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Summary. Positron emission tomography (PET) is a medical imaging

technique using compounds labelled with short-lived positron emitting

radioisotopes to obtain functional information of physiological, biochem-

ical and pharmacological processes in vivo. The need to understand the

potential link between the ingestion of individual dietary agents and the

effect of health promotion or health risk requires the exact metabolic

characterization of food ingredients in vivo. This exciting but rather new

research field of PET would provide new insights and perspectives on food

chemistry by assessing quantitative information on pharmocokinetics and

pharmacodynamics of food ingredients and dietary agents. To fully exploit

PET technology in food chemistry appropriately radiolabelled compounds

as relevant for food sciences are needed. The most widely used short-lived

positron emitters are 11C (t1=2¼ 20.4 min) and 18F (t1=2¼ 109.8 min).

Longer-lived radioisotopes are available by using 76Br (t1=2¼ 16.2 h)

and 124I (t1=2¼ 4.12 d). The present review article tries to discuss some

aspects for the radiolabelling of food ingredients and dietary agents either

by means of isotopic labelling with 11C or via prosthetic group labelling

approaches using the positron emitting halogens 18F, 76Br and 124I.
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1 Introduction

Positron emission tomography (PET) is a functional im-

aging discipline using compounds labelled with short-

lived positron emitting radioisotopes to obtain quantitative

information of physiological, biochemical and pharma-

cological processes in living subjects (Phelps, 2000,

2000a; Paans et al., 2002; McCarthy et al., 1994). The

interest in PET as a clinical and medical research imaging

methodology has steadily grown during the last three de-

cades. Today PET has arrived into the mainstream of clin-

ical imaging practice in the field of oncology, cardiology

and neurology. Moreover, PET is gaining more and more

importance as a valuable research tool in the process of

drug development and evaluation (Klimas, 2002; Fowler

et al., 1999; Paans et al., 2000; Gibson et al., 2000;

Maclean et al., 2003; Burns et al., 1999).

The extension of PET to the field of food science, how-

ever, represents a rather new area of application. The moti-

vation to use PET as a novel research tool in food science

stems from the need for a precise knowledge on the phys-

iological effects of bioactive food ingredients as an essen-

tial prerequisite for an objective benefit=risk evaluation.

Especially the implementation of food biotechnology and

specific modified food (Functional Food) in the develop-

ment of novel food with regard to health promotion or

health risk will require an exact metabolic characterization

of food ingredients in vivo. In this connection, the applica-

tion of PET as molecular imaging technique with unrivalled

sensitivity and specificity has great promise to provide new

insights and perspectives on food chemistry by assessing

quantitative information on pharmocokinetics and pharma-

codynamics of food ingredients and dietary agents.

The potential of PET strongly depends on the availability

of suitable PET radiotracers, compounds which are labelled

with short-lived positron emitters. The most widely used

PET radionuclides are 11C (t1=2¼ 20.4 min), 13N (t1=2¼
9.9 min), 15O (t1=2¼ 2 min) and 18F (t1=2¼ 109.8 min).

Longer-lived positron emitters, which can be bound cova-

lently to organic molecules, are also available by using
76Br (t1=2¼ 16.2 h) and 124I (t1=2¼ 4.12 d).



Carbon, nitrogen and oxygen are the main constituents

in most molecules of biological importance. Hence, iso-

topic labelling with 11C, 13N and 15O will result in radio-

tracers undistinguishable from their non-labelled coun-

terparts, with the exception of very small kinetic isotope

effects. The lack of a positron-emitting isotope of hydro-

gen can be compensated in many cases by using 18F as

a bioisosteric replacement for a hydrogen atom in a

molecule. Also a fluorine atom may imitate a hydroxyl

group. The short half-live of PET radionuclides usually

requires their in-house production, which is accom-

plished preferentially by means of a dedicated small

biomedical cyclotron as the most frequently used pro-

duction source.

Radiochemistry with positron-emitting radionuclides

represents a fundamental but challenge task within the

interdisciplinary research field of PET (Fowler et al.,

1997; Elsinga, 2002; Pike, 1997; Langstr€oom et al., 1999;

Wuest, 2003). The present survey wants to cover some

important aspects for the design and synthesis of radiola-

belled compounds as PET radiotracers with relevance to

food chemistry. The first part will focus on potential iso-

topic radiolabelling routes of small molecule bioactive

food ingredients, such as polyphenols and flavonoids,

employing the positron emitter 11C. The second part of

the overview will deal with the radiolabelling of bioactive

peptides and proteins as biomacromolecules with rele-

vance to food science via prosthetic group labelling ap-

proaches using the positron-emitting halogens 18F, 76Br

and 124I. Bioactive peptides may originate from peptide

degradation leading to opioid peptides such as casomor-

phines or ACE-inhibitors like casokinine and lactokinine.

Also, several posttranslational modification processes like

transglutaminase-directed peptide or protein cross-link-

ings, glycosylations and oxidative modifications related

to nonenzymatic browning or Maillard reactions (Thorpe

et al., 2003) contribute to the formation of biomacromol-

ecules as indicators of tissue aging and pathology. An

other class of biomacromolecules include macromolecule

replacers in food products such as polydextrose, malto-

dextrins, modified starches, fibers, and protein and lipid-

based replacements like fat analogs and emulsifiers

(Setser et al., 1992).

2 11C–C bond forming reactions as potential

tool for 11C-labelling of flavonoids

Flavonoids represent a group of phytochemicals exhibit-

ing a wide range of biological activities arising mainly

from their antioxidant properties and ability to modulate

several enzymes or cell receptors (Dixon et al., 1999;

Rice-Evans, 2001, 2004; Birt et al., 2001; Forkmann

et al., 2001). Flavonoids are the most common occurring

plant polyphenols found in fruits, vegetables and grains.

Their wide occurrence, complex diversity and manifold

functions have made flavonoids a very attractive target for

chemical, biological and medical studies.

All flavonoids share a three-ring structure consisting of

two aromatic rings A and B, and a central oxygenated

heterocyclic ring C. Thus, they can be defined chemically

as substances derived from phenylchromanone containing

one or more hydroxyl substituents attached to the ring

system. Flavonoids are classified according to the oxida-

tion level of the central C ring. Further structural diversity

results by the introduction of prenyl substituents as exem-

plified by the highly potent phytoestrogen 8-prenylnarin-

genin (Fig. 1).

