz/298K) 71, (ns) (298K) 7R (ps) (298K)  Reference
o]
y oo HaN g NH
ucf(::;]_ TG‘J\\—SS "r
87 > S(M“.’V{lrﬁ‘.’\(gu ﬁ%\” 1719 1 7.5 (64 MHz, 293 K) NA NA [86]
P =% 5% |<\1'L’L.\ll:
nl(l?“_\"“ ~on e
“u h m\),u e
o OH .
88 “::,_\_,_\_,_‘\’_ 0{‘ ",_qo N y 1595 NA 8.3 (64 MHz, 310K) NA NA [87]
Ol 0 X,(:“ \!—\\H}, :;Ii atate
OH OH  HO {" H}’”}* “‘{»; “}::}:,c:
OCH;
89 N ) 1268 NA 6.8 (310K) 599 (310K) 188 (310K) [88]
(8] (¢} H;\' || O O
i NN N,
(s O [ O
%| II(M}K‘ |k )le (gu(n{ k
Q Rg O
HO ‘:\-: \th‘ OH
0, RT/ Ry o]
OH HO
90 R7=CH,COOH 527 1 4.4 (310K) 8.5 119 [89]
Rg=H
v SO0
R, =
COOH
91 )\/OQ 527 1 44 (310K) 7.6 125 [89]
Rs,Ro=H
92 R7=CH,COOH 511 1 4.9 (310K) 2.3 (310K) NA [90]
Rg=CH,Ph
Ro=H
93 R7 =CH,;CH(OH)CH3 407 2 5.5 (310K) 6.7 NA [91]
Rg, Rg=H
Ry =
94 7 y 440 1 3.9 (310K) 12.5 NA [91]
Rg,Ro=H
R, = (
95 5\% 469 2 5.3 (310K) 7.1 NA [91]
Rg,Rg=H
R, =
96 469 2 4.9 (310K) 9.1 NA [91]
Rs, Rg=H
HOr 4 —\ N
(II(J H A \/ N—II
97 n=0 147 2/3 10.0 (300 MHz) NA NA [92]
98 n=1 264 2/3 10.8 (300 MHz) NA NA [92]
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Table 3 (Continued )

Complex  Ligand structure MW q rp (mM~'s™1) (20MHZz/298K) 7o, (ns) (298K) g (ps) (298K)  Reference
HO 7\ = ~.
(=A<
n iy N’
00
929 n=0 163 2/3 9.3 (300 MHz) NA NA [92]
100 n=1 280 2/3  17.7 (300 MHz) NA NA [92]
Rio Riz
\:()(l(‘ﬂxw\ ?%x/—t'l)()xa
.\.a()()('J N =N LE'(J()XJ
Rii Riz
101 Rio=Rj;p=H 692 4 12.0 (64 MHz, 310K) NA 303 [93]
Ri1=Ri3=Ph
n=0
102 Rip=R;1=R12=R;3=CH3 596 4 14.6 (64 MHz, 310K) NA 310 [93]
n=0
103 Rip=Ri2=H 796 4 18.5 (64 MHz, 310 K) NA 345 [93]
Ry1 =Ry3=C¢Hs-NO2-p
n=1
104 Rio=Ri1=R12=R13=CH3 610 4 17.7 (64 MHz, 310K) NA 370 [93]
n=1
HOOC—\ /—\ /—COOH
N N
105 [ ~ 446 1 5.0 200 55 [94]
~-N Ny
0 0
OH HO
[
C NH HN- 0
106 5/%1 H‘% 545 2 7.7 NA 94 [95]
o ‘l\l 2
\'H/\ HN—g??
107 5;2 mﬁ 602 2 7.2 NA 99 [95]
o\ "N/,
"™ |
/\N
0>/N HN: 0
108 1o “O>=° mﬁ 513 1 5.6 NA 110 [95]
o 1\1 2
£
On—NH HNewt®
OH ”‘5
DH OF N -
§ '< e
C VH
L
109 Ri4=CH3 831 2 8.8 8 125 [95]
110 R4 =CH,;CH;,NH; 860 2 11.1 2.6 110 [75]
111 R4 =CH,;CH,NHCH,CH,NH, 903 2 9.7 3.0 114 [75]
112 R4 =CH;CH;N(CH,CH,NH) ), 946 2 9.0 2.1 127 [75]
113 2 14.3 10 238 [96]
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Table 3 (Continued )

Complex Ligand structure MW q r1 (mM~!s~1) (20 MHZz/298 K) Tm (ns) (298 K) TR (ps) (298 K) Reference
114
557 2 9.5 NA 104 [97]
115 E\Qm “j\;g 586 2 9.3 NA 116 [97]
~ o o \ | 2
OH
116 788 2 NA 19 (320K) NA [98]
'OH o
1 JOCH,CHy
Cry
117 = 422 1 9.37 (310K) NA NA [99]
0 L .
118 689 2 9.0 16 129 [100]

MW: molecular weight; *: anchoring point; Ph: phenyl ring; NA: not available.

114 and 115, they have a low water solubility which hinders
their clinical applications. Linking the gadolinium complexes to
macromolecules or increasing the hydration number increases
relaxivity; however, if the water exchange rate is slow, an
increase in the inner-sphere water molecules may not have a
profound effect on the observed relaxivity. For example, a MS-
325 analogue has a slow exchange rate of 4.4 x 10°s~!, and
the relaxivity of the HSA adduct is only 22.0 mM~—1s~1 [77].
This illustrates the importance of both the water exchange rate
and the hydration number for a high relaxivity, especially for
those complexes with macromolecular interactions, which will
be discussed in the next session.

