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 |ntroduction:
— Radiopharmaceuticals.
— PET Tracers

* Chemistry 101: Crash Course
— Atomic structure
— Essentials of Organic chemistry
— Chelation Chemistry

* Radiochemistry:
— Definitions
— Specific Activity
— Practical Radiochemistry
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Overview SIS

* F-18 Chemistry

— Isotope production
— Tracer production

* C-11 Chemistry

— |sotope production
— Tracer production

» Labeling of Biomolecules

— Biomolecules
— Antibodies
— Prosthetic groups and radiometals
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PET and Radiopharmaceuticals N

annihiation
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Radiopharmaceuticals UNIVERSITAT

* Radioactive substances used to diagnose, treat or prevent disease

* These compounds are made up of two components:

1. A radioactive isotope which carries the energy for imaging or
treatment (or both!!!l)

and

2. (typically) a carrier molecule which delivers the isotope to the
area to be treated or examined.

@— Targeting
I Molecule

Bond or Linker (Radiochemistry)

UNIVERSITATS
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* George de Hevesy
* Nobel Prize 1943

. “for his work on the use of isotopes as
tracers in the study of chemical processes.”

* The Tracer Principal:

— Radioactive isotopes have the same
chemical properties as non-radioactive
isotopes of the same element.

— Radioactive decay is highly energetic and
thus easy to detect.

SAME CHEMISTRY
SAME BIOLOGICAL/METABOLIC BEHAVIOR.
HIGHLY SENSITIVE (Only small amounts of tracer needed)

I'Can observe chemical change with out
changing the process which is being observed!!

UNIVERSITATS
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PET Tracers RN

 PET uses radioactive molecules that are involved in biochemical processes.

« Image: tissue perfusion, metabolism, drug/receptor interactions, and gene
expression.

* Isotopes should have short half-life and high percentage of positron
emission. (C-11: 99.8%, N-13: 100%, O-15: 100%, F-18: 97%)

* High Specific activity.

1']CH3 oM
15()H2 \\\.[{j\/\ j\L IY( j:Co:xu
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UNIVERSITATS

(7 =\ Werner Siemens
© Imaging Center 44 KHL’;{L%EL{‘M



EBERHARD KARLS

From Beam To Bedside R

Radionuclide Production

Cyclotron Generator

‘ Radionuclide isolation and preparation.

* Purification
» Dispensing
* Quality Control (QC)
» Lots of Paper Work!
* Delivery
« Patient!!

Computer controlled 5

Synthesis module =

@We.'r"ni'g?fgmci"nier Covered in more depth by G.R
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Chemistry: Atomic Structure UNIVERSITAT

* Nucleus
— generally not directly involved in chemical transformations
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* Electrons |
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* Around the nucleus in “clouds” known as orbitals. P W E. 7. . ¥ L

«  Orbital: “quantum mechanically derived 3D distribution of where the electron has
the highest chance of being found.”

*  The 4 main types are S,P,D and F orbitals.
The outer most electrons are called valence electrons.

He- oH—= H:H H-H

.o PO
H- *F2 —= HIF: H-F
aa o

- Valence electrons. @0
«  Can be shared between atoms to form “Bonds.”
- This happens through a mixing of valence orbitals. F* fr —e tFilF: F—F

. Bonds always consist of Two shared electrons.

«  This is called “covalent bonding.” D@O

UNIVERSITATS
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Chemistry: Bonding UNIVERSITAT

- A chemical bond describes the probability of the presence of two
electrons within a certain space between two atoms.

The Golden Rule: Most atoms in Org.Chem (C,N,O,F) want a
FULL valence shell of 8e-. stable Electrons ALWAY's exist in

pairs.
Therefore: These atoms can NEVER form more than 4 Bonds.
This is called the “Octet Rule.”

« There are different theories which are applied to describe atomic or Molecular Orbitals,
such as Hybridization, VSEPR (valence shell electron pair repulsion) or the ligand
field theorem.

Copyright © 2005 Pearson Prentice Hall, Inc

VSEPR Theory Ligand Field Theorem
@WernerSiemens 44 KLINIKUM
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Chemistry: the Essentials UNIVERSITAT

“Chemistry is the science of atomic matter, its properties, structure, composition
and its changes during interactions and (chemical) reactions.”

Organic Chemistry is the study of compounds containing Carbon and
Hydrogen and how they change and can be changed

“Organic chemistry is the study of carbon compounds
Biochemistry is the study of carbon compounds that crawl.” — Mike Adams

UNIVERSITATS

Werner Siemens
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Note: Representing Chemical Structure Tt

« Drawing of organic molecules:

— Any molecule is a 3D object in real space and the representation of
molecules reflects that.

— Lets take a molecule like sec-butyl acetate:
— CH4CH,CH(CH4)OC(=0O)CH; (condensed formula)
H

H H

A\

O
|
C O C

I
I—O——=T
I—O——xT
I—O——xT

I

H

%L/VLOL

N

UNIVERSITATS
Werner Siemens
@ Imaging Center 44 KLINIKUM

TUBINGEN




EBERHARD KARLS

Chemistry: the Essentials UNIVERSITAT

Organic Chemistry is principally divided in four classes:

1.Polar (or ionic) reactions:
Classical chemical reactions, chelating reactions.
e.g. methylation or fluorination reaction.

2.Pericyclic reactions:
thermal or (UV) light triggered.
electrons move together in cyclic system.
rearrangement reactions, e.g. “Click” chemistry.

3.Radical reactions:
Involve movements of single electrons.
Synthesis of Polymers, Combustion of organic compounds.

