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Abstract 

 

 PET is an effective tool for imaging of biochemical processes within patients and is 

instrumental for quantitative imaging of the availability of opioid receptors in the central 

nervous system.  The opioid receptor system is involved in many important pathologic 

processes within the body such as processing of pain and immunological responses.  This 

master thesis contributes to the availability of PET tracers for the opioid receptor system by 

devising a 3-step, 2-pot automated method for synthesis of three 
18

F-labeled opioid receptor 

system PET tracers.  In addition to opioid receptor system PET tracers, this method can be 

used to label other PET tracers by [
18

F]fluoroalkylation. The three opioid receptor system 

tracers produced in this study: 6-O-[
18

F]Fluoroethyl-6-O-desmethyl-diprenorphine, 6-O-

[
18

F]Fluoroethyl-6-O-desmethyl-buprenorphine, and 6-O-[
18

F]Fluoroethyl-6-O-desmethyl-

phenylethylorvinol are synthesized by automation for the first time on the same automated 

module.  Automated production of the 3 structurally related opioid receptor system PET 

tracers allows for investigations of antagonist versus agonist properties previously impossible.  

Automation also allows for production of PET tracers under “Good Manufacturing Practice” 

(GMP) guidelines, decreases synthesis times, increases yields and quality, increases 

reproducibility, and increases the availability of PET tracers while lowering their cost of 

production.    

 

Abbreviations 
 

CT: Computed Tomography 

MRI: Magnetic Resonance Imaging 

PET: Positron Emission Tomography 

SPECT: Single Photon Emission Computed Tomography 

keV: kilo electron volt 

FDG: 2-Deoxy-2-fluoro-D-glucose 

TFA: Trifluoroacetic Acid 

K2.2.2: Kryptofix 

FEtTos: 2-Fluoroethyltosylate 

GMP: Good Manufacturing Practice 

GPCR: Guanine Nucleotide-binding Protein-coupled Receptor 

CNS: Central Nervous System 

GABA: γ-Aminobutyric Acid 

FDPN: 6-O-Fluoroethyl-6-O-desmethyl-diprenorphine 

FBPN: 6-O-Fluoroethyl-6-O-desmethyl-buprenorphine 

FPEO: 6-O-Fluoroethyl-6-O-desmethyl-phenylethylorvinol 

Bq: Becquerel (1 decay per second) 

HB-III: Hotbox 3 Module 

TBAH: Tetrabutylammonium Hydroxide 

DMF: N,N-Dimethylformamide 

PBS: Phosphate Buffered Saline 
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1 Introduction 

 

In order to study and understand diseases, disorders, and other functions in the body, 

new diagnostic tools and methods need to be developed.  In the past physicians needed to rely 

on visible symptoms to make their diagnoses.  When Wilhelm Conrad Röntgen discovered 

that x-rays could be used to create images of the bone structure in people, this began the 

modern age of medicine where physicians could non-invasively study what was happening 

inside their patients.  Later, with the development of other radiological techniques like 

ultrasound, computed tomography (CT), and structural magnetic resonance imaging (MRI), 

physicians had powerful tools for examining the physical anatomy of their patients.  But this 

still left the problem of trying to understand what was happening at the molecular level inside 

the body.  None of the aforementioned techniques can reveal the biochemistry and 

physiological functions in vivo. 

 

Two nuclear medicine imaging techniques can depict biochemical processes in living 

organisms.  They are positron emission tomography (PET) and single photon emission 

computed tomography (SPECT).  These techniques utilize tracers containing radioactive 

nuclides to give images of biochemical processes in patients.  SPECT and PET are important 

because it is possible to depict and quantify the biochemical effects of a disease, such as 

cancer, long before morphological changes can be detected by CT and MRI as currently 

established in clinical routine.  Because of this, it is possible to diagnose patients with 

diseases and neurological disorders before symptoms start to appear or are visible.  Examples 

of the advantages of an early treatment are higher survival rates from cancer or the slowing of 

the degenerative effects of neurological disorders.  Another advantage of a nuclear medicine 

imaging method is its high sensitivity, or ability, to detect the signal.  The average 

concentration of an administered tracer in human patients for PET is on the order of pico-

molar (10
-12

).  When other methods such as CT and MRI are used with contrast-enhancing 

agents, these agents are required at concentrations that are higher by several orders of 

magnitude. [1] 

 

One example of the unique properties of PET for quantitative imaging of biochemical 

processes is in vivo studies of the availability of opioid receptors in the central nervous 

system.  The opioid receptor system is involved in the processing of pain, immunological 

responses, neurophysiology, and other pathologic processes. [2]  The main purpose of the 

present study is to increase the availability of PET tracers for studies directed at quantification 

of the opioid receptors in vivo.  With an increased number of PET scans analyzing opioid 

receptors, the knowledge about the roles of this receptor system in pathophysiology can be 

improved greatly.  In more detail, this master thesis will contribute to the availability of PET 

tracers by devising an automated method for the production of opioid receptor tracers for use 

in PET.  
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2 Background 

 

2.1 Positron Emission Tomography 

 

 PET is a nuclear medicine biochemical imaging technique using tracers containing 

radioactive isotopes that emit positrons to develop images of biochemical functions in the 

body such as blood flow, metabolism, enzyme activity, neurotransmitter biochemistry, and 

receptor occupancy and density. [3]  A positron is the antimatter counterpart of an electron.  

When a positron and electron collide they annihilate each other giving off energy in the form 

of two gamma ray photons with energies of 511 keV.  These two photons travel at 180º from 

each other in opposite directions. 

 

 

Fig. 1.  Emission of a positron and annihilation emitting 511 keV photons at 180º. 

From http://gecommunity.gehealthcare.com/geCommunity/europe/nmpet/pet_education/physics.html 

 

In PET, a radiotracer containing a positron (β
+
) emitting radionuclide is administered 

in vivo to a patient and a given amount of time is allowed to pass to allow the tracer to enter 

the area of interest.  The patient is positioned inside a ring of scintillation detectors and when 

a positron from the radiotracer collides with an electron and annihilation occurs, the ring of 

scintillation detectors will detect the gamma photons traveling away from each other 

simultaneously on opposite sides of the ring.  Upon reconstruction, a three dimensional 

picture of the radionuclide distribution in the patient can be created with resolution of down to 

2 mm for clinical PET scanners. [4] 
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In SPECT, radiotracers containing gamma photon emitting radionuclides are 

administered to patients in the same manner as PET.  The physical difference between the two 

nuclear imaging techniques is that SPECT uses gamma detectors to aquire multiple two 

dimensional images at varying angles and an algorithm is applied in order to reconstruct three 

dimensional images.  Common isotopes for SPECT radiotracers include 
99m

Tc, 
111

In, and 
123

I.  

While SPECT has much lower costs than PET, PET has the advantages of higher resolution 

and sensitivity. [5]  In addition, PET is fully quantitative and depth-independent because of 

attenuation.  Photon attenuation refers to the property of emitted radiation to interact with 

tissue and other materials as it passes through the body. [5]  For photon energies encountered 

in nuclear medicine (141 keV for 
99m

Tc, 159 keV for 
123

I, and 511 keV for positron emitters), 

photons can undergo photoelectric interactions (though negligible at 511 keV) as well as 

scattering. [5]  Therefore attenuation correction is needed in order to correctly construct PET 

and SPECT images.  Attenuation correction is simpler in PET than SPECT because in PET, 

attenuation is independent of the point of origin of the emitted photons.  Whereas in SPECT, 

attenuation changes depending on the point of emission. [5]  

 

 

 
Fig. 2.  The process by which a PET scan is performed and analyzed. 

From http://themesotheliomalibrary.com/pet-scan.html 

 

The outcome of a PET scan depends on the properties of the tracer being used to 

provide insight into a particular biochemical process in patients.  Each individual tracer is able 

to provide different information depending on what it was developed to investigate.  

Individual tracers can be developed to study glucose metabolism, DNA replication, amino 

acid transport, hypoxia, and many other biochemical functions.  At current, the greatest 

challenges in PET research is the development of new and improved tracers for unique targets 
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for a definite diagnosis of a given disease, for planning and follow-up of therapy, as well as 

methods to speed up and increase the availability of PET tracers.  PET tracers are, in 

regulatory aspects, considered as drugs (radiopharmaceuticals) and development and approval 

of new drugs is a long and cost-intensive process.  PET images are quantitative; they are 

measurements of the concentration of the tracer in the area of study. [6]  PET is only limited 

by what tracers are currently available for a certain study and the ability to make the tracers 

that have already been developed.  The cost of PET is also prohibitory towards it being used 

more often as a diagnostic tool.  

 

This means, that in addition to new tracers needing to be developed, new and 

improved methods for faster and more reliable radiosynthesis of existing tracers for use in 

preclinical and clinical settings needs to be addressed to help in lowering costs of PET scans.  

Automation and simplification of PET tracer productions is the next logical step after a 

successful synthesis of a new tracer.  Automation allows for production of tracers in 

accordance with international pharmaceutical guidelines and gives several advantages, such as 

the use of lower amounts of materials (especially non-radioactive precursor, which can be 

expensive and difficult to obtain), easier and more efficient product purification, greater 

conservation of radioactive product and its specific activity, and reduced radiation exposure to 

radiochemists. [7]  Automation also allows for increased productions of PET tracers which in 

turn reduces costs and makes PET a viable and useful diagnostic method. 

 

In 1974 the first successful PET scanner for human studies was constructed at 

Washington University in the United States.  The group responsible was lead by Mike Phelps 

and Ed Hoffman.  Their scanner “PET III” was composed of 48 NaI(Tl) detectors put together 

in a hexagonal array.  The images of blood flow, oxygen, glucose metabolism and 
18

F bone 

scans from PET III were the first published human PET images. [8]  Current PET scanners 

have in the area of 120,000 detector elements compared to the 48 of PET III.  The first 

commercial PET scanner was developed in 1978 and delivered to the University of California, 

Los Angeles (UCLA).  Since the 1970’s, detector material has changed from NaI(Tl) to 

crystalline bismuth-germanate (BGO) and finally to today’s lutetium oxyorthosilicate (LSO). 

[8]  Since the beginning of PET, the fundamental design has not changed dramatically, the 

first scanners had detectors arranged in a hexagon and current scanners now use a ring.  Only 

the number of detector elements and materials has changed along with better algorithms and 

computers for analyzing the data collected. 

 

 Most of today’s PET scans are combined with CT in order to give both physiological 

and biochemical images.  PET-CT creates the possibility to fuse the visualization of physical 

anatomy and biochemical processes obtained from a single imaging session.  PET-CT was 

introduced into clinical practice in 2001 and has mostly replaced “PET-only” systems.  By 

mid-2008 there were over 3000 PET-CT systems in clinical operation worldwide. [9]  
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Development of combined PET-MRI scanners is under way and at the Jülich Institute of 

Neurosciences and Biophysics, a prototype combined PET-MRI scanner has been in operation 

since April 2009. [10]  Recently, the first commercially available whole-body PET-MRI 

hybrid camera was launched by Siemens AG. 

 

 

2.2 PET Isotopes 

 

 PET relies on the use of positron emitting radionuclides.  These radionuclides are 

produced in cyclotrons and some of the most commonly used are 
11

C, 
13

N, 
15

O, and 
18

F.  A 

cyclotron is a type of particle accelerator.  The first cyclotron was constructed by Ernest 

Lawrence in the 1930’s. [4]  The idea was to accelerate particles between two D-shaped 

magnets in order to produce progressively higher energy protons and deuterons that could 

then bombard elements to explore the nature of the atomic nucleus. 