3. Pharmacokinetics

The study of the relationship between a protein and its bio-
logical function is important in understanding the basis of life
and disease. Since the function of proteins is closely related
to their conformation, contrast agents that can specially probe
the conformation may be an essential tool to reveal in vivo
physiochemistry. The interaction of contrast agents with macro-
molecules slows down the tumbling rate and increases the
relaxivity, provided that the water exchange rate and the elec-
tronic relaxation are not limiting. The non-covalent interaction
is of particular interest because of its better accessibility towards
low concentration targets, e.g. cell surface receptors, and fewer
toxicological problems [101].

The common administration pathway is intravenous injection
(i.v.), hence, the interaction between the contrast agents and HSA

has been extensively studied [56,60,102—108]. HSA is the most
abundant protein in blood plasma, with a molecular weight of
66 kDa and a concentration of between 0.53 and 0.75 mM. It
has many hydrophobic binding sites, such as the eight sites for
fatty acids. The function of HSA is to bind and transport exoge-
nous and endogenous ligands, including fatty acids, metal ions,
and pharmaceuticals. Ligands usually bind with the hydropho-
bic pockets that are formed by different properties of amino acid
residues [101,109].

The binding affinity Ky is expressed in Eq. (3.1) [104], and
the resulting relaxivity r?, that is the relaxivity of the adducts
form between the complex and the macromolecule, for example
HSA, can be measured by the proton relaxation enhancement
(PRE) method. PRE is based on the titration of the complex
against the binding substrate of HSA. The binding of the com-
plexes to HSA influences the TR, Tm, T1e, and Tiy of the
complexes:

[GAL — HSA]
Kan = ——"7—1— 3.1
[GdL][nHSA]
The identity of the HSA binding site can be determined through
competitive binding assays with known binding substrates,
such as ibuprofen, warfarin, bilirubin, linolenic acid, and 1,3,5-
tritodobenzoic acid [104]. The ibuprofen and warfarin are
ligands that strongly bind to the sub-domains ITA and IIIA of
HSA respectively [101].

The r? can be 16 times higher than that of the unbound
complex, because of the receptor-induced magnetization
enhancement (RIME) effect [110], that increases the TR upon
macromolecular binding.
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HSA binding interaction acts as a valuable model to study
the mechanism of binding and relaxivity change for the inter-
action between a contrast agent and its corresponding protein
target. It also helps to unveil the properties that improve the
protein—chelate interaction, and more importantly, increase the
in vivo relaxivity and specificity.

3.1. HSA binding

The three factors govern the strength of HSA binding are the
hydrophobicity, electrostatic interaction and stereospecificity. A
series of gadolinium complexes that show different degrees of
affinity towards HSA are complexes 24-28, 34 and 35, 3741,
48 and 49, 66, 83, 89-91.

In general, hydrophobic substituents of an appropriate
size [111] are preferred for their better affinity towards
HSA. The benzyloxymethyl (BOM) group shows a favourable
protein binding. Chelates in the literature contains differ-
ent number of BOM groups, which are the DOTA, DTPA,
and 3,6,10-tri(carboxymethyl)-3,6,10-triazadodecanedioic acid
(TTDA) derivatives [89,103,112]. The tetrasubstituted Gd-
DOTA(BOM)4 (complex 41) was recently reported to have a
preferable bovine serum albumin (BSA) affinity, and resulted
in a high rll’ of 57.4mM~!s~! in plasma. Pendent groups
similar to BOM, such as complex 26-28, bind to the well-
defined domains I and II of HSA and have a similar binding
affinity with K falls in a range of 5900-9300M~!. The
two phenyl rings of complex 66, which is a MS-325-like
(MS-325 is Gadofosveset, Vasovist™ as shown in Fig. 4
and has a Kx =11000 M_l) complex, has a moderate Ka of
4500M~!. The consecutive phenyl rings of complex 39 and
40 bind to the site II subdomain IIIA of HSA. The triphenyl
derivative has the highest affinity (K4 =9.5 X 10*M™1), due to
the strong affinity towards the hydrophobic pockets of HSA.
Complex 89 also have favourable HSA binding, the trisubsti-
tuted phenyl is ascribed to the strong binding and the Kp is
10100M~!. Apart from the aromatic functional groups men-
tioned, a non-aromatic pentylbicyclo[2.2.2]octane of MP-2269,
which is negatively charged also strongly binds with HSA
[113]. Alternatively, short chain and long chain aliphatic groups
have affinities in ascending order [101] because of an increase
in hydrophobicity, that is, complex 38 binds stronger than
complex 37.

A negatively charged complex is advantageous for protein
interaction when a similar hydrophobicity exists, because the
inner surface of the hydrophobic pocket of HSA is positively
charged and a negative charge complex is usually preferred
[114]. The higher affinity of Gd-DTPA(BOM)3 [104], with a
Ka of 4 x 10* M~ than that of Gd-DOTA(BOM); is a result
of the overall two negative charge on the DTPA derivative,
which is independent of the chelates. If the cyclen is rigidified to
increase hydrophobicity without a negative charge, the complex
is not favourable for protein interaction either, like Gd-PCTP[13]
[107]. It has a Ka of 600 M~" and the ¥ is 4SmM~'s~!. The
introduction of a negative charge favours the interaction with the
HSA and a high rll’. Modifications on Gd-PCTP[12] by adding
a benzyl group, such as complex 48, is not suitable for a high