4.Reduction / Oxidation reactions (redox)
Involve a transfer of electrons

@ Werner Siemens 4 4 kJIfillvllei ?(ITL/‘J&TI\S/I

Imaging Center TUBINGEN



Chemistry: the Essentials
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1. Nucleophiles:
Electron rich.
Looking for positive charge or partner
to share electrons with

2. Electrophiles:
Electron deficient.
Looking for electron rich,
negatively charged partner.

3. Leaving Group:
The group that is replaced.
Pretty stable on its own.

electrophilic
atom

nucleophilic
atom

Werner Siemens
Imaging Center
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Chemistry: the Essentials S
Polar reactions can be again divided into:
- L
—_—
1.Nucleophilic/electrophilic substitutions:
Switching one group for another.
C-methylations, '8F-fluorinations, iodinations. AH A
—
2 .Nucleophilic/electrophilic additions: 2N H\
Adding a new group to either a double or triple bond. H
A
- AB
3. Elimination reactions: — Z

Removing a group to form a double or triple bond.

4. Chelating reactions / Complex chemistry / Coordination Chemistry:
Trapping a large metal ion in an organic “cage” know as a chelator to form a “Complex.

O,
0 On
. O
HO\E HkOH Z\; //o

”»

N. .

NN + Metal = M
o a1 Ng/t_g :
O_
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Chemistry: Substitutions
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O

Substitution reactions (The players):

— Electrophile
— Nucleophile.
— Leaving group.
« Substitution reactions (The Mechanism):
— Three Types of substitution - Sy1, Sy2, SyAr.
— S\ /Nu_ /x S\Ar:
o ‘-\T> T e somatcly
wC—rTL — C+ fast + X X Nu Nu
Y < C
Z‘ -(, Y\ \Z e— X\ '/\6 slow @ fast °
Y\\--C—Nu Nu — —_—— + X
+ L l 2 g
z NO, @O/N\v’O@ NO,
BHond being ond beinag Meisenheimer complex
made ken
~ H - \ T ¥ H I
 Se N o b S -
s O H..,;}._,—t:f. = 0 L\---_:. = H._. 1’_+ |;,.|
HH Inverted
Transition state 3D
Shape!!!
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Complex- and Coordination Chemistry N} 5IAT

The term coordination compound describes stoichiometric compounds consisting of
molecules and/or ions, which can also exist independently from each other.

0] o
N
0]
( X 88Ga% in HCI - /@ 7a§
HO N o) NN

)\/N -~ Buffer, RT )\/N'
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HO 0 0 o

-z

-

(0]

Through the formation of the complex, a compound is created which displays different
properties to its individual components. Complexes are written with ,square brackets'.
Within a complex unit there is the central atom (acceptor atom) and the ligands (donors).

L
‘ L
M" LI“I“"M"“\\\\L L//,,' . ‘\\\\L
L/ lI/IL L/ \L O L/I\|A\L
L
L
tetrahedral coordination square-planar coordination octahedral coordination
coordination number 4 coordination number 6
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Monodentate ligands: F-, CI', Br, I, OH-, CN", RO, e.g. [CuCl,J

H,O, NHj3, PR3 [AUCN,|
Bidentate ligands: 0 —
S r\ HoN 7 N\
oj)\ 090 @O)K’% 2 /\NHZ =~
acetato  acetylacetonato oxalato ethyle(ndi;amine 2,2'-Bipyridine
Tridentate ligands (tripod) ~ N H H
and higher order ligands A N o
| ~N N~ H NH, HoN

2,2',6',2"-Terpyridin
(terpy)

0]

° on
Y

Ethylendiamintetraacetic
acid (edta)

ideal for: Mn(ll), Cu(ll), Fe(ll),

Pb(ll), Co(lll)

1,4,7-Triazacyclo-
nonane (9aneNj;)

Triethyltetraamine
(trien)

o)
OTOH HJ\OH (\
NSNS OH O a\(

0 0 AN

OH OH

Diethylentriaminepentaacetic acid
(dtpa)

ideal for: Fe(lll), U(V),
Th(1V), Ce(lll/IV)

Kryptofix 2.2.2

Werner Siemens
Imaging Center
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Chelate Effect UTUBINGER

Definition: If a monodentate and a multidentate ligand with the same donor atoms in an
ideally identical chemical environment compete for the same metall center, empirical data
indicates that the multidentate ligand replaces the respective number of monodentate

ligands.

L L AG® = AH° - TAS® Gibb's free enthalpy
3 ( + MLg = C M +6L AG® =-RT In B
L 3

L
[M(L-L)3] [L]®
[MLg] [L-L]3

with B =

In general the formation of complexes between a metal and higher order ligands is
thermodynamically and entropically favoured.

Chelators can be readily conjugated on to biomolecules and then “complexed” with radio-
metals like 8Ga, 64Cu , 89Zr or "In.

Very effect strategy for labelling big biomolecules!!

“\ Werner Siemens UNIVERSITATS
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Radiochemistry UNIVERSITAT

 Radiochemistry:
— The chemistry of, and using, radioactive isotopes.

— PET radiochemistry mainly uses:
° 11C, 13N’ 150, 18|:’ 64CU, 68Ga, SQZr and 124|

UNIVERSITATS
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Isotopes for Imaging UTUBINGEN
150 122 seconds
3N 9.9 minutes
e 20 minutes
68Ga 68.3 minutes } .
short-living
L= 110 minutes
64Cu 12.7 hours
metals 86Y 14.7 hours - intermediate-living
6Br 16.2 hours
89Zr 78.4 hours |
1490Nd — 40Py 80.8 hours - long-living
125 100.3 hours
CNOF
Cu Ga Br
Y Zr I

Nd

UNIVERSITATS
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Radiochemistry: Some definitions Rt

Radioactivity:

a property of certain nuclides to spontaneously emit a:
» Particle (alpha- or beta-)

* High energy (x-ray or gamma) photon

Through radioactive decay an unstable radioactive isotope undergoes a
change into a more stable isotope.