The common structural features of flavonoids in gen-

eral and the defined chemical structure of 8-prenylnarin-

genin in particular preferentially suggests isotopic label-

ling with 11C via distinct 11C–C bond forming reactions to

provide radiolabelled flavonoids as molecular probes for

positron emission tomography. The advantage of 11C–C

bond forming reactions lays in the possibility to place the
11C label at a distinct position of a given molecule to form

metabolically stable radiotracers. It is of great importance

that the radiotracer is not rapidly metabolised during the

PET measurement since PET can not discriminate be-

tween signals originating from the intact radioligand or

radiolabelled metabolites.

Several routes for 11C–C bond-forming reactions have

been developed and successfully been applied in 11C

chemistry (Langstr€oom et al., 1999). The carbonation of

organometallic reagents with [11C]CO2 is among the oldest

and most commonly employed 11C–C formation method

for the synthesis of carboxylic acids and corresponding

derivatives (Winstead et al., 1969; Matarrese et al., 2002;

Oberdorfer et al., 1996). The alkylation of stabilized carb-

anions, like malonic esters, with 11C-labelled alkyl ha-

lides is an other example for the formation of a 11C–C

bond (Kilbourn et al., 1984; Antoni et al., 1987). Both

Fig. 1. Chemical structures of phenylchromanone and 8-prenylnaringenin
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methods make use of an electrophilic 11C-labelling

precursor ([11C]CO2 or [11C]alkyl halides). On the other

hand, several nucleophilic 11C-labelled precursors like

[11C]cyanide (H€oornfeldt et al., 1994), [11C]methyllithium

(Bonasera et al., 2001), [11C]nitromethan (Maeding et al.,

1997, 1998, 2000), triphenylphosphonium [11C]methylide

(Kihlberg et al., 1990) or triphenylarsonium [11C]methylide

(Zessin et al., 1999) are also often used to form 11C–C

bonds by the reaction with an electrophilic carbon atom.

However, the aforementioned methods often require diffi-

cult synthesis sequences, and they are not compatible with

many functional groups. In order to circumvent these ob-

stacles, novel technically simple, high-yielding and func-

tional group tolerating synthetic methods for 11C–C bond

formations are of particular interest.

In recent years several transition-metal-mediated cross-

coupling reactions have been shown to be effective and

very innovative approaches in the development of novel
11C–C bond formations. In addition to synthetic methods

using cuprate- and copper-zinc-mediated coupling reac-

tions (Kihlberg et al., 1994; Neu et al., 1997; Wuest

et al., 2000), several palladium-mediated 11C–C bond-

forming reactions have been found to be exceptionally

effective. As a result palladium-mediated aromatic cyana-

tion (Andersson et al., 1994), Stille (Bj€oorkmann et al.,

2000; Karimi et al., 2002), Suzuki (Andersson et al., 1995;

Hostetler et al., 1998), and Sonogashira cross-coupling re-

actions (Wuest et al., 2003a) are presently very frequently

used in 11C-chemistry.

Also, several palladium- and selenium-promoted car-

bonylative coupling reactions with [11C]CO have been

shown to be very valuable in the synthesis of a broad

range of carbonyl group-containing biologically active

compounds like amides, esters and ureas (Karimi et al.,

2001; Kihlberg et al., 1999, 2002; Nader et al., 2002;

Hostetler et al., 2002). The handling of [11C]CO as a

labelling precursor is accompanied by the difficulty to

ensure its sufficient trapping in an appropriate organic

solvent. However, recent technical developments have

facilitated to make this labelling route an exceptional

useful approach for the incorporation of a 11C label into

a broad variety of compounds (Audrain et al., 2004).

A first attempt to adapt transition metal-mediated
11C–C bond formations to the 11C-labelling of flavanoids

was exemplified by the radiosynthesis of flavone (Kihlberg

et al., 1999a) (Fig. 2).

The radiolabelling was accomplished by means of

a palladium-mediated carbonylative coupling reaction

using [11C]CO as the labelling precursor. This labelling

route allows the defined incorporation of a 11C carbonyl

group into the chromanone subunit typically found in

flavonoids. However, cross-coupling of o-iodophenol

with phenylacetylene in the presence of [11C]CO pre-

dominantly led to the formation of aurone rather than

to flavone. Moreover, this methodology has not been

applied for the radiosynthesis of 11C-labelled naturally

occurring flavonoids containing different patterns of

OH-groups.

Alternative synthesis routes for the 11C-labelling of fla-

vanoids can be envisaged when prenylated compounds

such as 8-prenylnaringenin are used. Thus, the isotopic

substitution of one of the two methyl groups present

in the prenyl group with a [11C]methyl group represents

a promising approach to form a 11C-labelled prenyl group.

A commonly employed strategy to form �;�0-disubsti-

tuted alkenes comprises the formation of alkenylzirconium

complexes by the cis-insertion of a C–C triple bond into

the Zr–H bond of Schwartz’s reagent [Cp2Zr(H)Cl]

followed by metal-mediated C–C bond formation with

electrophiles under retention of the configuration of the

C–C douple bond (Wipf et al., 1996).

The principle feasibility of the approach was elaborated

by the synthesis of 2-[11C]methylpropenyl benzene via

Fig. 2. Carbonylative cross-coupling with [11C]CO

Fig. 3. 11C-labelling via hydrozirconation=11C-

methylation reaction
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hydrozirconation=11C-methylation of prop-1-ynyl-benzene

with [11C]MeI as a model reaction (Wuest and Maeding,

2004) (Fig. 3).

The reaction conditions were optimised by the variation

of different group 10 transition metal complexes. The

results are summarized in Table 1.

The radiochemical yield was determined by radio-

HPLC representing the percentage of radioactivity area

of 11C-labelled product related to the total radioactivity

area. The results clearly show that the use transition metal

complex Pd(PPh3)4 is superior to Ni(PPh3)4 and Pt(PPh3)4,

respectively.

A potential radiosynthesis route involving a hydro-

zirconation=11C-methylation reaction sequence for the

synthesis of 11C-labelled 8-prenylnaringenin is given

in Fig. 4.

