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Paramagnetic Gd(in) chelate contrast agents have been extensively used to enhance the signal of MRI
scans for the last three decades. The use of Gd(11) chelate contrast agents is projected to increase as new
agents and applications arise, thanks to the favorable combination of a large magnetic moment and
long electron spin relaxation time of the Gd(i) ion. The relaxivity and stability of Gd(i) chelates are
the primary requisites for the development of contrast agents as both small doses and low release of free
Gd(m) ions will reduce the toxicity. The physico-chemical parameters and structure-related relaxation
mechanisms provide the strategies for chelate design. The higher relaxivity and efficacy of the contrast
agent can be improved by designing pH-, metal ion-, enzyme- or small biomolecule-dependent “smart”
contrast agents. Through conjugation to biomacromolecules such as polymers, dendrimers or non-
covalent binding to plasma proteins, contrast agents could increase the blood half-life and can be used
for contrast-enhanced MRI. When conjugated to certain diagnostic or therapeutic proteins, low
molecular weight Gd(i1) chelates could cross the blood—brain barrier (BBB) by means of a receptor-
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mediated transport system or receptor-mediated transcytosis.

Laboratory of Molecular Imaging, Singapore Bioimaging Consortium,
Agency for Science, Technology and Research (A*STAR), 11 Biopolis
Way, #02-02 Helios, Singapore 138667. E-mail: yang_changtong@sbic.
a-star.edu.sg; Fax: +65-64789957; Tel: +65-64788727

1. Introduction

Magnetic resonance imaging (MRI) has revolutionized diag-
nostic medicine by providing a non-invasive imaging modality
that complements computed tomography (CT) and nuclear
medicine techniques without ionizing radiation.! MRI contrast
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agents are diagnostic magneto-pharmaceuticals usually con-
taining low molecular weight Gd (i) chelates with an acyclic or
macrocyclic ligand.?” The use of contrast agents is projected to
increase as new contrast agents and applications arise. Gadoli-
nium(t) is the constituent of most MRI contrast agents, thanks
to its favorable combination® of a large magnetic moment (spin-
only uerr = 7.94 BM, from seven half-filled f orbitals) and long
electron spin relaxation time (10~% to 10~° s, from symmetric S
electronic state). All acyclic and macrocyclic Gd(m) MRI
contrast agents relax inner sphere and/or outer sphere waters.
Macrocyclic-based systems have a number of pharmacological
advantages because of the tight binding of the macrocycle, but
macrocycles decrease or eliminate inner sphere water sites. Good
contrast agents must have ideal physicochemical, pharmacolog-
ical, and radiological properties’ including being nonionic to
minimize osmolality and having good water solubility, high
relaxivity, thermodynamic and kinetic stability, in vivo stability,
low toxicity, etc.

This review will first focus on the relaxivity of Gd(i) chelate
contrast agents and several parameters that influence the relax-
ivity. The relaxivity and stability of Gd(m) chelates are the
primary requisites for the development of contrast agents. The
physico-chemical parameters and structure-related relaxation
mechanisms provide the strategies for chelate design. The higher
relaxivity and efficacy of contrast agents can be improved by
designing pH-, metal ion-, enzyme- or small biomolecule-
dependent “smart” contrast agents. The mechanisms underlying
the development of “smart” contrast agents thus will be
addressed. Through conjugation to biomacromolecules such as
polymers, dendrimers or non-covalent binding to plasma
proteins, contrast agents could increase the blood half-life and
can be used for contrast-enhanced MRI. And through conjuga-
tion to certain diagnostic or therapeutic proteins, low molecular
weight Gd (i) chelates could cross the blood-brain barrier (BBB)
by means of a receptor-mediated transport system or receptor-
mediated transcytosis. We summarize blood pool contrast agents
and BBB permeable contrast agents by discussing the structures
of published compounds. Rather than concentrating on one
aspect of contrast agents such as low molecular weight Gd (i)
chelates™* or ligand design,® the purpose of this review is to
demonstrate the major developments for Gd(un) chelates as MRI
contrast agents from high relaxivity to “smart”, from blood pool
to blood-brain barrier. It provides some future research direc-
tions for this emerging field to those who are experts in coordi-
nation chemistry, polymer and supramolecular chemistry,
medicinal chemistry, spectroscopy, biology, and radiology.

2. Relaxivity of Gd(mn) based MRI contrast agents

With the assistance of a contrast agent and a better insight of
structure-related relaxation mechanisms, image contrast could
be improved greatly. Inorganic chemists have played a central
role in the development of low molecular weight Gd(ir) contrast
agents, and the design of monomeric Gd(i1) contrast agents is
a mature field.>*® The proton relaxivity of a Gd(11) compound is
determined by several factors and can be varied depending on
magnetic field strength, viscosity, and temperature. The 7
relaxivity (r;) for a low molecular weight Gd(in) chelate is 3—
5 mM~! s7!. The equation®™ r; = Cquertr ¢ expressed the

principal factors that influence the relaxivity under ambient
conditions, in which C is a constant, ¢ is the number of inner
sphere water molecules, uer is the effective magnetic moment, 7,
is the molecular correlation time, and r is the Gd---H (H,O)
distance. Among them, inner-sphere water protons are most
effectively relaxed because of the r~¢ dependence.

The molecular correlation time 7. is determined by the
following parameters: rotational correlation time 7., the elec-
tronic correlation time t,, and the proton residence time 1, (i.e.,
reciprocal of the water exchange rate) as expressed in the equa-
tion t,7! = t,7' + ;' + 1,7'. Theory shows that maximum
relaxivity occurs when the dipole-dipole correlation time is the
inverse of the proton Larmor processional frequency, with
optimal 7.;s of 7.4 ns at 0.5 T and 2.5 ns at 1.5 T. The zero-field
value of the electronic relaxation time (ty) is important at clin-
ically relevant fields,' with 7, and 1y accounting for relaxivity
differences. The 1y is related to 4% and z, by the relation 74 =
(124%t,)7! (z,, the correlation time of the fluctuation of the
transient zero-field splitting; 4, the trace value).'? The 14 value
reflects the coordination symmetry and the nature of substitu-
ents, for example, amidation of a ligand carboxy group decreases
150 dramatically and results in a lower water proton relaxivity at
low fields.