 

 
Fig. 3.  Diagram of a cyclotron.   
From http://www2.slac.stanford.edu/vvc/accelerators/circular.html 

 

 

 Modern cyclotrons work in the same fashion as the first cyclotron.  When a high 

frequency alternating voltage is applied across the two D-shaped electrodes, they alternately 

attract and repel the charged particles (protons for example) that have been injected near the 

center of the magnetic field.  The charged particles only accelerate when passing through the 

gap between the electrodes. The magnetic field perpendicular to the D-shaped electrodes 

combined with the increasing energy of the charged particles forces the particles to travel in a 

spiral path.  The radius of the spiral path that the particles travel in will increase until the 

particles hit a target at the perimeter of the vacuum chamber. [4]  A cyclotron target and target 

containment (target body) vary in material and composition accordingly to what radionuclide 

needs to be produced. 



7 

 

 

 

Table 1. Common isotopes used for PET with their production routes and physical properties. 

Nuclide Half-life 

(min) 

Mode of 

Decay 

Target Production 

Route 

Product 

11
C 20.4 β

+ 
(99.8 %) N2(O2) 

14
N(p,α)

11
C 

11
CO, 

11
CO2 

13
N 10.0 β

+ 
(100 %) H2

16
O 

16
O(p,α)

13
N 

13
NO2

-
, 

13
NO3

- 

15
O 2.0 β

+ 
(99.9 %) N2(O2) 

14
N(d,n)

15
O [

15
O]O2 

18
F 109.7 β

+ 
(97 %) H2

18
O 

20
Ne 

[
18

O]O2 

18
O(p,n)

18
F 

20
Ne(d,α)

18
F 

18
O(p,n)

18
F 

18
F

-
aq 

[
18

F]F2 

[
18

F]F2 
64

Cu 762 β
+ 

(17.8 %) 
64

Ni 
64

Ni(p,n)
64

Cu 
64

Cu 

 

 

 For production of 
18

F, protons are accelerated in the cyclotron and collide with a target 

containing H2
18

O.  When a proton effects the desired nuclear reaction with 
18

O, a neutron is 

given off, resulting in the radionuclide 
18

F. [11]  Because of the short half-lives of PET 

nuclides, a cyclotron is preferably, or in practice necessary, in the immediate area of a PET 

scanner in order to conduct a thorough PET scan before the amount of radioactivity drops too 

low to be of use.  The exceptions are 
18

F and 
64

Cu, due to their longer half-lives.  
18

F and 
64

Cu 

can be produced by a cyclotron at a regional center and transported to satellite locations that 

have PET scanners. 

 

 
Fig. 4.  Production of 

18
F from the 

18
O(p,n)

18
F reaction. 

 

Another important PET radionuclide is 
68

Ga.  
68

Ga comes indirectly from cyclotron 

production.  
68

Ge is produced by  
69

Ga(p,2n)
68

Ge.  
68

Ge has a half-life of 270.82 days and 

decays into 
68

Ga.  
68

Ga has a half-life of 67.63 minutes with 89 % of it decaying by positron 

emission.  A 
68

Ga generator can be localized anywhere needed and be utilized for production.  

A 
68

Ga generator works by adsorbing 
68

Ge to a solid stationary phase, e.g. TiO2 and eluting 

the 
68

Ga decay product using hydrochloric acid. [6] 
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15
O is commonly used as a tracer for oxygen utilization in patients for perfusion/brain 

activation studies and 
13

N is used in ammonia tracers for myocardial perfusion studies.  The 

most commonly used nuclide at the moment is 
18

F.  
18

F is currently considered to be one of 

the most important radionuclides for use in PET.  It has many advantages over other 

commonly used radionuclides.  The chief advantage of 
18

F is its half-life of 109.7 minutes.  

This longer half-life enables the possibility of multi-step radiosyntheses along with the 

advantage of not needing an on-site cyclotron in order to procure it.  
18

F also has a low 

positron energy of 635 keV which gives better resolution in PET images. [11]  In comparison, 
11

C has a positron energy of 1000 keV, 
13

N has 1200 keV, and 
15

O has 1700 keV.  There has 

been a large push in recent years for using 
18

F-labeled tracers instead of 
11

C-labeled tracers 

because of these advantages of 
18

F over 
11

C.  Even though only authentic, or “true” exact 

radiotracers can be produced with 
11

C, it has been shown that 
18

F-labeled “pseudo” tracers 

like [
18

F]FDG are readily accepted by the body and just as efficient as their 
11

C counterparts.  

The conversion of 
11

C-labeled tracers into their respective 
18

F-labeled derivatives increases 

the availability of PET tracers while preserving their biological activity when compared to 

their endogenously occuring counterparts. [12]  This is why it is so important to develop new 

methods for introduction of 
18

F to tracers in a fast and efficient method and is the main 

purpose of this study. 

 

Of 
18

F-labeled tracers, the most widely used for clinical oncology studies is fluoro-

desoxy-glucose (FDG).  More than 95 % of molecular imaging procedures make use of 

[
18

F]FDG at present. [6]  [
18

F]FDG is a glucose molecule in which one hydroxyl group has 

been exchanged for an 
18

F atom.  [
18

F]FDG is incorporated into cells via the same pathway as 

glucose and its distribution within the body depicts the distribution of normal glucose.  Using 

this principle, many cancers can be detected in PET scans with [
18

F]FDG by imaging where 

abnormally large amounts of glucose congregate in the body.  Tumors show up on PET-FDG 

scans as “hot spots” among areas of low background glucose distribution. [6]  [
18

F]FDG is the 

most used tracer because automated production of it is well defined and it is therefore readily 

available for medical imaging.  This is another reason for developing automated syntheses of 

other PET tracers, increasing their availability will remove reliance on only a handfull of 

current radiotracers used for clinical applications. 

 

Another important advantage of fluorine is that as an element, it is rarer in nature than 

other common elements used for PET nuclides.  Carbon, nitrogen, and oxygen are all more 

common in nature than fluorine and make contamination of radiotracers during synthesis by 

naturally occurring isotopes a constant challenge.  Therefore it is possible to synthesize 
18

F-

labeled tracers with a higher specific activity than other PET radionuclides. [13]  Specific 

activity is the ratio of activity to the total mass of the element including radioactive and stable 

isotopes. [14]  While it is theoretically possible to have higher specific activity for 

radionuclides with shorter half-lives, (the amount of activity is proportional to the number of 

radioactive atoms which is dependent on half-life) large sources of contamination for 
11

C with 
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other isotopes of carbon make this impossible.  High specific activity is very important for 

opioid receptor PET imaging because of the extremely high potency of opioid compounds.     

 

   
 

 
        

   

  
  

   

Equations 1 and 2.  Specific Activity (As) as it relates to mass and half-life. 

 

 

2.3 Fluorine Chemistry 

 

In cyclotron productions of 
18

F, the most frequently used nuclear reaction is 
18

O(p,n)
18

F.   There are two main routes to produce 
18

F-labeled radiotracers, these are by 

using either nucleophilic [
18

F]fluoride or electrophilic [
18

F]F2.  Nucleophilic [
18

F]fluoride has 

a much higher specific activity compared to [
18

F]F2.  This is because non-radioactive fluorine 

gas often has to be used to flush the walls of the target inside the cyclotron in order to release 

the trapped 
18

F which leads to the situation that only one of the F2 fluorine atoms is 

radioactive.  Fluorine is commonly used as a substitute for either a hydrogen or hydroxyl 

group on a radiotracer.  Because of its small size, fluorine causes only small negligible sterical 

changes in the radiotracer compared to its biological, endogenous counterpart. [13] 

 

Electrophilic [
18

F]F2 is used for the labeling of electron rich aromatics and alkenes.  

The problem with direct fluorination by [
18

F]F2 is that it gives no regio- or stereoselectivity.  

In synthesis of [
18

F]FDG with direct fluorination of 3,4,6-tri-O-acetyl-D-glucal by [
18

F]F2 the 

resulting products were 2-[
18

F]fluoro-2-deoxy-D-glucose ([
18

F]FDG) and 2-[
18

F]fluoro-2-

deoxy-D-mannose ([
18

F]FDM).  Selectivity can be increased by use of an acidic solvent such 

as trifluoroacetic acid (TFA) or by using protective groups to block unwanted binding sites. 

[11] 

 

The most selective method for electrophilic introduction of 
18

F is by 

fluorodemetallation.  This is accomplished by aromatic substitution of a metal containing 

leaving group with [
18

F]F2.  Tin (Sn) and mercury (Hg) are used regularly for 

fluorodemetallation reactions. [11] 
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The majority of fluorination reactions for radiosynthesis of PET radiotracers are based 

on nucleophilic reactions.  Nucleophilic [
18

F]fluoride is used in aromatic and aliphatic 

substitution reactions from direct fluorination or via secondary radiolabeling precursors.  

There are some difficulties in dealing with aqueous fluoride.  When contained in water, 

[
18

F]fluoride is not reactive for nucleophilic substitution reactions due to its high charge 

density and must be made more reactive through use of phase transfer catalysts.  Also, 

aqueous fluoride is a strong base and is easily protonated to give hydrofluoric acid (HF).  

Therefore, polar aprotic solvents that are anhydrous and have high purity are used in 

preparation of 
18

F-radiolabeled tracers using nucleophilic reactions.  To increase reactivity of 

fluoride ions, kryptate complexes are used to prevent cations from forming polar bonds with 

fluoride, thereby isolating the fluoride ion and making it reactive enough for radiolabeling. In 

addition to kryptate complexes, other phase transfer catalysts for increasing reactivity of 

fluoride anions are tetraalkylammonium carbonates. [11]   

 

 
Fig. 5.  Kryptofix complexes K

+
 ions creating a “naked” and highly reactive 

18
F

-
 ion 

 

For direct fluorination reactions, a precursor for radiolabeling with [
18

F]fluoride 

should not contain acidic protons and should have a good leaving group such as tosylate, 

triflate, nosylate, mesylate, iodide, or bromide and also contain hydrogen atoms capable of 

forming hydrogen bonds with fluoride such as thiols, hydroxyls, and secondary amines.  

When labeling aromatics, an electron withdrawing group, e.g. NO2 and CN, should be in the 

ortho- position relative to the leaving group. [11] 

 

 
Fig. 6.  Direct labeling of Tosyl-Fallypride, a tracer for post-synaptic dopamine D2 receptors,  

with [
18

F]fluoride to create [
18

F]Fallypride 
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When the precursor for labeling with [
18

F]fluoride is complex, especially when 

nucleophilic functions or acidic protons are present (peptides and proteins) it is, in general, 

necessary to label via a secondary prosthetic group.  Other situations where labeling via a 

prosthetic group are encountered is when there is significant reduction of biological activity of 

the radiotracer by direct fluorination or when stability of the direct labeled radiotracer is 

reduced.  These prosthetic groups are small and simple molecules that are capable of 

introducing [
18

F]fluoride to the precursor without causing major changes to the lipophilicity 

or reactivity of the radiotracer versus the biological molecule it is mimicking. Prosthetic 

groups should be able to carry and stabilize the 
18

F radionuclide, be able to allow for labeling 

with [
18

F]fluoride, and allow for subsequent labeling to the precursor afterwards.  Commonly 

used secondary prosthetic groups include 2-[
18

F]fluoroethyltosylate ([
18

F]FEtTos) and 1-

bromo-2[
18

F]fluoroethane. [12] 

 

 

Br
18FBr

Br

Br
ONos

18F-

 
TosO

18F
n

18F-

TosO
OTos
n  

Fig. 7.  Production routes for creation of 
18

F-labeled prosthetic groups. 