Alkyne-substituted naringenin 1 is treated with Schwartz

reagent to give the corresponding alkenylzirconium deriva-

tive 2, which can be cross-coupled with [11C]MeI in the

presence of Pd(PPh3)4 to afford the desired 11C-labelled

8-prenyl-naringenin 3 after acetyl protecting group cleav-

age by means of potassium carbonate.

An additional radiolabelling route for the synthesis of
11C-labelled 8-prenylnaringenin 3 may also exploit the

well known Stille reaction with [11C]MeI (Bj€oorkmann

et al., 2000; Karimi et al., 2002). A synthesis scheme is

depicted in Fig. 5.

Gester et al. have developed an efficient synthesis of 8-

prenylnaringenin via a tandem Claisen=Cope rearrange-

ment (Gester et al., 2001). Thus, using alkenylhalide 4

instead of prenyl alcohol while subjected to reaction con-

dition described by Gester et al. will lead to the formation

of compound 5. The required stannane labelling precursor

6 can easily be prepared via a Pd-catalysed cross-coupling

reaction between alkenylhalide and hexamethylditin.

Reaction of stannane 6 according to standard Stille reac-

tion conditions with [11C]MeI will provide 11C-labelled 8-

prenyl-naringenin 3.

The advantage of the presented radiolabelling tech-

niques employing [11C]MeI as the coupling partner in the

cross-coupling reactions is their relatively broad func-

tional group compatibility. Especially the Stille reaction

with [11C]MeI was shown to be very effective while tol-

erating a broad range of functional groups such as OH-

groups as typically present in flavonoids.
Fig. 4. 11C-labelling of 8-prenylnaringenin via hydrozirconation=11C-

methylation

Table 1. Radiochemical yields of transition metal-mediated cross-

coupling reaction

Transition metal complex Radiochemical yield

Ni(PPh3)4 4%

Pd(PPh3)4 70%

Pt(PPh3)4 11%

Fig. 5. Synthesis of 11C-labelled 8-prenylnarin-

genin via Stille reaction with [11C]MeI
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3 The use of prosthetic groups for labelling

biomacromolecules with the positron

emitting halogens 18F, 76Br and 124I

The interest in suitable radiolabelling methods of biomac-

romolecules with relevance to food science stems from

the importance that bioactive peptides derived from pep-

tide degradation, and posttranslational peptide and protein

modifications play as food ingredients. However, only

little is known about their exact biological and metabolic

pathways. Thus, radiolabelling and metabolic character-

ization of peptides and proteins as food ingredients in vivo

will provide helpful information in terms of an objective

risk=benefit evaluation of food items.

For this purpose especially radiohalogens are particu-

larly useful radionuclides because their chemistry is well-

understood, they can form stable covalent bonds, their

steric and electronic character causes only minimal altera-

tions to the biomolecule, and the radiolabelling can be

accomplished at high specific radioactivity. As a conse-

quence of these benefits, the interest in the radiolabelling

of biomacromolecules via radiohalogenation methods has

been in the focus of radiopharmaceutical chemistry for

several decades.

The positron emitter 18F is an almost ideal radionuclide

for PET thanks to its ease of production, favourable phys-

ical properties of a 109.8 min half live and the low �þ-

energy (0.64 MeV) (Lasne et al., 2002). However, radio-

chemistry with 18F implies special challenges, and direct

incorporation of 18F at high specific radioactivity as

[18F]fluoride into biomolecules like proteins and peptides

is not possible due to the harsh reaction conditions occur-

ring during [18F]fluoride labelling reactions. In order to

circumvent this obstacle peptide and protein labelling

with 18F has to be accomplished by means of prosthetic

groups, also referred as bifunctional labelling agents.

This approach comprises 18F incorporation into a small

organic molecule capable of being linked to peptides,

proteins, oligonucleotides and antibodies under mild

conditions.

The positron-emitting halogens 76Br (t1=2¼ 16.2 h) and
124I (t1=2¼ 4.12 d) represent interesting medium half-life

and longer half-life alternatives to the short-lived 18F

(t1=2¼ 109.8 min), respectively. The production mode of
76Br and 124I in cyclotrons is based on solid target tech-

niques. Comprehensive overviews on the production of
76Br and 124I have been published recently (Glaser et al.,

2003a; Rowland et al., 2003; Finn, 2003). The different

physical half-lives of the PET halogens 18F, 76Br and 124I

allow different study protocols in terms of the biological

half-life of the process to be studied. For example,

the recent advances in the use of monoclonal antibodies

and other high molecular weight biomolecules in tu-

mour diagnosis and therapy favour the use of long-lived

radioisotopes.

The present survey will deal with peptide and protein

labelling by means of radiohalogenated small bifunctional

molecules capable of being linked to amine or sulfhydryl

groups present in the biomacromolecule, or by photochem-

ical conjunction. The direct labelling of biomacromole-

cules such as proteins and peptides with in situ generated

electrophilic radioiodine species as the most commonly

employed radiohalogenation procedure (Seevers et al.,

1982; Wilbur, 1992) will not be discussed.

3.1 18F-labelled prosthetic groups

Efficient labelling of peptides and proteins with the posi-

tron emitter 18F should preferentially occur by the use of

prosthetic groups. Approaches involving direct nucleophi-

lic incorporation of [18F]fluoride fail due to the lack of

functional groups in the biomolecule required for a nu-

cleophilic 18F-fluorination and, more important, the harsh

reaction conditions (high temperature, strongly basic) of

radiofluorinations with [18F]fluoride cause denaturation

and decomposition of the sensitive biomolecule. On the

other hand, direct electrophilc radiofluorination reactions

of peptides with [18F]F2 or [18F]AcOF are in principle

possible when tyrosine residues are present (Hebel et al.,

1990; Ogawa et al., 2003). However, this approach is

accompanied with regioselectivity problems and the

resulting 18F-labelled peptides can only be obtained at

low specific activity, which may limit their use when

saturable biological processes are to be studied (e.g.,

receptor binding, enzyme binding, specific transport pro-

cesses etc.).