There is considerable room for improvement of 7, and 7,
values. The rotational correlation time of simple Gd(i) chelates
is too fast (~107'° ), slowing it to 10* s would improve relax-
ivity. Changing molecular size is one of the possible approaches
to increase 7,. This is the basis for macromolecular and targeted
contrast agents in which Gd(un) chelates are covalently attached
to each other or to conjugate molecules such as polymers, den-
drimers, or biomacromolecules.'*'¢ Increases in 7, can lead to
dramatic increases in rq; for example, protein-bound Gd(DTPA)
has relaxivities approaching 20 mM~' s~!, compared to 4 mM ™!
s ! for the chelate alone. While increases in t, can bring
substantial increases in relaxivity, ligand design is needed to
ensure that water exchange is not so slow as to offset gains from
7, increases. The proton residence time is assumed to be equal to
the water residence time since proton exchange at physiological
pH is determined by water exchange. For the Gd(mm) chelates
with one water molecule coordinated to Gd(im) (¢ = 1), the
exchange rate is dependent on the residual electric charge and the
structural properties of the complex. The exchange rate is
a function of the difference in energy between the 9-coordinate
ground state and the 8-coordinate intermediate in dissociative
water exchange, so bulky macrocycle substituents can cause
a decrease in ground-state stability.’”? The main issues with
macromolecular and dendrimeric contrast agents are the slow
rate of water exchange and the lack of correlation between
rotations of the macromolecule and of the Gd---H vector.*

High relaxivity is the primary requisite for the development of
molecular imaging MR probes and targeting probes.>** Several
strategies for increasing the sensitivity (relaxivity) of gadoli-
nium-based MRI contrast agents have been reviewed by
Caravan.?® Some Gd(im) contrast agent candidates with
enhanced relaxivity have been reported, including (1) a HOPO
Gd(mr) complex with an r; of 10.5 mM~' s7';? (2) a texaphyrin
Gd(11) complex with a high r; of 16.9-19 mM~" s~ (although it
drops to 5.3 mM~! s7! in phosphate buffer);?® (3) a B-cyclodex-
trin “click cluster” decorated with seven paramagnetic Gd(i)
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chelates with a high r; of 43.4 mM~! s~! per molecule at 9.4 T;*
(4) a tetranuclear Gd(i1) complex of DO3A appended onto the
pentaerythrityl framework with a high r; of 28.13 mM™! s7!
(24 MHz, 35 °C, pH 5.6).3° The theoretical estimate of the
maximum proton relaxivities of 80-100 mM ' s™! based on the
Solomon-Bloembergen—-Morgan equations for a monomeric
Gd(mm) chelate is much higher than the average 4 mM~' s7! of
current agents that require concentrations of 0.1 mM,*'-** when
the three most important influencing factors—the rotation, the
electron spin relaxation and the water exchange rate—are
simultaneously optimized. Thus, there is very considerable room
for improvement in relaxivity.

3. Smart contrast agents

Smart MRI contrast agents are agents that undergo a large
change in relaxivity upon various stimuli. Specific physiological
or biochemical processes such as changes in pH,***” metal
ions,*”7 enzymatic activity,®*®” and small biomolecules®**
could change the coordination of the Gd (i) sphere in the Gd(m)
chelates, and change the relaxivity of contrast agents accordingly
because of the effect of the number of coordinated water mole-
cules, the water exchange rate and the rotational correlation
time. The smart contrast agents have been reviewed by Des-
reux,® Lowe,” Strijkers,*® and Geraldes.”” We summarize here
the Gd(m) chelates as smart contrast agents with some recently
reported examples.

A. pH-activated contrast agents

Sherry et al. reported the first example of a novel pH-sensitive
MRI contrast agent.3® The r; relaxivity of the Gd** complex of
a DOTA tetraamide derivative, GADOTA-4AmP>~ (Fig. 1), has
an unusual pH dependence. The relaxivity r| increases from pH 4
to a maximum near pH 6, and gradually decreases to a minimum
near pH 8.5, then increases again until at pH 10.5. Further
studies showed that GADOTA-4AmP°~ only has such pH-
sensitive property when the complexation reaction is conducted
at a pH above 8. Because of the amphoteric character of the
phosphonate side chains, rapid prototropic exchange between
the single coordinated water and bulk water contributes to the
pH-dependent relaxivity.® The unique pH-dependence of
relaxivity has its application in in vivo tissue pH imaging and
extracellular pH imaging.3”3° When the phosphonates were
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Fig. 1 Structure of GADOTA-4AmP*~ (adapted from ref. 35).

H,04P

Fig. 2 Structure of GADOTA-4AmP-F (adapted from ref. 41).

replaced by a hydroxypyridyl group, the compound showed two
regions of enhanced relaxivity.*® The small relaxivity enhance-
ment (25%) at pH 2-4 is because of an increase in the prototropic
exchange of coordinated water. The relaxivity enhancement at
pH 6-9 is attributed to the deprotonation of the ligand amide
protons that are involved in an intramolecular acid—base pair
interaction with the phenolic protons and thus results in the
formation of a second hydration sphere. Based on the established
pH-sensitive characteristic of GADOTA-4AmP*~, Caravan et al.
modified the structure by employing click chemistry to incor-
porate a fluorine atom (either '*F or '°F) to make this complex
GdDOTA-4AmP-F (Fig. 2) a smart bimodal MR-PET (PET =
positron emission tomography) agent for quantitative pH
imaging.*' This strategy offers an approach to develop other
smart bimodal MR-PET probes.

Aime and coworkers reported the macromolecule containing
thirty Gd(mm) chelates conjugated to a poly(amino acid) chain
consisting of 114 ornithine residues that undergoes relaxation
change by protonation and deprotonation.** At pH < 4, the
protonated amino groups of polypeptide in (GdDO3AS-
Q)300rn 4 are highly hydrated and the Gd chelates maintain
a high degree of mobility. With an increase of pH, the progressive
deprotonation of the NH3* groups leads to the formation of
intramolecular hydrogen bonds between adjacent peptide link-
ages. The structural changes limit the mobility of the chelate
moieties and result in higher relaxivity due to an increase of tg of
the molecule.

Reversible intramolecular and intermolecular anion binding
by Gd(m) complexes of seven-coordinate DOTA-triamide
ligands is a novel approach to design pH-activated agents. In
acidic solutions, these Gd(m1) complexes contain two inner-
sphere water molecules (¢ = 2) to reach a nine-coordination
number in Gd(1r) and hence had a much higher relaxivity. While
in basic solutions with a pH increase, anion media like hydro-
gencarbonate®® or intramolecular deprotonated sulfonamide
group nitrogen** will progressively replace the two aqua ligands,
leading to a decrease of relaxivity.

