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Review

Molecular recognition of sugar 
residues applied in molecular imaging
Molecular imaging aims at probing the molec-
ular abnormalities that are the basis of diseases 
rather than to image their effects [1]. An impor-
tant prerequisite of this approach is the selec-
tion of appropriate markers of disease and of 
targeting vectors to recognize them. The latter 
can include low-molecular weight substrates 
for enzymes or high-molecular weight affinity 
ligands, such as monoclonal antibodies, hor-
mone analogs and recombinant proteins. Of the 
three major classes of biomolecules (proteins, 
nucleic acids and carbohydrates), the latter class 
is the least exploited in molecular imaging. 
However, a dense layer of glycoconjugates cov-
ers all cells and carbohydrate mediated cellular 
recognition plays an important role in nature, 
both in normal and malignant processes, such 
as cell–cell communication, infection, inflam-
mation, metastasis and reproduction. As car-
riers of information, the carbohydrates have 
far greater potential than proteins and nucleic 
acids; three different nucleotides or amino acids 
can generate only six distinguishable struc-
tures, while over 1000 structures can be built 
up from three different monosaccharides  [2]. 
This level of complexity is probably the rea-
son for the fact that the exploration of these 
compounds in molecular imaging is lagging 
behind  [3]. Recently, significant progress has 
been made in glycochemistry and glycobiology; 
for example, automated solid-phase synthesis 

of oligosaccharides has become possible [4], 
carbohydrate-based vaccines have been devel-
oped  [5] and high-throughput methods have 
been designed for the screening of molecular 
interactions [6]. The exciting new developments 
in glycoscience are opening way for new chal-
lenges in exploring the full potential of carbo-
hydrates in molecular imaging. Therefore, here 
we give an overview of the recent literature on 
the use of glycoconjugates either as probes or 
targets in molecular imaging using MRI. 

MRI contrast agents (CAs) are broadly 
described as positive or negative, depend-
ing on whether they give rise to a brighten-
ing or a darkening effect on the MR image, 
respectively. The positive or brightening effect 
predominantly relates to the longitudinal 
proton relaxation time (T

1
) and the negative 

or darkening effect predominantly relates to 
the transverse proton relaxation time (T

2
). 

To date, the majority of commercially avail-
able and clinically applied positive CAs are 
Gd3+ complexes of the polyaminocarboxylates 
diethylene triamine pentacetic acid (DTPA) 
and 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) (see Figure  1 for 
some typical examples) and negative CAs are 
various iron oxide particles. These agents are 
not actively targeting. The targeted CAs for 
application in molecular imaging that are 
currently under development and described 
below are generally based on compounds 1 
(Gd‑DTPA) and 2 (Gd‑DOTA), as well as iron 
oxide nanoparticles. 

Glycoconjugate probes and targets  
for molecular imaging using 
magnetic resonance

Recently, many research activities in medical diagnosis have been devoted to molecular imaging with MRI. A key 
issue is the evaluation of molecular targets that allow the early detection and characterization of diseases and the 
assessment of the effects of therapy. The majority of the current targeting vectors are peptides and proteins; 
reports on carbohydrate-based probes are relatively scarce. However, molecular recognitions involving carbohydrates 
are ubiquitous in both normal and pathological natural processes. Here, we critically review the literature on the 
development and validation of MRI probes using carbohydrates either as targets or targeting vectors. Exploitation 
of molecular recognition involving carbohydrates in MRI looks promising. Amplification techniques may be important 
for overcoming sensitivity problems.
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Ln-chelate glycoconjugates as 
molecular imaging CAs
�� Ln-chelate glycoconjugates as CAs for 

liver imaging using lectins as targets
Lectins are carbohydrate-binding proteins that 
specifically bind to the oligosaccharide moi-
eties of glycoproteins and glycolipids. They 
also have the capability of recognizing a large 
variety of natural and artificial polysaccharide-
like molecules with various different structures, 
such as heparin sulphate and hyaluronic acid 
proteoglycans  [7–9]. A cluster glycoside effect, 
which describes the aff inity enhancement 
(typically of orders of magnitude) involved in 
multivalent binding of several carbohydrate 
residues [10], has been found to operate in these 
lectin–carbohydrate interactions. Individual 
CRDs interact specifically with sugars (e.g., 
glucose, mannose and galactose) with affinity 
constants (lectin–monomeric sugar) in the mil-
limolar range. However, assembly of monomeric 
units in oligomeric lectins results in the display 
of an array of CRDs with a variety of topolo-
gies, which, together with the topology (relative 
orientation and spacing) of the glycoconjugate 

carbohydrate residues, critically determines 
the specificity and strength of lectin–carbohy-
drate interactions [7,10,11]. Numerous synthetic 
multivalent glycopolymers and dendrimers 
displaying this effect have been developed for 
the targeting of cell/organ specific lectins for 
drug-delivery purposes and for the inhibition 
of cell–cell or cell–foreign body (bacteria/virus) 
interactions [10,12–14].

The capacity of the hepatic asialoglycoprotein 
receptor (ASGP‑R) to recognize terminal b-galac-
tosyl and b-N-acetyl-galactosaminyl residues on 
desialylated glycoproteins [15] can be used for liver 
targeting of artificial glycoconjugates. This has 
been successfully achieved with galactose/lactose-
containing glycoconjugates, with a multivalence 
effect (tetra > tri > di > mono) on liver uptake [16]. 
The functional imaging of liver ASGP‑R is of 
both diagnostic and prognostic value during 
the treatment of liver pathologies (e.g., cancer 
and hepatitis B). Several hepatic imaging agents 
have been described that rely on macromolecular 
bioconjugates and polymer scaffolds as carriers, 
bearing efficient reporter groups and pendant 
b-galactoside and/or N-acetyl-b-galactosaminyl 
residues as targeting groups of the ASGP‑R. A 
conjugate of a neoglycoprotein, galactosylated 
serum albumin (GSA), with [99mTc]‑DTPA, 
[99mTc]‑DTPA‑GSA [17], has been used in single 
photon emission computed tomography (SPECT) 
hepatic imaging of rodents and humans to study 
liver pathologies [18–21]. The hepatocyte-specific 
nature of the ASGP‑R and the fact that it is still 
expressed (although in reduced numbers) on hep-
atoma cells makes it possible to detect liver-cancer 
metastases to other organs, such as bone [22]. The 
[111In]‑DTPA‑GSA analogue has also been used 
in mouse liver SPECT imaging [23]. 