As a consequence and to overcome the aforementioned

problems, several prosthetic groups have been developed

and successfully been applied for the mild and site-spe-

cific incorporation of 18F into peptides, proteins and other

biomacromolecules. 18F incorporation into biomacro-

molecules via prosthetic groups generally can be accom-

plished via amine-reactive conjugates, sulfhydryl-reactive

conjugates or photochemical reactions. The attachment is

achieved either by acylation, amidation, imidation, alkyl-

ation, thiourea-forming and oxime-forming reactions,

or by photochemistry. In the following section prosthetic

groups for 18F-labelling will be presented with respect to

their conjugation mode, being amine-reactive, sulfhydryl-

reactive and photochemical conjugations.
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3.1.1 18F-labelling of peptides and proteins

via amine-reactive conjugates

The most commonly exploited functional group for con-

jugation of small 18F-labelled prosthetic groups to pep-

tides and proteins is the amine group, which generally

represents "-amino groups of lysine or the N-terminus

of peptides. Numerous small molecules containing an

amine-reactive functionality have been labelled with 18F

and conjugated to amine groups.

18F-labelled active esters

The formation of stable amide linkages between an

amino group of the biomacromolecule and the prosthetic

group belongs to the most prominent reactions for
18F-labelling of peptides and proteins. Hence, a large

number of compounds based on small [18F]fluorocar-

boxylic acids have been developed and tested as suitable

bifunctional reagents for fluoroacylation reactions with

amines. The amide formation can either be accom-

plished by in-situ activation of small [18F]fluorocar-

boxylic acids with dicyclohexylcarbodiimide (M€uuller-

Platz et al., 1982; Guhlke et al., 1994; Hostetler et al.,

1999b) or, more prominent, by direct aminolysis of

several 18F-labelled active esters. Figure 6 depicts the

most frequently used 18F-labelled active esters as pros-

thetic groups for peptide and protein labelling capable

of being linked to terminal amine groups via acylation

reactions.

Every prosthetic group used for [18F]fluoroacylation

reaction has its own advantages and limitations, but the

use of N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB)

was shown to be the most suitable 18F-labelled active

esters in terms of radiochemical yield and in vivo stability

of the corresponding 4-[18F]fluorobenzoylated peptide or

protein conjugate. Moreover, the coupling of [18F]SFB to

amine groups via acylation can be performed under mild

conditions of pH and temperature compatible with pep-

tides and proteins. Thus, numerous proteins, peptides

and other biomacromolecules have successfully been la-

belled with 18F by conjugation with [18F]SFB (Bergmann

et al., 2002; Fredriksson et al., 2001; Page et al., 1994;

Vaidyanathan et al., 1994, 1995, 1997; Wester et al., 1996;

Wuest et al., 2003b). Optimal reaction conditions for ac-

ylation reactions with [18F]SFB were elaborated, being

room temperature or slightly elevated temperatures at a

pH of 8.2 to 8.6 (Bergmann et al., 2002; Wuest et al.,

2003b; Wester et al., 1996). However, a major drawback of

the [18F]SFB synthesis is its laborious three-step radio-

synthesis, which general outline is shown in Fig. 7. A

simple single-step radiosynthesis by direct nucleophilic

substitution with [18F]fluoride is not possible.

The [18F]SFB synthesis starts with (1) the nucleo-

philic aromatic 18F-fluorination of the triflate salt of a

Fig. 6. Frequently used 18F-labelled active esters for peptide and protein labelling via acylation – N-Succinimidyl-4-[18F]fluorobenzoate ([18F]SFB):

(Vaidyanathan et al., 1992, 1994; Page et al., 1994; Guhlke et al., 1994a; Wester et al., 1996; Wuest et al., 2003). p-Nitrophenyl-2-[18F]fluoropro-

pionate ([18F]NPFP): (Guhlke et al., 1994a, b). N-Succinimidyl-8-[40-18F]fluorobenzyl)-amino]suberate: (Garg et al., 1991; Page et al., 1994).

Pentafluorobenzoate esters (Herman et al., 1994). N-Succinimidyl-(4-[18F]fluoromethyl)benzoate and 2-chloro-N-succinimidyl-(4-[18F]fluoromethyl)-

benzoate (Lang et al., 1994, 1997; Moody et al., 1998; Wuest et al., 2003a)
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4-trimethylammonium benzaldehyde or benzoic acid deriv-

ative followed by (2) the formation of 4-[18F]fluoroben-

zoic acid as the key intermediate by means of a oxidation

or saponification step, and final (3) conversion of 4-

[18F]fluorobenzoic acid into its N-succinimidyl ester in

the presence of several carboxyl group activating agents.

Dependent on the reaction condition, the radiosynthesis

of [18F]SFB was accomplished in 25–75% radiochemical

yield within 35–100 min. A major improvement in the

[18F]SFB synthesis was the introduction of O-(N-succini-

midyl) N,N,N0,N0,-tetramethyluronium tetrafluoroborate

(TSTU) as carboxyl group activating agent instead of em-

ploying dicyclohexyl carbodiimide (DCC)=N-hydroxy-

succinimide- or di-(N-succinimidyl) carbonate-(DSC) me-

diated N-succinimidyl ester formations. TSTU enables pu-

rification of [18F]SFB by SPE filtration rather than a time

consuming HPLC separation when DCC=N-hydroxy-

succinimide and DSC are used. Moreover, the reaction

of TSTU with 4-[18F]fluorobenzoic acid proceeds very

rapidly compared to the approaches using DCC=N-

hydroxy-succinimide and DSC. To facilitate the laborious

three-step synthesis and to reduce radiation exposure au-

tomation of the [18F]SFB synthesis was successfully de-

veloped (Zijlstra et al., 2003; Maeding et al., 2004). A

strategy for a solid phase synthesis of 18F-labelled pep-

tides via an acylation reaction with 4-[18F]fluorobenzoic

acid using N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]

pyridin-1-ylmethylene]-N-methylmethanaminium hexa

fluorophosphate N-oxide (HATU) as the activating agent

was also developed (Sutcliffe-Goulden et al., 2000, 2002)

(Fig. 8).

The solid phase attached peptides could be acylated with

4-[18F]fluorobenzoic acid in radiochemical yields >95%

within 3 min, and the labelled peptide could be released

from the solid support matrix within 7 min.