 

  

There is now a move in PET chemistry to automate radiotracer productions because of 

sharpened pharmaceutical regulations enacted in 2003 for production of radiotracers intended 

for clinical application. [15]  There are many benefits of automated radiolabeling.  First and 

foremost, automation limits the exposure of radiation to radiochemists producing radiotracers.  

Instead of doing the chemistry by hand, radiochemists can prepare an automated system that 

is well shielded and thereby effectively reduce the doses of radiation that they would normally 

receive.  This is especially useful when frequent productions are required on a regular basis.  

Automated syntheses also increase the reproducibility of radiolabeling reactions.  There is a 

much larger margin of error when radiolabeling by hand.  Automated systems also allow for 

rapid adjustment for changing clinical demands and improved adjustment of reaction 

parameters which often lead to improved yields and higher specific activities.  In addition, 

when a radiolabeling reaction is automated, it can be performed by technical personnel that do 

not need the same level of training and education as that of a radiochemist and thereby lower 

production costs of laboratories producing radiotracers.  Automation often leads to 

simplification of processes and this study will show how, at the outset, a complicated but well 

established radiosynthesis can be improved and simplified by automation. 
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2.4 Good Manufacturing Practice for Radiopharmaceuticals 

 

An automated system for producing radiotracers also gives the ability to conform to 

“good manufacturing practice” (GMP) standards.  Radiotracers are considered to be 

pharmaceuticals and therefore radiotracers to be used for human patients must follow GMP 

criteria.  Automation is therefore absolutely necessary for production of radiotracers and 

automated synthesis modules are mandatory for the progression of PET as a field of study.  

GMP is a system of guidelines covering the manufacture and testing of pharmaceutical 

ingredients and products as well as devices for medical use.  Most countries have legislated 

that pharmaceutical and medical companies must follow GMP procedures.  GMP procedures 

vary slightly from country to country but for the most part follow the same basic principles.  

These basic principles are outlined below: [15] 

 

 

 Manufacturing processes are clearly defined and controlled. All critical processes are 

validated to ensure consistency and compliance with specifications. 

 Manufacturing processes are controlled, and any changes to the process are evaluated 

and recorded.  Changes that have an impact on the quality of the drug must be 

validated as necessary. 

 Instructions and procedures must be written in clear and unambiguous language. 

 Operators are trained to carry out and document procedures. 

 Records are made, manually or by instruments, during manufacture that demonstrate 

that all of the steps required by defined procedures and instructions were in fact taken 

and that the quantity and quality of the drug were as anticipated. Deviations are 

investigated and recorded. 

 Records of manufacture (including distribution) that enable the complete history of a 

batch to be traced are retained in a comprehensible and accessible form. 

 Distribution of the drugs minimizes any risk to their quality. 

 A system must be available for recalling any batch of drug from sale or supply. 

 Complaints about marketed drugs are required to be examined, the causes of quality 

defects investigated, and appropriate measures taken with respect to the defective 

drugs and to prevent recurrence. 
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Production of radiotracers under GMP guidelines would definitely not be possible 

without an automated process.  There are two basic types of commercially available automatic 

systems for producing radiotracers.  These two systems are either stationary, or cassette-

based.  Cassette-based automated systems are based on all reagents and chemistry occurring 

on a single cassette that is removed and replaced after every synthesis.  These systems have 

the advantages of no cleaning being required and are easy to operate (only the cassette needs 

to be set into place and press play), but are more expensive than stationary systems.  

Stationary systems offer the advantages of lower costs per production than cassette-based 

systems; they have flexible options for tubing, and are open for modifications to synthesize 

various related 
18

F-labeled radiotracers.  This study utilized a stationary system for synthesis 

of three separate opioid receptor system tracers for evaluation because a stationary system had 

the most flexibility for development of the radiotracers.  It was necessary to test many 

different parameters and conditions in order to develop an optimal automated process that a 

cassette-based system would not allow. 

 

 

 

2.5 Imaging Opioid Receptors 

 

 

Opioids are chemicals that work by binding to the opioid receptors that are mainly in 

the central nervous system of the body.  Opioids are known to cause decreased perception of 

pain, decreased reaction to pain and will increase the body’s tolerance to pain. [16]  Some of 

the most well known opioids include heroin, morphine, and codeine and use of opioids often 

leads to the development of physical and psychologial addiction. 

 

 

Opioid receptors are a class of guanine nucleotide-binding protein-coupled receptors 

(GPCR).  Opioid receptor binding sites were first shown to exist in mammalian brain tissue in 

1973 by using radioligand-binding assays on isolated brain tissue.  Since the initial discovery 

of opioid receptors, four sub-types of opioid receptors have been classified.  The three sub-

types most commonly studied are the mu, kappa, and delta opioid receptors.  Opioid receptors 

are distributed widely throughout the central nervous system and in the peripheral sensory and 

autonomic nerves.  Opioid receptors are involved in many mechanisms within the central 

nervous system.  Some of the processes that opioid receptor-mediated signaling are involved 
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in are pain and analgesia, stress and social status, tolerance and dependence, learning and 

memory, eating and drinking, alcohol and drugs of abuse, CNS development and 

endocrinology, mental illness and mood, seizures and neurological disorders, electrical 

activity and neurophysiology, general activity and locomotion, gastrointestinal, renal, and 

hepatic functions, cardiovascular responses, respiration and thermoregulation, and 

immunological responses. [2] 

 

 

 

 Opioid receptors are heterotrimeric GPCRs and are signal transducers located on the 

cell surface plasma membrane and they are involved in the intracellular signaling pathways 

from this position.  Opioids themselves have predominately inhibitory effects on cells in the 

central nervous system.  Opioids act as co-transmitters modulating the effect of fast-acting 

neurotransmitters and it has been observed that opioids act indirectly to excite neurons 

through a presynaptic inhibition of GABA release. [2]  Opioids also cause direct excitatory 

actions such as increased firing of action potentials and increases in intracellular calcium 

concentrations.  In general, antagonists selective for mu or delta opioid receptors are analgesic 

and rewarding while kappa selective antagonists produce aversive effects like dysphoria and 

hallucinations. [17] 

 

 

 

Developing and producing PET tracers for imaging opioid receptors aid in the 

understanding of the molecular mechanism underlying addiction, and has the potential to be 

implemented in studies of patients addicted to heroin and other opioid drugs of abuse.  

Further, imaging opioid receptors with PET can also be useful to understand how the 

peripheral and central nervous system processes pain. 

 

 

Current PET tracers for study of opioid receptors include 
18

F and 
11

C-labeled versions 

of diprenorphine, [
11

C]buprenorphine, [
11

C]carfentanil, [
11

C]PEO and [
11

C]naltrindole. [14]  

There are several current challenges with PET tracers for opioid receptor studies.  1) Specific 

activity must be very high for opioid tracers that have agonist properties at the opioid 

receptors to avoid pharmacological effects from the tracer. [18]  2) As mentioned earlier, with 
11

C tracers it is more difficult to practically apply the preparation in a high specific activity 

due to the short half-life of the radionuclide.  3) The majority of current PET tracers are based 

upon non-automated systems made for production of opioid receptor PET tracers that are not 

readily transferred to conditions that comply to GMP. 
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Taken together, the field of opioid receptor imaging with PET would benefit from the 

development of an automated production of 
18

F-labeled opioid tracers.  The tracers could be 

made under GMP guidelines, produced at one location and sent to several different satellite 

locations due to the longer half-life of the 
18

F and the fact that 
18

F-labeled opioid tracers can 

be produced with high specific activities necessary to successful PET opioid imaging studies.  

Also, 
18

F-labeled opioid tracers allow for extended scanning periods for PET studies and 

facilitate the conduction of dynamic displacement studies where the availability of opioid 

receptors at baseline and after stimulus is determined from a single imaging session. 

 

 

The sole opioid tracer that has had both 
11

C and 
18

F-labeled versions of it produced is 

diprenorphine.  Diprenorphine was first used as a non-selective opioid tracer antagonist in 

1987 as [
11

C]DPN and is one of the most widely applied PET tracers for opioid studies. [18]  

It is produced by the [
11

C]methylation of 3-O-trityl-6-O-desmethyldiprenorphine (TDDPN).   

 

 

Currently, 
18

F-labeled diprenorphine, 6-O-(2-[
18

F]fluoroethyl)-6-O-

desmethyldiprenorphine, ([
18

F]FDPN) is produced by the 3-step reaction consisting of 
18

F-

fluorination of ethylene ditosylate, 
18

F-fluoroethylation of 3-O-trityl-6-O-desmethyl-

diprenorphine (TDDPN), and finally acidic deprotection of the product [
18

F]FDPN.  After the 

first fluorination of ethylene ditosylate, the reaction mix is injected into a preparative HPLC 

system to separate the [
18

F]fluoroethyltosylate product from its ethylene ditosylate precursor.  

Then, after labeling TDDPN with [
18

F]fluoroethyltosylate and deprotecting the product, the 

solution must be added to a sample enrichment column, washed, and then eluted in the reverse 

direction onto a semi-preparative HPLC column and separated and purified a second time. 

[19]  This process is very tedious to do by hand and this is why an automated synthesis 

module for production of [
18

F]FDPN is needed.  In addition to [
18

F]FDPN, two new 
18

F-

labeled tracers will be synthesized using this new and simpler automated process for 

production of 
18

F-labeled tracers that have only been labeled with 
11

C before.  These two new 

tracers are 6-O-(2-[
18

F]fluoroethyl)-6-O-desmethylbuprenorphine ([
18

F]FBPN) and 6-O-(2-

[
18

F]fluoroethyl)-6-O-desmethyl-phenylethylorvinol ([
18

F]FPEO).  The ability to produce 

these three structurally matched PET tracers for the opioid system allows for comparative 

studies of opioid receptor occupancy that have so far not been possible. [20]  An advantage of 

[
18

F]FDPN over [
11

C]DPN is that due to the longer half-life, [
18

F]FDPN shows better signal 

intensity and gives a better signal to noise ratio in a PET scan. [21]  Possibly, the two other 
18

F-labeled opioid tracers will show the same effect after evaluation. 
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Fig. 8.  Three PET tracers for study of the opioid receptor system synthesized by the automated 

fluoroalkylation module. 
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3 Methods 

 

3.1 Chemistry 

 

 Synthesis of [
18

F]FDPN is illustrated in Figure 9.  In the identified preferred condition, 

7.5 mg of ethylene ditosylate dissolved in 1 mL of acetonitrile (10 ppm H2O) (1) is added to 

dried and reactive [
18

F]fluoride and allowed to react for 5 minutes at 75 ºC to create 

[
18

F]FEtTos (2).  Immediately following the end of the first labeling reaction, the [
18

F]FEtTos 

reaction mixture is cooled to under 40 ºC and 1 mL of 0.02 M acetic acid is added.  The 

[
18

F]FEtTos reaction mixture is then fixated onto two C18 plus cartridges, rinsed with 10 mL 

of H2O, and eluted with 35 % methanol in water collecting only the first two-thirds of the 

[
18

F]FEtTos product fraction onto a strata-x column.  The strata-x column is rinsed with 5 mL 

of H2O and dried with a constant argon flush for 20 minutes while heated to 50 ºC.   