Two classes of potential CAs for liver MRI 
through targeting of the hepatocyte ASGP‑R 
have also been developed and tested in cells 
and mice:

n	Macromolecular:  a Gd‑DTPA conjugate of 
polylysine (PL) derivatized with galactosyl 
groups (Gd‑DTPA‑gal-PL) [24] and a 
spin-labeled arabinogalactan [25];

n	Particulate systems: monocrystalline iron 
oxide nanoparticles (MION) conjugated to 
the bovine plasma protein asialofetuin (ASF), 
MION-ASF [26];

n	Arabinogalactan (AG)-coated ultrasmall 
superparamagnetic iron oxide particles 
(USPIO) (Figure 2) [27–30].

Figure 1. Typical examples of current clinically applied Gd‑based MRI 
contrast agents. Charges and Gd‑coordinated water molecules are omitted 
for clarity.

Molecular recognition

The specific interaction 
between two or more 
molecules through noncovalent 
bonding, which plays a major 
role in biological processes

MRI contrast agents

Paramagnetic materials that 
decrease the NMR relaxation 
times of water protons, 
resulting in the increase of the 
contrast in MRI images. These 
materials include Gd(III)-
complexes and iron 
oxide particles

Glycoconjugates

Carbohydrates covalently linked 
with other biologically 
important chemical species, 
such as proteins and lipids. They 
are involved in cell-cell 
interactions
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Both the macromolecular and particle-based 
ASGP‑R-targeted imaging agents described 
above include carriers bearing multiple 
reporter groups and a multivalent display of 
galactosyl‑targeting groups. 

However, these agents have the drawback of 
being inherently polydisperse and ill character-
ised. Chemically well-defined, monodisperse 
and characterized multivalent agents can be 
assembled by an alternative molecular design: 
the conjugation of dendrimeric-clustered carbo-
hydrate bifunctional reagents through spacers to 
an MRI reporter group. Various Gd(III) com-
plexes of the DTPA‑ and DOTA-type ligands, 
peripherally substituted with one or more target-
ing group(s) consisting of a clustered carbohy-
drate of variable valence, with different topologies 
(Figure 3), containing an increasing number of 
terminal galactosyl (Gal), lactosyl (Lac) or glyco-
syl (Glc) groups, have been synthesized and stud-
ied [31–36]. The ligands included various DOTA 
monoamide derivatives (Figure  4), with one 
(DOTAGal, DOTAGlc and DOTALac; 9), two 
(DOTAGal

2
, DOTAGlc

2
 and DOTALac

2
;10) or 

four (DOTAGal
4
; 12) terminal sugar groups, one 

DOTA cis‑bisamide derivative with two terminal 
sugar groups (DO2A(cis)Gal

2
; 11) and DTPA 

bisamides with two (DTPAGal
2
 and DTPALac

2
; 

13) or four (DTPAGal
4
; 14) terminal sugar 

groups. All dendrimeric sugar units were bound 
thioglycosidically, in order to prevent them from 
being cleaved off by enzymes  [32–35]. The 1H 
nuclear magnetic relaxation dispersion (NMRD) 
profiles showed that the relaxivity increase of 
these compounds relative to the respective par-
ent compounds without the sugar derivatives 
(Gd‑DOTA; 2 and Gd‑DTPA‑BMA; 3) is much 
lower that that expected for their molecular 
weight increase [32,33]. As an example, at 20 MHz 
and 298  K, r

1 
of Gd‑DTPALac

2
 is only 13% 

higher than that of Gd‑DTPA‑BMA, although 
its molecular weight is approximately three-times 
higher [33]. An evaluation of the parameters gov-
erning their relaxivity showed that r

1 
of these 

Gd(III) complexes of glycoconjugate ligands is 
limited by:

n	Slow water exchange (the residence time of 
water in the first coordination sphere, t

M
 is 

approximately 830 ns for Gd‑DOTA deriva-
tives and t

M
 is approximately 25  µs for 

Gd‑DTPA‑BMA derivatives);

n	Fast overall rotational dynamics; due to the 
high internal mobility of the sugar side chains 
and of the spacers that connect them to the 

Figure 2. Dynamic changes in liver signal intensity for individual 
Sprague–Dawley rats after administration of the hepatocyte agent 
arabinogalactan-coated ultrasmall superparamagnetic iron oxide (USPIO) 
and the reticuloendothelial system agents USPIO and the 
superparamagnetic iron oxide formulation AMI-25 (Advanced Magnetics, 
Inc., MA, USA) at a dose of 10 µM/kg iron. Data were derived from dynamic 
echo-planar images. The data points represent the raw data from each of three 
experiments. The broken lines indicate plus and minus one standard deviation about 
the samples (n = 4) for each contrast agent. 
Reproduced with permission from [30]. ©John Wiley & Sons, Inc.

Figure 3. Comparison of the general topology of glycoconjugates of 
DOTA (5 –7) and DTPA (8) ligands.
Adapted with permission from [31].
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more rigid part of the chelate, which are 
located at positions that do not allow an effec-
tive coupling between the Gd‑OH

2
 vector and 

the tumbling motion of the whole complex;

n	Nonoptimal electron-spin relaxation due to 
their asymmetric Gd(III)-coordination 
cage [32,33].

