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PET (positron emission tomography) imaging of biomolecules using
metal–DOTA complexes: a new collaborative challenge by chemists,
biologists, and physicians for future diagnostics and exploration of
in vivo dynamics†
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Recently, PET has been paid a great deal of attention as a non-invasive imaging method. In this review,
the recent advances of PET using biomolecules, such as peptides, monoclonal antibodies, proteins,
oligonucleotides, and glycoproteins will be described. So far, PET of biomolecules has been mainly used
for diagnosis of cancers. The biomolecules have been conjugated with the DOTA ligand, labeled with
radiometals as the b+ emitter, and targeted to specific tumors, where they have enabled visualization of
even small metastatic lesions, due to the high sensitivity of the PET scanners. Some of the biomolecules
have been used not only for PET diagnosis, but also for radiotherapeutic treatments by simply changing
the radiometals to b− emitters. Collaborative work between chemists, biologists, and physicians will be
important for the future of biomolecule-based targeting and diagnosis.

1. Introduction

Positron emission tomography (PET) is an emerging non-invasive
method which quantitatively visualizes the locations and levels of
radiotracer accumulation with a high imaging contrast.1 While
c-camera-based scintigraphy such as SPECT (single-photon emis-
sion computerized tomography) is limited to a spatial resolution
of 12–15 mm, the resolution of current clinical PET scanners
is 4–6 mm. In addition, PET is about ten times more sensitive
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than single-photon based methodologies, thus providing more
accurate information on radiotracers accumulated at low levels in
tissues. In order to optimize PET tracers in small animal models
in advance of clinical applications, the microPET technique has
also been developed, and currently gives a volumetric resolution
of (1.8 mm)3. Corrected data from full three-dimensional emission
is combined with an algebraic reconstruction technique, leading
to high-definition images of the whole bodies of animals. The
increasing availability and lower cost of PET scanners, together
with the availability of radiopharmaceuticals, make PET a routine
technique for cancer diagnosis even in the clinical field, as well as an
important tool in developing new molecular imaging probes that
can target specific tissues and in elucidating unexplored biological
pathways.
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18F-FDG (2-deoxy-2-[18F]fluoro-D-glucose, Fig. 1) is a Food
and Drug Administration-approved radiopharmaceutical, and
has become an important PET tracer in detecting primary
and metastatic breast, lung and colorectal tumors, melanoma,
and lymphoma, as well as monitoring responses to treatment,
recurrence, and general prognosis. 18F-FDG is internalized by
cells and phosphorylated by hexokinase; due to its highly polar
nature, the phosphorylated product cannot diffuse out of cells
unless it is dephosphorylated by glucose-6-phosphatase (usually
a slow process). Therefore, cancer cells, which generally have an
accelerated glycolysis rate and a decreased ability to make energy
aerobically, exhibit elevated uptake and retention of 18F-FDG
tracer, thus creating a contrast between the tumor-positive tissues
and tumor-negative tissues. However, 18F-FDG PET can often be
confounded by benign disease as well as by active inflammation,
which also exhibits elevated uptake of this tracer, leading to
ambiguous conclusions. In order to circumvent such problems
of 18F-FDG, a variety of new small-molecule PET probes have
been developed.2–5

Fig. 1 18F-FDG and radiometal–DOTA conjugate as a biomolecule-
based tracer.

Another interesting possibility for cancer diagnosis is to
use biomolecules as molecular imaging probes,1 since we can
easily choose or design desired peptides, proteins, antibodies,
and oligonucleotides that exhibit high binding affinity to the
target receptors, antigens, and nucleic acids being specifically
overexpressed in or on tumor cells. Alternatively, PET imaging
of biomolecules can visualize their unknown in vivo kinetics where
an important biological pathway is involved, which might lead to
the discovery of promising biomolecule-based drug candidates. In
this review, we would like to survey the recent advances and future
perspectives for PET imaging using biomolecules, and discuss
the importance of collaborations between chemists, biologists,
and physicians for future advances in diagnostic applications and
exploration of in vivo dynamics.

So far, PET of biomolecules has mainly been used for diagnosis
of cancers; therefore, in this review we will focus primarily on
these investigations. The best PET tracers for cancer diagnosis
must show high and specific affinity to the target receptors which
are overexpressed on the tumor cells. These compounds must also

be efficiently internalized by tumor cells in order to achieve rapid
tumor accumulation at high concentrations, as well as undergoing
slow washout in vivo. Furthermore, tracers should be rapidly
cleared from the blood and exhibit low uptake in the liver and
kidney. Co-infusion of L-lysine and/or arginine has been applied
to prevent renal accumulation of radioactivity. Stability in the
blood is also a very important factor for good tracers; on the
other hand, a prolonged biological half-life places the patients
in contact with radioactivity for a long time. This is especially
true when considering the case of whole antibodies. Therefore, the
corresponding small and active portion of an antibody, termed
“minibody” has been used as an alternative tracer, and will be
discussed in section 4. PET experiments using biomolecules to
target specific tumor tissues generally proceed as follows:

(1) The biomolecules, either synthesized, engineered, or isolated
from natural sources, are labeled with radiometal ligands. The la-
beling chemistry is fully optimized in order to efficiently introduce
the ligand to the biomolecules, either during solid-phase synthesis
of the peptides or by direct labeling of proteins (see section 2).
It is very important to attach ligands to biomolecules without
inhibiting their activity. DOTA (1,4,7,10-tetraazacyclodecane-
1,4,7,10-tetraacetic acid, Fig. 1) is used as the most favorable
ligand for biomolecular PET, due to its compatibility with a variety
of radiometals and its extremely high stability,6–11 as well as the
favorable clearance properties of the metal complexes in vivo.12

The kinetics and thermodynamic stability of DOTA complexes
with a variety of metals, in comparison with other ligands such
as EDTA (ethylenediaminetetraacetic acid) or DTPA (diethylen-
etriaminepentaacetic acid), have been well documented.12,13 The
stability constant for all metals, including the radiometals used
for PET imaging, generally follows the order DOTA > DTPA >

EDTA, although the metal complexation of DOTA with some
lanthanide series metals, such as La3+ or Lu3+, is slightly slower
than that of EDTA.12 Although a number of radiometal ligands
for imaging, including DTPA, have been reported, this review only
focuses on the DOTA ligand, which in our opinion is best suited
for PET imaging purposes.