The formation of [18F]fluoroacylated peptides can also

be accomplished by using 4-nitrophenyl-2-[18F]fluoropro-

pionate ([18F]NPFP) as prosthetic group. Several peptides

could successfully be conjugated with [18F]NPFP to give

the corresponding 2-[18F]fluoropropionylated peptides

such as RDG peptides and octreotide in good radio-

chemical yields of 65–85% (Guhlke et al., 1994; Haubner

et al., 2004; Wester et al., 1996, 1997). The efficiency for
18F-labelling of peptides using [18F]NPFP can consid-

erably be improved when a catalytic amount of HOBt is

used during the aminolysis reaction. However, the use of

[18F]NPFP as prosthetic group seems not to be suitable

when proteins and other higher molecular weight biomol-

ecules like antibodies with a high content of tyrosine and

histidine residues should be labelled due to competitive

O-acylation through tyrosine or hydrolysis of [18F]NPFP

through histidine (Wester et al., 1996).

N -Succinimidyl-8-[40-18F]fluorobenzyl)-amino]suberate

as acylation agent was used for the radiofluorination of

antibodies and antibody fragments. The radiosynthesis

comprises a three step procedure involving the formation

of 4-[18F]fluorobenzylamine, which was reacted with di-

succinimidyl suberate to form the radiofluorinating agent

in radiochemical yields of 25–40% within 55–60 min. The

coupling yields of N-succinimidyl-8-[40-18F]fluorobenzyl)-

amino]suberate with biomolecules could reach up to 52%

when the prosthetic group was purified by HPLC prior its

subjection to aminolysis.

The use of 18F-labelled tetrafluorophenyl-pentafluo-

robenzoate as prosthetic group for radiofluorinations of

proteins via acylation has also been reported (Herman

et al., 1994). 2,3,5,6-tetrafluorophenyl-pentafluorobenzoate

readily incorporated 18F in a single-step procedure to form

the desired 18F-labelled acylation agent, which reacted

quickly with HAS to give 15% 18F-labelled HAS within

Fig. 7. General three-step reaction pathway of [18F]SFB synthesis

Fig. 8. Solid phase synthesis of 18F-labelled peptides
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72 min, based on [18F]fluoride. Due to the 19F to 18F

exchange, however, this procedure only provides the pros-

thetic group at low specific radioactivity. Other prosthetic

groups for amino group acylation, which can be synthe-

sized in a single-step radiofluorination, comprise several
18F-labelled benzylfluorides. In a series of reports several
18F-labelled benzylfluoride derivatives containing a N-

hydroxysuccinimide active ester functional group could

be synthesized in low radiochemical yields of 10–18%

starting from the corresponding benzyl nosylate precur-

sors in a single-step procedure (Lang et al., 1994, 1997;

Moody et al., 1998; Wuest et al., 2003c). The low radio-

chemical yield can be explained by an acid fluoride for-

mation as competitive reaction of [18F]fluoride with the

NHS active ester group (Fig. 9).

Moreover, the single-step preparation advantage is

compensated by the low stability of the 18F-labelled ben-

zylfluoride peptide and protein conjugates with regard to

a rapid in vivo defluorination resulting in high bone

accumulation.

18F-labelled imidate esters

Imidates or imido esters have been used for protein mod-

ification. The reaction of imidates with proteins proceeds

specifically with "-amino groups of lysine residues to

form stable amidine bonds. A suitable 18F-labelled imi-

date (methyl 3-[18F]fluoro-5-nitrobenzimidate) was pre-

pared in a two-step reaction sequence involving nucleo-

philic aromatic radiofluorination of 3,5-dinitrobenzoni-

trile as labelling precursor and subsequent conversion of

the nitrile group into the imido ester by treatment with

an excess of sodium methoxide (Kilbourn et al., 1987)

(Fig. 10). The total radiochemical yield was about 20%

in an overall synthesis time less than 1 h.

The stability of 18F-labelled imido ester was investi-

gated in borate buffer at room temperature and pH 8.0.

The 18F-labelled imidate undergoes a <10% hydrolysis

over a two-hour period. Labelling studies of human serum

albumin (HAS) with methyl 3-[18F]fluoro-5-nitrobenzimi-

date revealed that the amidation reaction (Fig. 11) is pH

independent above pH 7.5, but very dependent on the

protein concentration.

18F-labelled isothiocyanates

Amines readily react with isothiocyanates to form thiour-

eas, which are fairly stable towards hydrolysis. Many

metal chelates have used isothiocyanates for conjugation

with biomacromolecules, but only two 18F-labelled ben-

zylfluorides as prosthetic groups have been reported using

this functionality (Hedberg et al., 1997; Wuest et al., 2004a).

The 18F-labelling was accomplished by the single-step

reaction of a benzyliodide or benzylnosylate labelling

Fig. 9. Competitive reactions during the radiofluor-

ination

Fig. 10. Radiosynthesis of 18F-labelled imidate ester

methyl 3-[18F]fluoro-5-nitrobenzimidate

Fig. 11. Labelling of HAS with methyl 3-[18F]fluoro-5-nitrobenzimidate

Fig. 12. Radiolabelling of isothiocyanates
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precursor with [18F]fluoride in moderate radiochemical

yields (Fig. 12).
18F-labelled isothiocyanates were conjugated to oligo-

nucleotides or to benzyl amine (Fig. 13).

The resulting thiourea oligonucleotide conjugates

showed very low in vitro stability in different buffers ex-

pressed by a high rate of radiodefluorination (Hedberg

et al., 1997). The benzyl amine-thiourea conjugate showed

appreciable buffer stability at pH 7.4, whereas significant

radiodefluorination was observed when the conjugate was

studies in vivo. Preliminary dynamic PET studies with
18F-labelled thiourea in Wistar rats showed high bone ac-

cumulation of radioactivity, which is indicative of a high

in vivo radiodefluorination rate (Wuest et al., 2004a).

These findings are in agreement with the low stabilities

reported for other 18F-labelled benzylfluorides containing

a NHS functional group.