This new class of hydrophilic liver-targeted 
agents was evaluated in  vivo by imaging 
techniques in Wistar rats and mice. In order 
to be able to compare the results for MRI with 
g-imaging studies of the corresponding Gd(III) 
complexes, the ligands were complexed to the 
g-emitting 153Sm(III) nuclide [34,35]. The results 
show that the liver uptake of the labeled com-
pounds depends on their valency, sugar type and 
topology. They are prime examples of the afore-
mentioned cluster glycoside effect. After 24 h 
postinjection in Wistar rats, the compounds 
bearing four galactose residues clearly show a 
much better enrichment in the liver than the 
mono- or di-substituted systems, indicating 
that binding to the ASGP‑R occurs in a multi-
valent fashion. The affinity decreases if lactose 
is attached and is at its lowest for the glucose-
derived compounds. The dendrimeric topology 
of DOTAGal

2
 has a higher targeting efficiency 

than that of the DO2A(cis)Gal
2
. Blocking the 

ASGP‑R in vivo with the presence of its high-
affinity ligand asiolofetuin (ASF)-reduced liver 
uptake by 90%, strongly suggesting that the 
liver uptake of these compounds is mediated by 
their binding to ASGP‑R. 

However, despite the specific liver uptake 
of the radiolabeled galactosyl-bearing com-
pounds, a dynamic contrast-enhanced (DCE) 
MRI assessment of the corresponding Gd(III) 
chelates in mice showed liver-to-kidney contrast 
effects that are not significantly better than those 
shown by Gd‑DTPA [35]. This probably results 
from the quick wash-out from the liver of these 
highly hydrophilic complexes, before they can be 
sufficiently concentrated within the hepatocytes 
via receptor-mediated endocytosis.

Gd(III) complexes that combine a sym-
metrically substituted structure and a fast 
inner-sphere water exchange with an effective 
motional coupling, as described above, have 
been synthesized and studied (Figure 5) [36]. It 
concerns two types of Gd‑DOTA complexes, 
a-substituted at the four pendant acetate arms 
with dendrimeric sugar structures (15 & 16), in 
which the Gd(III) ion lies at the barycenter of 
the macromolecular structure, so that it resides 

upon any axis of reorientational motion. These 
structures are based on the Gd(III) complex of 
DOTA, a-substituted with tetra(carboxyethyl) 
groups at each of the four acetate arms, (R,R,R,R/
S,S,S,S)-[GdgDOTA(OH

2
)]5-, which is known 

to have a fast water-exchange rate, connected 
through amide derivatization of the four terminal 
carboxylate groups of the a-substituents to four 
trisaccharide dendritic wedge amine structures 
containing three b-glycosyl units. The connec-
tion of the chelate with the dendritic sugar occurs 
either directly ([GdgDOTA-Glu

12
(OH

2
)]5-; 

15) or through glycine spacers ([GdgDOTA-
Glu

12
Gly

4
(OH

2
)]5-) (Figure 5; 16). These com-

plexes (MW ~3.2–3.45 kD) have much higher 
relaxivities than the Gd(III) complexes of the 
monoamide DOTA derivatives (9, 10 & 12) 
described above. An analysis of their variable tem-
perature 1H NMRD profiles and 17O NMR T

2 

values [36] shows that this can be rationalized by:
n	Optimized water exchange rate (t

M
 ~198–

221 ns);

n	Slow rotational dynamics due to their very 
compact and symmetrical structure;

n	A high contribution to r
1
 from water molecules 

in the second coordination sphere of Gd(III), 
hydrogen-bonded to the hydroxyl groups of 
the sugars.

In MRI experiments at 2 T with a mouse 
model of a mammary tumor expressing the 
HER‑2/neu receptor, complex 15 showed a stron-
ger and longer-lived signal enhancement of the 
tumor area compared with the commercial CA 
Gd‑HPDO3A at the same dose, excretion pri-
marily via the renal system, and no liver reten-
tion (Figure 6) [36]. However, this preliminary 
study did not assess the binding affinity of 15 to 
the HER‑2/neu receptor in vitro. A similar MRI 
study undertaken with the b-galactosyl ana-
logue of complex 16 [36] showed no significant 
signal enhancement of the liver, despite the pres-
ence of the 12 peripheral galactosyl units. These 
results may mean that this compound and com-
pounds 9–14 are too hydrophilic to be efficiently 
concentrated within the hepatocytes via ASGP 
receptor-mediated endocytosis. 

Prior to these studies, only a low-molec-
ular weight, well-characterized, monomeric 
[111In]-radiolabeled galactopyranosyl conju-
gate of DOTA for scintigraphic applications 
using the targeting of the ASGP‑R both in 
hepatic cell lines and mice had appeared in the 
literature [37]. 

Relaxivity

Relaxivity (r1 or r2) of a contrast 
agent is the increase of 
relaxation rate (1/T1 or 1/T2, 
where T1 and T2 are the 
longitudinal and transverse 
relaxation times) of water 
protons per mM of contast agent

Asialoglycoprotein receptor

Organ-specific heterooligomeric 
lectin that is only expressed at 
the surface of hepatocyte cells 
of the liver, it recognizes 
terminal b‑galactosyl and 
b‑N‑acetyl-galactosaminyl 
residues on desialylated 
glycoproteins. It is involved in 
selective removal of the 
glycoproteins, with those 
exposed terminal residues, 
from serum
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Figure 4. Glycoconjugated DOTA and DTPA amide derivative ligands used as Gd(III) complexes in MRI contrast agents 
studies. The ligands include: DOTA monoamide derivatives with one (9), two (10) or four (12) terminal sugar groups, one DOTA 
cis‑bisamide derivative with two terminal sugar groups (11) and two DTPA bisamides with two (13) or four (14) terminal 
sugar groups.
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�� Ln-chelates conjugated with Sialyl–Lewis 
X mimics to target inflammation 
Selectins are a family of adhesion molecules 
that mediate the initial attachment of leuko-
cytes to activated endothelial cells in response 
to inflammation and tissue injury. Of the three 

closely related cell-surface selectins, L‑selectin, 
P‑selectin and E‑selectin, the two latter selectins 
are expressed by vascular endothelial cells while 
l-selectin is expressed on leukocytes. Selectin 
expression is strongly induced by inflammatory 
mediators and the activated endothelial cells 

Figure 5. Two Gd(III) complexes of DOTA derivatives a-substituted at the four pendant acetate arms with dendrimeric 
sugar structures (15 & 16) with optimal tR values, thanks to the location of the Gd3+ ion on the barycenter of their 
macromolecular structure.