N
VAV

%
=

Pape\r‘ Aluminium I;ead
Vv
K % ‘o’
() U 18
S 0 _e*
e ¥ 4 @  Bt-decay
9

Alpha and beta particles (
p and gamma photon (‘ 5!&’ \
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Radiochemistry: Some more definitions AL

Radioactive decay:

- Statistical event

- Each decay is independent from neighbouring nuclei

«  The moment of decay can not be predicted for a single atom
« Measured in Becquerel's (Bq) (counts per second)

Half-life:

« The time it takes for half the radioactive sample to decay. A statistical constant of the
decaying element. '8F has a T, =110min, "'C T,,, =20min, %4Cu T,,, =12hrs.

N@ =N, 2 To=
‘ No 2T

* Radioactive decay: \: decay constant '/

Specific activity: Defined as Bq/kg, but often given in Molar Activity: Bg/mol.

« The specific (radio-)activity tells you how many decays per second take place in a
certain amount of substance. A higher value means a higher ratio of the radioactive
compound in comparison to the non-radioactive compound.

UNIVERSITATS
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Molar activity TUBINGEN
Theoretical values:

- 1"C 370 TBq / ymol (8.4*108 Ci/g)

- 18F 62 TBq / umol (9.3*107 Ci/g)

- %4Cu 9 TBq / umol (3.8*106 Ci/g)

- 129] 78 GBq / umol (1.7*10* Ci/g)

- 235 18 Bq/umol (2.1%10% Cilg)

18 Bq/0.235 mg => 18 kBq /0,235 g >76I\/IBq/kg
In general, the higher a radionuclide's specific activity, the shorter its half-life
(decay rate), and the more "radioactive" it is when compared to one with a lower
specific activity.

Experimental results (Radiopharmacy Tubingen)

- 1C 100 — 400 GBq / umol
(after radiosynthesis)

- 18F 50 — 100 GBqg / umol

- %4Cu ~ 50 GBq / ymol

UNIVERSITATS
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Specific activity of radiopharmaceuticals  UNJYERMTAT

Various factors effect specific activity.
Carrier: the non-radioactive version of a radiopharmaceutical

Pseudo-carrier: material closely resembling the true carrier (e.g.
similar biological activity or receptor binding affinity)

For synthetic radiotracers there is (often) a substantial dilution
with a carrier. The carrier usually remains constant, while the
radioactivity decays. So, specific radioactivity generally
decreases according to the half-life of the radioisotope.

Specific radioactivities for PET tracers should be cited with
respect to a particular time e.g. end of radionuclide production
(EOB), end of synthesis (EOS) or time of injection (TOI).

" C-Methylphenidat
(Ritalin)

0._0

H3'?C” H
N

Methylphenidat
(Ritalin)

HO.___O

QIENHJ

Ritalinic acid

"\ Werner Siemens Department of
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Specific activity of radiopharmaceuticals  “NiNGEQ"

Carrier-Free (CF)
A radiopharmaceutical is carrier-free (CF) when there is no
accompanying carrier (more or less an ideal but unreachable state).

No Carrier-Added (NCA)

A radiopharmaceutical is no carrier-added (NCA) when no source of
carrier has been added deliberately during its production, and when all
reasonable precautions have been taken against the intrusion of
sources of carrier.

Carrier Added (CA)

A radiopharmaceutical is carrier-added (CA) when a source of carrier
has been added deliberately during its production.

“\ Werner Siemens Department of UNIVERSITATS
© Imaging Center 27 Preclinical Imaging and Radiopharmacy 44 KENIKGM



Specific activity of radiopharmaceuticals TUBINGEN
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Time-dependence of specific radioactivity on dilution with carrier

100

90

80
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% of original specific activity

40

30

20

10

*

AN
AN —

—m— 1% carrier

—a&— 5% carrier

10% carrier

\ \ \ —— 50% carrier

—®— 99% carrier

Elapsed number of half-lives

UNIVERSITATS
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Specific activity of radiopharmaceuticals TUBINGEN
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Practical Factors effecting specific activity:
1. lon contamination from the target.

« Nif4 contamination is a particular problem in 64Cu production.

2. Contamination from materials.
« Radiolysis in Teflon tubing and components.
« Contamination from reagents.
«  Contamination from air (CO,).
QMA resins

Why is Specific activity so important??
— Cold tracer can block your targets.
— Can reduce your labelling efficiency.

Table 1. Carrier mass from 11.1 GBqg (300 mCi) exposure to

system components

Teflon item Surface  Time Mass
(cm?) (min)  (nmol)
1.5 mm Teflon tubing (790 cm) 252 1.25 72
Teflon resin holder 3.8 3 47
Teflon tube in reaction vessel 1.7 20 170
Rheodyne slider valve 23 1.25 6.3
Control-reagents only 0 0 25
Control-mock target water 0 0 23
All components 267 N/A 357

— Contaminates are usually present in much greater amounts than your activity
which is present only in ultra-trace quantities (even for high amounts of radiation)

— A large amount of effort goes into ensuring the max SA possible!