[
18

F]FEtTos is eluted from the strata-x column with 250 µL of dry DMF into a vial containing 

150 µL of dry DMF containing 2 mg of pre-activated TDDPN precursor.  TDDPN is activated 

with 5 mg of NaH and the NaH is removed by centrifugation and decanting prior to addition 

to the reaction vial.  TDDPN reacts with [
18

F]FEtTos for 10 minutes at 100 ºC to create 

protected [
18

F]FDPN (3).  After the final labeling reaction, the solution is cooled to 40 ºC and 

500 µL of 2 M HCl in ethanol is added and allowed to react for 5 minutes in order to remove 

the trityl protecting group to produce the final [
18

F]FDPN tracer (4) and 525 µL of 2 M NH3 is 

added to bring the solution to a pH of 8.  [
18

F]FDPN is purified by preparative HPLC using a 

mobile phase of 35 % acetonitrile and 65 % 0.1 M ammonium formiate, a flow rate of 5 mL 

per minute, and a Chromolith RP-18e HPLC Column (100 mm length by 10 mm inner 

diameter).  The separated [
18

F]FDPN product fraction recovered from preparative HPLC is 

diluted with 10 mL of water and fixated onto a C18 light cartridge and rinsed with 10 mL of 

water.  [
18

F]FDPN is eluted with ethanol, and the collected product fraction is diluted with 

PBS buffer to a volume bringing ethanol content to 5 % of the total volume.  Afterwards, the 

formulated product is filtered through a sterile 0.22 µm PVDF filter and delivered to the PET 

scanner for analysis.  [
18

F]FBPN and [
18

F]FPEO are prepared by the same process, only using 

their own respective precursors 3-O-Trityl-6-O-desmethyl-buprenorphine (TDBPN) and 3-O-

Trityl-6-O-desmethyl-phenylethyl orvinol (TDPEO). 
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Fig. 9. Synthesis of [

18
F]FDPN.  (I) 7.5mg of Ethylene Ditosylate (1) is added to 

18
F

-
/K2.2.2/CO3

2-
 after 

azeotropic drying with CH3CN to create [
18

F]FEtTos (2).  (II) [
18

F]FEtTos is purified, rinsed, eluted 

and concentrated on a 30 mg strata-x column.  [
18

F]FEtTos is eluted again with DMF into a vial 

containing TDDPN creating protected [
18

F]FDPN (3).  (III) The trityl group is removed to yield 

[
18

F]FDPN by addition of 2 M HCl in ethanol to create [
18

F]FDPN (4) and subsequently brought to a 

pH of 8 with 2 M NH3, in preparation for preparative radio-HPLC. 

 

 

 

 Synthesis of [
18

F]FDPN is a multi-step reaction that needed to be optimized in order 

for [
18

F]FDPN to be produced with the highest possible yield and quality necessary for PET 

applications.  The first step was determining the optimal amount of ethylene ditosylate 

precursor and temperature for producing [
18

F]FEtTos.  Ethylene ditosylate was chosen as the 

precursor because it has been shown that when producing tracers with high specific activity, 

better labeling yields were obtained with tosylates compared to that of halides such as 

bromide or iodide as leaving groups. [22] 
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Fig. 10.  Radio-TLC comparison of product distribution in the reaction solution as a function of the 

amount of ethylene ditosylate precursor used to produce [
18

F]FEtTos.  [
18

F]fluoride was reacted with 

ethylene ditosylate for 10 minutes at 90 ºC for all 3 reactions.  (1) When using 5 mg of ethylene 

ditosylate, a radiolabeled side-product is observed and indicated by the arrow. (2) When 7.5 mg is 

used, less side-product is observed. (3) No side-product is observed when using 10 mg of ethylene 

ditosylate.  Free [
18

F]fluoride is shown in green and [
18

F]FEtTos is shown in pink. [
18

F]FEtTos 

production was confirmed by coelution with cold FEtTos standard using HPLC. 

 

 

 

 It was experimentally determined that 7.5 mg of ethylene ditosylate precursor should 

be used for the first labeling reaction with dried and reactive [
18

F]fluoride.  The reasoning for 

this is that the least amount of ethylene ditosylate precursor that allows for labeling should be 

used, because after the labeling reaction is complete, the precursor must be removed from the 

reaction to increase the quality of the final opioid PET tracer.  Therefore 10 mg was an 

unnecessary amount of precursor and 5 mg allowed for the creation of too much of a radio-

labeled side-product as shown in Figure 10.  7.5 mg of precursor was therefore the best 

alternative as it limited the amount of excess precursor and significantly reduced the amount 

of radio-labeled side-product forming during the labeling reaction as shown in Figure 10. 
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 The second parameter that needed to be determined was which temperature allowed 

for optimal labeling of ethylene ditosylate with [
18

F]fluoride in the shortest possible time.  It 

was shown that the labeling reaction was complete after 5 minutes at 75 ºC whereas labeling 

at 50 ºC took 10 minutes to complete labeling as shown on Table 2.   

 

 

Table 2.  The effect of  temperature and time on the labeling reaction of 7.5 mg ethylene 

ditosylate and  [
18

F]fluoride
 
to create [

18
F]FEtTos shown in % radio chemical yield. (N = 1) 

Temperature RCY (%) at 5 min RCY (%) at 10 min RCY (%) at 15 min 

50 73 94 94 

75 95 97 97 

100 76 73 77 

  

 

 

 

 
Fig. 11.  Radio-TLC analyses of solutions containing [

18
F]FEtTos from labeling of 7.5 mg ethylene 

ditosylate with [
18

F]fluoride at 75 ºC for (1) 5 min., (2) 10 min., and (3) 15 min.  Free [
18

F]fluoride is 

shown in green and labeled [
18

F]FEtTos is pink.  [
18

F]FEtTos production was confirmed by coelution 

with cold FEtTos standard using HPLC. 
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 Production of [
18

F]FEtTos from labeling ethylene ditosylate with dry and reactive 

[
18

F]fluoride did not give 100 % conversion of [
18

F]fluoride to [
18

F]FEtTos.  This was because 

ethylene ditosylate is reactive with humidity in the air and decomposes when stored for long 

periods of time.  Reaction yields for [
18

F]FEtTos during initial experiments peaked at about 

75 %; this was due to decomposition of ethylene ditosylate as measured by HPLC.  So a 

method for making higher quality ethylene ditosylate was used.  Once ethylene ditosylate was 

purified, reaction yields increased up to 97 %.  500 mg of ethylene ditosylate was purified by 

adding it to 20 mL of ethanol and heating until all of the ethylene distosylate was dissolved.  

Then the ethanol was allowed to cool at 4 ºC until crystals formed.  These crystals were 

filtered off, collected, and put into a dry desiccator under reduced pressure to dry for a couple 

of days.  The purified ethylene ditosylate crystals were then stored in a vial in an argon 

atmosphere to avoid decomposition. 

 

Another parameter that needed to be optimized was what ratio of methanol to water 

was the best for C18 purification of [
18

F]FEtTos on the two C18 plus cartridges.  Two C18 

plus cartridges were chosen to be used because one cartridge was not enough to retain the 

amount of [
18

F]FEtTos reaction mixture.  With only one cartridge some of the reaction 

mixture passed completely through.  This outcome could be visually seen during the loading 

process when using two C18 plus cartridges.  The reaction mixture had a dark yellow color 

that could be seen to load onto the first cartridge and onto about the first 20 % of the length of 

the second C18 plus cartridge.   
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Fig. 12.  The effect of methanol concentration on the resolution between FEtTos and ethylene 

ditosylate on a C18 reversed phase µ-Bondapak HPLC column with 300 mm length and 4 mm inner 

diameter , flow rate of 1.5 mL/min. (N = 1).  Resolution was determined by using Equation 3. 

 

 

   
     

 
      

    
 

 

Equation 3.  Determination of chromatographic resolution between two peaks.  t2 and t1 are 

retention times of the two peaks and tw1 and tw2 are the peak widths. 

 

 

35 % methanol in water was chosen because of its ability to give good resolution 

between FEtTos and ethylene ditosylate.  35 % methanol in water was also chosen because its 

elution strength gave a favorable retention time of FEtTos on a reversed phase C18 matrix 

versus maximum resolution of separation between FEtTos and ethylene ditosylate.  
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Decreasing the methanol concentration to 30 % increased the peak width and retention time of 

FEtTos by a large amount without significantly increasing the resolution between FEtTos and 

ethylene ditosylate. 

 

 

 
Fig. 13.  The effect of methanol concentration on retention times of FEtTos and ethylene ditosylate on 

a C18 reversed phase µ-Bondapak HPLC column with 300 mm length and 4 mm inner diameter, flow 

rate of 1.5 mL/min. (N = 1) 
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3.2 Instrumentation 

 

 
Fig. 14.  Schematic of a Scintomics Hotbox III module without tubing. 

From http://www.scintomics.com/en/production/hb-iii/index.html 

 

 

 

 In order to produce 
18

F-labeled radiotracers by automation, a module platform was 

needed.  A Scintomics Hotbox III (HB-III) was the platform chosen to build the automated 

module.  HB-III is an automated synthesis platform that allows automation of procedures for 

radiolabeling, isotope purification, routine tracer production and other radiopharmaceutical 

processes. The module can consist of many integrated components, such as sensors, valves, 

regulators, heaters, glassware, coverings, and HPLC equipment. [23]  The HB-III used to 

build the automated module for radiolabeling opioid receptor PET tracers consists of 36 

valves, 2 vials with heaters, a gas pressure regulator, a 9-port dispenser, and a fully integrated 

HPLC.  Additional equipment that did not come from the original HB-III that has been added 

include a vacuum pump and gas flowmeter.  All of this hardware is connected and controlled 

by computer software.  The control software of the HB-III is shown on figure 15. 
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Fig. 15.  Control Software of a Scintomics Hotbox III module. 

 

 

 The valves are connected by tubing in a manner decided by the user so that reagents 

can be transported by whatever means deemed best by the user.  Using the software, the user 

can then create an automated program for production of the desired radiotracer.  In this study, 

the module was used to produce a three-step, two-pot radiofluorination of 3 radiotracers for 

opioid receptors. 

 

 The HB-III “Control Center” software is a comprehensive control software program 

allowing for control of several simultaneous processes monitored in real-time through 

animated objects, digital displays of control parameters, input signals and status information. 

Control Center allows the control and regulation of pressure valves, heating zones, pumps, 

dispenser, stirrers, and 18 input channels that can be monitored, recorded, or used for 

threshold value based controlling. [23] 
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 The first step towards automation was to develop a module for drying [
18

F]fluoride so 

that it was reactive and ready to label for one-step reactions. 

 

3.3 Version 1 of the Automated Synthesis Module 

 
Fig. 16.  Schematic for automated drying and transfer of [

18
F]fluoride. 

 

 

 In the original setup, 4 % tetrabutylammonium hydroxide (TBAH) in water was used 

instead of kryptofix and potassium carbonate for drying and making [
18

F]fluoride reactive.  

[
18

F]fluoride produced from a cyclotron was manually fixated on an anion exchange column 

(QMA silica light cartridge preconditioned with 5 mL of 1 M NaOH and then 10 mL of H2O).  