Figure 6. In vivo T1-weighted magnetic resonance images acquired in a mouse model of 
mammary carcinomas (BALB-neuT female mouse overexpressing the transforming 
activated rat HER‑2/neu oncogene under the control of the mouse mammary tumor virus 
promoter) pre- and post-administration of 4 (Gd‑HPDO3A) (A) or 16 (GdgDOTA-
Glu12Gly4(OH2)]

5- (B) at the same gadolinium dose (0.1 mmol/kg). The tumor-signal 
enhancement (arrow) was two-times higher with complex 15 than with 4, further highlighting 
tumor structures. The contrast caused by 15 showed also a slow wash-out.
Data from [Fulton DA, Elemento EM, Aime S, Chaabane L, Botta M, Parker D. Unpublished Data].
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overexpress P- and E‑selectins. Imaging selec-
tins with MRI is challenging, due to their low 
abundance per voxel.

E‑selectin is a cell-adhesion glycoprotein 
that is present in significant amounts on vas-
cular endothelial cells 4–24 h after cytokine-
induced transcription, following an injury in 
the body. The specific interaction of this selectin 
with the tetrasaccharide antigen Sialyl–Lewis X 
(sLex; Figure 7; 17), on the surface of monocytes, 
neutrophils, basophils, eosinophils, and a spe-
cific subset of T-lymphocytes plays an impor-
tant role in inflammation and in many immune 
system mediated diseases including rheumatoid 
arthritis and cancer metastasis. Much research 
has been devoted to the design as well as the syn-
thesis of sialyl mimetics, with the aim of using 
them as inhibitors of sLex-E‑selectin binding [38]. 

Molecular modeling based on the x-ray structure 
of E‑selectin and an NMR study of the con-
formation of bound sLex has led to the rational 
design of a series of low-molecular weight man-
nose-based inhibitors with structure 18 [39]. This 
has inspired Muller et al. to synthesize the analo-
gous derivative 19, which has an amino function 
that can serve as an anchor for its conjugation 
with paramagnetic reporter groups to form MRI 
CAs targeted to inflammation [40]. 

Reaction of 19 with DTPA‑bisanhydride and 
subsequent complexation with Gd(III) produced 
conjugate 20 (Gd‑DTPA‑B(sLexm)A) [40]. The 
1H NMRD profile showed that the relaxivity of 
this compound is almost the same as that of the 
parent system Gd‑DTPA, which is surprising since 
the molecular weight of Gd‑DTPA‑B(sLexm)A 
is higher [41]. An evaluation of the parameters 

Figure 7. Comparison of the molecular structures of sLex (17) and mimetics. Compounds 18 
are mannose-based inhibitors of sLex –E‑selectin binding [38]. Compounds 19–21 are MRI contrast 
agents based on this inhibitor. Atoms in boxes are those involved in interactions with selectins. 
USPIO: Dextran-coated ultrasmall particle of iron oxide.
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governing the relaxivity shows that the resi-
dence time of water in the first coordination 
sphere (t

M
) is not limiting the relaxivity. The 

unexpected low relaxivity might be the result of 
a relatively large distance between Gd(III) and 
the protons of the Gd‑coordinated water mol-
ecule. Transmetallation experiments showed that 
Gd‑DTPA‑B(sLexm)A is kinetically less stable 
than Gd‑DTPA, but more stable than the com-
mercial Gd–bisamide complex, Gd‑DTPA‑BMA. 
Furthermore, Gd‑DTPA‑B(sLexm)A has no sig-
nificant interaction with human serum albumin 
(HSA) and, therefore, competition of HSA dur-
ing the targeting of E‑selectin does not occur [41]. 

The performance of the CA Gd‑DTPA‑B(sLexm)
A has been evaluated by in vivo pharmacokinetic 
and biodistribution studies on mice and rats in a 
fulminant hepatitis model [42]. A high specificity 
for E‑selectin was confirmed by a significant and 
prolonged contrast enhancement between blood 
vessels and parenchyma in pathological conditions 
(Figure 8). The biodistribution of the compound 
showed its retention in inflamed liver and spleen 
by both specific mechanisms and accumulation 
due to necrotic lesions. The sialylmimetic 19 has 
also been grafted to the dextran coating of USPIO 
to give 21 (USPIO-sLexm) [43]. Tests of the result-
ing new T

2
 CA on cultured human umbilical vein 

cells (HUVECs) stimulated to express inflam-
matory adhesion molecules, showed that the 
nanoparticles recognized endothelial E‑selectin. 
In vivo tests using T

2
-weighted images of healthy 

mice showed loss of intensity of the liver signal, 
since USPIOs are known to pass through the 
fenestrae of the liver and to be captured by Kupffer 
cells. On the contrary, a mouse model of hepatitis 
gave images with a significantly lower attenuation 
of the liver intensity, which suggests that the CA 
is retained extracellularly by selective interaction 
with endothelial E‑selectin. Recently, the same 
mimetic was also coupled to carboxylated USPIOs 
that were coated with PEG to prolong the plasma-
circulation time and to minimize the nonspecific 
accumulation of the particles in tissues [44]. The 
mean absolute concentration of iron oxide in 
inflamed muscles after injection of these particles 
was determined both ex vivo and in vivo by EPR. 
The efficacy of the grafted particles was improved 
by a factor of two, compared with the ungrafted 
particles. This was confirmed by a higher signal 
loss in MRI after administration of the grafted 
particles. Thus, USPIO-sLexm particles may be 
very suitable for the MRI diagnosis of inflamma-
tion and for the in vitro evaluation of endothelial 
cell activation.