(2) DOTA–biomolecule conjugates are labeled with a variety
of radiometals, and their binding affinity to target receptors,
antigens, or complementary oligonucleotides are first examined
in vitro. Tumor cell internalization/externalization is also tested in
cell-based assays. The typical radiometals cited in this review are
summarized in Table 1. Generally, radiometals with c-emission
are used for SPECT, while b+ emitters can be used for PET
diagnosis. On the other hand, b− emitters can be specifically used
for radiotherapeutic treatments. Some of the radiometals listed in
Table 1 are used for both diagnosis and therapeutics. For example,
67Ga has not only been used for SPECT but also for radiotherapy
due to its emission of Auger electrons (0.1–8 keV) and conversion
electrons (80–90 keV); likewise, 68Ga can be used both for PET and
radiotherapy.14 Since the radiometals introduced into the DOTA
ligand show profound effects on the bioproperties of the tracers,
the choice of radiometals is critical. Once a DOTA–biomolecule
conjugate with a suitable radiometal has been determined in vitro,
the same metal but with a different atomic weight can be directly
used for PET imaging and radiotherapeutic treatments so that the
properties of the tracers can be retained. For examples, 67Ga (long
half-life = 78 h) is well suited for binding affinity tests in vitro, while
the corresponding 68Ga can be used for examining biodistribution

816 | Org. Biomol. Chem., 2008, 6, 815–828 This journal is © The Royal Society of Chemistry 2008



Table 1 Half-life and applied method of radionuclides in this review

Radiometal Half-life (t1/2) Method and emitter used in this review

66Ga 9.5 h PET b+

67Ga 78 h SPECT c
68Ga 68 min PET b+

64Cu 13 h PET b+

67Cu 62 h Radionuclide therapy b−
86Y 15 h PET b+

90Y 64 h Radionuclide therapy b−
111In 68 h SPECT c
177Lu 161 h Radionuclide therapy b−
18F 110 min PET b+

by PET due to its short half-life (68 min); thus, the patients do not
suffer from long periods of radiation exposure.

(3) When suitable radiometal–DOTA–biomolecules have been
determined, the tracers are examined for microPET imaging using
small animal models, such as rats, implanted with tumor cells.
The PET biodistribution data are compared with those obtained
by other methods, such as SPECT (c-scintigraphy imaging) and
autoradiography, and the tracers are then evaluated for further
optimization. The same DOTA bioconjugate can be used even for
MR imaging (magnetic resonance) by incorporating paramagnetic
metals, such as Gd3+. Recent trends also utilize DOTA–lanthanide
complexes for fluorescence microscopy (either utilizing Tb or Eu)
and NIR (near infrared, by metalation with Yb or Er). The
principle for these imaging probes is based on the energy transfer
from the neighboring chromophores (donors) to the DOTA–
lanthanide complexes (acceptors), and has been gradually applied
to the current bioimaging purposes.15,16 Finally, the tracers with
good properties can be subjected to clinical applications, namely,
PET diagnosis and/or radionuclide therapy for the patients.

The following are recent and representative examples of
biomolecule-based PET, mostly directed to cancer diagnosis.

2. Labeling methods of biomolecules with DOTA
ligand

Two methods have been widely used for the conjugation of DOTA
or its derivatives to peptides, oligonucleotides, antibodies, and
proteins (Scheme 1, route 1 and 2). In one method, for the
labeling of synthetic peptides, the commercially available tris-
t-butyl-DOTA17 is introduced during Fmoc-based solid-phase
synthesis [Route 1 (i)]. The t-butyl protecting groups of DOTA
and other acid-sensitive amino acid side-chain protecting groups
are concomitantly removed at the end of peptide synthesis,
followed by cleavage of peptides from the resin by treatment with
neat TFA (trifluoroacetic acid) or TFA with radical scavengers.
However, in some cases, t-butyl group deprotection is incomplete,
or the DOTA–peptide conjugates decompose under the prolonged
acid treatment. Recently, tris-allyl-DOTA was introduced and
successfully applied to the DOTA–peptide synthesis.18 The allyl
groups in DOTA were quantitatively removed on the solid phase
by treatment with Pd(PPh3)4–morpholine in dichloromethane,
followed by cleavage from the resin to provide the desired DOTA-
labeled peptides at a purity sufficient for PET experiments. As
a more direct method, DOTA-labeled Fmoc-protected lysine has
also been developed [Route 1 (ii)], and applied to the Fmoc-based
solid-phase synthesis of DOTA-labeled peptides.17,19,20

Secondly, especially for the labeling of proteins or anti-
bodies, DOTA is introduced to the e-amino group of lysine
or the N-terminus of a protein by reaction with DOTA-O-
succinimidyl ester (DOTA-OSu); the reaction is more favor-
able with DOTA-O-sulfosuccinimidyl ester (DOTA-OSSu), due
to the better solubility of this compound in buffer solutions
(Route 2). Thus, DOTA-OSSu prepared in situ from DOTA,
EDC; N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide, and N-
hydroxysulfosuccinimide (SNHS), is directly reacted with the
biomolecules, usually at room temperature overnight, to give the
desired DOTA conjugates. This conventional method, using the
activated succinimidyl ester of DOTA, was further improved by
optimizing the reaction conditions, both for preparation of the
activated DOTA-OSSu and for conjugation. The best conditions
for conjugation to biomolecules (in this case, an antibody) involved
incubation of the antibody with DOTA-OSSu in 0.1 M sodium
phosphate buffer (pH = 7.5) at 4 ◦C for 24 h. By this method,
the number of DOTA molecules introduced to the antibody
was increased six-fold, while unfavorable antibody dimerization
mediated by the active ester was significantly reduced.21 This direct
labeling method has also been used for conjugation with peptides
and oligonucleotides, although the latter requires synthetically
introduced amino linkers. The detailed conditions for labeling by
DOTA succinimidyl ester, as well as labeling by the other methods
that utilize the p-nitrophenyl ester or isothiocyanate,22,23 will be
discussed in the following sections.