The QMA cartridge was rinsed with water by using underpressure from the dispenser to 

transfer water from the water reservoir into the R1 reservoir.  Once R1 was filled, valve 5 

would switch and overpressure from the dispenser would push the water rinse through the 

QMA cartridge and into the waste.  Then valve 5 would switch back to its original position 

and valve 7 would switch to the TBAH reservoir.  The same process would be repeated with 
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TBAH as with the water rinse but valve 9 would switch to allow the aqueous [
18

F]fluoride to 

be stripped from the QMA cartridge by the TBAH solution and into the reactor vial.  Since 

TBAH was diluted in water, some acetonitrile was needed to begin the azeotropic drying 

steps.  Acetonitrile was taken from the first reservoir by the same process as before and into 

the R1 reservoir and passed through the QMA cartridge and into the reactor vial.  In addition 

to adding acetonitrile into the reactor for azeotropic drying this step also helped by rinsing the 

tubing clean of any leftover TBAH solution and water residue left behind in the tubing from 

the previous steps. 

 

 The first azeotropic drying step began by heating the reactor vial to 90 ºC and 

evaporating all of the solution inside the reactor vial.  The boiling process was accelerated by 

performing the boiling process under a vacuum of 200 mbar and allowing argon gas at a low 

pressure coming from the argon tank through valve 8 and into the reactor vial.  Passing argon 

through the tubing from valve 8 also had the added affect of drying the tubing and pushing 

any residual solvent left in the tubing into the reactor so that no water could be left in the 

tubing to further disrupt the drying process of the [
18

F]fluoride solution.  Once all of the 

solution was evaporated, valve 1 was switched to allow argon to fill the reactor vial while 

valve 2 was closed (to keep air from coming into the reactor vial) until there was overpressure 

inside the reactor vial and then the exhaust valve 2 was opened to allow the gas out and keep 

air from coming inside the reactor vial. 

 

 The next drying step was performed by taking very dry acetonitrile (~10 ppm H2O), 

and transferring it into the R2 reservoir by underpressure and then using overpressure to push 

it into the reactor vial via valves 12 and 11.  Valve 10 was needed to block the possibility of 

acetonitrile returning to the reservoir since the R2 reservoir was higher than the acetonitrile 

bottle and gravity would force the solvent back to the acetonitrile bottle while waiting to 

transfer it to the reaction vial.  Having this safeguard was important so that any acetonitrile 

that had left the dry bottle would not return once it had left and possibly contaminate the dry 

acetonitrile.  The same evaporation process under vacuum and argon flush as described before 

was performed and the whole acetonitrile addition and evaporation process was repeated two 

more times with the dry acetonitrile.  Finally, dry acetonitrile was added a last time to 

dissolve the dried and reactive [K
+
2.2.2]

18
F

-
/CO3

2- 
or

  


18
FTBAF reaction mixture originally 

eluted from the QMA cartridge. Then the reaction mixture was transferred to the R3 reservoir 

and passed to the second reactor containing mannose triflate precursor.  Checking to see if 

mannose triflate could be labeled with [
18

F]fluoride was the first test to see if the automated 

drying process worked or not.  Mannose triflate labeling was successful, so it was decided to 

continue to the next steps in adding to the automated process and to fix problems encountered 

and make the module more efficient. 
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 The main problems observed with the original setup was that TBAH appeared to cause 

contamination on the inside of the reactor vial top.  This could be clearly seen by a very dark 

brown discoloration that was very difficult to clean due to the small size of the vial top.  In 

order to clean the reactor top, all of the tubing had to be removed and the top taken off of the 

module and soaked in acetone for 30 minutes.  Washing and scrubbing the vial top alone did 

not work to totally remove the dark stain.  Another shortcoming of the first design was that it 

did not have a possibility to use kryptofix/carbonate solution without taking off the TBAH 

reservoir and cleaning out the tubing.  A revision was necessary so that kryptofix/carbonate 

could also be used for labeling reactions instead of only using TBAH. 

 

 

3.4 Version 2 of the Automated Synthesis Module 

 
Fig. 17.  First revision and redesign for automated drying and preparation of [

18
F]fluoride.  The major 

modification was the addition of a kryptofix resevoir and structural change to add exactly 350 µL of 

the desired phase transfer catalyst. 
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 In the next design of the module, modifications made from the previous version 

included the addition of a reservoir for kryptofix/carbonate solution so that either 

kryptofix/carbonate or TBAH could be used for drying of [
18

F]fluoride depending upon which 

was the most beneficial phase transfer catalyst for the labeling reaction to be performed.  This 

also included adding an exact amount of tubing between valves 2 and 3 that contained exactly 

350 µL so that exact amounts of TBAH or kryptofix/carbonate could be used every 

production without any variances.  The dispenser, via port 7, would apply underpressure that 

would transfer kryptofix/carbonate or TBAH into the 350 µL tubing and through valve 3.  

Any extra solution would continue to the solvent trap.  Then valves 2 and 3 could be switched 

and overpressure applied from the dispenser via port 6 and kryptofix/carbonate or TBAH 

could be transferred through the QMA cartridge, elute [
18

F]fluoride, and flow into the reactor 

vial. 

 

 The flow of the solvents and argon gas in this design were the same as in version 1 

with the exception of the choice of using either kryptofix/carbonate or TBAH. Some valve 

numbers were changed for efficiency and convenience and after the drying process was 

finished, the dry [K
+
2.2.2]

18
F

-
/CO3

2- 
or

 


18
FTBAF reaction mixture was transferred via 

reservoir R3 and into the second reaction vial. 

 

 During this phase of the module design, kryptofix/carbonate solution was used much 

more extensively since it was much easier to clean the reactor top and vial after use compared 

with TBAH.  However, new improvements were needed for this design, mainly because it 

was determined that [
18

F]fluoride produced from the cyclotron could not be fixated on the 

QMA cartridge by hand as before.  To this point, only small amounts of radioactivity (5-10 

MBq) were used for testing.  Higher amounts of radioactivity were necessary for the evolution 

of the module because the final goal of the present study, production of PET tracers for 

animal studies, requires about 20 MBq of activity for each rat and therefore a much larger 

amount of starting activity was needed. 

 

Radiation safety concerns induced by using larger amounts of radioactivity prompted 

the necessity to implement the fixation of [
18

F]fluoride onto the QMA and subsequent elution 

into the automated process.  It was also determined that due to contamination concerns of 

using TBAH, separate 350 µL containing tubing for kryptofix/carbonate and TBAH needed to 

be added to the automated process to reduce risk of TBAH contamination when using 

kryptofix/carbonate for drying and preparation of [
18

F]fluoride. Another issue with version 2 

of the module was that it was inefficient to use two separate acetonitrile reservoirs.  As the 

first acetonitrile addition and rinse of the QMA cartridge was only 500 µL, it was determined 
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that a single reservoir containing only dry acetonitrile was necessary and was integrated into 

the next module design. 

 

 A flaw apparent after practical work with the current design was that the majority of 

radioactivity was lost during transfer of dry [
18

F]fluoride from the first reaction vial to the 

second via a reservoir but the largest source of loss was radioactivity immobilized onto the 

first reaction vial.  Therefore, a new solution was necessary that would minimize this loss 

needed to be implemented into the next design of the module.  Also, the need to expand the 

module in order to produce three-step, two-pot fluorination reactions needed to be considered 

for the next expansion of the automated process.   

 

 

3.5 Version 3 of the Automated Synthesis Module 

 
Fig. 18.  The second revision of the automated module.  Major modifications included structural 

changes for automated loading of irradiated target water containing [
18

F]fluoride from the cyclotron 

onto the QMA cartridge, separate loading coils for each phase transfer catalyst, and removal of the 

resevoir containing rinse acetonitrile (˃ 10 ppm H2O). 
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 In the third version of the automated 
18

F-radiolabeling module, the main changes from 

the previous version were the implementation of separate coils for TBAH and 

kryptofix/carbonate solutions so that there would not be any cross-contamination and the 

addition of automated fixation of [
18

F]fluoride from the cyclotron to the QMA cartridge.  As 

planned, acetonitrile was reduced to one reservoir containing dry acetonitrile for all additions.  

A gas flow controller was added so that argon could be regulated and the true flow of argon 

known and adjusted. 

 

 In this version, underpressure was applied from dispenser port 6 into the [
18

O]H2O 

collection reservoir and [
18

F]fluoride from the cyclotron was transferred from its vial via 

valves 1 and 5 and fixated on the QMA cartridge. The remaining [
18

O]H2O passed through 

valve 9 and into the [
18

O]H2O collection reservoir.  Then the normal addition of rinse water 

commenced by transferring water into the reservoir through valves 2 and 1 and the QMA 

cartridge and then through valves 5, 9, and 10 into the waste. 

 

 Next, either TBAH or kryptofix/carbonate could be transferred into the 350 µL coils 

by underpressure from the dispenser through the waste trap.  Then either TBAH or 

kryptofix/carbonate could be transferred with overpressure through valve 13 and into the 

QMA cartridge and then continue through valves 9, 10, and 11 and into the first reaction vial.  

Acetonitrile was then transferred from the dry reservoir and transferred via valves 8, 15, and 

13 to help rinse and clean the tubing leading from the QMA cartridge and into the first 

reaction vial in order to start the azeotropic drying steps.  The usual drying process then 

commenced with three more evaporation steps with additions of acetonitrile from the dry 

reservoir via valves 8 and 11.  Argon flush was added through valves 12 and 26 during the 

evaporation steps. 

 

 Once the evaporation steps were finished, acetonitrile was added to the reaction vial 

and underpressure from the dispenser applied to the second reaction vial and the dried and 

reactive [
18

F]fluoride was transferred from the first reaction vial to the second via valve 12 

where the precursor could be added.  In this edition of the automated module, tosyl-fallypride 

precursor was used for direct labeling with [
18

F]fluoride instead of mannose triflate because 

the quality of the previously used mannose triflate was compromised by exposure to moisture. 

 

 

 



32 

 

 

 

 

 
Fig. 19.  HPLC chromatogram of 

18
F-labeled Fallypride reaction mixture (retention time = 21.0 

minutes) coeluted with standard (retention time = 20.7 minutes) (UV = blue and RD = green) at 254 

nm using a semi-preparative reversed phase C18 µ-Bondapak column, 300 mm length by 8 mm inner 

diameter, with a flow rate of 5 mL per minute using a mobile phase of 30 % acetonitrile and 70 % 0.1 

M ammonium formiate.  Unreacted [
18

F]fluoride has a retention time of 2.3 minutes.  There is a 0.3 

minute delay between the uv detector and the radioactivity detector in this HPLC system. 

 

 

 

Once direct labeling of tosyl-fallypride was shown to be successful by HPLC (Figure 

19) and radio-TLC, it was decided that the final three-step, two-pot fluorination module was 

ready to be built.  It was noticed upon thorough investigation of the module that some of the 

reservoirs supplied from Scintomics were very dark and dirty at their connections with the 

valves after repeated use.  In order to keep this from affecting the module further, it was 

decided that disposable syringes should be used instead as they could be replaced and were 

easier to clean than the glass reservoirs originally supplied by Scintomics for the automation 

module.   
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3.6 Version 4 of the Automated Synthesis Module 

 
Fig. 20.  Third revision of the automated setup with improvements and additions made in order to 

produce PET tracers by 3-step, 2-pot fluorination reactions.  Major modifications include removal of 

the phase transfer catalyst loading coils, addition of C18 plus cartridges/strata-x column for 

purification and concentration of [
18

F]FEtTos, and addition of an automated preparative HPLC 

purification. 