Figure 8. MR coronal images of a (A) healthy mouse and (B) a mouse with 
hepatitis before and after administration of Gd‑DTPA‑B(sLexm)A. 
The images were obtained with a Siemens Magnetom Impact System at 1.0 T. 
Reproduced with permission from [42]. 

Figure 9. USPIO conjugated with ‘sLex’.
USPIO: Ultrasmall superparamagnetic particles of iron oxide. 
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This type of agent is also very promising 
for the early detection of endothelial activa-
tion in brain inflammation. They are able to 
detect E‑selectin on the ‘blood side’ of the 
blood–brain barrier, which is indicative of a lesion 
on the ‘brain side’. The principle was shown for 
Gd‑DTPA‑B(sLexm)A, which gave a modest sig-
nal enhancement for activated endothelium in the 
brain [45,46]. The aselective CA Gd‑DTPA‑BMA 
did not result in enhancement under the same 
conditions, showing that the blood–brain bar-
rier was still intact. Van Kasteren et  al. have 

synthesized a series of dextran-coated iron oxide 
nanoparticles, decorated with oligosaccharides 
of increasing carbohydrate complexity  [47]. It 
appeared that only the nanoparticles conjugated 
with sLex itself, (GNP-sLex; Figure 9; 22) targeted 
activated brain endothelium. With clinically rel-
evant animal models, it was demonstrated that 
these particles are very sensitive negative CAs for 
early detection of endothelial activation by brain 
disease events. The lesions in question were not 
detectable with conventional MRI.

Another glycoprotein playing a role in inflam-
mation is P‑selectin, which is mainly expressed 
on the surface of activated platelets in, for exam-
ple, cardiovascular diseases such as atheroscle-
rosis and aneurism. Its main ligand is the sialo
mucin P‑selectin glycoprotein ligand-1 (PSGL‑1) 
expressed on the surface of lymphocytes. The 
recognition also involves the sLex structural 
motif and, in addition, three sulfated tyrosine 
residues in the protein backbone. Chaubet et al. 

Figure 10. P‑selectin glycoprotein ligand-1 mimetic CM8FS. Unsubstituted OH functions of the 
dextran backbone are omitted for clarity.

Figure 11. Hyaluronan.

Figure 12. (A) 1H relaxation rates of cellular pellets of human cell lines C6 (1 & 2), B16-F10 (3 & 4) 
and MCF‑7 (5 & 6) after incubation at 37°C for 30 min in the presence of cationic liposomes (light 
blue bar) and in the presence of the these liposomes after functionalization with an excess of 
hyaluronan (dark blue bar). (B) Corresponding T

1
-weighted MR image of a phantom containing 

cellular pellets after incubation in the presence of cationic liposomes (1, 3 & 5) or hyaluronan-
functionalized cationic liposomes (2, 4 & 6). 
Reproduced with permission from [49].
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have synthesized a mimetic for PSGL‑1, con-
sisting of a polydextran backbone (MW 27000) 
grafted with carboxymethyl groups (degree of 
substitution [DS] = 0.84 per anhydroglucose 
unit), sulfate functions (DS = 0.41), Gd‑DOTA 
chelates (DS = 0.08) and a fluorescein isothio-
cyanate f luorolabel (DS  =  0.008; CM8FS; 
Figure 10; 23) [48]. Cytometry experiments on 
whole human blood and on platelets showed 
that the probe preferentially binds to activated 
platelets. No binding to other blood cells or rest-
ing platelets was observed. Furthermore, acti-
vated platelets incubated with CM8FS produced 
a bright MRI signal.

�� Hyaluronan as a targeting vector for 
CD44 receptors
CD44, a receptor for hyaluronan, (HA; 
Figure 11; 24), is expressed in a variety of tumors 
such as breast, colon, intestinal, and brain, as 
well as melanoma, basal cell carcinoma and 
stem cells. Aime and coworkers designed and 
prepared a supramolecular adduct of anionic 
hyaluronan and cationic liposomes loaded 
with Gd‑HPDO3A [49]. Tumor cell lines (C6, 
B-16-F10 and MCF‑7) showed rapid uptake 
through receptor-mediated endocytosis, which 
could be visualized with MRI (Figure 12).

�� Targeting of sialic acid at surfaces of 
cancerous cells with Ln chelates conjugated 
with phenylboronic acids
Sialic acids are known to be overexpressed on 
tumor cells, where they are present as terminal 
groups on oligosaccharide chains of glycolip-
ids and glycoproteins [50,51]. This phenomenon 
is related to the growing and spreading of the 
tumor. The sialic acid expression on tumor cells 
is approximately 1000 times higher than on 
healthy cells and, therefore, sialic acid is a good 
biomarker for the detection of cancer. Sialic acids 
comprise a family of 43 acidic 9-carbon sugars 
of which N-acetylneuraminic acid, (Neu5Ac, 
Figure  13;  25), is the most common one. In 
glycoconjugates, it is usually a(2,3)- or a(2,6)-
linked to galactose, galactosamine or to another 
sialic acid unit. Bertozzi and co-workers have 
exploited the sialoside biosynthetic pathway to 
metabolically modify naturally expressed sialic 
acid on human cells with a levulinoyl side chain 
(Figure 14; 27). The terminal ketone group of the 
latter function was then utilized as a chemical 
target for covalent binding with the aminooxy 
anchor conjugated with Eu‑DTPA chelate. [52]. 
By luminescence, it was demonstrated that 106 
Eu chelates were targeted to normal Jurkat cells. 
A similar approach using the Gd analog might 
enable molecular imaging with MRI.