Relaxation changes of Gd(i) complexes can be caused not
only by protonation or deprotonation of the complex, by
changes in the configuration of the complex, but also by
the formation of aggregates as a consequence of pH as
well.*™7 Tt was found that polyethylene glycol (PEG)-grafted
DPPE (dipalmitoyl-phosphatidylethanolamine)/DPSG (dipal-
mitoyl-glycerosuccinate) liposomal GdDTPA-BMA
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(gadodiamide, gadolinium diethylenetriamine pentaacetic acid
bismethylamide) was stable in blood at physiological pH and
displayed a remarkable pH sensitivity.** An in vitro MRI
phantom study showed the potential value of the DPPE/DPSG
liposomal GADTPA-BMA system as a probe for monitoring pH.

These reported pH-activated contrast agents have been
focused to achieve the higher relaxivity by various approaches.
The limitation is that only a few of these contrast agents are
applicable to an in vivo study. For example, the pH-sensitive
contrast agent GADOTA-4AmP>~ has been used to map pH
values in vivo.*** The slow development of the smart contrast
agents can be explained by the fact that the concentration of the
agent will change with time and vary in different tissues in vivo.
Unlike in vitro, the concentration of the agent is known and
keeps constant. One of the major challenges in this field is
designing the more sensitive pH-responsive contrast agents
within the physiological pH condition. Another challenge is to
develop tissue pH biomarkers for identifying disease and evalu-
ation of response to therapy.

Recently, water-soluble gadonanotube derivatives that
exhibited a dramatic response to pH change under physiologi-
cally relevant conditions were reported by Wilson et al.*® Though
it is outside the scope of this review because gadonanotubes are
Gd-containing metallofullerenes but not Gd(im)-chelates, it is
worth mentioning here. The relaxivity of the gadonanotubes
undergoes a dramatic increase from 40 mM~' s7' (pH = 8.3) to
133 mM~!'s7! (pH = 6.7) at 37 °C with approximately 40 mM ™!
s~! change between pH 7.4 and 7.0. The result suggested that
gadonanotubes might be excellent candidates for the develop-
ment of clinical agents for the early detection of cancer since the
extracellular pH of cancerous tissues is less than 7.0 and in some
cases as low as 6.3 (ref. 39) while the normal physiological pH is
7.4. Some gadofullerene derivatives including Gd@C60(OH)y,
Gd@C60[C(COOH),];p and Gd@C82(OH)y are reported to
have good relaxivity as potential MRI contrast agents.5-5¢ With
the dramatic response to pH around physiological pH, the
gadonanotubes have potential applications in MRI contrast
agent development.

B. Metal ion-activated contrast agents

Meade and coworkers developed a calcium(ir) ion dependent
MRI contrast agent.’”3® By incorporating a Ca(ir) binding into
a Gd(m) complex with a DOPTA ligand system (Fig. 3), the
relaxivity of the complex increased 75% from 3.3 mM~' s7! to
5.8 mM~! s7! (500 MHz, 298 K). The significant increase was
attributed to a substantial conformational change of the Gd
complex when Ca®* is bound, and changed the longitudinal
relaxation time of water protons. Since then, a series of metal
ion-responsive smart contrast agents have been designed and
synthesized. Chang and coworker® have reviewed the metal ion
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Fig. 3 Scheme of complex DOPTA-Gd (adapted from ref. 57).

responsive smart contrast agents in detail, including
Ca?2+ 57586063 [+ 64 Mg“,(’“ Zn?* 5571 Fe?t 7276 Cu2 "7 Cu'-
sensitive agents,”®” and summarized the general design criteria
for preparing such metal-ion responsive MRI contrast agents
and their applications in biological systems.

Sherry et al.®® reported a first-generation paramagnetic CEST
agent, [Eu(dotampy)] (dotampy = 1,7-bis(V,N-bis(2-pyr-
idylmethyl)-aminoethylcarbamoylmethyl)-4,10-bis(butylcarba-
moylmethyl)-1,4,7,10-tetraazacyclododecane), as a novel
sensor for Zn** ions. Adding Zn** to [Eu(dotampy)] in buff-
ered solution at pH 7.1 will cause broadening of the reso-
nances of both the Eu** bound water molecule and bulk water
in the CEST spectrum, indicating a more rapid water
exchange. And water exchange is even faster when Zn** ions
were added to [Eu(dotampy)] at pH 8.0 so that the resonance
of Eu** bound water disappeared. The authors proposed the
possibility that Zn** may have a coordinated water molecule
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2 2+
\ / H __H
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Y H H /
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_ 4,10-bis(butylcarbamoylmet
O hyl)-1,4,7,10-tetraazacyclod
odecane
Fig. 4 Hypothetical structures of [Eu(dotampy)] in the presence and
absence of Zn?" ions (adapted from ref. 65).
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Fig. 5 Self-assembly of Gd-PhenHDO3A around Fe(11), resulting in an
increased relaxivity (adapted from ref. 72).
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that is partially deprotonated at these pH values, leading to
a Zn**OH species near the Eu**-bound water molecule
(Fig. 4). Such a species could favor the exchange rate between
the Eu®* bound water molecule and the bulk water.

Iron—gadolinium heterobimetallic complexes as high relaxivity
contrast agents were developed by Desreux and others.”>7¢
Complex Gd-PhenHDO3A (PhenHDO3A = rel-10-[(5R,6R)-
5,6-dihydro-6-hydroxy-1,10-phenanthrolin-5-yl]-1,4,7,10-tetraa-
zacyclododecane-1,4,7-triacetic  acid)™”® (Fig. 5) forms
a supramolecule with iron by self-assembly to get an increase of
relaxivity from 5.1 to 12.5 mM~' s7! (20 MHz, 298 K) due to an
increase of the molecular weight and longer rotational correla-
tion times (tr). The same strategy was employed for other high
relaxivity Fe-Gd heterobimetallic complexes, with one Fe**
center linking multiple Gd**-chelates to form supramolecular
assemblies with increased molecular weight.”7

Recently Chang and coworker”” designed a smart MRI
contrast agent for selective Cu?" sensing. The smart MRI
contrast agent is complex Gd-DO3A with a pendant iminodia-
cetate site for binding Cu®*. In the absence of Cu**, the pendant
receptor will block inner-sphere water from accessing Gd** and
thus decrease relaxivity (3.76 mM~' s') (400 MHz, 298 K)
whereas the addition of Cu®* triggers a 41% relaxivity enhance-
ment to 5.29 mM~! s7! because binding of Cu®* to the pendent
receptor clears the way for water to access the inner-sphere and
subsequently increases the proton relaxivity (Fig. 6). A similar
approach was used to design the Cu()-activated Gd-chelate
contrast agent by the same group.”s””