affinity. Further modification by adding a negative phosphonate
group greatly enhances the binding. Complex 49 is analogous
to complex 48, but with a higher HSA affinity of 3300 M.
This also suggests that the benzyl group is not an appropriate
hydrophobic moiety to promote the HSA binding in this sys-
tem. If the phosphonate group is linked to a benzyl group, the
binding affinity is not reinforced. The affinity of complex 35
is three times weaker than complex 34, i.e. 5400M~! versus
1800 M~!. The two negative charges on the phenyl ring of com-
plex 50 are too hydrophilic and geometrically unfavourable for
binding to the hydrophobic pocket of HSA. In the Gd-DOTP
family, which is phosphonate tetrasubstitued cyclen [115], such
as Gd-BzDOTP [116] and Gd-DOTPMB [117] have moderate
protein affinities of K = 3600 and 930 M~!, respectively in the
presence of the negatively charged phosphonate group. From
these data we may conclude that both the hydrophobicity and
the electrostatic interaction are determinants for the HSA affinity
of a complex.

In addition, stereospecificity is important in determining the
strength of HSA binding. The R- and S- isomers of Gd-EOB-
DTPA have different affinities towards of the same binding site
on HSA, and the S-isomer has a higher affinity [118]. Since the
absence of an influence on the magnetic interaction between
the Gd and water molecules, the rtl’ are the same for both iso-
mers. Ideally, the affinity and specificity can be manipulated by
choosing a targeting group with an appropriate isomer and a
high affinity towards a particular domain.

3.2. Relaxivity of HSA adducts

The observed ¥ is expected to be close to the theoretical
maximum of 100 mM~! s~! for complexes with an inner-sphere
water molecule and a fast water exchange rate upon HSA bind-
ing. However, the rlf is much lower than expected because of
the formation of ternary adduct. This is a consequence of the
perturbation of the hydration sphere or a substitution of bound
water molecules by hard donor groups of proteins, probably the
carboxylate or endogenous bidentate anion. When the hydration
number decreases, the rtlJ is low, even under the circumstance of
the RIME effect that is a lengthened tr. As aresult, rtl’, which is
mainly outer-sphere and/or second-sphere relaxivity, is confined
to protons in proximity of the complex and the hydration sphere
of proteins. The inertness towards the formation of ternary
adducts increases if the inner-sphere water molecule is protected
in the coordination cage, which is located further away from the
protein surface. Complexes 39 and 40 are two DOTMA [60]
analogues with phenyl rings that show high affinities towards
HSA and their relaxivities increase to 35 and 43.5mM ™! s~!
accordingly. The water exchange occurs between the hydration
layer and the surface of the protein. With repect to their molecu-
lar modeling, complex 39 is more embedded and the four acetate
arms form a hydrogen bond with Lys414, whereas complex 40
is between Lu387 and Arg410, which is further from the protein
surface and only one acetate arm forms a hydrogen bond with
Val493. Therefore, the inner-sphere water molecule is not inter-
fered, and its rll’ is higher than that of complex 39. The benzyl
group at the distal acetate arm of complex 48 cannot shield the
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Fig. 2. Schematic diagram of the displacement of inner-sphere water molecules upon lactate bindings, modified from [58].

q from the donor group or the protein surface. The r? is lower
than expected and has a value of 40 mM~! s~ 1,

Complexes with more than one inner-sphere water molecules
are relatively more reactive towards the formation of a ternary
adduct through the carboxylic acid replacement because of a
favourable geometric binding site for bidentate ligands, as shown
in Fig. 2. The pH dependent relaxivity study shows that com-
plexes 48 and 50, but not complex 49, have a relaxivity decrease
upon the addition of endogenous bidentate anion like lactate,
oxalate and tartrate. This demonstrates that the diaqua complex
prompts the formation of a ternary adduct. The rl]j of complexes
34 and 35is only 21.0-24.0 mM~! s~!, respectively. The relax-
ivity stems from the outer-sphere or second-sphere because of
the substitution by the carboxylate on HSA or phosphate in the
buffer. From the luminescence study of their Eu complexes,
it can be seen that there is no involvement of the amino or
hydroxyl ligation, that is no serine, threonine, or lysine bounded
via side chains, which shows the carboxylate group on protein
is probably displacing the inner-sphere water molecule. Com-
plexes 27 and 28 are diaqua complexes, having rll’ of 10.6 and
12.5mM~!s7!| respectively, due to the formation of ternary
adducts. More examples of diaqua gadolinium complexes that
favour the formation of ternary adducts are complexes 32, 33,
36 and 50. The observed relaxivities are low and fall into a range
of 3.7-4.0mM~! s~!. They have a slow exchange of lactate at
the Gd center. A slow exchange rate is another limiting factor
for the attainment of a high .

The nuclear magnetic resonance dispersion (NMRD) study
of a monoaqua Gd complex (C1), which is shown in Fig. 3,
demonstrates the importance of a fast water exchange rate for
an increase in the observed relaxivity upon the HSA binding.
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Fig. 3. The NMRD profile of HSA at 120 mg ml~! titrates against C1at 0.2 mM
at 25 and 37 °C, respectively (unpublished data).