Neu5Ac is a structurally exceptional sugar 
unit in naturally occurring glycoconjugates 
because it has an exocyclic polyol function. This 
peculiarity can be exploited for its molecular rec-
ognition by boronates. Boronates can reversibly 
and covalently bind diol functions under the 
formation of five- and six-membered boronate 
esters [53]. The stability of these esters is for the 
greater part determined by their steric strain. 
Consequently, exocyclic diol functions, usu-
ally give rise to more stable esters. By 11B and 
13C NMR studies on 2-O-methyl Neu5Ac, it 

Figure 13. Neu5Ac end group 
in glycoconjugates.

Figure 14. Strategy for the selective targeting of MRI contrast agents to 
highly sialylated cancer cells by means of cell surface engineering. 
(A) Incubation of the tumor cells with peracetylmannose derivative 26 gives 
metabolically modified sialic acid 27 at the surface. (B) The ketone group at the 
modified surface is exploited for anchoring of the Eu(III) reporter through the 
formation of Schiff base 28.
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has been shown that, under physiological con-
ditions, only weak but selective binding of the 
OH functions of the pendant arm of this com-
pound occurs [54]. Based on these ideas, several 
conjugates of Gd‑DTPA were designed for the 
targeting of sialic acid residues [55]. Compounds 
30–32 were selected for labeling studies on tumor 
cells [55,56]. Compound 30 has a phenylboronic 
acid group for interaction with Neu5Ac, 31 has 
an NH

3
+ function that can interact electrostati-

cally with its COO- function, and 32 combines 
both structural features. Molecular modeling 
showed that the simultaneous interaction of the 
boronate and the NH

3
+ in 32 is sterically feasible 

[54]. A gamma counting study on human glioma 
cells (2.3 × 1015 moles/cell Neu5Ac) incubated 
with the radioactive 160Tb complexes of 30–32 
and of 29 (160Tb‑DTPA) showed that the kinet-
ics of the increase of cell-associated activity 
shows the order 32 >> 30 > 31 > 29 (Figure 15), 
which confirms the synergistic binding of 
Neu5Ac by the phenylboronate and ammo-
nium functions. The essential role of Neu5Ac 
was demonstrated by an experiment in which 
the Neu5Ac at the glioma cell surface was enzy-
matically removed by sialidase. After treatment, 
the 160Tb complexes no longer recognized the 

cells. Comparison of the binding of the 160Tb 
label with human glioma tumor cells incubated 
with increasing concentrations of the 160Tb‑32 
complex at 37°C with that at 4°C suggests that 
a considerable amount of the complex is taken 
up by cells at 37°C (Figure  16). Inductively 
coupled plasma atomic emission spectroscopy 
(ICP-AES) of lysates of the cells showed that 
the molar ratio terbium: boron is 1:1 rather than 
1:2, as should be expected from the molecular 
structure of Tb‑32. This indicates that a signifi-
cant amount of Tb(III) is dissociated from the 
complex at the cell surface, which is in agree-
ment with the known relatively low kinetic 
stability of Gd‑DTPA–bisamide complexes. 
Previously, poor stability of another Gd‑complex 
of a DTPA‑bisamide, Gd‑DTPA–BMA, was 
observed in cell experiments [57]. 

Physiologically responsive probes
�� Sugar sensing with the use of MRI

Quantification of the extent of glycation of 
HSA and hemoglobin provides a record of aver-
age mid- and long-term blood-sugar concentra-
tions [58], respectively. This is very useful for the 
management of diabetes [59]. In the presence of 
excessive levels of glucose (in diabetes patients), 

Figure 15. Interaction kinetics of 0.1 mM solutions of 160Tb complexes of 29 (circle), 30 
(triangle), 31 (diamond) and 32 (square) with 2.5 × 105 human glioma brain tumor cells 
(U-251 MG) for 4 h at 37°C in PBS medium.

Responsive contrast agents

Category of targeted MRI-
contrast agents that are able to 
act as reporters of the biological 
environment where they are 
distributed through parameters 
such as, for example, pH, partial 
oxygen pressure, degree of 
glycation of proteins, 
concentration of Ca2+ and 
presence of enzymes



OH
HO

OHO

OH

O
O

OH

OH

OH
HO

H2
N

R

H2
N OH

HO

OHO

OH

H2
N

R

O

HO

OO

OH

H2
N

R

B
OH

PhB(OH)3
-

(33) β-pyranose (58%) (34) α-furanose (19%) (35) β-furanose (24%) (36)

R

37°C

4°C

T
b

 n
m

o
l/m

g
 p

ro
te

in
s

6.0

4.5

3.0

1.5

0.0

0.0 0.4 0.8 1.2 1.6

Tb(III)-DTPA-(ENPBA)2 (mM)

Review | Geraldes, Djanashvili & Peters 

Future Med. Chem. (2010) 2(3)420 future science group

a nonenzymatic reaction between this and a free 
amino group of HSA takes place with the forma-
tion of a Schiff base. The latter spontaneously rear-
ranges to the fructoseamine (Figure 17). The sugar 
moieties of this compound occur as an equilibrium 
of the b-pyranose (58%; 33), a-furanose (19%; 
34) and b-furanose (24%; 35) anomers [60]. The 
b-furanose 35 is perfectly preorganized for binding 
with phenylboronate and, consequently, fructos-
amine is strongly bound as phenylboronate ester 
36 of this anomeric form. This ester is stabilized by 
an electrostatic interaction between the negatively 
charged boronate moiety and the neighboring 
positively charged ammonium function. A com-
petition experiment with an equimolar amount of 
free glucose shows that the ratio of the resulting 
phenylboronate esters of fructosamine and glucose 

was greater than ten. The conjugate of phenyl-
boronate and Gd‑DTPA, (Gd‑DTPA‑BPBA; 
Figure 18; 37), has been applied as a responsive 
MRI CA for glycated HSA [61]. Binding of the 
boronic functions of Gd‑DTPA‑BPBA to the 
syndiol moieties of the fructosamine residues in 
glycated albumin, as described above, induces an 
enhancement of the water proton relaxation rate as 
a consequence of the increased rotational correla-
tion time, t