C. Enzyme-activated contrast agents

One of the strategies for designing an enzyme-activated contrast
agent is using a contrast agent to detect regions in the body or
cells on which some specific enzymes are focused. The
MRI contrast agent (4,7,10-tri(acetic acid)-1-(2-B-galacto-
pyranosylethoxy)-1,4,7,10-tetraaza-cyclododecane)gadolinium
(EGad) has a galactopyranose residue at the ninth coordination

o}
/\( .
\\ /N/\o B-galactosidase / \ o
OKN/G d\\N) G\
\/
o 042 o

R =H, Me

Fig. 7 Schematic of the transition of EGad from a weak to a strong
relaxivity state (adapted from ref. 80).
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N
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Fig. 8 Scheme of Gd-DTPA-SA (adapted from ref. §83).

site of the Gd** ion.**®" Once the EGad is exposed to the
commonly used marker enzyme B-galactosidase (f-gal), the
B-galactose moiety will be cleaved and replaced by water which
will increase the relaxivity (Fig. 7). When R = H, the relaxivity of
the Gd(imr) complex increased by ~20%, while when R = Me
(methyl group), it increased significantly by 200%. The system
demonstrated the concept of using MR imaging for in vivo
visualization of gene expression. It is also an example of moni-
toring of enzyme activity by modulation of hydration state. A
new B-galactopyranose-containing Gd** complex (Gd(DOTA-
FPG)(H,0)) was designed and observed to be bioactivated.®?
The Gd(DOTA) chelate was linked to a bioactivated residue -b-
galactopyranose, which can be activated by B-galactosidase. The
enzymatic moiety, 2-difluoromethylphenyl-B-galactopyranoside,
can be cleaved when there is an existence of B-galactosidase. The
r relaxivity increased significantly the enzymatic cleavage of
[GA(DOTA-FPG)(H,0)] in the presence of B-galactosidase and
HSA, meaning that the HSA and B-galactosidase conjugate to
the Gd(m) chelate after the galactopyranoside residue is
removed. The in vivo studies demonstrated that the signal
intensities of tumors with f-galactosidase gene expression are
significantly higher than those of tumors without B-galactosidase
gene expression. Bertini and coworkers reported that Gd-DTPA
was functionalized with a sulfonamide (SA) (Fig. 8), which was
designed to selectively target the enzyme carbonic anhydrase,
binds carbonic anhydrase effectively and certainly showed
a significant relaxation enhancement.3

An esterase-activated contrast agent was reported by Lowe
et al® A cyclen-based Gd(m) complex with pendant acetox-
ymethyl esters (Fig. 9) is seven-coordinated with ligands and has
two inner-sphere water molecules to saturate the nine-coordi-
nated numbers. However, the complex did not show high
relaxivity due to its affinity to endogenous serum anions such as
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|/ \E'./\OH2 esterase L}‘nﬁ 2
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O/Z/\/>/o 6
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O
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(
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Fig. 9 Schematic of activation by porcine liver esterase (adapted from
ref. 84).
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HCO;~. The anions may replace these two water molecules
leading to a poor contrast agent. By using enzyme-activation, the
complex will switch from a neutral contrast agent with
carbonate-binding to a negatively charged one and result in
a change in hydration state. On activation by porcine liver
esterase, the relaxivity of the Gd(ir) complex increased by ~85%
at physiological pH and NaHCO3;, as anion binding suppressed
negatively charged species.

The other approach is the binding of the agent to a macro-
molecule, such as HSA binding, or polymerization of the
contrast agent itself, which substantially slows molecular rota-
tion of the Gd** complex, resulting in an additional increase in
the relaxivity and tissue contrast known as the receptor-induced
magnetization enhancement (RIME) approach. A tri-lysine
peptide was chosen to conjugate to a GdADTPA derivative as it
has a poor affinity for HSA binding and can be cleaved by
a human carboxypeptidase B, Thrombin Activatable Fibrino-
lysis Inhibitor (TAFI) as designed by McMurray et al.®® TAFI
inhibits clot degradation and has been implicated in thrombotic
disease. In the presence of TAFI the three lysine residues in the
contrast agent were sequentially cleaved to a diphenylalanine or
a 3,5-diiodotyrosine group, and both favor a strong binding
ability to HSA and enhance the relaxivity of the contrast agent
consequently (Fig. 10). The relaxivities of TAFI-induced RIME
have increased to over 100% depending on the resulting diphe-
nylalanine or 3,5-diiodotyrosine groups after cleavage. By using
the RIME approach, Nagano et al. designed a B-galactosidase-
activated MRI contrast agent.?¢ In the presence of B-galactosi-
dase, the galactopyranose residue in the complex [Gd-5]
(Gd-DTPA conjugate with albumin binding moiety that is
masked by the galactopyranose residue) is cleaved from the aryl
group by B-galactosidase and transformed to [Gd-8] (Gd-DTPA
conjugate with albumin binding moiety), leading to an increase
of the ry relaxivity in phosphate-buffered saline with HSA due to
favorable HSA binding (Fig. 11). Efficient polymerization of
Gd* complexes can also be used to test the activity of enzymes
such as myeloperoxidase (MPO). In the presence of enzyme and
hydrogen peroxide, the oxidation of phenolic substrates gener-
ates free radicals, which polymerize to the oligomeric Gd**
complex. Recently, two novel DTPA-bisamide derivatives
bearing tyramido or 5-hydroxytryptamido groups were designed

/d; TR /<1//
ysine
Gd DTPA Gd DTPA

%fy

TAFI _Tam
—>
- Lysine L\s ine
Gd DTPA 3 Gd DTPA 4

Compound R Gd-DTPA

5678 % QOH

Fig. 10 Bioactivated Gd** contrast agents: a Gd** chelate is coupled to
an HSA binding moiety that is masked by an HSA shield group. Enzyme
activation releases the shielding group and promotes HSA binding
(adapted from ref. 85).
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as enzyme-activated contrast agents for MRI, as reported by
Bogdanov et al.¥” The relaxivity values of monomers 1Gd** and
2Gd** (Fig. 12, top) are 4.6 and 4.5 mM~' s7! in deionized water
(pH 4.8), and 4.3 and 4.3 mM ' s7!' (0.47 T, 40 °C) under phys-
iological conditions (10 mM sodium phosphate, 0.15 M NaCl,
pH 7.4) respectively. After oligomerization by incubating the
desired monomer solution with an excess of 3% H-,O, and
Horseradish peroxidase for 1 h at 40 °C (Fig. 12, bottom), the
relaxivities of monomers 1Gd** and 2Gd** are 15.9 and 10.5
respectively. By myeloperoxidase-mediated activation, the
S-hydroxytryptamide moiety of bis-5-hydroxytryptamide-
GdDTPA (MPO-Gd) is oxidized and radicalized, forms a poly-
mer with increased relaxivity, and could lead to in vivo assess-
ment of myeloperoxidase activity in injured myocardium®® and
tracking the inflammatory response in stroke in vivo.%