@

Werner Siemens
Imaging Center
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Practical radiochemistry TUBINGEN
Experimental determination of the specific activity
-Serial dilution of the non-radioactive (,cold‘) standard

-Consecutive measurement with signal integration on a HPLC or GC system

Concentration (mg/mi)

- Perform a radiosynthesis and run a sample of defined volume of your reaction
solution under the same conditions as the serial dilution
=> concentration of total amount (sum of hot and cold product).

- With the knowledge of the total volume of the reaction solution, the
concentration of the reaction solution determined via HPLC or GC and the
measured radioactivity

- calculate the specific activity to the time of the HPLC/GC run

UNIVERSITATS

30
“\ Werner Siemens
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Practical radiochemistry RN &

* Load reagents,
chemicals,
Setup solvents, efc.
Synthesiser )

* Run a pre-made A

program based on
Run synthesis IIGAULLE list of
prorgam scheduled events./

UNIVERSITATS

44 KLINIKUM

TUBINGEN
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Practical radiochemistry L e

Transfer to
NucMed unit
(~20 min)

| Transfer into
“‘ lead shielded

laminar flow hood

v

or researcher

or pharma isolator 5 mins
product
vial
Feedback with permission or
Samples forbiddance to use the product
for QC before application
v

Tests for chemical identity, (radio-)chemical purity, pH value,
osmolality, endotoxins and sterility (~30 mins).

UNIVERSITATS

Werner Siemens
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Practical radiochemistry TUBINGEN

Radio-TLC

e |a|§§|?n;a3i|§|_d , ”m”Hu||||||nmlmmuuuuuuumm
4
64CuCl /
“T i moderate radio- i
‘ < labelingyield g
0 | 64Cu-DOTA ‘
-RGD

Radio-HPLC

ADC1 A, ADC1 CHANNEL A (B1 LIGAND\0000303.D) .",//’ \
/.i‘%*? TR
58 = H:T- ik i
o2 % T e
B W W RO 1T TN O O e Y A Liindallll Lulhl“‘l.u e

T T
6 8 10 min

0 4
MWD1 B, Sig=254.4 Ref=off (B1 LIGAND\0000303.D)

SN W s
o o & o
o © ©o © ©
1.829
2.840
I ——————
7.802
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Important Words and Concepts

EBERHARD KARLS
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Radioactivity

Radiochemistry
Radiopharmaceuticals

Specific activity
Radioactive decay (t,/,)

Pharmakokinetics
Metabolism
‘e @ e u

Treatment with Bi-213

Werner Siemens
Imaging Center
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F-18 Chemistry UNIVERSITAT

* Fluorine-18 is a synthetic isotope, which does not occure in nature
and typically is produced via a proton accelerator (i.e. a cyclotron).

- Half-life time of ~110 mins; almost exclusive B* - decay (positron
emission 97% and 3% electron capture).

« Fluorine has the highest electronegativity of 4.0 (Pauling scale) of
all elements and therefore all chemical bonds with fluorine are
polarized towards it .

v
,\f"‘ e./
So 'S0 _e*
- — > 2 @ B* - decay
"’ Yo N

UNIVERSITATS
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Production of F-18
via ,water target’ ®O[p,n]'8F via ,gas target’ 2°Ne[d,a]'8F

18OH, o [18F]-HF ag.

l

Nucleophilic Electrophilic
Substitution Addition

UNIVERSITATS

Werner Siemens
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F-18 Chemistry TUBINCEN

A 60 min of bombardment of a water target with protons produces around 40-80
GBq of aqueous ['8F]-HF. Depending on the target, the volume is usually 1-5 ml.

Rule of thumb: The maximum activity within the target is reached after 5-6 half-
lives of the radioisotope during an irradiation on the target. But an irradiation of
one half-life time gives 50% of the maximum activity.

lon Stripper
source Acceleration foil target nuclear
| - | - > + .
H, gas H H- acc. H*beam ——— (ggction
Magnetic field bends
B path of charged particle.

Square wave
electric field
accelerates
charge at
each gap
crossing. <

UNIVERSITATS
Werner Siemens
@ Imaging Center 44 KLINIKUM
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The Problem With Fluorine chemistry UNYERSITAT 3

EBERHARD KARLS

H—:F::

Polar covalent bond or polar bond is a covalent
bond with greater electron density around one of the
two atoms

H.. S 4 ’H\
o, W9
N
H-" /% =~~H
Y \
H. _H

1A

Li

)

b

-

2A 3B 4B 5B 6B 7B 8B 8 88 1B 2B 3A 4A 5A 6A TA 8A

tals@Metalloids (7 Alkaline Earth Metals .
alogens ( Alkali Metals .Post-Transition Metals ......
N v S .... ..

oble Ga
e g
o en[se v or un Tre 0 i Cow T o oo as e o [l
osr (v Tz o ol v T o e g 0 oo oo e 1 D

o

\ y

X I-IS-t}I{eEgtrllld Electronegativity — pK,
365 kJ;mol 40 3.1
C1 427 KJfmol 30 =70
Br 363 kJfmol 238 -2.0
I 293 kJfmol 2.5 -11.0

IIIIIIIIIIII

NNNNNNNN



EBERHARD KARLS

F-18 Nucleophilic Sources UNIVERSITAT

1A 2A 3B 4B 5B 6B 7B 8B 8B 8B 1B 2B 3A 4A 5A 6A TA 8A

4 Y

L

Na.