 

 

 Version 4 had many improvements and changes from the previous version.  Finally, 

three-step, two-pot labeling reactions could be performed.  Major changes included the end of 

using underpressure to load reservoirs holding kryptofix/carbonate or TBAH and the initial 

water rinsing step.  It was decided that it was in fact faster to pre-load these reservoirs with 

the solvents than to transfer them into reservoirs and then passing them through the QMA 

cartridge.  This was a much faster method for dispensing solvents in the automated module, 

effectively cutting time needed to transfer solvents by half.  The only exception to this was the 

dry acetonitrile bottle connection to its reservoir.  This was not changed because it was 

absolutely necessary that the dry acetonitrile not be exposed to any humidity in the air.  This 

would happen each time the acetonitrile bottle would be pierced with a needle and acetonitrile 

aliquoted into reservoirs on the module.  Keeping the acetonitrile setup the way it was 

extended the effective lifetime of the dry acetonitrile by limiting needle penetrations through 

the septum of the acetonitrile bottle and thereby reducing a source of humidity contaminating 

the dry solvent. 

 



34 

 

 

TBAH was discarded in favor of using only kryptofix/carbonate.  This was because in 

an effort to reduce the amount of water in the [
18

F]fluoride azeotropic drying steps, and 

thereby speed up the drying process, it was shown that using kryptofix/carbonate dissolved in 

a mixture of 80 % acetonitrile and 20 % water was just as effective for eluting [
18

F]fluoride 

fixated on the QMA cartridge as using 4 % TBAH in water or kryptofix/carbonate dissolved 

in only water.  This greatly speeded up the amount of time needed for the first azeotropic 

evaporation step by reducing the amount of water.  4 % TBAH in a solution containing large 

amounts of acetonitrile did not elute [
18

F]fluoride as efficiently as when it was in a water only 

solution. 

 

 Version 4 was a much more sophisticated setup than the previous versions.  This was 

because of the ability to perform three-step, two-pot reactions.  First, ethylene ditosylate 

needed to be labeled with [
18

F]fluoride and then the resulting [
18

F]FEtTos needed to be 

separated from its ethylene ditosylate precursor.  Before [19], this was accomplished by using 

preparative HPLC which increases the difficulties of performing this synthesis by automation 

greatly.  Already, preparative HPLC purification is needed at the end of the three-step 

labeling reaction to produce a radiochemically pure PET tracer.  This meant that two HPLC 

steps have been necessary for previous syntheses.  Involving two HPLC steps makes the 

process difficult to perform under GMP standards which are of the utmost importance for the 

production of radiotracers for use in human clinical tests.  Version 4 negates the need for a 

second HPLC step for the separation of [
18

F]FEtTos from ethylene ditosylate precursor by use 

of two disposable C18 plus cartridges. 

 

 After purification of [
18

F]FEtTos, it is concentrated onto a strata-x column.  This is 

necessary because once [
18

F]FEtTos is fixated on the C18 plus cartridges, it took a volume of 

20 mL of 35 % methanol in water to elute it from the C18 plus cartridges.  20 mL is a far too 

large volume to do a synthesis reaction in so it was necessary to have a concentration step.  

Once [
18

F]FEtTos was fixated on the strata-x column and dried to remove any residual water, 

it was eluted with dry DMF into the second reaction vial, ready for labeling with TDDPN, 

TDBPN, or TDPEO.  In addition to being concentrated on the strata-x column, [
18

F]FEtTos 

must be dried and all water content removed in order to react with one of the opioid receptor 

tracer precursors.  None of the opioid receptor tracer precursors could be labeled with 

[
18

F]FEtTos if water was present in the reaction.  [
18

F]FEtTos fixated on the strata-x column 

was dried by heating the column to 50 ºC and passing argon gas through the strata-x column 

for a period of 20 minutes to get rid of any residual water.  This argon was passed from the 

argon inlet at valve 36 and passed through valves 35 and 30 and through the strata-x column. 
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 The only non-automated portions of version 4 came after labeling the opioid receptor 

tracer precursor with [
18

F]FEtTos.  The opioid receptor tracer precursor must be reacted with 

sodium hydride (NaH) and the NaH removed before it was ready for labeling.  This was 

performed by dissolving the precursor in 200 µL of dry DMF and transferring it to an 

eppendorf tube containing 5 mg of NaH and allowing it to react for 5 minutes.  Then the 

solution was centrifuged at 13,000 rpm for 5 minutes to get all of the NaH powder to the 

bottom of the eppendorf tube.  The solution of precursor in DMF was drawn into a syringe 

and injected into the second reaction vial without residual NaH powder to disrupt the final 

labeling step. 

 

The second part of the process that was done by hand was addition of 500 µL of 2 M 

HCl in ethanol to deprotect the 
18

F-labeled opioid receptor PET tracer and further addition of 

525 µL of 2 M NH3 solution to neutralize the solution for preparative HPLC purification.  It 

was necessary to deprotect in an ethanol solution to prevent precipitation of the opioid 

receptor radiotracer.  Addition of the 2 M HCl and 2 M NH3 was done by manually injecting 

the solutions into the reservoir on valve 32, and using the dispenser to transfer to the second 

reaction vial. 

 

Once the solution (total volume ~1.5 mL) was ready for preparative HPLC, the 

dispenser applied overpressure from port 8 via valve 17 into the second reaction vial which in 

turn transferred the labeled product into the HPLC loop and was injected into the HPLC.  

When the product solution was visually seen to be completely loaded into the HPLC loop, the 

HPLC injection valve was switched to inject the solution into the HPLC.  The radiolabeled 

product fraction was observed using a radioactivity sensor and collected by switching valve 

25 and collecting it into a 60 mL syringe connected to the valve.   
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3.7 Version 5 of the Automated Synthesis Module 

 
Fig. 21.  Fourth revision of the automated module for 3-step, 2-pot fluorination reactions.  The major 

modification in this revision was the addition of HCl and NH3 resevoirs along with a capacitance 

detector for automated injection of the final tracer into the preparative radio-HPLC. 

 

 

Updates from version 4 to version 5 consisted of the final necessary additions for 

completing the full automation process for three-step, two-pot labeling of opioid receptor PET 

tracers.  A capacitance detector was added to the HPLC injection loop so that it was possible 

to know when to inject the final, deprotected, formulated, and labeled PET tracer into the 

HPLC without the need to visually watch the solution move through the tubing.  Also, 

separate hydrochloric acid and ammonia solution reservoirs were added for the deprotection 

and pH adjustment steps. 

 

 The procedure for Version 5 of the module for automated production of [
18

F]FDPN, 

[
18

F]FBPN, and [
18

F]FPEO was as follows.  [
18

F]fluoride produced from a cyclotron is fixated 

onto a QMA cartridge.  The cartridge is rinsed with water from the reservoir connected to 

valve 2.  Then 350 µL of the kryptofix/carbonate solution connected to valve 5 elutes 

[
18

F]fluoride from the QMA cartridge and into the first reaction vial.  500 µL of dry 
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acetonitrile is transferred from the reservoir connected to valve 3 and into the first reaction 

vial and azeotropic drying commences under vacuum with a small argon flush at a 

temperature of 90 ºC.  500 µL of dry acetonitrile is added three more times under the same 

conditions to complete four full evaporation steps. 

 

 When all four azeotropic drying steps are complete, 7.5 mg of ethylene ditosylate in 1 

mL of dry acetonitrile is added to the first reaction vial and labeled with [
18

F]fluoride at 75 ºC 

for five minutes to produce [
18

F]FEtTos. 

 

 1 mL of dry acetonitrile was determined to be an advantageous amount of solvent to 

use because [
18

F]fluoride that was dried higher up on the inside of the vial was available for 

labeling ethylene ditosylate.  Only 10-15 % of the total start radioactivity remained on the 

sides of the first reaction vial when using 1 mL of dry acetonitrile compared to amounts of up 

to 50 % when using 300 µL of solvent.  If more than 1 mL of acetonitrile was added, the 

content of organic solvent in the solution containing [
18

F]FEtTos would be too high in order 

to allow fixation of  [
18

F]FEtTos onto the two C18 plus cartridges. 

 

 Therefore, after [
18

F]FEtTos was produced, 1 mL of 0.02 M acetic acid was added to 

the [
18

F]FEtTos solution to make it polar enough to fixate on the C18 plus cartridges.  A small 

amount of acid was added to optimize the stability of the product, as hydrolysis of ethylene 

ditosylate is minimized in a mildly acidic (pH 4-5) environment.  Adding more than 1 mL of 

polar solvent would cause ethylene ditosylate to precipitate out of the solution and clog the 

C18 plus cartridges, effectively stopping the entire automated process. 

 

 After [
18

F]FEtTos was fixated on the C18 plus cartridges, the cartridges are rinsed 

with 10 mL of H2O and [
18

F]FEtTos eluted with 35 % methanol.  Unfortunately, not all of the 

[
18

F]FEtTos could be eluted and fixated on the strata-x column.  This was because it was 

shown that ethylene ditosylate starts to co-elute with [
18

F]FEtTos after 20 mL of 35 % 

methanol passes the C18 plus cartridges.  The entire [
18

F]FEtTos fraction was eluted over a 

volume of 30 mL.  This meant that the last 33 % of [
18

F]FEtTos could not be used further.  

This was partly why 35 % methanol was chosen to elute [
18

F]FEtTos.  Decreasing the 

methanol concentration to 30 % almost doubled the amount of methanol needed to elute 

[
18

F]FEtTos which would take far too much time and was inefficient while increasing 

methanol concentration to 40 % decreased the resolution between ethylene ditosylate and 

[
18

F]FEtTos. 
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 After the first two-thirds of the [
18

F]FEtTos product fraction was fixated onto the 

strata-x column, the column was heated to 50 ºC and dried by flushing it with 1 bar of argon 

for a period of 20 minutes.  Then 250 µL of dry DMF eluted [
18

F]FEtTos into the second 

reaction vial and either TDDPN, TDBPN, or TDPEO activated by NaH could be injected 

simultaneously. 

 

 Labeling of TDDPN, TDBPN, and TDPEO with [
18

F]FEtTos was performed at 100 ºC 

for 10 minutes.  After 10 minutes, the solution was cooled to 40 ºC and 500 µL of 2 M HCl in 

ethanol was added to remove the trityl protecting group at the 3 position on the benzene ring.  

Deprotection takes place for 5 minutes and then 525 µL of 2 M NH3 was added bringing the 

solution to a pH of 8 and the solution was cooled to room temperature. 

 

 The 
18

F-labeled opioid tracer in a volume of 1.4-1.6 mL was then transferred to the 2 

mL HPLC loop and injected.  HPLC purification was performed using a reversed phase C18 

Chromolith RP18e column, 100 mm length by 10 mm inner diameter, using a flow rate of 5 

mL per minute.  Each of the three PET tracers produced using this automated method required 

use of different mobile phases shown below in Table 3. 