18F-labelled benzaldehyde

In order to provide a simple single-step, high yield synthe-

sis of an 18F-labelled prosthetic group with sufficient

in vivo stability and capability of being coupled chemo-

selectively to biomacromolecules under mild conditions

a novel and innovative approach was developed by the

group of Wester (Poethko et al., 2003; Poethko et al.,

2004). Based on the known efficient and chemoselective

oxime formation between an aminooxy and aldehyde group

several unprotected aminooxy-functionalized peptides were

efficiently coupled with [18F]fluorobenzaldehyde as an easy

accessible and stable against in vivo radiodefluorination
18F-labelled prosthetic group (Fig. 14).

The method was investigated and applied to various

analogs of minigastrin, RGD-peptides and octreotates

functionalized with aminooxyacetic acid. Optimal label-

ling efficiencies of 60–80% were obtained within 15 min

at 60�C and a pH between 2 to 4, independent from the

peptide used. The major advantages of this approach

combine the single-step, high-yield radiosynthesis of an
18F-labelled prosthetic group with a straightforward single-

step chemoselective conjugation to unprotected peptides

under mild conditions. However, this approach seems to

exclude more sensitive biomacromolecules such as pro-

teins and antibodies, which are not generally compatible

with the low pH (2–4) and elevated temperatures (60�C)

necessary for efficient coupling.

3.1.2 18F-labelling of peptides and proteins

via sulfhydryl-reactive conjugates

Another widely used functional group on biomacromole-

cules capable of forming conjugates with prosthetic groups

is the sulfhydryl or thiol group. As very good nucleophiles

sulfhydryl groups can be reacted selectively via alkylation

reactions with activated halides and maleimides even in

the presence of other functional groups like amino and

hydroxyl groups. Thus, sulfhydryl groups can be radiola-

belled by means of prosthetic groups very efficiently with

usually high radiochemical yield. Cysteine residues as

present in proteins and other biomacromolecules are the

most prominent source of sulfhydryl groups for formation

of conjugates. Biomacromolecules lacking a free sulfhy-

dryl group but containing disulfides as found in cystine

disulfide bridges can be treated with 2-mercaptoethanol

and dithiothreitol as reducing agents to generate a free

sulfhydryl group. Alternatively, biomacromolecules can be

reacted with compounds to produce sulfhydryl groups. The

most prominent example is the reaction of amino groups

in proteins with 2-iminothiolane to form stable amidine

conjugates bearing a terminal sulfhydryl group (Fig. 15).

18F-labelled activated �-halo ketones

Activated halides such as �-halo ketones can readily be

reacted with soft nucleophiles like the thiolate group to

give the corresponding �-keto thioethers. Moreover, this

Fig. 13. 18F-labelled thiourea oligonucleotide and benzyl-

amine conjugates

Fig. 14. Radiosynthesis of [18F]fluorobenzaldehyde and oxime forma-

tion with aminooxy-functionalized peptides
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reaction is quite thiolselective. Thus, several 18F-labelled

�-bromo ketones have been developed as important pros-

thetic groups for conjugation with thiol-group bearing bio-

macromolecules. One of the first alkylating 18F-labelled

prosthetic groups for thiol-group conjugation was 4-

[18F]fluorophenacyl bromide ([18F]FPB). This 18F-labelled

prosthetic group can be obtained via two different synthe-

sis routes, involving a three-step or two-step radiosynthe-

sis, respectively, as depicted in Fig. 16 (Kilbourn et al.,

1987; Dence et al., 1993).

The three-step radiosynthesis commences with the nucle-

ophilic aromatic radiofluorination of 4-nitrobenzonitrile

followed by conversion of 4-[18F]fluorobenzo-nitrile into

4-[18F]fluoroacetophenone. Bromination of the methyl

ketone was performed with cupric bromide to give the

desired [18F]FPB in 85–90% radiochemical purity after

SPE-purification. The overall radiochemical yield of

[18F]FPB was 28–40%, and the entire synthesis was ac-

complished within 75 min. The simplified two-step syn-

thesis involves conversion of 4-nitroacetophenone into

4-[18F]fluoro-acetophenone, which was treated with poly-

mer supported bromination with perbromide on Amberlyst+

A-26 resin to provide [18F]FPB in 39% radiochemical

yield within 15 min.

[18F]FPB was successfully used in the radiolabelling of

HAS. The labelling efficiency was shown to be only

slightly pH dependent but it was strongly influenced by

the protein concentration. Pre-treatment of HSA with 2-

iminothiolane to form additional sulfhydryl groups in the

protein resulted in a significantly improvement of [18F]FPB

incorporation by the factor of 10, reaching a labelling yield

of 70% (Downer et al., 1993). Other alkylating 18F-labelled

prosthetic groups based on �-halo ketones comprise N-(4-

[18F]fluorobenzyl)-2-bromoacetamide and 2-bromo-N-[3-

(2-[18F]fluoropyridin-3-yloxy)propyl]acetamide (Fig. 17).

Both prosthetic groups can be prepared via a laborious

three-step radiosynthesis with overall radiochemical

yields of 40–45% within 85–95 min, and 30–34% within

80–85 min, respectively (Dolle et al., 1996; Kuhnast et al.,

2000; Kuhnast et al., 2002, 2004). Both radiosyntheses

could be performed in a shielded hot cell using a computer-

assisted Zymate robot system. N-(4-[18F]fluorobenzyl)-2-

bromoacetamide and 2-bromo-N-[3-(2-[18F]fluoropyridin-

3-yloxy)propyl]acetamide were used for 18F-labelling of

several oligonucleotides bearing a phosphorothioate group

at the 30 end (Dolle et al., 1996; Kuhnast et al., 2000, 2004).

N-(4-[18F]fluorobenzyl)-2-bromoacetamide was also re-

acted with peptide nucleic acids employing the thiol func-

tion of cysteine attached to the C-terminus (Kuhnast et al.,

2002).

18F-labelled maleimides

Maleimide-containing compounds react with sulfhydryl

groups according to a Michael-reaction to give thioethers

as shown in Fig. 18.

This reaction is usually performed at pH 7 or below to

prevent decomposition of the base-sensitive maleimide

group. The reactions generally proceed clean and are com-

plete within a few minutes. The first 18F-labelled prosthetic

Fig. 15. Generation of free sulfhydryl groups

by reaction of protein with 2-imino-thiolane

Fig. 16. Two different routes for the synthesis of [18F]FPB

Fig. 17. 18F-labelled prosthetic groups N-(4-[18F]fluorobenzyl)-2-bromo-

acetamide and 2-bromo-N-[3-(2-[18F]fluoropyridin-3-yloxy)propyl]

acetamide
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groups containing a maleimide group synthesized were

N-(4-[18F]fluorophenyl)maleimide and m-maleimido-N-(4-

[18F]fluorobenzyl)-benzamide, which could be prepared in

four steps and three steps in 15% and 10% radiochemical

yields, respectively (Fig. 19) (Shuie et al., 1989).