Although the direct labeling of biomolecules by DOTA (such
as using an activated DOTA ester) is quite useful, the reactions
usually proceed slowly and require as much as a few milligrams of
sample in order to keep reaction concentrations high. Since PET
experiments require only small amounts of tracers, and important
biomolecules are sometimes obtained in only small amounts, a
submicrogram-scale conjugation methodology would greatly ex-
pand the applicability towards PET imaging. To address this issue,
a submicrogram-scale labeling of lysine residues was developed
via a rapid 6p-azaelectrocyclization (Route 3).24 The authors have
discovered that unsaturated (E)-ester aldehyde derivatives quanti-
tatively react with primary amines, including lysine, within 5 min
in solution at a wide range of pH, providing 1,2-dihydropyridines
as irreversible products.25–28 This reaction proceeds via smooth aza-
electrocyclization of the intermediary Schiff bases (1-azatrienes),
which is strongly accelerated due to the efficient HOMO–LUMO
interactions within the 1-azatriene systems in the presence of
C4-electron withdrawing and C6-conjugated substituents.26 Not
only DOTA, but also other groups used in imaging (such as
fluorescent groups), were efficiently and selectively introduced to
lysines on a picomole scale, even at 10−7–10−8 M concentration of
peptides, proteins, and monoclonal antibodies, after an incubation
of 5–30 min at room temperature. It is also noteworthy that
various metals, such as paramagnetic Gd3+, can be chelated in
the DOTA unit of the ester aldehyde probe, prior to the labeling
of the peptide (Route 3). Therefore, this new process would allow
for the efficient labeling of valuable and/or unstable materials.

3. Peptide-based PET

Cyclic RGD derivatives as aVb3-integrin agonists

aV-Integrins, cell adhesion molecules that are highly expressed
on tumor cells, present attractive targets for tumor imaging. The
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Scheme 1 Conjugation methods with biomolecules.

microPET imaging of a strong aVb3-integrin agonist, c(RGDyK)
1 and its derivatives 2–6 (Fig. 2) have been investigated for
breast, brain and lung cancer models. The amino groups of
these c(RGDyK) peptides in Fig. 2 were labeled with DOTA
with ∼60–70% yield, by reaction with DOTA-OSSu, prepared
from DOTA, EDC, and N-hydroxysulfosuccinimide (SNHS), at
4 ◦C, pH 8.5 in H2O overnight. After the introduction of 64Cu,
their in vivo kinetics and tumor-to-organ ratios were examined
based on microPET imaging and whole-body autoradiography.
The radiolabeled peptides 1–6 (Fig. 2) were found to accumulate

in tumor cells in a receptor-specific manner, since the accumulation
was effectively blocked by non-labeled c(RGDyK).

The 64Cu–DOTA conjugate of c(RGDyK) 1 showed prolonged
tumor retention in the orthotopic MDA-MB-435 breast cancer
model, compared with the [18F]-benzoate derivative (see structure
in Fig. 2), which showed fast tumor washout rate and unfavor-
able hepatobiliary excretion, resulting in significant radioactivity
accumulation in the gall bladder and intestines.29 These results
indicate that the overall charge of the molecule introduced by
the DOTA moiety has profound effects on tumor accumulation
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Fig. 2 Cyclic 64Cu-DOTA-RGD derivatives as aVb3-integrin agonists.

and in vivo kinetics. In order to further reduce the persistent
uptake of 1 in the liver and kidney, the dimeric peptides 64Cu-
DOTA-E[c(RGDyK)]2 3 and 64Cu-DOTA-E[c(RGDfK)]2 4 were
investigated.30 The dimeric peptide 3 showed high and specific
tumor uptake, and better tumor retention than monomeric deriva-
tive 1, presumably due to the bivalency and increase in molecular
size. Interestingly, 64Cu-DOTA-E[c(RGDyK)]2 3 showed better
in vivo kinetics than the phenylalanine derivative, 64Cu-DOTA-
E[c(RGDfK)]2 4, presumably due to the increased hydrophilicity.

64Cu-DOTA-PEG-c(RGDyK) 2 was designed to improve the
in vivo kinetics of 1 by introducing the polyethyleneglycol linker
(PEG; MW = 3400) between the peptide and DOTA, and was
applied to microPET imaging of both orthotopic and subcuta-
neous brain tumor models.31 The properties of PEG derivative 2
were preferable to those of 1: rapid and high tumor accumulation,
rapid blood clearance, significantly reduced liver uptake, and
rapid clearance of renal accumulation. Consequently, this tracer
achieved high tumor-to-organ ratios. Similarly, the PEG derivative
of the dimeric peptide 3, 64Cu-DOTA-PEG-E[c(RGDyK)]2 5
showed better properties than dimeric peptide 3, and was used for
lung cancer imaging.32 The minimum accumulation of non-specific
radioactivity in the normal lung tissue and heart led to PET images
of high quality for orthotopic lung cancer tumors, both for primary
tumors and small metastatic lesions. In contrast, conventional 18F-
FDG could only image the primary tumor, whereas metastatic
lesions were masked by intense cardiac uptake and high lung
background. The only drawback of the two PEG derivatives 2 and
5 is their relatively low receptor binding affinity to aVb3-integrin.

Significantly increased receptor binding affinity, in comparison
with monomeric and dimeric peptides 1 and 3, was realized by
tetrameric 64Cu-DOTA-E{E[c(RGDfK)]2}2 6 by taking advantage

of polyvalency effects.33 Tetrameric peptide 6 also showed excellent
in vivo properties in female athymic nude mice bearing subcuta-
neous UG87MG glioma xenografts. Rapid blood clearance and
predominant renal excretion, together with the expected rapid and
high tumor uptake and slow washout from cancer cells, make the
probe a very promising PET tracer for integrin receptor-targeted
tumor diagnosis.

Somatostatin derivatives for diagnosis of somatostatin
receptor-expressing tumors

Somatostatin-based PET imaging and radiotherapy is of great
interest, since somatostatin receptors (SSTRs) are overexpressed
in neuroendocrine tumors, i.e., gastroenteropancreatic, small cell
lung, breast, and sometimes tumors in the nervous system.14

Somatostatin is known to be easily degraded in vivo, and metabol-
ically stable DOTA–octreotide derivatives have been developed.
Out of many analogs prepared so far, [DOTA-D-Phe1,Tyr3]-
octreotide (DOTA-TOC, 7, Fig. 3) exhibited the highest affinity
to the somatostatin receptor subtype 2 (SSTR2), which can be
found in primary tumors as well as metastases; therefore, this
probe has been useful for imaging of tumor-bearing mice, non-
human primates, and human patients.34 DOTA-TOC 7, usually
prepared by solid-phase synthesis (Scheme 1, Route 1) was labeled
with 111In, 90Y, or 67Ga; binding affinity to SSTR2, internal-
ization/externalization in SSTR2-expressing AR4-2J pancreatic
tumor cells, stability in serum, and biodistribution were studied in
nude mice implanted with AR4-2J tumor cells.35,36 67Ga-DOTA-
TOC showed much higher SSTR2 affinity than the corresponding
111In and 90Y congeners and was found to be efficiently inter-
nalized by AR4-2J cells. Furthermore, 67Ga-DOTA-TOC was
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Fig. 3 Somatostatin and octreotide derivatives.

rapidly removed from non-target organs including the kidney,
resulting in excellent tumor-to-non-target tissue uptake ratios. The
observed metal ion dependence was explained by the differences
in the DOTA–metal coordination structures, based on X-ray
crystallographic analysis of simplified complex models. Ga3+

is hexacoordinated by the four macrocyclic nitrogens and two
carboxylates, while one carboxylate group and the amide oxygen
are not involved in the metal coordination. This free carboxylate
group may contribute to the efficient kidney clearance, while
the structure of 67Ga-DOTA-TOC, where the pharmacophoric
peptide moiety was sufficiently separated by the free amide linker,
resulted in improved receptor binding and hence high tumor
uptake.35,36 On the other hand, the octacoordinated structure
of Y3+-DOTA, in which the metal occupies all carboxylates,
nitrogens, and amide linker groups, might induce congestion on
the probe structure, leading to lower receptor binding affinity.