The peak at 20 MHz is typical for complexes with an increase
in tR. The t, of C1 is 930 ns, which represents a slow water
exchange rate [119], and the r']3 is in the lower range. Complexes
90 and 91 are complexes with TTDA skeletons that provide a
sterically hindered environment for the bound water molecule.
This steric compression facilitates the water exchange, and
the increase in tr upon the HSA binding leads to a promi-
nent increase in relaxivities (r'l3 is 62-66 mM 1 s71). Complex
89 has a r? of 30.4mM~1s~! which is less than expected,
due to the long reorientation correlation time of the bound
water molecule. Complex 66 forms adducts that have a relax-
ivity of 40mM~! s~!. The reduction in the mobility of solvent
molecules in the second coordination sphere limits the relaxivity
gain.

Complexes 37 and 38 do not possess inner-sphere water
molecules, and the relaxivities of adducts 0 are 54 and
77mM~!s7!| respectively. Apart from the electrostatic inter-
action of the phosphonate groups, they bind to multiple fatty
acid binding sites of HSA. The r'f of complex 38 depends on
the occupancy of the binding sites, that is either the relaxivity
of each binding site is different or the relaxivity of a bound site
can be changed upon the occupancy of subsequent sites. If the
complex is loosely held at weaker sites of HSA; thus, the tr of
the protein contributes less to the correlation time of the T'1y.
This explains why the relaxivity of complex 38 decreases as the
number of binding sites increases. Thus, the strength of HSA
binding and the number of binding sites are not necessarily pro-
portional to the rll’. An affinity towards a fast water exchange
site on HSA is a method for a high rtl’.

The relaxometric properties of the complex should be finely
adjusted, for example, with a distal paramagnetic center from the
binding site, one inner-sphere water molecule and a fast water
exchange rate for HSA interaction. In addition, the identity of the
site of HSA binding and the internal flexibility of the gadolin-
ium complex can hamper the increase in relaxivity through a
macromolecular binding, which is also the perturbation of the
hydration sphere or water exchange. This perturbation can be
minimized by the multilocus binding [120], which is a strat-
egy to minimize the intramolecular flexibility by increasing the
anchoring points on the proteins within a complex.

3.3. Macromolecular structures

Gadolinium complexes form adducts with macromolecules
such as -cyclodextrin [121,122], especially the 3-cyclodextrin
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multimer, which can interlock the complexes and form
oligomers to increase relaxivity. Complexes 48 and 49 have non-
covalent interaction towards B-cyclodextrin with K5 300 M™!
and 95M~!, and the relaxivity of each adduct is 57 and
46 mM~!s~!| respectively. For complex 21, the amine group at
the para position is responsible for the formation of host—gust
adducts with the -cyclodextrin, and the resulting relaxivity is
8.97mM~! s

Avidin-biotin is a golden pair for molecular recognition
because of the high affinity between them. Once the contrast
agent or the target is conjugated with one of the avidin—biotin
partners, they can recognize each other easily [123]. Therefore,
a number of biotinlyated chelates are prepared to improve drug
delivery by providing higher specificity towards the target with
avidin conjugation. Complexes 63 and 9 are biotinylated DTPA-
and DOTA-like Gd complexes, respectively, which are reported
to possibly serve as probes to be conjugated or interact with
various biomolecules. Relaxivity upon avidin binding increases
to 17.5mM~'s7! (Ka=1.7x10"M™') and 4.8 mM~'s~!
(4:1 =complex:avidin) for the DTPA and DOTA derivatives,
respectively.

The micelle and intracellular aggregates also have high relax-
ivities. Micelle is a spherical aggregate of the complexes in
solution with hydrophobic moieties that point towards the center.
Complexes 38 and 47 have micellar relaxivities of 18 mM ! s~!
at above 0.35mM and 29.2mM~! s~! at a low critical micelle
concentration (CMC) of 0.15mM, respectively. A low CMC
means that they can easily aggregate in vitro to enhance relax-
ivity. The high relaxivity stems from water protons with a long
residency time in the vicinity of Gd.

4. Biomedical applications

The in vitro and in vivo properties of contrast agents are of
equal importance in the evaluation of the efficacy of contrast
agents and the potential to serve specific diagnostic purposes.
Sprague-Dawley (SD) rats and Wistar rats are commonly used
to elucidate the in vivo performance of contrast agents. The
intensity enhancement (IE) of the region of interest at time ¢ is
expressed by Eq. (4.1):

ROI; — ROI
E=—"_70 100 4.1)
ROIy
The half lifetime (¢1/2) can be calculated in Eq. (4.2) by assuming
that the uptake and excretion of the contrast agents follows a
simplified first-order reaction:
IE; = [Bmax x (1 —e~"/1172) 4.2)
The IE of clinical EFS agents like Gd-DTPA and Gd-DOTA
declines rapidly due to dispersion in the vascular compartments
and diffusion in the extracellular space exclusively. Blood-pool,

hepatobiliary, renal and molecular agents are widely investigated
for specific biomedical uses.

4.1. Blood-pool agents

Magnetic resonance angiography (MRA) is useful in the
diagnosis of angiogenesis, which is a pathological state that
found in the developments and progressions of several diseases,
including cancer, hypertension, rheumatoid arthritis, and dia-
betic retinopathy [124]. The molecular targets that are related to
angiogenesis are the vascular endothelial growth factor (VEGF),
which is a key element in sustaining and promoting angiogene-
sis, and the basic fibroblast growth factor (bFGF). Those that are
related to tumor are the o, 33 integrin adhesion receptor, neovas-
culature specific Tie2 promotor, and hypoxia inducible factor-la
matrix metalloproteinases (MMPs) [125].

The ESF agents can be administered for MRA studies, but
they require precise control of the injection rate and the bolus
timing to maximize the contrast. These agents improve the delin-
eation of the arterial morphology in three-dimensional MRA
[126,127]. Both Gd-BOPTA and Gd-DO3Abutrol have better
mean SNR and CNR in whole body MRA; in particular, Gd-
DO3Abutrol is suitable for MR lymphography [128].