A [18F]fluoropyridine-based maleimide reagent relat-

ed to 2-bromo-N-[3-(2-[18F]fluoropyridin-3-yloxy)propyl]

acetamide for protein labelling was developed by Dolle

(Fig. 20) (Dolle et al., 2003). The three step radiosyn-

thesis gave the 18F-labelled prosthetic group in 28%

radiochemical yield within 110 min including HPLC

purification. The compound was used in the 18F-labelling

an 8 kDa mini-protein.

The innovative approach employing oxime formation

by reaction of aminooxy groups with readily available

4-[18F]fluorobenzaldehyde as exemplified for peptide ra-

diolabellings (Poethko et al., 2003, 2004) was extended to

aminooxy-functionalized maleimides for sulfhydryl group

conjugation. In multi-step synthesis sequences a new het-

erobifunctional linker bearing an aldehyde-reactive ami-

nooxy group besides a thiol-reactive maleimide group was

prepared in overall yield of 18% (seven steps) or 29%

(five steps) (Toyokuni et al., 2003).

The 18F-labelled prosthetic group N-{4-[(4-[18F]fluoro-

benzylidene)aminooxy]butyl}-maleimide was synthesized

in a two step procedure involving preparation of 4-

[18F]fluorobenzaldehyde followed by oxime formation in

overall radiochemical yield of 35% within 60 min (Fig. 21).

Initial radiolabelling experiments were carried out with

thiol group-containing tripeptide glutathione and thio-

functionalized oligonucleotides in phosphate buffer

(pH 7.5) at room temperature. After 10 min, the corre-

sponding 18F-labelled oxime conjugates were obtained in

radiochemical yields up to 70%.

3.1.3 18F-labelling of peptides and proteins

via photochemical reactions

Conjugations of azides to biomacromolecules via photol-

ysis are frequently used techniques in biochemistry and

molecular biology for receptor-, enzyme-, or topological

labelling. The principle of such photochemical conjunc-

tion consists of the generation of highly reactive nitrene

intermediates by the treatment of azides with UV light,

and subsequent reaction of the nitrene intermediates with

amino groups abundant in biomacromolecules like pro-

teins. These very fast, non-specific reactions can be of

value for conjugation a radiolabelled compound to bio-

macromolecules. For this purpose several aryl azides were

labelled with the positron emitter 18F. Photolyses of the

azide functionality gives the corresponding singlet nitrene,

which immediately undergoes a rearrangement to form

an azacycloheptatrien intermediate. This Intermediate can

react with an amino group to form a 2-substituted 3H-

azepine attached to the biomacromolecule via an amidine

bound (Fig. 22) (Hashizume et al., 1995; Wester et al., 1996;

Lange et al., 2002).

The radiosyntheses of 18F-labelled arylazides 4-azido-

phenacyl-[18F]fluoride ([18F]APF) and 3-azido-5-nitro-

benzyl-[18F]fluoride ([18F]ANBF) as prosthetic groups for

photoconjugation of biomacromolecules were easily ac-

complished in a single-step reaction starting from the cor-

responding �-bromo ketone or benzyltosylate precursor,

respectively, in 50–70% radiochemical yields. [18F]APF

conjugated with several proteins, being human serum albu-

min, transferrin, immunoglobulin G and avidin in 25–30%

radiochemical yield. [18F]ANBF was photochemically

Fig. 19. N-(4-[18F]fluorophenyl)maleimide and m-maleimido-N-(4-

[18F]fluoro-benzyl)-benzamide

Fig. 18. Michael addition of maleimides with thiol group to form

thioethers

Fig. 20. [18F]fluoropyridine-based maleimide as prosthetic group

Fig. 21. Radiosynthesis of N-{4-[(4-[18F]fluoroben-

zylidene)aminooxy]butyl}-maleimide
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conjugated to an amine modified 15-base, single stranded,

DNA aptamer with up to 20% radiochemical yield. A

reaction route for the conjugation of thiol groups with

4-[18F]fluorobenzene-diazonium salts via 4-[18F]fluoro-

phenyldiazo sulfides and subsequent photolysis to form
18F-labeled S-aryl-cysteine and cysteine-containing pep-

tides was developed by Patt et al., 2002. A related ap-

proach has been utilized for substoichiometric aromatic

fluorinations by silver-ion mediated decomposition of aryl

diazo sulfides (Haroutounian et al., 1991).

4-[18F]fluorobenzenediazonium cation was prepared

in three steps starting from 1,4-dinitrobenzene in overall

radiochemical yield of 60%. The 4-[18F]fluorobenzene-

diazonium ion readily reacts with the thio group of

cysteine to give S-4-[18F]fluoro-phenyldiazocysteine, which

was photochemically converted into S-4-[18F]fluoro-

phenylcysteine and by irradiation with 366 nm light

(Fig. 23).

This method was further applied to the synthesis of S-4-

[18F]fluorophenyl-substituted tripeptide glutathione.

3.2 76Br- and 124I-labelled prosthetic groups

Studies of slow biochemical processes requires access to

longer-lived radionuclides than the conventional PET

radionuclides such as 11C, 13N, 15O and 18F. Thus, recent

advances in molecular tumour biology has prompted the

application of monoclonal antibodies and other highly

specific-binding biomacromolecues. This fact more and

more favours long-lived radioisotopes in tumour diagno-

sis and therapy, especially based on radioimmunotarget-

ing. The use of high affinity ligands labelled with long-

lived radionuclides would also allow more accurate stud-

ies of receptor sites. Late images of these compounds will

reflect the domination of receptor-bound radiotracers

rather than non-specific binding, which may be consider-

able when short-lived radionuclides are used.