In order to examine the importance of a chelate–peptide
linker for receptor binding, Ga- and In-incorporated NOTA-
TOC derivative 8 (Fig. 3), bearing a non-coordinative ethylene
spacer and metabolically stable NOTA (1,4,7-triazacyclononane-
1,4,7-triacetic acid), was prepared and investigated in the same
AR4-2J tumor model.37 An improved binding affinity to SSTR2
and SSTR5 was observed for both the 67Ga- and 111In-derivatives,
thus proving the favorable effects of the non-coordinating ethylene
spacer on receptor binding, as well as different metal complex
formations with triamine- and tricarboxylic acid-based ligands.

DOTA-TOC 7, labeled with the positron-emitting radionuclide
66Ga (t1/2 = 9.5 h) was investigated in AR4-2J-implanted mice by
PET,38,39 and excellent tumor-to-organ ratios could be achieved
due to its high receptor affinity. PET imaging of 86Y congener
(t1/2 = 15 h) in non-human primates (baboons, Papio hamadryas)
has been reported as well.40 However, these two reports note
relatively high uptake in the kidney, which still remains to be
improved.

The first PET studies of DOTA-TOC 7 in human patients was
reported using 68Ga (t1/2 = 68 min).41–45 Meningiomas were selected

as the target tumor because SSTR2 is overexpressed in these
cancers. 68Ga-DOTA-TOC was injected into patients suffering
from meningiomas (tumor size of 7 to 25 mm diameter), and the
results were compared with those obtained by SPECT (single-
photon emission computerized tomography), MRI (magnetic
resonance imaging), as well as 18F-FDG PET. 68Ga-DOTA-TOC
was rapidly excreted from the blood, immediately accumulated
in the meningiomas after the injection, and even the smallest
tumors of 7 to 8 mm diameter could be clearly visualized. The
68Ga-DOTA-TOC tracer also detected the extent of meningiomas
located beneath osseous structures, such as at the base of the
skull. It is worthwhile mentioning that no radioactivity could be
observed in normal brain tissues. On the other hand, SPECT and
MRI have a sensitivity drawback in detecting small meningiomas,
i.e., the methods failed in visualizing tumors at the base of the skull.
Furthermore, the use of the conventional 18F-FDG PET tracer
resulted in lower meningioma-to-background ratios. Therefore,
the 68Ga-DOTA-TOC probe is a very promising candidate not
only as a PET tracer of SSTR-positive tumors but also for
radiotherapeutic applications, when suitable radiometals, such
as 67Ga, 90Y, or even 67Cu are used. DOTA-TOC 7 could be
applied not only to PET, but also to diagnosis by SPECT
of patients with differentiated thyroid cancer (DTC), which
is difficult to accomplish by conventional measurements of
serum thyroglobulin (Tg) levels and 131I whole-body scintigraphy
(131I-WBS).46

Finally, in order to circumvent the unfavorable kidney accu-
mulation of the radiometal-DOTA-TOC tracer 7 during clinical
treatments, amino acid co-infusion has been examined.47,48 86Y-
DOTA-TOC was administered to 24 patients with metastatic, non-
resectable, neuroendocrine tumors, and the effects of co-infusion
were monitored by PET. Renal uptake of 86Y-DOTA-TOC could
be reduced by infusion of a mixture of L-lysine and L-arginine, and
more efficiently by the dipeptide Lys-Arg, without affecting tumor
uptake. Although such a co-infusion of amino acids allows the
patients to receive a higher dose of the tracers to be accumulated
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in the target tumors, the side effects of nausea and vomiting should
be taken into consideration.

As described above, somatostatin itself was believed to be
extremely unstable in vivo (stability in rat serum for just 5 min),
and the previous imaging studies of somatostatin receptors were
in all cases effected using metabolically stable octreotide analogs.
However, a recent study on microPET imaging of 68Ga-DOTA-
somatostatin 9 (Fig. 3), prepared by selective labeling of a single
lysine that is not responsible for receptor binding (Scheme 1,
Route 3), successfully visualized the tracer accumulated in the
pancreas of rabbit 2–4 h after injection (Fig. 4).24 Given this new
evidence of somatostatin stability in rabbit, as well as its clear accu-
mulation in the pancreas (somatostatin receptors are expressed on
the pancreas and kidney, as well as the gastrointestinal tract),14 this
study might provide an intriguing opportunity to use somatostatin
itself as a diagnostic tracer of endocrine tumors.

Fig. 4 PET imaging of 68Ga-DOTA-somatostatin 9 in rabbit (axial view,
overlapped with CT). The images represent time-dependent changes of
accumulation in liver (large arrow), kidney (small arrow) and pancreas
(arrowhead) after injection of 68Ga-DOTA-somatostatin.

Bombesin derivatives for imaging of human prostate cancer

Bombesin, a peptide of 14 amino acids, shows high affinity to
the human gastrin-releasing peptide receptor (GRPR), which is
overexpressed on cancer tissues such as breast, gastrointestinal,
prostate, and small cell lung cancers. 64Cu-DOTA-[Lys3]bombesin
10 (Fig. 5) has been extensively investigated for imaging of the over-
expression of GRPR in both androgen-dependent and androgen-
independent human neoplastic prostate tissues.49 The lysine e-
amino group in [Lys3]bombesin was labeled with DOTA in 75%
yield, by reaction with DOTA-OSSu at 4 ◦C, pH 8.5–9.0 in H2O
overnight. The biodistribution, whole-body autoradiographic
imaging, and microPET of 10 in PC-3 (androgen-independent)
and CWR22 (androgen-dependent) prostate cancer tumor models
achieved strong tumor-to-background contrast for both cancer
models, although the radiotracer uptake was higher in the
androgen-independent PC-3 tumor than the androgen-dependent
CWR22 tumor. A receptor blocking study using co-injection with
cold [Lys3]bombesin concluded that the radioactivity accumula-
tion in the PC-3 tumor was receptor-specific, whereas the accu-
mulation in CWR22 tumor was attributed to non-specific uptake.