The blood-pool agents are classified into albumin-bound
and non albumin-bound agents. MS-325 is a well-known small
molecular blood-pool agent that has a high HSA affinity
and is under Phase III clinical trials [129]. P792 (Gadometi-
tol, VistaremTM) and USPIO are non albumin-bound agents,
whereas Gd-BOPTA (KA =490M™1) is a weakly albumin-
bound agent [130].

The fraction of albumin in the total protein differs
by species. For example, rabbits, rats, and mice have
a typical value of 50-60% albumin. The sequence is
human > pig ~ rabbit > dog ~ rat ~ mouse, which leads to vari-
ations in albumin binding among different species, as reported
by Eldredge et al. [133]. Therefore, the effect of the relaxiv-
ity increases upon the HSA binding may be more prevalent in
humans than in rats.

HSA binding agents have a better protection from extrava-
sation into the surrounding tissues, and hence reduce the
background and improve contrast. The formation of a HSA-
adduct results in a long retention time in the blood stream
and a high relaxivity in vitro, as discussed in Section 3.2.
However, this relaxivity is measured at fixed concentration of
HSA and may not accurately reflect the efficacy of the contrast
agent in vivo. Dynamic relaxivity describes the variation in the
quantity of bound and free forms and the relaxivity change dur-
ing the pharmacokinetic profile, which is important in clinical
applications. If the interaction with HSA is too strong or too
weak, then dynamic relaxivity is not constant [130]. P792 is a
non albumin-bound macromolecular complex with molecular
weight of 6473 Da and a relaxivity of 42mM~!s~! at 20 MHz
and 310K. Its large molecular size and non-albumin binding
property (the relaxivity of the HSA solution is 47.7mM~! s~ 1)
[134] minimize its extravasation and excretion. This enables it
to have a long intravascular retention time and a minimal change
of 5.6% in dynamic relaxivity between the bolus and the post-
bolus phases [130]. Although the half-life of MS-325 (a strong
albumin-bound agent) is four times longer than that of P792
or Gd-DOTA because of its strong HSA binding and depen-
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Fig. 4. Structures of blood-pool agents, MS-325 (left) and B22956 (right) [131,132].

dence on albumin concentration [135], it gives a less constant
dynamic relaxivity profile than that of P792. The variation in the
dynamic relaxivity of MS-325 is ~101% larger than the 29% of
Gd-BOPTA (a weak albumin-bound agent) in rabbit [130]. The
pharmacokinetics of the blood-pool agents P792 resembles in
those of USPIO because of their macromolecular nature. They
have a similar intravascular retention and absence of extrava-
sation, thus enhancing the contrast between the vessel and the
adjacent tissues. During the bolus phase, the CNR is higher for
P792 and USPIO than it is for MS-325, because the majority of
the agents are in free form rather than bound form [135].

MS-325 in Fig. 4 strongly binds to HSA at multiple sites.
The binding moiety is the diphenylcyclohexyl group, which
is bridged to the DTPA via a phosphodiester group [136].
Derivatives of DTPA-linked phosphodiester have been prepared
for the in vivo study in rats. The addition of phosphodiester
increases hydrophilicity and results in a modest increase in HSA
binding with respect to Gd-DTPA. Its phosphodiester group is
able to interact with the positively charged surface inside the
hydrophobic pocket of HSA. These modifications slow down
the hepatocellular uptake, reduce the hepatobiliary excretion,
and extend the blood half life. Thus, the excretory pathway
shifts from the biliary to the renal pathway. Another acyclic
DTPA-like agent is the gadocoletic acid trisodium salt B22956.
Its strong albumin binding helps to reduce its rapid distribution
into the extracellular space near the coronary arteries, and it
is suitable for coronary angiography [132,137]. In the clinical
study, B22956 demonstrates an ability to reveal the vascular
properties of tumors after treatment. It shows a decrease in
vascular permeability after treatment whereas neither the Gd-
HPDO3A nor the (Gd-DTPA)37-albumin do [138], this could
be due to the presence of HSA binding and the small size
of B22956.

Complexes 11 and 12 show a slow renal wash out kinetics
that is altered by homocysteine, and have long blood retention
due to HSA binding. Their renal excretory half-life is longer
than that of Gd-DTPA. A glucosylated Gd-DTPA has a renal
reabsorption mechanism that elongates the vascular retention
time. In the presence of a sugar moiety, like (3-cellobinoA and
B-glucosAmide, these agents show a reduced renal excretion
and a slower clearance. The elimination half-life is 24 times
longer than that of Gd-DTPA, and has proved not being related
to HSA binding and the uptake by erythrocytes [139]. This can
be ascribed to the properties of the sugar group, which promotes
the recirculation between blood and cells.

The concomitant of blood-pool agents is that they are
either non albumin-bound macromolecules, such as polymers
or nanoparticles, or a strong albumin-bound agent such as MS-
325, or have specific functional groups that can stay longer in
the bloodstream such as a glucosylated agent. Thus, the renal or
the hepatic excretory pathway is slow down or reduced. Never-
theless, the efficacy of the delivery of contrast agents to cellular
targets depends on the HSA interaction, the rate of vascular
extravasation, and elimination pathway. The extravasation and
elimination of HSA unbound agents show extracellular pharma-
cokinetics.