A general strategy for developing enzyme-responsive contrast
agents is to conjugate a masking group which is relatively MR-
silent, such as by having low HSA affinity or water access
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Fig. 12 (Top) Synthesis and structures of compounds 1 and 2. (Bottom)
Scheme of oxidoreductase-mediated reaction of phenol oligomerization
(adapted from ref. 87).
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blocked by enzyme substrates. The masking group will be
cleaved to render higher relaxivity in the presence of a specific
enzyme. A significant change of relaxivity is needed to acquire an
MR image at the molecular level. The design of such a system has
been proven successful on the above mentioned examples.
However, when the system was applied in vivo, anions and some
organic molecules in live specimens can potentially affect the
coordination environment of Gd(i) and interfere with the acti-
vation mechanism. For example, for Gd(mm) chelates with seven
coordinate macrocyclic ligands, such as cyclen possessing two
inner-sphere water molecules, the expected high relaxivity caused
by two inner-sphere waters is not verified in vivo as endogenous
serum anions such as hydrogencarbonate or phosphate may
replace the inner-sphere waters.*

D. Other small biomolecule-activated contrast agents

Compared to metal ion-responsive or enzyme-responsive smart
contrast agents, only a few smart contrast agents are targeted for
small biomolecules.”*®* As small biomolecules such as adeno-
sine,” glucose,” lactate,®? and nitric oxide® play important roles
in biological systems, developing small biomolecule-activated
contrast agents is one of the future directions. A general strategy
for developing a smart MRI contrast agent for the sensing of
small molecules based on DNA aptamers is reported by Lu and
coworker.”® The system consists of an adenosine aptamer strand
with a protein streptavidin, which hybridized a Gd-strand in
which an amine group is conjugated to GdADOTA (Fig. 13). In
the presence of adenosine, the Gd-strand will dissociate from the
aptamer—streptavidin conjugate, leading to a 30% r; relaxivity
decrease mainly due to the lower molecular weight of the disso-
ciated Gd-strand.

Reversible responsive PARACEST MRI contrast agents have
been designed that change their chemical exchange rates after
binding to glucose,”* or that change the chemical shift of the
amide protons after binding to lactate.”” PARACEST MRI
contrast agents, Ln(1)-DO3A-orthoaminoanilide (Ln-DO3A-
0AA, Ln = Yb, Gd), were developed by Pagel ef al. to detect
nitric oxide.”® In the presence of oxygen, the nitric oxide converts
to N-nitroso intermediate by the endogeneous autooxidation.
The aromatic amines of the contrast agent Yb(1) react with the
N-nitroso intermediate, forming a triazene on Yb(2) and leading
to an irreversible covalent change (Fig. 14). The strategy provides

Aptamer strand 5'Biotin-CACTGACCTGGGGGAGTATTGCGGAGGAAGGT

Gd-strand 3"-NH,-GTGACTGGACC
& ® eel)
@ ©

O
4  Streptavidin HO:
HO. I\
DOTA-Gd= N Mo N
) (N/G d\Nj o]
&  Adenosine AN
§/oH

Fig. 13 Scheme of the design of the adenosine-responsive MRI contrast
agent based on DNA aptamer (reproduced from ref. 90 with permission
from the Royal Society of Chemistry).
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Fig. 14 Illustration of the reaction of Yb(1) with NO in the presence of
oxygen that converts aromatic amines to a triazene on Yb(2) (adapted
from ref. 93).

a potential application for in vivo irreversible responsive PAR-
ACEST MRI contrast agents.

4. Blood pool contrast agents

Contrast-enhanced MR1 is important in the detection, diagnosis,
and staging of many types of cancer,”'? as well as in the
assessment of treatment response. Major oncology goals with
MRI include imaging of tumor microvasculature characteristics
and grading of tumor angiogenesis and neovasculture.'**!* MR
imaging approaches to angiogenesis have considerable potential,
which would be enhanced by contrast agents with multiplied
relaxivity.'®*'® Dynamic contrast-enhanced MRI combined
with multiplied contrast relaxivity could lead to the improved
resolution needed to meet these goals.!®

Blood pool contrast agents have been developed by several
approaches to target the three components of blood vessels:
plasma proteins, cells and water." In order to efficiently image
blood vessels, macromolecular agents and targeting agents need
to stay in the circulation and should not redistribute in the
interstitial space.'! Technical requirements, protocol optimiza-
tion and other applications of magnetic resonance angiography
using blood pool contrast agents have been discussed in a recent
review.''?

A. Non-covalent binding to plasma proteins

The albumin-binding Gd(i) chelates are normally low molecular
weight blood pool contrast agents. These compounds are able to
bind non-covalently and reversibly to plasma albumin and will
be completely excreted through the kidneys or via the hep-
atobiliary route. They overcame the macromolecular agents’
disadvantages of not being completely excreted resulting in
higher toxicity. Gadofosveset trisodium (MS-325 or Vas-
ovist),"*'7  Gd-EOB-DTPA (gadolinium 3,6,9-tris(carbox-
ymethyl-4-(4-ethoxybenzyl)-undecandicarboxylic ~ acid))'*#12¢
and B22956 (gadocoletic acid trisodium salt)'*"'?* (Fig. 15) are
the representative contrast agents of non-covalent binding to

Fig. 15 Chemical structures of MS-325 (left) and B22956 (right)
(adapted from ref. 113 and 121).
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plasma. These Gd(im) chelates binding to human serum albumin
(HSA) will prolong plasma half-life, retain the agent in the blood
pool, and increase the relaxation rate of water protons in plasma.
The current and future perspectives of MS-325 have been
addressed.'?*

A series of Gd(m1) complexes containing amphiphilic ligands
with one or more hydrophobic moieties attached to the chelator
which balance the lipophilicity and hydrophilicity of the
compound have been synthesized.'**'*¢ Suzuki et al. recently
reported the design of six novel sulfonated contrast agent
candidates (KMR-Sufoll to KMR-Sufol6) for blood pool
contrast agents (Fig. 16)."*” The lipophilicity and the hydrophi-
licity of the Gd(i) complexes were investigated in order to
increase the plasma half-life by binding to human serum
albumin. The results showed that KMR-Sulfo5 has a relaxivity r
of 59 mM~' s7! and a long plasma half-life of 25.7 min. And it
was completely excreted from the body within 12 h after the
administration. KMR-Sulfo5 has the potential to act as a blood
pool contrast agent.