R
. In this way, it is possible to map the 

glycation level of proteins in the blood (Figure 18).
A similar mechanism of interaction was 

observed for fructosamine model compounds 
with a conjugate of phenylboronic acid and a lan-
thanide DTPA derivative, in which the central 
pendant arm was replaced by the methylamide 
of l-lysine [62]. Unfortunately, this complex also 
shows a rather strong interaction with hexose-
free HSA and, therefore, is not suitable for the 
determination of the degree of glycation of HSA.

Unexpectedly, the Gd‑DTPA‑BPBA complex 
was strongly bound by unglycated oxygenated 
human hemoglobin [63]. This interaction involves 
formation of coordinative N-B bonds at two his-
tidine residues of different b-chains of the pep-
tide. The interaction of the Gd(III) complex with 
hemoglobin is site specific and results in a confor-
mational switch (from the low-affinity [T] to the 
high-affinity [R] state) in the tetrameric protein.

Sherry and co-workers have studied the 
interactions of a series of Eu(III) complexes of 
cyclen-based mono- and bis-(phenylboronate) 
ligands with glucose, galactose, fructose and 
lactose. The distance between the pendant 
boronate arms appears to be an important fac-
tor in determining the affinities for the various 
saccharides. The 1,7-disubstituted derivative 38 
(Eu‑DOTAM-2M-2PB; Figure 19) had a high 
and selective binding affinity for glucose (appar-
ent stability constant of the resulting boronate 
ester: 339 ± 29 M-1 at pH 7) [64,65]. The glucose 

Figure 17. Anomeric equilibrium of glycated human serum albumin and its 
phenylboronate ester.  
R: Human serum albumin.

Figure 16. Binding of 160Tb label by human glioma tumor cells as observed 
upon incubation with various concentrations of 32 (Tb(III)-(ENPBA2)) for 
200 min, 5 × 105 cells used. 
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is bound to the complex in a 1:1 fashion by 
forming a bridge above the Eu(III)-bound 
water molecule (Figure 19). Upon encapsula-
tion with glucose, the exchange of the Eu(III)-
bound water and the bulk water slows down by 
a factor of two. The exchange rate then is suf-
ficiently slow on the NMR time scale to permit 
presaturation of the 1H resonance of the Eu(III)-
bound water resonance, in order to modulate the 
intensity of the bulk water through paramag-
netic chemical exchange saturation transfer 
(PARACEST) and, thus, the contrast in an MR 
image. Therefore, this system can be used for 
the imaging of the tissue distribution of glucose. 
This has been demonstrated by CEST images 
of livers perfused in the magnet [66]. The CEST 
images responded to the glucose concentrations, 
which were altered by stimulation of glycoge-
nolysis by the hormone glucagon, for example 
(Figure 20).

The binding strength of the system to gly-
cated HSA is of the same order of magnitude as 
that of glucose. Since the plasma concentration 
of this material is normally relatively low, this 
should not interfere with the use of the com-
plex as a glucose sensor. On the other hand, 
the good affinity for glycated HSA allows the 
in vitro determination of the degree of glyca-
tion in serum, using MRI and high-throughput 
methods [65]. 

It should be noted that Eu‑DOTAM‑2M‑2PB 
is a positively charged compound. Positively 
charged lanthanide complexes are toxic for 
in vivo studies, which was confirmed by initial 
injections into mice [66]. A modified sensor with 
additional negatively charged carboxyl groups 

on the nonfunctional amide side chains has 
been reported to have similar CEST sensitiv-
ity to glucose and no clinical signs of toxicity 
in mice [67].

�� Detection of enzymatic activity by MRI
Increased activity of certain enzymes has been 
described as an indication of the progression of 
many types of cancer. The methods used to mea-
sure this activity are, however, often difficult to 

Figure 18. (A) 37 Gd‑DTPA‑BPBA and (B) the water proton relaxation rates of 0.56-mM 
solution of 37 as a function of the millimolar concentration of glycidic groups on human 
serum albumin.

Figure 19. DOTAM-2M-2PB (38) and of the proposed binding model for its 
Eu(III) complex with glucose (39 & 40). 

Paramagnetic chemical 
exchange saturation 
transfer 

Alteration of the magnetic 
resonance (MR) image contrast 
by taking advantage of chemical 
species that exchange protons 
with bulk water via a chemical 
exchange saturation transfer 
usually concerns the mobile NH 
protons of, for example, the 
ligands of a lanthanide complex
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employ in biological environments. This stimu-
lates the search for physiologically responsive 
probes that can be activated to report on the 
metabolic state of cells and organs by MRI. 
The first example of a biologically activated 
CA consisting of Gd‑HPDO3A conjugated 
to a b-galactose moiety (41) was reported by 
Meade and co-workers already some years ago 
(Figure 21) [68]. Initially, b-galactose was serv-
ing as a steric obstacle for water molecules to 
enter the inner coordination sphere at the metal 
center (q = 0). After cleavage of the sugar by 
the enzyme b-galactosidase, the hydroxyl group 
becomes available for coordination of Gd(III) 
and the open space allows one water molecule to 