4.2. Hepatobiliary and renal agents

The liver allows maximal interaction between blood and
liver cells for metabolic and biochemical transformation, espe-
cially for xenobiotics. Hepatic contrast agents are applied to
improve conspicuity in diagnosis, including the detection of
metastases, hepatocellular carcinoma (HCC), and lesion charac-
terization. There are two categories of contrast agents available
for the imaging of the liver, which are the small molecular
agent and the paramagnetic iron oxide. They have different con-
trast enhancements because of their different distributions: for
example, small molecular agents are not distribute rapidly into
the extravascular space and can be taken up by the Kupffer
cells, which are the liver macrophages that are directly exposed
to the blood stream, or by hepatocytes [140]. Iron oxide par-
ticles are taken up by the reticulo-endothelial system (RES)
[141].

Gd-BOPTA and Gd-EOB-DTPA are examples of small
molecular agents among clinical hepatobiliary agents. They
are regarded as the second-generation contrast agents because
they provide not only a better anatomical contrast enhancement
among the Gd-based clinical agents, but also a better liver-lesion
contrast through their specific uptake by the hepatocytes. They
have lipophilic pendent arms and a weak HSA-binding [142].
They are negative and are favourably uptaken by the organic
anion transporter (OATP) on the hepatocyte or the reticuloen-
dothelial cells, and are involved in the hepatocellular uptake of
bilirubin. They are excreted in a non-metabolized form via ATP
binding cassette (ABC) proteins that mediate biliary excretion to
the bile canaliculi by the glutathione-S-transferase transporter,
especially the mrp2 [143,144]. This helps to prevent an accu-
mulation of contrast agents. The duration of the liver IE is 2h
for Gd-BOPTA and Gd-EOB-DTPA [145,146], which is long
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(i) (ii) (iii)
Fig. 5. The abdominal longitudinal section of the rat after an injection of complex 13 at 0.04 mmol kg‘1 at p.i.: (i) O min, (ii) 5 min, (iii) 30 min, (iv) 100, and (v)
200 min [49].

enough to avoid the necessity of multiple injections during a
MRI scan.

Other advantage offered by the uptake of the hepatocytes is
that, regardless of the dysfunction of the liver or kidneys the
elimination of the agents is efficient. As shown in the animal
studies, over 90% of the injected dose of Gd-BOPTA and Gd-
DTPA is cleared in the bile duct ligated rat. However, after the
ligation of the renal vessel, only Gd-BOPTA can be eliminated
via the bile [147].

In a clinical study of Gd-BOPTA, particularly in the delay
phase, 7% is taken up by the hepatocytes [146] and excreted
in the bile. The high intracellular macromolecule binding is
possibly the reason for a long liver parenchyma plateau-like
enhancement [148]. It has an exponential dependence on the
HSA concentration, whereas Gd-DTPA has a small linear
dependency at physiological ranges of serum albumin [149].
Gd-BOPTA has a greater contrast enhancement than both Gd-
DTPA and Gd-DOTA in general and for tumor imaging of the
vascular system [150,151], central nervous system [152-154]
and liver imaging. It may enable grading of HCC because of
its specific hepatocyte uptake, active uptake into differentiated
carcinoma and delayed elimination [155]. It is suitable for the
visualization of other diffuse liver diseases, such as hepatitis and
cirrhosis [156,157].

Gd-EOB-DTPA is a well-tolerated hepatobiliary agent and
has an increased contrast enhancement and prolonged retention
time in the liver, as compared to Gd-DTPA [158]. In clinical
study, 50% of the Gd-EOB-DTPA was mainly excreted through
bile, and it increased the bile flow significantly [146]. Gd-EOB-
DTPA has a significant hepatocellular uptake in normal rat
hepatocytes, but not the hepatoma cells. This accumulation is
inhibited competitively by bromsulphtalein, which proves its
entry is via the OATP [159]. In the case of hepatocellular car-
cinoma (HCC), the hepatoma cells (HepG2 and Huh7 cells) are
lack of OATP and will not take up Gd-EOB-DTPA. Therefore,
it gives a homogeneous enhancement of liver parenchyma, and
it allows a clear delineation of the bile ducts and small tumors in
the liver [159-161]. Gd-EOB-DTPA is safe to apply in the case
of hepatitis and cirrhosis, and cholestatic rats [162—164].

New Gd-based contrast agents show hepatic intensity
enhancement are the HOPO type agents and the highest IE
in the liver is the complex that has a long poly(ethyleneoxy)
(PEO) chain [165]. The structure-related selectivity for the liver
is better for agents that are analogs to complex 116 with a short
PEO chain, because the phenyl group that is responsible for

(iv) v)

targeting is dominant instead of the PEO chain. A neutral liver-
specific C1 [119] has shown a 23% increase in the hepatic IE
with respect to the clinical hepatobiliary agent Gd-BOPTA in
the SD rats. It is hydrophobic and has a weak HSA binding,
which allows extravastation and hepatocellular uptake. Agents
with bile acid conjugates likely target the hepatocytes [166]. An
amide-linked benzyl agent Gd-2,5-BPA-DO3A has a hepatobil-
iary clearance of 47% in rats, and IE increases significantly in
the liver compared to that in blood or extracellular fluids [167].

In rodent studies, IE is usually found in the liver and the
kidneys which are major excretory organs. This relates to the
hydrophobicity of complexes. For example, complexes 43 has
an improved kidney-to-liver ratio [63] in the presence of the
azepane ring, and the incorporation of the piperidine ring on
DTPA and DOTA enhances the hepatobiliary elimination. An
aza-15-crown5 containing agent, complex 13, has hepatic and
renal IE as shown in Fig. 5. The pronounced renal IE may
possibly be explained by the sodium ion binding of the crown
ether.