 

 

Table 3.  Mobile phase concentrations for preparative HPLC purification of 3 PET tracers 

PET Tracer Acetonitrile Concentration 0.1 M Ammonium Formate 

Concentration 

[
18

F]FDPN 35% 65% 

[
18

F]FBPN 50% 50% 

[
18

F]FPEO 45% 55% 

 

 The final radiolabeled PET tracer fraction is collected by switching valve 25 from the 

waste container to a 60 mL syringe.  The collected product fraction has a volume of 5-10 mL 

and needs to be concentrated and formulated into a solvent acceptable for injection into 

animals.  Acetonitrile cannot be injected into animals due to its toxicity.  The average decay 

corrected radiochemical yield for productions of opioid receptor PET tracers using this 

automated method was 11.28 % ± 4.26 for 17 total productions of [
18

F]FDPN, [
18

F]FBPN, 

and [
18

F]FPEO. 
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Fig. 22.  Chromatogram for preperative HPLC separation of [

18
F]FPEO using a RP18e Chromolith 

column 100 mm length by 10 mm inner diameter, and flow rate of 5 mL/min of 45% acetonitrile and 

55% 0.1 M ammonium formate. UV = 254 nm and UV in green and RD in red.  [
18

F]FPEO product 

peak at 5 minutes. 

 

 

 

 

A C18 light cartridge is used for concentration and solvent exchange of the 

radiolabeled PET tracer.  It is prepared by passing 5 mL of acetonitrile through it first and 

then 10 mL of water to make it polar for fixating the PET tracer.  The tracer solution of 5-10 

mL containing acetonitrile and 0.1 M ammonium formate is diluted with water to a volume 

that makes acetonitrile less than 20 % of the total volume (normal total volume after dilution 
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is 20-30 mL).  Then the tracer is fixated onto the C18 light cartridge and rinsed with 10 mL of 

H2O.  After rinsing, the tracer is eluted with ethanol into eppendorf tubes in fractions of 2 

drops each.  2 drops corresponds to about 50 µL of solvent.  The majority of the product 

comes in fractions 2-4 with fraction 3 typically containing about one-third of the total PET 

tracer purified by HPLC.  Formulation was performed manually instead of automated because 

of the necessary conditions for injections into rats.  Injections of radiotracers into rats require 

lower volumes of injectate and a lower volume of ethanol when compared with injections into 

humans.  At the time of this study, the necessary equipment for formulation with such small 

volumes of solvents was not available. 

 

 

  Fraction 3, containing the largest amount of final radiolabeled tracer, is then diluted 

from 50 µL to 1000 µL with phosphate buffered saline solution (PBS) and filtered through a 

sterile filter.  Dilution with PBS is necessary because it helps maintain a constant pH and 

fractions left in pure ethanol degrade and split into multiple products over time.  Another 

reason for dilution with PBS is that PET tracers should not be injected into animals in 

solutions containing more than 5 % ethanol. 

 

 

After the PET tracer has been diluted and sterilized, a quality control sample is taken 

and analyzed by radio-TLC and on a separate HPLC system (Figure 24) using a reversed 

phase C18 µ-Bondapak column, 300 mm length by 4 mm inner diameter, with a flow rate of 

1.5 mL per minute and a mobile phase concentration of 50 % acetonitrile and 50 % 0.1 M 

ammonium formate.  All three PET tracers were analyzed with the same quality control setup.  

After the quality of the tracer was confirmed it was delivered to the animal PET scanner, 

injected into rats, and analyzed. 
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3.8 Precipitation Production Method 

 

 
Fig. 23.  Final version of the automated module incorporating precipitation and filtration of ethylene 

ditosylate.  The only structural change from version 5 of the automated synthesis module was the 

addition of a filter to remove precipitated ethylene ditosylate from the reaction mix between the first 

reaction vial and the C18 plus cartridges. 

 

 

 Since the yield from the previous automated setup was only 11.28 % compared to 

previous partially-automated yields of 22 % ± 7 [19] for production of [
18

F]FDPN, a new 

method for production was necessary.  Two apparent areas for improvement were speeding up 

the drying process of [
18

F]fluoride to reduce loss of radioactivity to decay and the need to 

collect the entire eluted [
18

F]FEtTos product from the C18 purification step.  It was essential 

that the automated production of opioid receptor PET tracers should have at least yields 

comparable to previous syntheses performed using two HPLC purification steps. 

 

 In order to speed up the process of drying [
18

F]fluoride and making it reactive for 

labeling ethylene ditosylate, it was tested if the number of azeotropic drying steps could be 

reduced.  It was shown that two evaporation steps performed at 75 ºC was not very effective 

at drying [
18

F]fluoride.  But if the first evaporation step was performed at 75 ºC to start with 

and the temperature slowly increased to 90 ºC and the second azeotropic drying step 
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performed at 75 ºC, it was just as efficient as 4 drying steps at 90 ºC used in version 5 of the 

setup.  One evaporation step at 90 ºC was shown by radio-TLC analysis to make [
18

F]fluoride 

dry and reactive enough to label ethylene ditosylate but it was decided that a second 

evaporation step was a necessary safety measure to ensure dry and reactive [
18

F]fluoride every 

production.  Eliminating two azeotropic drying steps reduced total production time by 15 

minutes.  In 15 minutes almost 10 % of total radioactivity is lost to decay. 

 

 The second area for improvement was purification of [
18

F]FEtTos.  A better system for 

separating it from ethylene ditosylate was absolutely crucial to improve final yields.   In 

previous productions and testing, it was noted that ethylene ditosylate precipates very quickly 

in polar solvents.  It was tested to see if after producing [
18

F]FEtTos, ethylene ditosylate could 

be eliminated by adding extra water to make it precipitate out of the solution without 

[
18

F]FEtTos co-precipitating with it.  After precipitation, ethylene ditosylate could be filtered 

out and the remaining solution fixated onto the C18 plus cartridges for further purification.  

This method for separating out ethylene ditosylate without affecting [
18

F]FEtTos proved 

successful.  Precipitation prior to loading onto the C18 plus cartridges was shown to reduce 

the amount of ethylene ditosylate in solution by 85-90 % as measured by HPLC.  Since the 

majority of ethylene ditosylate was removed by precipitation, the entire [
18

F]FEtTos product 

fraction from C18 purification on the two C18 plus cartridges could be collected onto the 

strata-x column for concentration without contamination by ethylene ditosylate. 

 

Different filters were used to attempt to find the optimal filter for reducing loss of 

[
18

F]FEtTos to the filter and for complete filtration of precipitated ethylene ditosylate without 

the filter becoming clogged itself and stopping the automation process.  It was shown that 

0.22 µm filters clogged when attempting to filter out precipitated ethylene ditosylate but that 

0.45 µm and 0.8 µm filters both worked well.  0.45 µm filters took slightly longer to filter the 

reaction mix containing precipitated ethylene ditosylate due to its smaller pore size, but it was 

decided on to use 0.45 µm filters to maximize filtration and removal of all of the smaller 

ethylene ditosylate particles in the solution.  The next step was to decide which membrane 

material would minimize loss of [
18

F]FEtTos to the filter.  Filters with cellulose acetate 

membranes retained on average around 33 % of the [
18

F]FEtTos but filters with a 

polypropylene membrane only retained about 5-10 % of the [
18

F]FEtTos product.  Therefore 

0.45 µm polypropylene filters were chosen for the automated synthesis. 

 

 Using precipitation in the automated process, one parameter that also needed to be 

changed was addition of acetic acid.  Instead of adding 1 mL of 0.02 M acetic acid after 

labeling ethylene ditosylate with dried [
18

F]fluoride, 3 mL of 0.007 M acetic acid was added 

into the first reaction vial to force precipitation of ethylene ditosylate.  After precipitation, the 

reaction mixture was passed through the filter and into the C18 plus cartridges.  The rest of 

the automation process stayed the same as in version 5.   
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 An added benefit to adding extra water to the reaction solution was that since it was in 

a more polar solution, [
18

F]FEtTos was fixated onto a much smaller portion of the C18 plus 

cartridges and the resulting fraction peak could be collected in a fraction of 10 mL instead of 

30 mL.  Using the precipitation method, [
18

F]FEtTos was eluted between 7-17 mL using 35 % 

methanol in water versus being eluted over a range of 0-30 mL with the original production 

method not employing precipitation of ethylene ditosylate and filtration. 
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4 Results and Discussion 

 

 

In order to prove that the chemistry and automation functioned properly, TDDPN was 

used to produce [
18

F]FDPN and all of the automation steps checked at each possible stage.  

TDDPN was used instead of TDBPN or TDPEO for facilitating a comparison to previous 

methods reported in the literature.  TDBPN and TDPEO are both not normally commercially 

available products.  Due to the strong similarity of the three compounds in terms of reactive 

chemical groups and protecting group, the chemistry to produce all three of the PET tracers 

was the same so that once the automated module was proven to produce [
18

F]FDPN, it was 

unnecessary to test the deprotection step with [
18

F]FBPN and [
18

F]FPEO productions. 

 

 

Table 4.  Radio-TLC analyses using 3:1 Hexane:Ethyl Acetate 

Product Average Rf Standard Deviation 

[
18

F]FEtTos 0.463 ± 0.042 

[
18

F]FDPN (Protected) 0.235 ± 0.068 

[
18

F]FDPN 0.042 ± 0.020 

[
18

F]FBPN 0.232 ± 0.050 

[
18

F]FPEO 0.053 ± 0.014 

The 25 most recent analyses were used determine the average of [
18

F]FEtTos.  N = 3 for protected 

[
18

F]FDPN and N = 5 for [
18

F]FBPN and [
18

F]FPEO. N = 7 for [
18

F]FDPN. Rf was calculated using 

Equation 4. 

 

 

 

   
                            

                            
 

Equation 4.  Determination of Rf 
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Table 5.  HPLC Analyses on a µ-Bondapak reversed phase C18 column, 300 mm length by 4 

mm inner diameter, at 254 nm with a flow rate of 1.5 mL/min and a mobile phase of 50/50 

acetonitrile/0.1 M ammonium formate. 

Product Average Retention Time 

(min) 

Standard Deviation 

(min) 

[
18

F]FEtTos 6.13 ± 0.31 

[
18

F]FDPN (Protected) 8.34 ± 0.37 

[
18

F]FDPN 6.61 ± 1.49 

[
18

F]FBPN 12.70 ± 3.47 

[
18

F]FPEO 10.66 ± 1.66 

The 25 most recent analyses were used determine the average of [
18

F]FEtTos.  N = 3 for protected 

[
18

F]FDPN and N = 5 for [
18

F]FBPN and [
18

F]FPEO. N = 7 for [
18

F]FDPN. 

 

 

 

 
Fig. 24.  Quality control chromatogram of [

18
F]FBPN (retention time = 11.4 min) with u-Bondapak 

reversed phase C18 column, 300 mm length by 4 mm inner diameter, at 254 nm and a flow rate of 1.5 

mL/min with 50/50 acetonitrile/0.1 M ammonium formate.  UV in blue and RD in green.  The UV 

peaks with retention times of 3.9 and 8 minutes correspond to impurities present from the TDBPN 

precursor as determined by HPLC analyses of the precursor. 
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 Using the production method described from version 5 of the automated module setup, 

17 productions of 
18

F-labeled opioid receptor PET tracers were performed.  [
18

F]FDPN was 

produced 7 times, and both [
18

F]FBPN and [
18

F]FPEO were produced 5 times. 

 

 In order to determine specific activities of the final labeled PET tracers, standard 

curves were created using cold standards of FDPN and FPEO.  There was no standard 

available for FBPN but it was assumed that the standard curve for FDPN could be used for 

FBPN because both compounds have strongly related chemical structures for analyzing at the 

wavelength 254 nm and have relatively equal molecular weights.  Using the FDPN standard 

curve for determination of FBPN specific activity is not formally valid but was the best 

possible method in this work for an estimation of FBPN specific activities.  All standards 

were made in triplicate and analyzed by HPLC at 254 nm on a reversed phase C18 µ-

Bondapak column, 300 mm length by 4 mm inner diameter, with a flow rate of 1.5 mL per 

minute with 50 % acetonitrile and 50 % 0.1 M ammonium formate. 