We have developed two MRI contrast agents (CAs) comprised
of Gd-DO3A conjugated with amino acid building blocks
derived from glutamic acid (CA1) and lysine (CA2) (Fig. 17).1*®
The longitudinal relaxivities (r;) of two CAs measured at 9.4 T
are 6.4 and 5.4 mM~! s! in H,O at 25 °C for CAl and CA2,
respectively. Both longitudinal relaxivities (r;) are higher than
that of clinically used Gd-DTPA (Magnevist, Bayer Schering,
Germany) and Gd-DOTA (Dotarem, Guerbet, France). In vivo
imaging in Wistar rats demonstrated considerable signal
enhancement in the brain artery for CA2, but lower signal
enhancement for CA1. Compared with Dotarem, which showed
a similar signal enhancement as CA2, the enhancement by CA2
remained high even at 52 min post-injection. The long blood
half-life (68.1 min) of CA2 indicated its binding to human serum
albumin.
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Fig. 16 Structures of KMR-Sulfol-6 (adapted from ref. 127).
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Fig. 17 Chemical structures of CA1 and CA2 (adapted from ref. 128).

B. Polymeric contrast agents

Some serum albumin—-Gd(in) chelate conjugates have been
developed as macromolecular agent prototypes in magnetic
resonance angiography.'® But these agents have one or more of
the following drawbacks: enhancement of interstitial space
rather than blood pool only, immunogenicity of the complex,
cardiac toxicity, prolonged retention of the complex in liver and
bone. Since then, attention has been put on the development of
macromolecular compounds as an alternative. Gd-DTPA
poly(L-lysine) has been extensively evaluated as a macromolec-
ular MR imaging contrast agent.3*'32 Low molecular weight
poly(L-lysine) has a rapid clearance whereas large molecular
weight poly(L-lysine) has a longer blood half-life. However,
a disadvantage of the DTPA-modified poly(L-lysine) is longer
circulation time in kidneys and adrenal glands.

Lu and coworkers reported a class of disulfide Gd (1) chelates
as biodegradable macromolecular magnetic resonance imaging
agents.'®13 The first polydisulfide agent, Gd-DTPA cystamine
copolymer (GDCC), has been prepared and tested as an extra-
cellular biodegradable blood pool contrast agent.’* GDCC was
gradually degraded into smaller Gd(i1) complex units by the
cleavage of the disulfide bonds in the polymer backbone via the
disulfide-thiol exchange reaction in the presence of 15 pM
cysteine (Fig. 18). GDCC resulted in significant and prolonged
contrast enhancement in the cardiovascular systems in rats, and
was excreted rapidly via renal filtration.

Later, structures of the polydisulfides have been modified in
order to improve the physicochemical properties, pharmaco-
kinetics, and in vivo contrast enhancement of the biodegradable
MRI contrast agents. Functional groups have been introduced
around the disulfide bonds by replacing cystamine with cystine.
In addition, different substituents have been attached to cystine
(Fig. 19).13%135 The structural modification of polydisulfide
Gd(1r) complexes has resulted in biodegradable macromolecular
contrast agents with various enhancement profiles in the blood
pool. The agents are effective for cardiovascular and cancer MR
imaging. They have a great potential to be developed as safe,
effective, biodegradable macromolecular MRI contrast agents
for clinical applications.
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Fig. 18 Degradation of Gd-DTPA cystamine copolymers (GDCC) in
the presence of cysteine (adapted from ref. 133).
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Fig. 19 Structure of Gd-DTPA cystine copolymers (GDCP) and
modified GDCP (PEG, poly(ethylene glycol); GDCEP, Gd-DTPA
cystine diethyl ester copolymer) (adapted from ref. 134).
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Fig. 20 Structures of PG-Hex-DTPA-Gd and PG-Bz-DTPA-Gd
(adapted from ref. 140).

Li et al. reported that the poly(L-glutamic acid) (PG) gadoli-
nium chelates PG-Hex-DTPA-Gd and PG-Bz-DTPA-Gd
(Fig. 20) were designed and prepared as biodegradable blood
pool MRI contrast agents.'*® The experiments showed that PG-
Hex-DTPA-Gd was undegradable as 6-amino-hexyl side chains
partially cross-linked with poly(L-glutamic acid) Gd-DTPA
polymer; only linear PG-Bz-DTPA-Gd polymer was degradable
in the presence of cathepsin B. A biodistribution study demon-
strated that PG-Bz-DTPA-Gd was gradually cleared from the
body and had significantly less retention in the blood, the spleen
and the kidney. In vivo MRI in mice showed contrast enhance-
ment in blood at up to 2 h post-injection of PG-Bz-DTPA-Gd.

The same group recently reported micelles based on biode-
gradable poly(L-glutamic acid)-b-polylactide with Gd(m)
chelated to the shell layer (Fig. 21) as a potential nanoscale MRI-
visible delivery system.'*! Nanoscale micelles of poly(L-glutamic
acid)(DTPA-Gd)-b-polylactide copolymer exhibited almost two
times higher T-relaxivity than that of the low molecular-weight
DTPA-Gd. Cho and coworkers prepared polysuccinimide (PSI)
derivatives  incorporating methoxy-poly(ethylene  glycol)
(mPEG) conjugated with DTPA-Gd as polymeric micelles
(Fig. 22).*2 The compounds have been tested as potential MRI
contrast agents. In vitro MRI images of phantom showed better
contrast compared to that of Omniscan. However, the pharma-
cokinetics of these polymeric micelles need to be determined
before assessing their potential application in in vivo MRI.