The medium- and long-lived positron emitting radio-

halogens 76Br (t1=2¼ 16.2 h) and 124I (t1=2¼ 4.12 d) are

interesting candidates when slow biochemical kinetics

of brominated and iodinated compounds should be stud-

ied via positron emission tomography. Moreover, their

convenient half lives also allow transport to several other

research site (satellite concept). Many methods for their

production has been developed, but especially recent

advances in solid target technique using small biomedical

cyclotrons has significantly improved access to these

radionuclides (Beyer et al., 2000; Finn et al., 2003; Glaser

et al., 2003; McCarthy et al., 2001; Nickles et al., 2003;

Pagani et al., 1997; Qaim et al., 2003; Rowland et al.,

2003; Schlyer 2003).

The radiochemistry of bromine and iodine is very simi-

lar, and basic considerations of radiobromine and radio-

iodine chemistry has extensively been reviewed in the lit-

erature (Coenen et al., 1983; Maziere et al., 1986, 2001;

Seevers et al., 1982; Wilbur et al., 1992). In contrast to
18F, radiobromine and radioiodine can very readily in-

troduced directly into compounds via electrophilic sub-

stitution reaction by means of various chemical oxidising

agents such as H2O2, CH3CO3H, HOCl, chloamine T,

iodobead+ or iodogen+. The direct labelling of proteins

with electrophilic radioiodine and radiobromine can be

accomplished when highly activated aromatics such as

phenolic rings of tyrosine residues and imidazole rings

Fig. 22. Photolysis and consecutive rearrangement reactions for conju-

gation of [18F]APF and [18F]ANBF with biomacromolecules

Fig. 23. Photochemical conjuction of thiol groups with 4-[18F]fluorobenzene-diazonium ions
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of histidine are present. However, the oxidative conditions

in direct labelling may be too harsh and, therefore, may

cause substantial damage to the biomacromolecule, which

can result in a loss of biological activity. Thus, indirect

radiolabelling of biomacromolecules with 76Br and 124I

via small radiolabelled prosthetic groups would provide

much milder labelling conditions. For this purpose several

prosthetic groups were synthesized employing a halo-

destannylation as key step for the introduction of the

radiohalogens 76Br and 124I.

76Br-labelled prosthetic groups

Several 76Br-labelled prosthetic groups for conjugation to

peptides, oligonucleotides and antibodies have been de-

veloped (Fig. 24).

The prosthetic groups were prepared in a single radio-

labelling step using a bromodestannylation (Yngve et al.,

2001; H€ooglund et al., 2000, 2001; Sundin et al., 1999) or

bromodesilation reaction (Kuhnast et al., 2000b) with

an electrophilic radiobromine species. The use of polyhe-

dral boron anions as linkers for attachment of radio-

bromine to antibodies was reported recently (Winberg

et al., 2004; Bruskin et al., 2004). These compounds were

shown to form strong boron-bromine bond. Moreover, an

enzymatic debromination is very unlikely to occur due

to the unique chemical character of this endogeneous

compounds.

124I-labelled prosthetic groups

124I-labelled prosthetic groups were conjugated to antibod-

ies, the MDR probing compounds doxorubicin and dau-

norubicine, and Annexin-V (Glaser et al., 2002, 2003;

McGarry et al., 1988; Sosabowski et al., 1997). The prep-

aration of the 124I-labelled Bolton-Hunter reagent was

accomplished in 25–58% radiochemical yield by direct

radioiodination of N-succinimidyl-3-(4-hydroxyphenyl)-

propionate with [124I]NaI, which was oxidised with

iodogen+ (Fig. 25). Conjugation of [124I]SHPP with VG76e

succeeded in 17–28% labelling efficiency.

Another 124I-labelled prosthetic group ([124I]m-SIB)

was prepared via a radioiodo-destannylation reaction in

22% radiochemical yield (Fig. 26). After incubation of

[124I]m-SIB with Annexin-V, 14-25% of radiolabelled

annexin-V could be obtained after gel-filtration.

4 Summary and conclusion

In the last decades positron emission tomography (PET)

was mainly focused on applications in clinical and bio-

medical routine and research. PET was also shown to be a

valuable tool within the complex process of drug devel-

opment and evaluation. The extension of the PET meth-

odology to the field of food science as rather new field

of application opens novel and innovative ways for a

more precise and accurate benefit=risk evaluation of food

Fig. 26. Preparation of [124I]m-SIB and [124I]m-

IBA-annexin-V

Fig. 24. Structures of 76Br-labelled prosthetic groups

Fig. 25. Radiosynthesis of 124I-labelled Bolton-Hunter

reagent [124I]SHPP
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ingredients. The rapid implementation of food biotechnol-

ogy and specific modified food requires a precise assess-

ment of pharmacokinetics and pharmacodynamics of

bioactive food ingredients.

Bioactive food ingredients and other dietary agents may

comprise small molecules such as flavonoids and other

polyphenols, or biomacromolecules such as peptides or

proteins. Small molecules suggest isotopic labelling with
11C to provide PET radiotracers exhibiting the same chem-

ical and biochemical properties like their non-radioactive

counterparts. For that purpose, 11C–C bond forming reac-

tions are of particular value to introduce the radiolabel

into a defined position of a given molecule. The develop-

ment of novel radiochemical tools for 11C labelling has

made tremendous progress in the last years, and especially

transition metal-mediated reactions can now be used for

the mild and effective incorporation of an 11C label.

On the other hand, many compounds with relevance to

food chemistry comprise biomacromolecules, such as pep-

tides or proteins. Here, the radiolabelling should occur

under especially mild conditions compatible with the sen-

sitive nature of proteins and peptides. Consequently, sev-

eral prosthetic group approaches using positron-emitting

halogens will become more and more important. The use

of 18F as the most prominent positron-emitting halogen has

prompted the development of numerous prosthetic groups

capable of being linked to biomacromolecules. However,

[18F]SFB was shown to be one of the most suitable ones,

and automation of [18F]SFB synthesis will further promote

the application of this prosthetic group for effective protein

and peptide labelling under mild conditions. An extension

of the time window of the biological process to be studied

can be achieved when 76Br or 124I are used.

The availability of suitable radionuclides (11C, 18F, 76Br

and 124I) and radiolabelling techniques (11C–C bond

forming reactions, prosthetic groups) are important prereq-

uisites that will accelerate and assist PET to enter the

field of food science.
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