The criteria for liver targeting agents may be surmised to
a weak HSA binding, hydrophobic targeting group, which can
determine the excretory pathway. High hydrophobicity is usu-
ally associated with the biliary excretory pathway. In addition, a
negatively charged agent can promote the specific hepatocellular
uptake via the OATP.

4.3. Molecular agents

Small molecular agents are more readily available for cellu-
lar uptake than macromolecular agents. New agents that have
various molecular bindings illustrate the possibility for imaging
at the molecular level. They can probe disease-related proteins
through relaxivity increases upon binding or relaxivity changes
under different pathological states. The targeting group and the
magnitude of relaxivity increase upon binding are important for
the imaging of low concentration receptors or nanomolar targets.

Specificity is important for the small molecular agents to
recognize the disease-related proteins. The incorporation of moi-
eties that have high in vitro affinity towards molecular targets
and the contrast agent of either DTPA or DOTA is a strategy to
improve the specificity. A number of studies that use this strategy
has been found in the literature. For example, the asparagines
glycine arginine (cNGR) peptide sequence has an affinity
towards CD13 which is a protein found in angiogenesis [86];
Evans Blus has an affinity towards endothelium-denuded regions
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[168]; a bis(phosphonate) group is preferentially adsorbed on
bones that are growing or having pathological changes [52];
sulfonamide ethylene sulfanilamide can bind to the carbonic
anhydrase [84]. All these examples provide good specificity,
but the percentage change in relaxivity upon binding is limited
and has to be increased for clinical application.

The changes in the physiological environment induce
changes in the relaxivity of T1-agents, such as the presence or the
accessibility of enzymes or disease-related proteins. Complex 22
has a 3-glucuronidase cleavable bond, the relaxivity increase is
possibly due to the gadolinium center being more accessible to
water molecules upon enzymatic cleavage. A trilysine DTPA
derivative can be activated by a human carboxypeptidase B
thrombin-activable fibrinolysis inhibitor (TAFI) to form a HSA-
bound complex. Its relaxivity increases to 12.5-25.2mM ! s~ !,
and it can be used to detect an enzyme-associated disease state
[110].

The erosion and rupture of atherosclerotic plaques are the
causes of morbidity and are related to an enzyme (myeolperox-
idase MPO), which consumes hydrogen peroxide and generates
hypochlorite. On the basis of the findings for Gd(III) serotonin-
DOTA [170], Gd(IIT) 5-hydroxytryptamide-DOTA and Gd(III)
tyramide-DOTA, they act as myeloperoxidase-specific sub-
strates that can report the MPO activity. Peroxidases are assumed
to mediate the polymerization of these complexes, which
amplifies the observed relaxivity [169]. In the presence of hydro-
gen peroxide, Gd(IIT) 5-hydroxytryptamide-DOTA has a faster
kinetic response than the tyramide derivative with MPO. It
demonstrates a high relaxivity increase of 70—100% in the areas
that are rich in MPO and is a marker of vascular disease in
humans, especially the progression of atherosclerotic plaque
from stable to vulnerable [170]. DTPA derivatives (complexes
57-58) that are endowed with bioactive functional moieties,
such as serotonin and tyramine, are prepared for the detection
of MPO. Relaxivity increases with an increase in molecular size
through the enzyme-induced polymerization and covalent bind-
ing of the complex to the macromolecules in the MPO-rich areas
[78]. Methods to increase sensitivity, which describes the per-
centage change of the relaxivity according to the physiological
changes, are required before clinical use.

Contrast agents are developed to detect inflammation by
probing the selectin. When inflammation takes place, leukocytes
and plasma proteins, such as opsonins, antibodies, and comple-
ments, are present at the inflammation site. Selectins are a family
of cell adhesion proteins that are found during inflammation: E-
selectin is on vascular endothelial cells, P-selectin is on platelets
and vascular endothelial cells, and L-selectin is on leukocytes.
The E-selectin specific contrast agent, Gd-DTPA-B(sLex)A (see
complex 61), is designed to probe inflammation, and the phar-
macokinetics are studied in rats [171,172]. This inflammation
probe uses the sialyl Lewis® (sLex) mimetic, which has affinity
towards the E-selectin on endothelial cells. It does not interact
with albumin, and the relaxivity increase upon the addition of
albumin is only 1.3 times that of the free complex. Its relaxivity
in rat blood is 4.61 mM~!s™! at 60 MHz and 310K, which is
slightly higher than the 4.35 mM~! s~! of Gd-DTPA. E-selectin
is not found in the normal liver, but in inflammatory liver dis-

eases, such as hepatitis. This agent has a higher affinity towards
E-selectin than Sialyl Le*-PA A-biotin, which shows an increase
in the liver uptake, particularly in hepatitis rats. Although its
slow elimination may lead to an accumulation in other organs,
it demonstrates the ability to image inflamed tissues [172], The
relaxivity gain in this example is small, better strategies have to
be employed to maximize the gain. The 7y, of this agent is 259 ns
at 310K [79], hence, structural modification on the chelate to
increase the water exchange rate may increase the relaxivity and
sensitivity.