C. Dendrimeric contrast agents

A class of dendrimer-based MRI contrast agents with large
proton relaxation enhancements and high molecular relaxivities

-
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Fig. 21 Schematic model of the micellar structure with DTPA-Gd
chelated to the shell layer (adapted from ref. 141).
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Fig. 22 Structure of PSI-mPEG-C;c-(DTPA-Gd) (adapted from
ref. 142).

was reported by Wiener et al.'** These contrast agents, formed by
the conjugation of 2-(4-isothiocyanatobenzyl)-6-methyl-dieth-
ylene-triamine-pentaacetic acid to the primary amines of
ammonia core polyamidoamine (PAMAM) dendrimers, have
high molecular relaxivities and greatly enhance the contrast of
MR images when they are conjugated with Gd(i) chelates
because the macromolecules slow down molecular rotation and
decrease the molecular tumbling time of the gadolinium.
Kobayashi and coworkers prepared and compared two core
types of PAMAM dendrimer-based macromolecular MR
contrast agents based on generation-6 polyamidoamine den-
drimers (G6) (Fig. 23) according to their blood retention, tissue
distribution, and renal excretion.!** The defined structure and
large number of available surface amino groups of PAMAM
dendrimers have led to their use as substrates in the preparation
of novel MRI agents. MRI studies showed that the larger
molecular weight contrast agent G6E-(1B4M-Gd),ss, comprised
of PAMAM dendrimers with an ethylenediamine core (G6E), 256
exterior primary amino groups and 2-(p-isothiocyanatobenzyl)-
6-methyl-diethyl-enetriamine-pentacetic acid (1B4M) conjugated
with Gd-DTPA, demonstrated longer blood retention and lower
renal accumulation than that of G6A-(1B4M-Gd);9,, comprised

Ammonia Core

Ethylenediamine Core

n = generation = =-CH,CH,CONHCH,CH,-

Fig. 23 Scheme of the two core types of PAMAM dendrimers (adapted
from ref. 144).
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Fig. 24 Scheme of the dendrimer core used for contrast agents (adapted
from ref. 145).

of PAMAM dendrimers with ammonia core (G6A), only 192
exterior primary amino groups and 2-(p-isothiocyanatobenzyl)-
6-methyl-diethyl-enetriamin-epentacetic acid (1B4M) conjugated
with Gd-DTPA. In terms of the ability of intravascular contrast
agents, GOE-(1B4M-Gd),se is better than G6A-(1B4M-Gd);9,
due to more Gd(m) atoms and long retention time in the
circulation.'**

Kobayashi and Brechbiel further developed one new core
dendrimer, polypropylenimine diaminobutane (DAB) (Fig. 24),
and reviewed the nano-sized MRI contrast agents with different
dendrimer cores.'® These dendrimer-based macromolecular
MRI contrast agents of various sizes and properties prepared are
readily available and can provide sufficient contrast enhance-
ment for various applications.*¢*® Molecules up to 20 nm in
diameter behave differently in the body depending on their size.
Changes in molecular size up to 15 nm in diameter altered
permeability across the vascular wall, excretion route, and
recognition by the reticuloendothelial system.'** The in vivo and
in vitro assessment demonstrated that Gd(in) chelates” assembly
of dendrimers is much more efficient in modulating and relaxing
water protons compared to a single chelate unit and could be
used as intravascular contrast-enhancing agent.'*

The use of Gd(m) chelates conjugated to high molecular
weight dendrimers such as PAMAM prolongs intravascular
retention and circulation time; slowing down molecular rotation
will result in a shorter relaxation time and an increase in relax-
ivity as well. Such high relaxivities would increase the sensitivity
of MRI and enable new types of diagnostic and targeted imaging.
It is worth to review the high relaxivity dendrimeric Gd(i)
chelates, although these agents are not within the scope of blood
pool agents. Raymond et al. reported a new dendrimeric deriv-
ative of a hydroxypyridonated-based Gd(i) chelate with fast
water exchange and high relaxivity at high magnetic field
strength.™® This high relaxivity is partially because the two water
molecules coordinated to the Gd(in) ion in each Gd(im) chelate.
The alcohols of the dendrimer increase the water access to the
complex, and the compactness of the whole molecule increases
the rotational correlation time. Both of these contributed to the
high relaxivity of the dendrimer at a high magnetic field. The
same group recently developed a degradable dendrimer by
employing esteramide and branched poly-L-lysine having up to
eight gadolinium complexes per dendrimer.'** The relaxivity of
each Gd base is much higher than that of one Gd(i) small
molecule complex. Tei and coworkers reported that Gd(in) with
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Fig. 25 The preparation of paramagnetic targeted dendrimer nano-
clusters (DNCs) (from ref. 155, copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission).
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heptadentate ligand AAZTA (6-amino-6-methylperhydro-1,4-
diaepinetetraacetic acid) was attached to a polyamine or
PAMAM G1 dendrimer forming octameric Gd(in) chelates.'s?
The relaxivity of each Gd of dendrimeric Gd(11) chelates is much
higher than that of a single Gd(111) low molecular weight contrast
agent. The two water molecules coordinated Gd(in) in each unit,
the compact and rigid structures of dendrimers contribute to the
high relaxivity of the contrast agent. Sherry et al. reported a pH-
responsive GdDOTA-4AmP>~ Gd(in) chelate® to attach to
a PAMAM GS5 dendrimer to form a dendrimeric based pH-
responsive contrast agent.'>* As there are 96 Gd(in) chelates per
dendrimer, the relaxivity of the dendrimer showed a doubled pH
response from pH 9 to pH 6 per Gd compared to its single Gd(111)
chelate.

Dendrimers have been used for preparing multifunctional
macromolecular nanomaterials for diagnostic and therapeutic
agents."™ Gd(m) chelates conjugated to dendrimers with func-
tional groups are applicable to targeting contrast agents, and
could be used as carriers for site-specific delivery of drugs
without changing the property of the molecule attached.
Tsourkas and coworkers recently reported novel gadolinium
conjugated dendrimer nanoclusters as a tumor-targeted 7; MRI
contrast agent.’”® The dendrimer nanoclusters (DNCs) were
fabricated by crosslinking G5 PAMAM dendrimers using
a bifunctional amine-reactive crosslinker NHS-(PEG)s—NHS-
(BS(PEG)s). Following DNC formation, paramagnetic Gd*
ions were conjugated to DNCs by DTPA. The resulting para-
magnetic DNCs were further functionalized with the tumor-
targeting ligand folic acid and the optical imaging dye fluorescein
isothiocyanate (FITC) (Fig. 25). The r; relaxivity of gadolinium-
conjugated DNCs is 12.3 mM ' s7! (1.41 T at 40 °C) per Gd and
higher than that of Gd-DTPA. In vivo studies in folate-positive
KB tumor mice showed that contrast enhancement increased
significantly at 4 h to 24 h post-intravenous injection of DNCs.