enter the coordination cage (q = 1), with a 20% 
increase in relaxivity as a consequence. This 
‘switching on’ of the MRI activity of the CA was 
then used to monitor b-galactosidase activity, as 
this enzyme is commonly used as a marker to fol-
low the regulation of individual genes, such as in 
transgenic animals. Compound 42 was shown to 
be useful for in vitro and in vivo (Xenopus laevis 
embryos) visualization and localization of gene 
expression by MRI  [69]. However, results from 
the biodistribution of the analogue 111In(III)-
radiolabeled compound in mice revealed that 
most of the tracer was located in the liver (taken 
up by ASGP-R) already, 2 h postinjection [37]. 
This approach was further exploited in the devel-
opment of in vitro assays for the determination 
of the activity of b‑glucuronidase [70], an enzyme 
with enhanced extracellular concentration 
around tumors and involved in the liberation 
of b‑glucuronic acid during the mono-prodrug 
therapy. For this purpose, the Gd‑DO3A chelate 
was conjugated with a b‑glucuronic acid moi-
ety, via a self-immolative nitrodihydroxybenzyl 
linker. Enzymatic hydrolysis of b‑glucoronic 
acid triggers a cascade reaction that releases the 
Gd chelate, the bridging arm and CO

2
, chang-

ing the hydration number from 0 to 1 and, thus, 
increasing relaxivity.

This work has inspired Tóth and co-workers to 
design an enzyme-responsive CA for PARACEST 
application [71]. Benzylocarbamate was used as a 

Figure 20. CEST images of fed mouse liver (top) perfused with 10-mM 
Eu‑DOTAM-2M-2PB agent in the presence (fed liver) and absence (fasted 
liver) of 10-mM glucose, 37°C. (A) The ‘off-resonance’ image showed no 
contrast between the two livers while (B) the ‘on-resonance’ image showed 
darkening of fed liver versus the fasted mouse liver. (C) The CEST image showed 
the glucose-induced CEST contrast between the fed and the fasted mouse livers. 
CEST: Chemical exchange saturation transfer.  
Reproduced with permission from [66].

Figure 21. Enzyme-responsive contrast agents. The arrows indicate the places where enzymatic 
cleavage occurs.



Glycoconjugate probes & targets for molecular imaging using magnetic resonance | Review

www.future-science.com 423future science group

self-immolative linker, connecting a Yb‑DOTA 
unit through an a-carbamoyl nitrogen and b-d-
galactopyranoside 43. As the result of the attack 
by b-galactosidase, the electron cascade is initiat-
ing the cleavage of carbamate, followed by trans-
formation into an amine. The slowly exchanging 
magnetically nonequivalent amine protons were 
used to generate the PARACEST effect. This 
novel class of CAs has a great potential for detec-
tion of a variety of enzymes by a simple change 
of the glycosubstrate. 

Future perspective
The rapid recent progress in glycobiology opens 
new avenues for the design of novel CAs based 
on molecular recognition of sugar moieties. 
The examples described in this review show 
that saccharides can be used both as targets 
and as targeting vectors. The structures of the 
compounds involved are relatively complicated 
and the synthesis of systems involving oligosac-
charide moieties is particularly difficult. On 
the other hand, it may be expected that the 
developments in automated synthesis and in 
purification techniques will facilitate the devel-
opment of efficient CAs for molecular imaging 
with the use of MRI. A general problem with 
molecular imaging is that the concentration 
of biomarkers of diseases usually is very low, 
particularly considering the intrinsic low sen-
sitivity of MRI CAs. Therefore, amplification 
strategies to push up the sensitivity by intro-
ducing new MRI techniques, such as CEST, 
and delivering high payloads of paramag-
netic metal ions at the sites of interests are of 
utmost importance [72]. It may be expected that 
nanoparticulate systems will play an impor-
tant role in this respect [73]. Another impor-
tant issue is that the magnetic-field strengths of 

the MRI equipment used for medical diagnosis 
are increasing. Most current MRI CAs have 
optimum performance at relatively low fields 
(<1.5 T). T

2
 CAs show increasing relaxivity 

upon increasing magnetic field strength [74] 
and, therefore, this class of agents may gain 
further importance in the future.

The cost of commercialization of MRI CAs 
is huge, mainly due to the extremely high costs 
of the preclinical and clinical tests required. 
During the coming years, many new CAs will 
be developed in the laboratory, but only a few 
of the most promising ones will enter the stage 
of clinical tests. An important strategy to reduce 
the development costs is to build up the new 
molecular imaging CAs from a limited number 
of efficient reporting modules and a variety of 
targeting vectors, using efficient conjugation 
reactions, such as click reactions [75]. 

In  vitro applications of responsive MRI 
CAs may have great potential in medical 
diagnosis, particularly in combination with 
high-throughput methods.
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Executive summary

�� In the field of molecular contrast agents new MRI contrast agents are emerging that are based on molecular recognition of 
carbohydrates. These agents have promising properties, which may be exploited in diagnostics for both in vivo and in vitro applications.

�� Glycoconjugates play an important role in many biological processes and, consequently, these compounds are attractive targets for 
diagnostic agents. Important targets that are already identified in this field are the asialoglycoprotein receptor and the selectins, which 
can be targeted by ligands conjugated to galactosyl groups and Sialyl–Lewis X mimics, respectively.

�� Boronates are interesting artificial targeting vectors for sugars. Conjugates of lanthanide chelates and phenylboronic acid have been 
designed that can be applied for the molecular imaging of sialic acid, a sugar residue in glycoconjugates, which is overexpressed 
in tumors.

�� Conjugates of lanthanide chelates and phenylboronic acid have also been successfully applied as responsive contrast agents for glycated 
human serum albumin and for glucose. This type of agents has found applications both in vitro and in vivo.

�� MRI studies of perfused liver have shown that the combination of paramagnetic MRI contrast agents of this type and new MRI 
techniques, such as paramagnetic chemical exchange saturation transfer, have a great potential for the efficient mapping of the 
distribution of glucose in tissues.
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