A truncated bombesin(7–14) analog of 10, 64Cu-DOTA-Aca-
bombesin(7–14) 11 (Aca: e-aminocaproic acid) has also been
studied in the same human prostate adenocarcinoma models.
This analog was found to be unstable—11 decomposed 30 min
after the injection—as also supported by the stability studies in

Fig. 5 64Cu- and 68Ga-DOTA-bombesin derivatives.

blood, urine, tumor, liver, and kidney by HPLC.50,51 Taking into
consideration that 10 shows higher GRPR affinity than 11 (IC50 =
18.4 ± 0.2 nM for 11 and 2.2 ± 0.5 nM for 10), 64Cu-DOTA-
[Lys3]bombesin 10 has a greater potential for clinical applications.

On the other hand, another truncated analog, 68Ga-DOTA-
bombesin(6–14) 12 showed high affinity to the GRPR receptor
as well as rapid internalization and dose-dependent uptake in
AR4-2J tumor cells.52 Furthermore, a prolonged tumor residence
time and rapid clearance from GRPR-negative tissues in AR4-2J
tumor-implanted mice (pancreas carcinoma xenograft), resulted in
favorable tumor-to-organ ratios as early as 1 h after the injection;
the results make this tracer a promising candidate for diagnostic
applications.

a-Melanocyte stimulating hormone (a-MSH) analogs for detection
of malignant melanoma

Since the receptor of a-melanocyte stimulating hormone
(melanocortin type 1 receptor; MC1R) is overexpressed in both
melanotic and amelanotic melanoma tissues, sensitive and high
resolution PET imaging with a-MSH-based tracers (Fig. 6) has
great potential for early detection of malignant melanoma. This
is especially important because the prognosis of patients with
metastatic melanoma is currently very poor. Furthermore, 18F-
FDG is a notoriously inaccurate tracer, particularly for detection
of small foci, due to its significant background signals.

DOTA-[Lys11]NAPamide 13 (NAPamide: [Nle4,Asp5,D-Phe7]-
a-MSH(4–11)) was synthesized in 15% overall yield from the
NAPamide peptide, by the reaction of the Lys11 e-amino group
with tris-t-Bu-DOTA in the presence of HATU; 1-[bis(dimethyl-
amino)methylene]-1H-1,2,3-triazolo(4,5-b)pyridinium 3-oxide
hexafluorophosphate, N,N ′-diisopropylethylamine in DMF,
followed by the deprotection of t-butyl groups with TFA.53

After the incorporation of 111In, 67Ga, or 68Ga as a short-lived
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Fig. 6 DOTA-a-melanocyte stimulating hormone (a-MSH) derivatives.

positron emitter for PET, the compound’s in vivo properties
were evaluated in the mouse tumor model implanted with
B16/F1 murine melanoma. Both 111In-DOTA- and 67Ga-DOTA-
[Lys11]NAPamides showed high tumor and low kidney uptakes
resulting in excellent tumor-to-kidney ratios. The uptake of
67Ga-DOTA-[Lys11]NAPamide in the liver could be further
reduced by co-infusion of L-lysine, without affecting tumor
uptake. The autoradiographs of the 67Ga congener successfully
detected the primary melanoma in the skin, as well as metastatic
melanoma in the lung and liver. The microPET also visualized
the high and selective tumor uptake that makes the 68Ga-
DOTA-[Lys11]NAPamide tracer a promising tracer for melanoma
diagnosis.

MicroPET imaging of 64Cu or 86Y congeners of DOTA-
ReCCMSH(Arg11) (14, Re = rhenium), another cyclic analog
of a-MSH, has also been studied in mice bearing B16/F1
murine melanoma tumors.54,55 The microPET visualized the tumor
within 30 min after the injection, in good agreement with the
biodistribution data obtained by the other methods. The profound
effects of radiometals on the in vivo kinetics, similar to those
observed in the case of octreotides (see above), can also be seen
here; non-target organ uptake was considerably lower for the 86Y
congener, except in the kidney.

Human epidermal growth factor (hEGF) for diagnosis of
malignant tumors

Overexpression of epidermal growth factor receptor (EGFR) in
many carcinomas provides a unique opportunity to apply EGF

derivatives as peptide-based PET tracers. DOTA-hEGF (human
epidermal growth factor), as a mixture of mono-, bis-, and tri-
DOTA derivatives, was prepared by the treatment of hEGF with
DOTA-OSu at pH 9.0 in borate buffer at room temperature
overnight.56 High affinity for the EGFR, receptor-specific uptake,
rapid internalization, and good retention of the radioactivity in
tumor cells were observed when the 64Cu congener was investigated
in vitro with U343 glioma cells and A431 cervical carcinoma
cells; these were chosen because both cell lines overexpress
EGFR. MicroPET of the same tracer, namely, 64Cu-DOTA-
hEGF in BALB/c nu/nu mice implanted with A431 carcinoma
xenografts, quickly visualized the radioactivity accumulation both
in xenografts and in EGFR-expressing organs.

4. Antibody-based PET diagnosis

The specific localization of radiometal-labeled antibodies to target
tumors is a promising approach for PET diagnosis.57 However, the
use of whole antibodies suffers from their unfavorable properties
in vivo, such as prolonged biological half-lives and slow blood
clearance, which result in low tumor-to-background ratios. On the
other hand, the enzymatically generated antibody fragments, such
as F(ab′)2 or Fab′ (termed “minibodies”), show more favorable
tumor targeting and clearance kinetics than the corresponding
whole antibodies. In this section, a few prominent examples of
minibody-based PET will be described. Furthermore, the concept
of “pretargeted” immunodiagnosis using a whole antibody will
also be discussed.