.Other Nonmetals.MetaIIoids (7 Alkaline Earth Metals

i
= S e ====== (F/Cryptand
" ou 500 ) " e o (D )

"o 1) ) ) ) o i e+ D (O 185
e "o o ) ) 0 0 O D 0 0 ) ) (D =39
v () i ol " v 0 D

Common alkali metal fluorides

Increasing ionic strength \\\ISF/_\/\
—— 1 rolestrics N
LF<NaF<KF<CsF . . = -

ey

Increasing nucleophilicity
Increasing solubility

Werner Siemens Department of UNIVERSITATS
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EBERHARD KARLS

F-18 Nucleophilic Sources e

['8F]HF / H,0

Kryptofix (K, 5)
KoCOs4

Cesium carbonate
or bicarbonate

Tetrabutylammonium
icarbonate

or bicarbonate 18+4~-
R K
\ NT/R CsF
7
R” \
R
Tetraalkylammonium fluoride
F- R = methyl, ethyl, butyl
8 \ ,.‘:‘/'—\\
¢ v ( H18Fl\
S S
BRT 24__,"” 25

Thermal decomposition of TB

UNIVERSITATS

"\ Werner Siemens Department of
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EBERHARD KARLS

F-18 Chemistry TUBINGEN

Nucleophilic Substition (most commonly applied method)

target is unreactive and - vacuum tubing

requires a laborious drying s SN RN

T vacuum - syringe 1 mL

. gas .
['8F]-HF aquired from a water Equipment: % |
. \ ——ll - reaction vial 5 mL + silicon septum lid
e

process, to gain ,water-free’ b L

['8F]-KF. Potassium fluoride is a skl oo

the reactive species for most T i e b
nucleophilic substitution szy?tlgfal)'(s222 or Cs,CO;, or NBu,*HCOO-
reactions in radiochemistry. PR R ERLR TN, seinis (Sl when

Kryptofix 2.2.2 is used)

L\_\NQ_/J stirer - acetonitrile

1 1 1 LG: leaving group
ﬁ L 18 /\ﬁ i 3 Cl, -Br, -|
R3", LG 5 R3''y (LG - LG : 18 'R -OMs, -OTs, -ONs
2 R2 R? ~+*NMe3

UNIVERSITATS
Werner Siemens 4 KLINIKUM
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F-18 Chemistry Workflow

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

60-90 mins

15 mins

5-15 mins
(+10-15 mins if
Deprotection)

10-15 mins

10-15 mins

[ 180(p’n)18F }

|

Azeotropic drying of

aquaeous '8F-fluoride

|

|

Radiolabeling of
Precursor
(+ Deprotection)

|

P

)

urification via HPLC
(or SPE cartridge)

|

|

|

Concentration
and formulation

|

Nuclear reaction under proton
bombardment in the cyclotron target

Preliminary drying process to
aquire the reactive ,naked” fluoride species

Actual radiolabeling procedure
(and possibly other chemical reaction steps)

Removal of impurities, side products and
unreacted starting material

Removal of organic solvents and
formulation of product with injectable buffers

“\ Werner Siemens
Imaging Center

UNIVERSITATS

KLINIKUM
4

TUBINGEN
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F-18 Chemistry: FDG TUBINGEN

Synthesis of FDG

(1) Precursor synthesis

HO OH Ac,0, H* AcO— OAc HBr, Ac,O AA(C):O ogc
HO‘E&/ > Acoﬂw - > C
HO OH AcO OAcC HOAC, 0°C AcO

Br

D-Mannose P[?nta-acetyl- 1-Bromo-tetra-acetyl-
-mannose D-mannopyranose
X
| EtOH, rt
= 14 h
N
Y
AcO OAc  CHC,0°C A0 OAc  Aceton, Tt ACO&Q/O
AcO

"Mannose-friflate"
=> FDG-Precursor

UNIVERSITATS
Werner Siemens 4 KLINIKUM
Imaging Center 4 TUBINGEN



FDG cont..

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

AcO OTf

AcO OAc
"Mannose-triflate”
=> FDG-Precursor

HO
HO O
HO OH

18F
FDG

K222, '8F-, acetonitrile

80 °C

formulated in buffer

1. QMA clean up

'
2. NaOH

Werner Siemens
Imaging Center

44

Department of
Preclinical Imaging and Radiopharmacy

UNIVERSITATS
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TUBINGEN



F-18 Chemistry

EBERHARD KARLS

UNIVERSITAT

TUBINGEN
0
. Y
HO&&/ )t\> 0] N
HO OH \\;\?F HO.
18F O
FDG F
(2-Fluor-desoxy-glucose) FHBG FLT
N 18
[N\>_N02 \([4\31‘:\ i o)
187 >\, \/\OH p
X\OH . \NW/NOZ
18 N
FMISO FEC FAZA
@)
// 07\

Fallypride 0 T 1 N//\
18FV\/\©/MNAL)

Flumazenil

18F

z
@)
z
/

Werner Siemens
Imaging Center
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F-18 Chemistry

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Flowchart GE Tracerlab Fx N Pro

TRACERIab FX N Pro

0.2 pm 0.2 pm

@ HeLumPRESSWRE

Vx4 @ AIR PRESSURE
: V27
] ] Ly
YENT.
0.
FROM {
=, TARGET V10 J TUBE 2
|
‘ v14 ;Y |
1 B vzZ1
' 18F SEPARATION A0, 1 V16
H CARTRIDGE P>
,«
v13 V0 . A — 2 Y8 A0, 2
EATER l I Tt Frez NEEDLE Auto Zero |
FOR IM—EF wp I up ¢ WY Lamp |
A W24 down M
[~ TEMP.1 [~ RDY
= g = [~ TEMP.1[RDY
PRESSURE stet Ster|
r [ sop [ stopl
s ol < w B>
evzs.x (d&st)) v COOLING AIR 1 (1558®)) W COOLING AlR 2
— —&
e Va7 REACTOR 1 REACTOR 2
I YACUUM - Pd -
LA Vs e
STIRRERS [ > GRARANN (212 Al WASTE (w0l WASTE
EXHAUST tor 1 tor 2
_oon | eff | mo e rescor = & Lamp and valve W30 are always switched together.