5. Blood-brain barrier permeable contrast agents

Delivery of drug, diagnostic or therapeutic proteins across the
blood-brain barrier (BBB) can be achieved by invasive direct
injection including permeabilization of tight junctions using either
osmotic disruption by mannitol or biochemical opening, by
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a pharmacological approach, or by physiological approaches such
as transport-mediated delivery and receptor-mediated trans-
cytosis.**'37 In order to image structure and function in the brain
to provide the physiological and pathophysiological information,
several molecular imaging modalities such as MRI, optical, and
PET have been developed for research and clinical applications.
However, the development has been restrained by the ability to
deliver imaging probes, especially contrast agents, across the BBB.
Chemical compounds such as benzothiazoles, stilbenes, and imi-
dazopyridines have been developed as biomarkers for Alzheimer’s
disease (AD) imaging.'s-16° ['IC]PIB'**1¢! (Pittsburgh Compound
B, a thioflavin-T derivative), aminonaphthalene derivative ['*F]
FDDNP!**  (2-(1-[6](2-['*F]-fluoroethyl)(methyl)amino]-2-naph-
thyllethylidene)malono nitrile) and ["'C]SB-13'®* (a stilbene
derivative) have been investigated for amyloid radioligands to
image amyloid in patients with AD.

Most of the Gd(m) chelate contrast agents used for brain
tumor imaging are based on the diffusion through the leaky BBB
under pathological conditions associated with the degradation of
the blood-brain barrier such as P792 (Gadomelitol, Vistarem®),
a high molecular weight gadolinium-based macromolecular
intravascular contrast agent.'**'%> Gd-DOTA was reported to
characterize tumor angiogenesis using MRI in rats’ brain.'®®
With mannitol to transiently open the BBB, intra-arterial injec-
tion of Gd-DTPA conjugated AB1-40 peptide could detect AR
plaques in the brains of transgenic mice.'¢’

Spires-Jones et al.'®® developed a biodegradable nanocarrier
system to deliver BBB-impermeable molecule imaging probes
including staining reagents for multiphoton microscopy and Gd-
based MRI contrast agents into the brain for neuroimaging. The
nanocarrier system is composed of poly(n-butyl cyanoacrylate)
dextran polymers coated with polysorbate 80 (PBCA nano-
particles) which absorb plasma apolipoprotein E through
vascular endothelial cells by receptor-mediated transcytosis to
cross the BBB without disruption. Low-intensity lipoprotein
receptor-related protein-1 (LRP-1) can be used for delivery of
therapeutics from blood to the brain such as Angiopep-2 by
receptor-mediated transcytosis.’®® It indicated that LRP1 not
only expresses at the abluminal side but expresses at the luminal
side as well. LRP1 has a significant role in regulating brain and
systemic clearance of Alzheimer’s AB.'”° Development of LRP1-
based therapies for AD may provide the approach for delivery of
Gd-based contrast agents that cross the BBB by receptor-medi-
ated transcytosis.

Poduslo and coworkers designed and synthesized a contrast
agent Gd[N-4ab/Q-4ab]AB30 to cross the BBB by means of
a receptor-mediated transport system.'’ It is a derivative of
human amyloid-f (AB) peptide based on the sequence of the first
30 amino acid residues of AP with asparagyl/blutamyl-4-ami-
nobutane residues (N-4AB/Q4ab) substituted at unique Asp and
Glu positions and with Gd-DTPA-aminohexanoic acid cova-
lently attached to the N-terminal Asp (Fig. 26). The chemical
modification reaction was employed to modify polyamine
proteins to target carboxyl groups of aspartic and glutamic acid
residues using water soluble carbodiimide. The contrast agent
Gd[N-4ab/Q-4abJAB30 demonstrated enhanced in vitro binding
to Alzheimer’s disease amyloid plaques and high BBB perme-
ability in vivo in Alzheimer’s disease transgenic mouse brain. The
pharmacokinetics and amyloid plaque targeting ability of the
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Fig. 26 Molecular structure of diamine-substituted AB1-30. Amino acid
sequence of AP peptides and chemical structure of modified glutamine
and asparagine residues (reproduced with permission from ref. 171.
Copyright (2012) American Chemical Society).

contrast agents were investigated in Alzheimer’s disease trans-
genic mice.'”*

Using '*I in radioiodination, the '*°I-Gd[N-4ab/Q-4ab]A B30
contrast agent was injected via intravenous bolus administration;
it demonstrated rapid nonsaturable absorption at the BBB. The
brain pharmacokinetics showed a rapid absorption phase fol-
lowed by a slower elimination phase. Emulsion autoradiography
studies showed plaque specific accumulation of the contrast
agent in the brain for an extended period of time. The same
group also reported a polyamine modified pF(ab’), 4.1 antibody
fragment of a monoclonal antibody, Immunoglobulin (IgG) 4.1,
raised against the fibrillar human amyloid protein AB42, which
showed increased BBB permeability with retained antigen
binding ability to AB peptides and amyloid plaques under in vitro
conditions.'” Conjugation of Gd-DOTA to radioiodinated
pF(ab’), 4.1 (**I-Gd-DOTA-pF(ab’), 4.1) makes the contrast
agent plaque specific and having high BBB permeability and low
accumulation in the liver and kidney.'”*

6. Conclusions and future outlook

With insight into physico-chemical parameters and structure-
related relaxation mechanisms, the design of monomeric Gd(i)
chelates as small molecule contrast agents is a mature field. Most
Gd-based contrast agents for preclinical and clinical applications
nowadays are monomeric Gd(imr) chelates. Knowledge of specific
physiological or biochemical processes such as changes in pH,
metal ions, enzymatic activity, and small biomolecules allows
researchers to better design smart probes for different and
specific purposes. For smart MRI contrast agents and blood pool
agents, the challenge is to apply these agents for in vivo study and
their toxic effect needs to be considered. A lot of opportunities
are available for making BBB permeable: contrast agents and
other specific targeting agents such as tumor targeting and tissue
targeting agents.

Since high relaxivities would enable new types of diagnostic
and targeted imaging, with instrumental resolution advances and
further development of dynamic MRI, imaging of changes in
angiogenesis and monitoring anti-angiogenic therapies would be
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possible. Gd(m) chelates could be incorporated into novel tar-
geted MRI contrast agents by covalent attachment to targeting
moieties such as RGD peptides via bioconjugation strategies,
and new classes of imaging challenges can be addressed. One of
the major challenges in this field is the non-invasive assessment of
vector delivery and transgene expression.!” One strategy for
monitoring viral vector delivery by MRI would be to bio-
conjugate Gd(m) chelates to the vector. The chemical coupling
would need to be done in a manner that does not interfere with
efficient gene delivery. Strategies for monitoring transgene
expression depend on the nature and localization of the trans-
gene product.
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