Iron oxide-based nano-sized T,-agents are alternatives
because their compartmentalization gives a significant decrease
in Ty and they can be easily engineered. E-selectin can also
be targeted through the use of nanoparticles, such as dextran-
coated cross-linked iron oxide (CLIO) nanoparticles [173] and
peptide-based CLIO [174]. The CLIO nanoparticles that are
conjugated to a high affinity anti-human E-selectin (CD62E)
F(ab'),, thus forming CLIO-F(ab’), [173], which may probe
different vascular pathologies, such as angiogenesis, atheroscle-
rosis, and inflammation. Human umbilical vein endothelial cells
(HUVECS) that are implanted in mice are used to test the speci-
ficity of this agent. As the E-selectin is upregulated by VEGF and
IL-1B, the i.v. injection of CLIO-F(ab’), shows a hypointensed
image under the effect of IL-1B [175]. These particles in the
range of 30-5000 nm are cleared by the RES, particularly Kupf-
fer cells in the liver, and are destroyed by the lysosomes of
Kupffer cells. Large particles have prompt macrophage uptake,
and the larger the particle is, the more rapid is the clearance
by macrophage, which is independent of the surface coating
[176].

At the cell level, an intracellular accumulation or extracellu-
lar attachment of the contrast agents provides labeled cells for
the imaging of their interactions at the cellular level, especially
the endothelial progenitor cells (EPC) because of their valuable
therapeutic application. Relaxivity increases with concentration
and intracellularity in an in vitro NIH 3T3 cell study of complex
10. An accumulation of agents through an endosomal uptake in
the intracellular vesicles leads to localized inhomogeneities of
the magnetic field via compartmentalization. Gd-HPDO3A is
an EFS agent and has been internalized in rat hepatocarcinoma,
and this event is visualized under the confocal microscopy. The
paths of intracellular transport are electroporation and pinocy-
tosis [177], and the agent stays in the cellular cytosol and the
endosomic vesicles in the perinuclear region [178], respectively.
Cells labeled by electroporation are invariantly hyperintense
relative to those labeled by pinocytosis.

The focus of the iron oxide-based agents is on CLIO, espe-
cially the CLIO-Tat, for better cellular delivery. The CLIO-Tat
is composed of a small monocrystalline superparamagnetic iron
oxide core, which is stabilized by a crosslinked aminated dextran
coating and derivatized with a peptide sequence from HIV-1, the
transactivator protein. The overall size is approximately 45 nm.
The HIV peptide is an efficient vector to carry the iron oxide
particles into cells, such as hematopoietic and neural progenitor
cells. From the in vitro studies, the cells labeled by CLIO-Tat,
for example, CD34+, can be visualized in an MRI scan and assist
the development of stem cell therapy [179].
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At the gene level, MRI demonstrates the possibility of
investigating gene expression. The transferrin (Tf) receptor
expression that is either endogenous or genetically induced
can be detected using the disulfide CLIO-Tf conjugate [180].
This agent increases the number of Tf per iron oxide particles
and minimizes the dosage of iron oxide. The transgene expres-
sion, especially the engineered transferrin receptor (ETR), can
be monitored both in vitro and in vivo. This is related to an
increase in the internalization of the MION-Tf agent, such as in
tumors [181]. The HSV-based amplicon vector is incorporated
with ETR/Tf-S-S-CLIO, which is a disulfide CLIO, to improve
the delivery of the gene to target tissues [182]. These cell and
gene studies are successful in vitro, although for most of the
cases, a high dosage and better protocol for delivery may be
required to detect changes in vivo, especially when iron oxide
particles are used because of their low specificity.

Small molecular contrast agents have a dimension of a few A,
which are two orders of magnitude smaller than that of iron oxide
particles. Their small size enhances their delivery and diffusion
in tissues and cells, such as solid tumors [123] when compared
with iron oxide particles. Potential limitations of iron oxide par-
ticles for clinical imaging are their limited shelf life and potential
immunogenicity under multiple injections. These considera-
tions have hindered their application. The superparamagnetic
iron oxide (SPIO) has a prolonged accumulation, particularly in
the liver. The T, enhancement may lead to problems when the
grafted cells are placed in an area with a low intrinsic signal. The
enhancement that is based on compartmentalization makes the
region sensitive towards an external magnetic field and chap-
lets can form, which causes deformations along the magnetic
field [183]. Small molecules play a crucial role in improving the
CLIO for better site-specific or cell-surface targeting [26].

5. Conclusions

Small molecular agents are sensitive towards their vicinity,
they have less unforeseeable safety issues and less restriction
on diffusion and delivery. This implies that changes in physi-
ological environment that perturb the relaxivity are detectable.
The challenges of the frontier chelate design are a fast water
exchange site upon Gd coordination and synthons for specific
binding; neither one of these criteria hinders the water exchange.

The exchange rate of inner-sphere water molecules of the
Gd complex has improved and is a few nanoseconds. This is
particularly favourable for an increase in the relaxivity of the
complex towards macromolecular binding. The HSA-chelate
envisages an ample improvement in the inherited low sensitivity
of the T1-agents. HSA binding is one of the factors that influence
the pharmacokinetic profiles, extravascular availability, vascu-
lar and hepatic imaging. More knowledge of these structural
and relaxometric determinants enables a better design of unique
probes to serve different diagnostic purposes.

The availability of a high magnetic field scanner and high
sensitive agents allows the imaging at the cell or gene level.
The issues in this area are the limited relaxivity gain under dif-
ferent pathologies, difficulty in the delivery of a large amount
of contrast agents to low concentration targets, and inefficient

intracellular transport. Innovations in synthetic and conjugation
chemistry, contrast agent-protein interaction and drug deliv-
ery revolutionalize the imaging field by making the imaging
of molecular targets in vivo possible.
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