Werner Siemens
Imaging Center

@

UNIVERSITATS

KLINIKUM

TUBINGEN

4



EBERHARD KARLS

F-18 Chemistry TUBINCEN

i HPLC

A |

18 A : e
OH, - -
separation M ’-

reactor formulation

UNIVERSITATS

Werner Siemens
@ Imaging Center 44 KLT”;I'”gElIJ\‘M



EBERHARD KARLS

F-18 Chemistry UNIVERSITAT
Svynthesis of FDG: GE Tracerlab Mx (cartridge system)

i
'. 1 .~
‘ n e | j -
) S .
" 1 a = N .
W . TTTTTTTTT——
\ ¢ = i
U e
R . f

UNIVERSITATS
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EBERHARD KARLS

: UNIVERSITAT
11C-Chemistry TUBINGEN

Carbon-11 is a synthetic isotope which does typically not occur in
nature.

Several nuclear reactions can be used to produce 'C, but the most
commonly used and convenient method is the application of a nitrogen
gas target “N(p,a)""C.

Half-life: 20.3 mins
Decay mode: 99.8% by positron emission
Maximum range (in water): 4.1 mm

UNIVERSITATS

©Werner5iemens 49 Department of 44 KLINIKUM

Imaging Center Preclinical Imaging and Radiopharmacy TUBINGEN



EBERHARD KARLS

11 : UNIVERSITAT
C-Chemistry TUBINGEN

Source of isotopes for PET radiochemistry is mostly a cyclotron. A
cyclotron is a proton / deuteron accelerator, which accelerates protons
/ deuterons on a spiral trajectory.

lon Stripper

source Acceleration foil target
H, gas > H- > H- acc. > H*beam ——— "“N(p,o)"'C

14N2 + 02 — 11C02

Magnetic field bends [4]
path of charged particle.

Square wave
electric field
accelerates
charge at
each gap
crossing. &

Werner Siemens Department of UNIVERSITATS
@ Imaging Center 50 44 KLINIKUM

Preclinical Imaging and Radiopharmacy TUBINGEN



EBERHARD KARLS

11 1 UNIVERSITAT
C-Chemistry TUBINGEN

Sequence of a "C-radiosynthesis

Production of "CO, Production of 11C- Radiolabeling
in the cyclotron | building block =1 of precursor
=> EOB
40 mins 13-15 min 5-10 min
Transfer of product Formulation Purification of
out of the hot cell | ] of product ‘ product via HPLC
=> EQOS
2-5 min 10-15 min 10-15 min

Minimum time for "C-radiosynthesis: ~30 min (without irradiation time)
Typical time for "C-radiosynthesis: ~60 min (without irradiation time)

Typical ""CO, activity after irradiation: ~ 200 GBq (EOB)

UNIVERSITATS

"\ Werner Siemens Department of
© Imaging Center 51 Preclinical Imaging and Radiopharmacy 44 KENIKGM



11C-Chemistry

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Organic Chemistry with 1'C

In principle, 'C is a candidate for the isotopic or non-isotopic labeling
of any organic compounds and is thus of major importance to PET.

Isotopic labeling: "'C replaces stable 2C/'3C in the molecule. The
biological fate of the molecule is virtually unchanged.

Non-isotopic labeling: a group containing "C is added to the

molecule of interest,
properties to the original.

OH

HO
HO N _—OH
OH ' 'C

Isotopically-labeled
"C-glucose
(substrate glucose-metabolism)

producing a new compound with different

OH

)
HO

HO O—,,
OH CHs

Non-isotopically-labeled
" C-methyl-glucose
(tracer for SGLT1)

“\ Werner Siemens
Imaging Center

UNIVERSITATS

KLINIKUM
4

TUBINGEN

Department of
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11C-Chemistry — Building Blocks

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

CH,0 cs,
11COCI,
Ag P2Ss
Cl,
""CH,0OH al > 11CHyl  —299TT o 11GH,0Tf
11CO
RMgX Ni Pt

R''COOMgX e——— "'CO,

N, + trace O,

NH

N, + trace H,

14N(p, Cl)11C

» '"CH, ————p H''CN

Werner Siemens
Imaging Center 53

Department of
Preclinical Imaging and Radiopharmacy
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11C-Chemistry

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Synthesis of ["'C]CHj|

Hydrogen
—

Flow Rate

Exhaust

Lig. N cooling %Trapc
Gumm— ===

© Power
Pressure0OK  _onjolf | N/ = [
= Compr. Air
™ Helium —{><]
I~ Hydrogen LT
_on/off | _on/off | _on/off | _on/off |
i Mel Mel Trap Me-TF
I in optional:
Ni/C/ H2 as phase AgOTf
11002 » 11CH4 9 P 11CH3-| 94> 11CH3-OTf
360°C 720°C 190°C
12-13 mins

Werner Siemens
Imaging Center

o4 Preclinical Imaging and Radiopharmacy
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11C-Chemistry

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Flowchart of a 1'"C-radiosynthesis

TRACERIlab FX M

switches output valve

on Mel synthesizer

V16

Air Press)