Anti-HER2 protein antibody, herceptin

HER-2 (c-erbB2 or Her-2/neu) is a protooncogene, which encodes
the 185-kDa transmembrane protein, human epidermal growth
factor receptor 2 (HER2 protein). HER2 protein is overexpressed
particularly in primary breast cancers as well as in other malig-
nancies, whereas it is expressed at low levels in normal tissues.
Therefore, herceptin (trastuzumab), a clinically applied anti-
HER2 protein antibody, is a very attractive PET tracer for tumor
imaging. Although herceptin itself shows good in vivo distribution
and pharmacokinetics for PET study, the frequent injection of the
whole antibody is not possible due to its long half-life, especially
in clinical applications in live human patients. On the other hand,
the F(ab′)2 fragment of herceptin has a much shorter half-life, and
is therefore suited for diagnostic purposes.58

The F(ab′)2 fragment of herceptin, which was obtained by pepsin
digestion of herceptin, was conjugated with DOTA by treatment
with DOTA-OSu at pH 7.3 in water.59,60 Characterization of
the biodistribution, including microPET studies, were performed
in mice bearing BT474 breast tumor xenografts, by using
the 111In and 68Ga congeners, respectively. 111In-DOTA-F(ab′)2-
herceptin significantly accumulated in the HER2-overexpressed
BT474 xenograft, whereas little accumulation was observed in
MDA-MB-468 xenografts with high levels of EGFR (epidermal
growth factor receptor) expression; thus, the tracer achieved
good tumor selectivity. Subsequently, microPET of 68Ga-DOTA-
F(ab′)2-herceptin in a mouse cancer model was also examined in
response to treatment with a Hsp-90 inhibitor, 17-allylamino-17-
demethoxygeldanamycin (17AAG). Hsp90 (heat shock protein 90)
is a molecular chaperone which plays important roles in the folding
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and stabilizing of oncoproteins; PET of 68Ga-DOTA-F(ab′)2-
herceptin could follow the tumor expression and reduction, thus
evaluating the drug pharmacodynamics of 17AAG. A significant
decrease in HER2 protein was successfully visualized by this
68Ga tracer after treatment with 17AAG. In contrast, PET signals
from the conventional 18F-FDG tracer, which only measures the
glycolysis inside the cells (an independent consequence of the
HER2 downregulation), were unchanged.

Anti-carcinoembryonic antigen (CEA) antibody, cT84.66

MicroPET imaging of the truncated fragment of anti-
carcinoembryonic antigen (CEA) antibody, cT84.66, was in-
vestigated in athymic mice bearing paired xenografts LS174T
human colon carcinoma (CEA positive), and C6 rat glioma (CEA
negative). An SCFV-CH3 fragment of cT84.66 was used (Fig. 7),
taking advantage of the rapid accumulation and high retention of
the minibody in the tumor tissue, together with its rapid blood
clearance.61 The SCFV-CH3 minibody was conjugated with DOTA
by reaction with DOTA-OSSu at 4 ◦C for 18–24 h in water under
neutral conditions (minibody : DOTA ratios = 1 : 5–1 : 6).62

MicroPET images of the 64Cu-labeled minibody detected much
higher uptake in CEA-positive LS174T human colon carcinoma
than in CEA negative C6 rat glioma tumor. Low uptake was
observed in most other organs except in the liver, making this
engineered minibody a new class of the “minibody”-based PET
tracer of tumors.

Fig. 7 Anti-CEA antibody, cT84.66 and truncated minibody.

Although PET imaging of whole anti-CEA antibody (cT84.66)
has not been performed, an efficient DOTA conjugation method
to this antibody has been reported, as described in section 2.21

Anti-cell adhesion molecule (CAM) antibodies

Cell adhesion molecules (CAM) are usually highly expressed
in cancer cells. For example, L1 cell adhesion molecule (L1-
CAM) is overexpressed in renal, ovarian, and endometrial
carcinomas. Therefore, anti-L1-CAM antibody-based imaging,
directed towards radioimmunotherapy (RIT), has been investi-
gated in nude mice bearing SK-N-BE2c xenografts. The divalent
chCE7F(ab′)2, a truncated fragment of a whole anti-L1-CAM
antibody (chCE7a), shows improved clearance and in vivo biodis-
tribution properties.63 The truncated form was efficiently prepared
in HEK-293 cells and conjugated with two different kinds of
DOTA derivatives, NCS-DOTA 15 and tri-glycyl NCS-DOTA 16

(Fig. 8) by reaction in 0.1 M sodium phosphate buffer (pH = 9–
10) at 4 ◦C for 16 h (DOTA : minibody ratios = ca. 2 : 1, NCS =
isothiocyanate). A tri-glycyl linker was introduced in order to pre-
vent unfavorable kidney accumulation of the radiometal-labeled
metabolites, often observed following minibody degradation in
serum. After labeling with 64Cu as a positron emitter for PET
and 177Lu and 67Cu as b− emitters for other biodistribution studies
as well as for radioimmunotherapeutic purposes, the kinetics of
uptake in tumor xenografts were evaluated in mice. NanoPET
successfully visualized efficient accumulation in xenografts and
peritoneal metastases, which is in good agreement with results
obtained in other biodistribution studies. These studies con-
cluded that among the tracers studied, 64/67Cu-triglycyl-DOTA-
chCE7F(ab′)2 is superior for both PET and radioimmunotherapy
due to the favorable tumor-to-organ ratios, especially the tumor-
to-kidney ratio. Nevertheless, these 64/67Cu-based tracers still
exhibit high kidney uptake, which remains to be improved for
further applications in patients.

Fig. 8 Reactive DOTA-NCS (isothiocyanate) reagents.

A very interesting “pretargeted” PET strategy using an anti-
Ep-CAM antibody (NR-LU-10) (Fig. 9) was reported in a
xenograft-implanted mouse model of the human colorectal cancer,
SW1222.64 For this protocol, the monoclonal antibody NR-LU-
10 was first conjugated with streptavidin and injected into the
xenograft-bearing mouse, prior to treatment with 64Cu-DOTA-
biotin 17 (thereby called a “pretargeted” strategy). The stability,
clearance, biodistribution, and tumor targeting properties of

Fig. 9 “Pretargeted” strategy of PET diagnosis.
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64Cu-DOTA-biotin 17 in the “pretargeted” xenograft have been
compared with those of the conventional antibody-based PET
targeting by 64Cu-DOTA-NR-LU-10, which is prepared via direct
labeling of the antibody with DOTA-OSSu. As expected, the
small effector molecule of 64Cu-DOTA-biotin 17 exhibited more
rapid tumor uptake, substantially faster blood clearance and renal
excretion, therefore resulting in superior tumor-to-normal tissue
ratios. “Pretargeted” PET is thus a new and promising strategy for
future antibody-based diagnosis.65,66

Anti-CD90.2 (Thy1.2) antibody for tumor-specific T-cell
trafficking behavior

It is of great clinical interest to image the trafficking behavior
of tumor-specific CD8+ T-cells by PET. Mice (BALB/c-Thy1.1)
bearing the CMS5 tumor were treated with in vitro-stimulated
DUC18 T-cells, and their distribution was investigated by a T-
cell specific antibody tracer.67 Anti-CD90.2 (Thy1.2) antibody
was used for this purpose, and the antibody was labeled with
64Cu-DOTA via the DOTA-OSSu method. MicroPET visualized
the DUC18 T-cells as they were transferred to all the major
secondary lymphoid organs, including small lymph nodes, as well
as to tumors. Thus, tumor-specific T-cells do not preferentially
accumulate in tumors, but they also stay in the lymphoid
organs; this lymphoid localization did not change during or after
elimination of the tumors.