 

 
Fig. 25.  FDPN standards (N = 3 for all points) analyzed giving the straight line equation y = 260443x 

– 286.13. (R
2
 = 1) Values for all points shown in Table 6. 
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Table 6.  Average areas of FDPN standards and standard deviations. 

Concentration (mM) Area (mAU) Standard Deviation (mAU) 

0.005 1013 ± 232 

0.010 2558 ± 803 

0.020 5540 ± 621 

0.218 56610 ± 1745 

 

 

 

 

Fig. 26.  [
18

F]FDPN co-injected with FDPN standard.  [
18

F]FDPN shown in green at 6.1 min. retention 

time and FDPN standard shown in blue at 5.8 minutes.  There is a delay of 0.3 minutes between the uv 

detector and radioactivity detector in this HPLC system. 
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Fig. 27.  FPEO standards (N = 3 for all points) analyzed giving the straight line equation y = 670436x 

– 292.74. (R
2
 = 0.9997) Values for all points shown in Table 7. 

 

Table 7.  Average areas of FPEO standards and standard deviations. 

Concentration (mM) Area (mAU) Standard Deviation (mAU) 

0.002 1276 ± 750 

0.010 5916 ± 1098 

0.020 13996 ± 1127 

0.099 64473 ± 3355 

0.198 132986 ± 4689 

 

 

 Production yields were calculated as the decay-corrected collected yield recovered 

from the preparative HPLC purification as a percentage of the starting amount of 

radioactivity.  Specific activity was determined from a quality control sample taken after the 

formulation step using the final product fraction containing the highest amount of 

radioactivity after dilution with a total volume of 1 mL in PBS buffer. 
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Table 8.  Results from productions of [
18

F]FDPN using version 5 of the automated module. 

Production Origin of 
18

F 

Starting 

Activity 

(MBq) 

Production 

Yield 

Delivered 

Product 

(MBq) 

Carrier 

(mmol) 

Specific 

Activity 

(TBq/mmol) 

1 Target 

Rinse 

1080 9.27 % 22 2.62×10
-6 

8.21 

2 Production 

Beam 

10220 14.8 % 207 1.08×10
-5

 19.1 

3 Production 

Beam 

11420 12.0 % 78 3.81×10
-6

 20.5 

4 Production 

Beam 

10510 10.9 % 91 2.99×10
-6

 30.5 

5 Production 

Beam 

9563 8.37 % 81 3.59×10
-6

 22.6 

6 Production 

Beam 

11220 9.89 % 172 2.25×10
-6

 76.3 

7 Production 

Beam 

8817 15.0 % 227 9.10×10
-6

 24.9 

Average -- 8976 11.5 % 125 5.03×10
-6

 28.9 

Standard 

Deviation 

-- ±3597 ±2.6 % ±77 ±3.45×10
-6

 ±22.0 

 

 

Table 9.  Results from productions of [
18

F]FBPN using version 5 of the automated module. 

Production Origin of 
18

F 

Starting 

Activity 

(MBq) 

Production 

Yield 

Delivered 

Product 

(MBq) 

Carrier 

(mmol) 

Estimated 

Specific 

Activity 

(TBq/mmol) 

1 Production 

Beam 

11510 13.6 % 158 6.96×10
-6

 22.7 

2 Production 

Beam 

10720 8.97 % 103 1.10×10
-6

 94.1 

3 Production 

Beam 

9535 9.98 % 92 1.42×10
-6

 64.7 

4 Production 

Beam 

9417 16.6 % 188 2.50×10
-6

 75.3 

5 Production 

Beam 

11630 12.2 % 192 2.60×10
-5

 7.38 

Average -- 10562 12.3 % 147 7.60×10
-6

 52.8 

Standard 

Deviation 

-- ±1052 ±3.0 % ±47 ±1.06×10
-5

 ±36.5 
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Table 10.  Results from production of [
18

F]FPEO using version 5 of the automated module. 

Production Origin of 
18

F 

Starting 

Activity 

(MBq) 

Production 

Yield 

Delivered 

Product 

(MBq) 

Carrier 

(mmol) 

Specific 

Activity 

(TBq/mmol) 

1 Production 

Beam 

8540 4.34 % 52 3.26×10
-6

 15.9 

2 Production 

Beam 

9660 11.3 % 73 4.60×10
-6

 15.9 

3 Production 

Beam 

8390 1.50 % 26 8.47×10
-7

 30.7 

4 Production 

Beam 

13100 14.4 % 223 1.26×10
-5

 17.7 

5 Production 

Beam 

12310 18.6 % 217 2.66×10
-6

 81.7 

Average -- 10400 10.0 % 118 4.80×10
-6

 32.4 

Standard 

Deviation 

-- ±2179 ±7.1 % ±94 4.58×10
-6

 ±28.3 

 

 In the time allotted for this master thesis, three productions were performed using the 

precipitation automated process, one for each opioid receptor PET tracer (Table 11).  The 

average decay-corrected recovered yield for the three productions was 24.1 %.  This was 

twice the average recovery from productions using the method from version 5 of the 

automated process which was 11.28 % ± 4.26 %. 

 

In addition, the quality of the opioid receptor radiotracers produced using the 

precipitation method was much higher and did not have as much variation.  The average 

amount of carrier from the final formulated and delivered radiotracer for PET imaging from 

version 5 productions was 5.72×10
-6

 mmol (carrier concentration in the collected ethanol 

fraction before dilution and delivery was 0.114 mM) .  This amount corresponded to 25-35 % 

of the total recovered radioactive product tracer from the preparative HPLC step.  The average 

amount of carrier from the precipitation method was 1.10×10
-5

 mmol (carrier concentration in 

the collected ethanol fractions before dilution and delivery was 0.055 mM).  This amount 

corresponded to 75-85 % of the total recovered radioactive product tracer from the preparative 

HPLC step.  Using the precipitation method, three times as much radioactive tracer was able 

to be prepared for delivery for PET imaging compared to version 5, while only doubling the 

amount of carrier. 

 

  On Table 11, the specific activities of [
18

F]FDPN and [
18

F]FBPN produced from the 

precipitation method appear to be lower than when using version 5 (see Tables 8 and 9).  This 
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was because the initial amount of 
18

F used was much less, and specific activity is a product of 

the total amount of radioactivity (Equation 1).  When larger amounts of radioactivity are used, 

specific activity will appear to be larger even if the amount of carrier is unchanged.  When the 

precipitation method was performed using a separate production beam from the cyclotron 

versus cyclotron target rinse water as a source of 
18

F, the specific activity was the highest for 

any production using either method. 

 

 

Table 11.  Results from productions using the precipitation method of automated synthesis. 

(N = 1 for each tracer) 

Tracer Origin of 
18

F 

Starting 

Activity 
(MBq) 

Production 

Yield 

Carrier 
(mmol) 

Specific 

Activity 
(TBq/mmol) 

Number of 

Combined 

Formulation 

Fractions 

[
18

F]FDPN Target 

Rinse 

740 21.3 % 1.11x10
-5

 5.87 4 

[
18

F]FBPN Target 

Rinse 

1237 24.1 % 1.40x10
-5

 5.50 4 

[
18

F]FPEO Production 

Beam 

14780 26.8 % 7.99x10
-6

 179 3 
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5 Conclusions 

 

 Creating an automated module for production of 
18

F-labeled opioid receptor PET 

tracers was absolutely necessary to increase the availability of [
18

F]FDPN, [
18

F]FBPN, and 

[
18

F]FPEO  for PET imaging studies.  Further automation of the formulation process will 

complete the entire automated synthesis process making production of the three opioid 

receptor tracers conform to GMP standards and ready for further clinical trials to increase 

understanding of the opioid receptor system and the biological processes associated with it. 

 

 Specific activities varied greatly over the 17 productions performed using version 5 of 

the automated module.  The standard deviation was almost as large as the specific activities 

themselves.  This was most likely caused during the C18 purification step because not all of 

the ethylene ditosylate could be removed exactly the same for every synthesis.  This was not a 

good method for automated production of the three opioid PET tracers under GMP guidelines.  

In addition, roughly one-third of [
18

F]FEtTos had to be discarded because of co-elution with 

ethylene ditosylate which greatly reduced final yields.  Using the automated method applying 

precipitation of ethylene ditosylate prior to C18 purification of [
18

F]FEtTos produced 

reproducible yields and quality that was not possible with version 5 of the automated 

synthesis module.  The precipitation method also gave final yields higher (24 % vs. 22 % 

[19]) than previously produced from partially automated syntheses employing two HPLC 

systems.   

 

The automated precipitation method for synthesis of [
18

F]fluoroalkylated opioid PET 

tracers was the best method for production of the three opioid receptor system radiotracers.  

The automated process used to produce [
18

F]FDPN, [
18

F]FBPN, and [
18

F]FPEO should also 

be applied to [
18

F]fluoroalkylations of other PET radiotracers where it is not possible for 

direct labeling with [
18

F]fluoride and radiotracers requiring high specific activities not limited 

only to the opioid receptor system.   
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7 Appendix 
 

 

7.1 Equipment and Reagents 

 

 

Available from Raytest 

 

miniGita Radio-TLC Scanner 

 

 

Available from Bergman AS Norway 

 

Shimadzu HPLC with Diode Array Detector and Raytest GABI Radioactivity Detector 

 

 

Available from VWR 

 

Merck Kryptofix2.2.2, for synthesis 

Merck K2CO3·1.5H2O (≥99.995%) 

Merck Acetonitrile, for DNA Synthesis (max 10 ppm H2O) 

Acetonitrile, isocratic grade for liquid chromatography 

Merck Chromolith Performance RP-18e HPLC Column 100 mm length by 10 mm i.d. 

 

 

Available from Sigma-Aldrich 

 

DMF, Puriss, absolute over molecular sieves (H2O ≤ 0.005%) 

Ethylene Ditosylate, Purum (≥97.0%) 

Millex-GV 0.22 µm Sterile PVDF Filter 

Whatman Puradisc 0.45 µm Polypropylene Filter (25 mm diameter) 

PBS Tablets (1 tablet per 200 mL H2O) 

 

 

Available from Waters 

 

Sep-Pak Light Accell Plus QMA Cartridges 

Sep-Pak Plus C18 Cartridges 

Sep-Pak Light C18 Cartridges 

Seo-Pak Plus Silica Cartridges 

 

 

Available from Phenomenex 

 

Strata-X Columns (30 mg) 

 

 

 

 

 



56 

 

Available from C-S Chromatographie GmbH 

 

µ-Bondapak Reversed Phase C18 HPLC Column 300 mm length by 4 mm i.d. 

µ-Bondapak Reversed Phase C18 HPLC Column 300 mm length by 8 mm i.d. 

 

 

Available from ABX GmbH 

 

TDDPN 

TDBPN 

TDPEO 

FDPN Standard for [
18

F]FDPN 

FPEO Standard for [
18

F]FPEO 

FEtTos Standard for [
18

F]FEtTos 

 

 

Available from Scintomics GmbH 

 

Hotbox III Module, Hardware Version 2, Software Version 5.04.039 

 

 

Available from Laborel Norway 

 

Veenstra VDC-304 Dose Calibrator 