S

Helium Pressure

. 3
- B

Exhaust

Methyl Iodid
Synthesizer
><
vis
Yacuum Pump V19
© power

Werner Siemens
Imaging Center

Department of

25 Preclinical Imaging and Radiopharmacy
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M I UNIVERSITAT
C-Chemistry TUBINGEN
0 O
% OH s COH H''C H
\-Né\/ H,'1C” \/\r ’ N
“C|H3 NH,
11C-Choline

(=> neurotransmitter and
part of cell membranes)

11
U Co 0 \7
Cl N/\T:i>
H
OH
C

"C-Raclopride
(antagonist for D2
Dopamine receptors)

C-Carfentanil
(u- or OP5-receptor agonist)

C-Methionine
(amino acid metabolism)

HO S 11/CH3
(;r ()i
N

11C-PIB
(binds to AB-
Alzheimer plaques)

N O
i)
F N_
0O 11CH3

"C-Flumazenil
(competitive GABA,-receptor antagonist)

C-Methylphenidate

(Ritalin, Amphetamine)

"ICH
NH2 \N/ 3
S

NZ

"C-DASB

(binds to the Serotonin
transporter)

HO l
Cl
C-SCH23390

(D1 receptor antagonist)

N—"1CH,

Werner Siemens
Imaging Center

Department of
o6 Preclinical Imaging and Radiopharmacy
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Labeling of Biomolecules UNIVERSITAT

* Antibodies e
b

gion
b.—J Fab fragment
v region S

Fc region HE % @ @
‘v fragment scFv fragment

Ci nal 1gG
. Prot
roteins
OH
o 7 o] 7
< H H ~
N N
ISEREaR N
2 H o M o
Hl}l N _S HN
0. f\lj o) o) H S\? Io) H A (CHZCHZO)S
® P . Y)NTIC—NOf HO N\F/'\N Nm Cc\ I | YU U/G\G
eptides G CUY Sd Lo Lo, gy
HO HO 4 Cf ¢ ¢—3 %,.% G\U/A
\G\ /G’U\U/
GoC
|
U
%0 | Delete "CCCUG" for
(‘; o (I‘,' non-binding control
&
« DNA and RNA ke
an e Lol
HENN\/\O——O'S‘/‘ A 1

UNIVERSITATS

Werner Siemens
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EBERHARD KARLS

Antibodies in Imaging UNIVERSITAT

Advantages:

« Universal - possible for many proteins

« Easy - Often therapeutic antibodies available

» Specific - Selectivity between homologous proteins

Pitfalls:

* Only for extracellular proteins

» Large proteins - diffusion limits

« Species specific (Xenograft or transgenic models)

UNIVERSITATS

"\ Werner Siemens Department of
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EBERHARD KARLS

lgG Antibodies UNIVERSITAT

light chains Hinge region with
(K or A) inter-chain disulphide bonds

Fc part SE e
Cwith N-linked &S
glycans R

Antigen binding site:
Variable regions O
with CDR loops ' ,

generated by somatic .. v chains I _ _
recombination (v1, YZZI, v2b. ) @rotanon axis

UNIVERSITATS
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Reactive Groups for Labeling UNIVERSITAT

Important:
Retention of Immunoreactivity

Aromatic amino acids (Tyr)

HCH) Amino groups (Lys)
Thiol groups (Cys)
—§ Carbohydrates
NH,

Site-directed mutagenesis
Metabolic labeling

Werner Siemens Department of UNIVERSITATS
@ Imaging Center 60 Preclinical Imaging and Radiopharmacy 44 KLINIKUM

TUBINGEN
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Labeling of Tyrosine Side Chains... UNYiRIAT

...with halogens:

Electrophilic aromatic substitution:
R R

HE o+

| — 124 4 -

\/ 124

HO— HO

7 Werner Siemens Department of
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Labeling of Amino Groups...

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

...with carboxylic acids:

N-Hydroxy-succinimide Ci\j/sosH
N

o) HO-
or
HO-N (@)
(@]
OH K \ O—N;\j
R\ o 0
N=C=N  r_ J_ Re NHS ester
R" N N

H H "active ester"”
Carboxyl group actiation

G {
Antibody

N
H

Stable amide bond
(peptide-like)

Werner Siemens
Imaging Center 62

UNIVERSITATS
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TUBINGEN
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Labeling of Amino Groups... UNIVERSITAT

...with isothiocyanates:

N=C=S S
pH =9
* AT

ZPANR Antibod .
2 Thiourea bond
UNIVERSITATS

7 Werner Siemens Department of
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EBERHARD KARLS

Labeling of Carbohydrates... UNIVERSITAT

...with hydrazides:

Hydrazone
o) OH
Hoé&o Oxidation by 10, H f&/o Antibod k HN;N 0
HO ntibody H ntibody O
H ntibody
NH g NH \ /7/?;
(@)

OH

_<

HN—N
© 2x H,0 O _<o

Aldehyde groups

UNIVERSITATS

7 Werner Siemens Department of
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EBERHARD KARLS

Enzymatic labeling UNIVERSITAT

...using transglutaminase:

*Only at accessible sites (site-selective)
*Enzyme needed

*Reaction rather slow

*Enzyme prefers ,small” substrates

)

0]
Label HN

H,N

Label

NH, NHj

UNIVERSITATS

7 Werner Siemens Department of
@ Imaging Center 65 Preclinical Imaging and Radiopharmacy 44 KENIKGM



EBERHARD KARLS

Enzymatic labeling UNIVERSITAT

...using glycosyl transferases:

*Removal of terminal sugars
Introduction of GalNAz
*Subsequent ,click” chemistry

/N OH o N o
#o \\/\) B-1.4-Galactosidase Gal-T(Y289L) N
NH 37°C, 16 h UDP-GalNAZ (8N5) 3
o 30°C, 16 h Ny
UDP-GalNAz DIBO-DFO @ Remove Term{‘nu[ @ Incorporate GalNAz
1591 Galactose Residues
— . DIBO-DFO
B o @ Click on DF ()l 25°C. 16 h
O b

89
Zr

1 hr, RT DFO
pH 7.0-7.5

5 :0™r
= )&\/N\ . N @ Radiolabel
N N N
H *Zr-DFO-DIBO/GalNAz-J591

N Werner siemens Department of UNIVERSITATS
@ Imaging Center 66 Preclinical Imaging and Radiopharmacy 44 KENIKGM
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Isotopes for Antibody Imaging QLT
150 122 seconds
3N 9.9 minutes
e 20 minutes
68Ga 68.3 minutes } .
short-living
L= 110 minutes
64Cu 12.7 hours
metals 86Y 14.7 hours - intermediate-living
6Br 16.2 hours
89Zr 78.4 hours |
1490Nd — 40Py 80.8 hours - long-living
125 100.3 hours
CNOF
Cu Ga Br
Y Zr I

Nd

UNIVERSITATS
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Antibody labeling with radioisotopes VNjERIAT

Prosthetic groups and chelators for intruduction of radioisotopes:

I . electrophilic iodination (I

D)}\ Q Bolton-Hunter-reagent
OO
N Succinimidofluorobenzoic acid (SFB)
O/
@]
18F

(0] 0]
/\ Q
Cu, Ga, Nd: *A[ . ;J
HO DOTA-NHS-ester
)\/N N d
o \_//l

(suitable for ®*Cu, 68Ga, 14ONd)
H
O H
J
. Lo
Zr, In: g_AOH HO

© @)
°N
DFO-Bz-NCS
o

HN 9 (for 82zr or ""In labeling)

I~

.OH
WN N—@—NCS
H H
p-isothiocyanatobenzyl-desferrioxamine
(Df-Bz-NCS)

UNIVERSITATS
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F-18 Prosthetic Groups NG

YN\

18
Fel~ 18 Nu 18
F F
T ¢ .
fluoroethyl tosylate

fluoroethyl tosylate

_cuy
N |
18F 3\* 18F ~__N |

ONHS
\\\44 N
s O N
18F 5
18F

R: -H, -OH, -ONHS

» UNIVERSITATS
Werner Siemens 4 KLINIKUM
Imaging Center 4 TUBINGEN



Chelate Ligands (Chelators)

EBERHARD KARLS

UNIVERSITAT

TUBINGEN
Macrocyclic chelators:
HOOC/EN Nj\COOH Hooc/Ep Nj\COOH HOOC” >N N~ COOH
N
HOOC_>N  N{_COOH HOOC_ >N N{_COOH P
DOTA . HO0C NoTa \
TETA Incorporation of
dedicated
[\ i
H\WN/H HOOCApN HOOC/\C NJ/\COOH attachment site
() () o
N HN'N N~ NI _COOH
b “H ~ HOOC COOH
‘\M U NODA-GA
Sarcophagine CB-TE2A
Non-cyclic chelators: on o o ; on
H2N\/A\//\»/er”\¢)kN/“\/”\//\N/l\/”\W/N\/”\v/\\/er/
o H OH o) o)
Deferoxamine
COOH
r

Hooc” NN N">cooH

HOOC

DTPA

COOH

Werner Siemens
Imaging Center
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Pretargeted labeling (in vivo) b

« Antibody half time can be problematic:
« Good imaging only after >24 h of uptake time (slow clearance)
« Requires ,long“-lived isotopes

* Leads to rather high doses ”M“Ol
(o} o
0% 0
* Pretargeting might be a solution: é Trarcﬁ‘j\\;
« Injection of ,cold” alkyne-/alkene pretargeted antibody NN e
« Uptake time without radioactivity 0

» Injection of radioisotope targeting the antibody (may be short-lived)

« Click reaction happens in vivo
E R R

« Rapid background clearance and imaging

(@)
=
©
« Smaller dose expected 3 /.D/g
B _ > IR
umor \(\ = 00
S v @ -y (@ S
S = 5T <

Y s %
. / « e d Q
Inject Slow U Inject Rapid
antibody clearance Q@ radioligand clearance
ST iy . @3
R y 5

S

J
SN
LA
NF
.
al

(@)
=
©
o)
) 0

@ ) -

¢ 5 > 0.0
i o= S8 § oot S
) e @ R -

Antlbody accumulatlon In vivo click reaction 2h 6h 12 h 18 h

%IDIg

Zeglis et al., J Nucl Med (2013)
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- UNIVERSITAT
Literature TUBINGEN

- http://intramural.nimh.nih.gov/mib/radio/petchem.htm

- Ferrieri et al. Radiochem. Acta 1983, 34, 69-83

- http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/cyclot.html
- http://'www.youtube.com/watch?v=cNnNM2Zqlsc

- P. A. Schubiger, PET Chemistry — The Driving Force in Molecular
Imaging, 2007 Springer Verlag

- C.-H. Hsieh, Positron Emission Tomography — Current Clinical and
Research Aspects, 2012, InTech

- H. J. Wester, Pharmaceutical Radiochemistry, 2010, Scintomics Media &
Publishing
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- G. Stocklin, Radiopharmaceuticals for Positron Emission Tomography,
1993, Kluwer Academic Publisher
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Applications, 2001, Wiley-VCH
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