5. Miscellaneous (albumins, oligonucleotides, and
oligosaccharides)

Serum albumins as PET blood-pool markers

Since the growth of tumors depends on sufficient blood supply,
radiolabeled serum albumins are useful for blood-pool imaging of
angiogenic tumors, as well as for myocardial perfusion imaging.
124I-labeled albumin might be a candidate for this strategy,
but its long half-life (t1/2 = 101 h) exposes the patients and
their environment to radiation for an unacceptably long time.
The 68Ga–DOTA conjugate of rat serum albumin (RSA) as an
alternative PET blood-pool marker, i.e., a tracer of blood volume,
has therefore been investigated in male ACI rats bearing the
subcutaneous Morris heptama, MH3924A.68 Prior to application
to blood-pool imaging, labeling conditions have been thoroughly
examined by using a variety of DOTA active esters (Fig. 10).69

The labeling was efficiently performed by reaction with the 4-
nitrophenyl ester of DOTA in 0.1 M phosphate buffer (pH = 8.0)
at room temperature overnight, resulting in two DOTA molecules
attached per RSA. It is important to limit the number of labeling
molecules to two, in order to prevent the sequestration of the
modified RSA in tumor cells by the monocyte/phagocyte system.
The time-dependent biodistribution study of 67Ga-DOTA-RSA
in a xenograft-bearing rat, used as a clinically applicable 68Ga
congener, showed slow plasma clearance and good metabolic
stability in vivo. The HPLC analysis detected a single metabolite in
urine, 67Ga-DOTA, likely formed by enzymatic amide hydrolysis.
Successful microPET images of the small blood pool around the
tumors, as well as the favorable biokinetics, indicate that the
compound is well suited for use as a new PET blood-pool tracer.
These findings will be further extended to clinical applications by
use of 68Ga-DOTA-human serum albumin (HSA).

Fig. 10 Reactive DOTA reagents with various electron-deficient phenyl
esters.

The PET-based blood-pool method described above, using
68Ga-DOTA-albumins, has been applied to the mechanistic inves-
tigation of the inhibition of malignant tumor growth by human
angiotensin (hANG).70 hANG is one of the most potent inhibitors
of endothelial cell proliferation, angiogenesis, and tumor growth
in vivo. Changes in tumor perfusion and blood volume during the
angiogenic process in the presence of overexpressed hANG were
evaluated by PET, in ACI or RNU nude rats bearing subcutaneous
MH3924A. While 68Ga-DOTA-albumin was applied as a blood-
volume tracer in the intravascular space of the tumor tissues,
H2

15O was also used as an inert and freely diffusible tracer
for tissue perfusion. MicroPET of these tracers showed that
tumor perfusion and blood volume was enhanced in hANG-
overexpressed MH3924A compared with the wild-type MH3924A
tumor, corresponding to both increased microvessel density and
decreased necrosis. It is hypothesized that the improvement of
perfusion in response to hANG treatment might correlate with
the decrease in interstitial fluid pressure and the normalization of
tumor vasculature, leading to diminished hypoxia, i.e., the more
efficient exchange of oxygen and nutrients as well as an improved
removal of toxic metabolites from tumor tissues.

In a similar way, the tumor inhibition process by human
tropinin I (TnI), another potent inhibitor of angiogenesis, was also
studied in the same ACI nude mice, this time bearing MH3924A
overexpressing TnI.71 In contrast to the hANG case, decreased
tumor perfusion and vascularization were observed, but blood
volume was unchanged, presumably due to a different mechanism
of angiogenesis inhibition. Thus, 68Ga-DOTA-albumin can be
used as a sensitive PET tracer for characterizing the angiogenesis
process in response to inhibitors.

Oligonucleotides and peptide nucleic acids (PNA) for tumor
imaging

Antisense-based cancer PET imaging is a newly emerging
area of non-invasive diagnosis technique. Since ras oncogene
point mutations are found in a variety of human tumors but
not in normal tissues (e.g., they are expressed in an extremely
high ratio in pancreatic carcinomas), the ras messenger RNA
(mRNA) is an attractive target for gene-based diagnosis. 17-Mer
oligonucleotides consisting of a base sequence of 5′-CTACGC-
CACTAGCTCCA-3′ with three metabolically stable backbones,
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namely, 2′-deoxyphosphodiester (PO, 18), 2′-deoxyphosphoro-
thioate (PS, 19), and 2′-O-methyl phosphodiester (OMe, 20) have
been designed to target the codon 12 point mutation of human
K-ras oncogene (Fig. 11).72,73 After labeling by 64Cu-DOTA at the
5′-aminohexyl moiety of the oligonucleotides via the DOTA-OSSu
method, their biokinetics, biodistribution, and microPET were
examined in athymic rats, bearing either a tumor of A549 cells
with K-ras point mutation in codon 12, or a tumor of BxPC-3
cells with wild-type K-rasA.74

Fig. 11 64Cu-DOTA-oligonucleotide-based PET tracers.

Better localization images were obtained from microPET of
A549 cells when using PS 19 and OMe 20 than when using
PO 18, while a slightly better uptake of PS 19 was observed in
A549 cells than in BxPC-3 cells with wild-type K-rasA. However,
the nuclease-mediated rapid degradation of OMe 20 and the
low tumor selectivity, as well as non-specific accumulation of
PS 19 in the kidney, require further improvements of these
tracers: metabolic stability, hybridization ability, cell permeability,
and binding specificity must all be addressed. In addition, the
effects of the oligonucleotide length on biodistribution should be
investigated in detail for future applications.

In order to circumvent the metabolic instability of the oligonu-
cleotides, the application of peptide nucleic acid (PNA) congeners
to gene-based PET have also been reported.75 PNA is resistant
to endo- and exonuclease degradation, and is known to exhibit
high and specific binding to complementary DNA and RNA. The
fact that PNA does not activate RNAse H for degradation of the
target mRNA also makes PNA tracers a promising candidate.
The antisense hybrid PNA, DOTA-Y-PNA50-K4 21 (Fig. 12)
was synthesized for targeting the unr mRNA that is highly
expressed in a breast cancer cell line (MCF-7). This tracer has
the sequence TGGTGTGCTTTGTGGATG, complementary to
the unr mRNA, and four lysines at the C-terminus to allow for cell
permeation.

A biodistribution study showed low uptake and efficient clear-
ance of the 64Cu congener in blood and muscle, but high uptake
and long retention in the kidney, when administered intravenously
or intraperitoneally in normal BALB/c mice. MicroPET in CB-
17SCID mice implanted with MCF-7 tumors showed reproducible
tumor-to-muscle ratios, thus achieving the best tumor imaging
quality among the oligonucleotide-based PET tracers so far
reported. Nonetheless, the tumor-to-muscle ratio of 64Cu-21 was
only four times higher than that of the corresponding sense PNA

Fig. 12 64Cu-DOTA-PNA-based PET tracer.

tracer used as a control; therefore, further improvements of the
PNA-based tracers are still required.

Visualization of sialic acid-dependent circulatory residence of
glycoproteins by PET

Although FDG is widely used as a monosaccharide PET tracer
for cancer diagnosis, PET of oligosaccharides and glycoproteins is
a totally unexplored field. Very recently, the first microPET of the
glycoproteins orosomucoid and asialoorosomucoid was reported
in order to investigate the effects of N- and/or O-glycans on
the metabolic stability of the proteins.24 Based on the smooth
electrocyclization protocol (Scheme 1, Route 3), glycoproteins
available in only small amounts (62 lg of orosomucoid and
asialoorosomucoid) were labeled successfully with the incorpo-
ration of ∼2–3 units of DOTA by incubating the respective
protein with 10 equivalents of aldehyde probe 22 for 30 min,
followed by purification by quick size-partitioning gel-filtration
(Scheme 2). The DOTA-labeled glycoproteins were subsequently

Scheme 2 Labeling of glycoproteins by DOTA.
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radiometalated with 68Ga and their in vivo kinetics were analyzed in
rabbit by means of PET. 68Ga-DOTA-orosomucoid and asialooro-
somucoid adducts successfully visualized the asialoglycoprotein
being cleared through the kidney faster than the orosomucoid
(Fig. 13), thus achieving the first imaging of sialic acid-dependent
circulatory residence of glycoproteins. The results are in good
agreement with well-known hypotheses of the clearance of the
proteins through the asialoglycoprotein receptor in the liver:76

namely, the sialic acid residue on the non-reducing end of the
oligosaccharides contributes to the stability of glycoproteins in
the blood, while the sialidase-mediated production of asialogly-
coproteins, bearing the galactose residue at the non-reducing end
of the oligosaccharides, is responsible for the metabolic pathway.
These promising PET images of glycoproteins suggest future
uses for the glycoproteins in pharmacological and/or clinical
applications.

Fig. 13 Dynamic microPET images of 68Ga-DOTA-glycoproteins in
rabbits. Time course of accumulation of 68Ga-DOTA-orosomucoid (left)
and 68Ga-DOTA-asialoorosomucoid (right) in some peripheral organs
(axial views). These PET images were fused to anatomical images obtained
by using CT.

6. Future perspective

As is clear from the selected examples cited in this review,
PET imaging of biomolecules has recently become one of
the most promising strategies for tumor diagnosis, due to the
close collaboration between chemists, biologists, and physicians.

Specifically, the chemists efficiently synthesize the peptides or the
oligonucleotide sequences, and label them with the radiometal-
DOTA complexes, while the molecular biologists provide the
monoclonal antibodies (or preferably the engineered minibodies).
These candidates are first examined in vitro; binding affinity to
the target receptors, cell internalization, and retention in the
tumor cells are all characterized at this stage. The biologists and
physicians then characterize the compounds’ biodistribution in
search for the most favorable kinetics, such as tumor uptake, blood
clearance, or tumor-to-organ ratios; at this stage, researchers use
small animal models and make measurements on the basis of
SPECT, autoradiography, and microPET. The data obtained here
feed back to the chemists and the biologists who then strive to
improve the tracers, which will ultimately be used for clinical
applications.

From a chemistry point of view, if the labeled biomolecules
could be more easily accessed, one could more rapidly discover
favorable PET tracers, thus greatly expanding the biomolecule-
based PET strategy. Although PET experiments require only a
few nanograms to micrograms of the tracers, under the current
labeling protocols, as much as 5–20 mg of the engineered mAbs
must be used. Once more rapid and efficient labeling chemistry is
developed, we can find a new way to utilize unstable, important,
and precious materials for diagnosis. Once promising candidates
for peptide- or oligosaccharide-based tracers are determined,
modular approaches to the chemistry will facilitate the optimiza-
tion of the best tracer from combinatorial libraries. We will then
be able to use PET not only for diagnosis and clinical applications
but also for elucidating a new signaling pathway stemming from
the selected tracers; hence, the development of such bioconjugate
chemistry is necessary.

The investigation of dual detection probes, e.g., probes that
are detectable both by PET and fluorescence, will also become
more important. A new molecular imaging probe has now been
developed by taking advantage of the unique energy transfer
of the lanthanide–DOTA complexes, which has led to the
emerging field of fluorescence techniques. Such a new design of
the probes will greatly facilitate biomolecule-based PET, where
the stability of the tracers can be simultaneously detected by
HPLC.

Following peptides, antibodies, proteins and oligonucleotides
as mainly described in this review, the authors strongly be-
lieve that oligosaccharide-based tracers are the next candidates
to be developed. Surprisingly, to the best of our knowledge,
oligosaccharide-based PET has not been reported, except in the
case of the 18F-FDG tracer (technically a monosaccharide) and
very limited examples of glycoproteins. This is due to the difficulty
in obtaining structurally pure oligosaccharides from nature, and
also because synthetic methods for complex oligosaccharides
still have not been fully established. In addition, the biological
activity of oligosaccharides is closely related to their heterogeneous
environment, i.e., on the proteins (O- or N-linked glycans) and on
the cell surfaces (such as ceramides), which are usually composed
of clusters of mixed oligosaccharides. When such complex and
structurally pure oligosaccharide molecules are easily accessible
by chemical synthesis, and when the heterogeneous environment
of oligosaccharides can be mimicked, it may be possible to target
either tumors or inflammation more efficiently than by peptide-
or antibody-based tracers.
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