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Dedication

In memory of Sangiv Sam Gambhir and Bin Shen

What vemains after people ave gone ave the lessons leavned from their words and actions, which
ruminate and distill in our minds, populating the standard operating proceduves for our lives.
Sam and Bin taught us many different things in very diffevent ways, and after veflection, these
are the SOPs they inspived.:

Never say no; say how

Never quench a dream; dream big

Never miss a chance to smile; shave this with everyone around you

Never overvalue your own time; shave of yourself

Never weigh others down; raise them up and take pride in their beights

Never go it alone; build community to foster strength

Never forget why we ave heve; be the conduit for change

Never forget where you began; wayfind for others along the same path

Never undevestimate your impact; a key moment, a few true and kind words, and a pat on the
shoulder can inspirve for a lifetime

The lives you have touched arve innumerable, your legacy immeasurable, and your kindness
infinite. In our work and in our hearts, you ave fur from gone.



Preface

Medical imaging has revolutionized the way we diagnose and treat disease. In many cases,
invasive surgical procedures prevalent at the beginning of the last century have been replaced
by anatomical scans, such as magnetic resonance imaging and computed tomography, that
reveal whole-body anatomy in fine detail. Positron emission tomography (PET) enables an
even deeper look into health and disease by illuminating functional and molecular changes in
the body. The ability to probe living subjects with molecular precision is not only continuing
to change the way we can study and diagnose disease, but it is also opening up new frontiers
in precision medicine, predicting therapy response, and the creation of theranostic agents
with diagnostic and therapeutic duality. This volume of the Methods in Molecular Biology
series will explore the key concepts and experimental design related to PET imaging that
have revolutionized our understanding of human biology. The first part focuses on recent
advances in radiotracer probe development to enable the detection of large macromolecules
to complicated drug-like structures. The next section describes how key physiological and
pathophysiological processes can be interrogated and quantifiably measured with this imag-
ing technique. Finally, we will describe important technological developments in the field
which are revolutionizing the way these innovative PET probes are utilized in the clinic.

London, UK Timothy H. Witney
Ottawa, ON, Canada Adam J. Shubendler
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11C-Fixation Techniques

Emily Murrell, Anton Lindberg, Armando Garcia, and Neil Vasdev

Abstract

This protocol describes the application of cyclotron-generated [''C]CO, fixation reactions for direct
" C-carboxylation reactions and [*'C]CO for **C-carbonylations. Herein we describe one-pot methods
wherein the radioactive gas is first trapped in a reaction mixture at room temperature and atmospheric
pressure prior to the radiolabeling reactions. Such procedures are widely applicable to numerous small
molecules to form 'C-labeled carboxylic acids, amides, esters, ketones, oxazolidinones, carbamates, and
ureas. The steps for ''C-fixation techniques described herein are tailored for a commercial automated
synthesis unit and are readily adapted for routine radiopharmaceutical production.

Key words Carbon-11, Carbon dioxide, Carbon monoxide, Carbonylation, Carboxylation

1 Introduction

Carbon-11 (*'C, t; 2 = 20.4 min) is a widely used radionuclide for
the development of positron emission tomography (PET) imaging
radiotracers because of its ubiquitous composition in organic com-
pounds and small molecule drugs. ''C-labeling is typically per-
formed through the robust chemistry of N-; O-; or
S-''C-methylations, viaz methyl iodide ([''C]CHj3I), or methyl
triflate ([*'C]CH3OTf). While several PET radiopharmaceuticals
are produced by ''C-methylation reactions, the synthetic versatility
of this chemistry for producing new tracers is limited to drug
structures containing accessible methyl functionalities. Conversely,
carbonyl groups are more common in small molecule drugs, and it
is not surprising that major efforts have been ongoing for develop-
ing a wide scope of ' C-fixation reactions to increase the number of
labeled drugs accessible from combinatorial libraries by generating
1C = O bonds [1].

Syntheses of positron-emitting radiopharmaceuticals are gen-
erally conducted remotely to limit exposure to ionizing radiation.
Hence, there are several commercially available synthesis units for
Y C-chemistry, as well as various units built in-house at

Timothy H. Witney and Adam J. Shuhendler (eds.), Positron Emission Tomography: Methods and Protocols,
Methods in Molecular Biology, vol. 2729, https://doi.org/10.1007/978-1-0716-3499-8_1,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2024
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radiochemistry facilities around the world. While the protocol
herein describes the use of a specific commercial radiosynthesis
unit, the steps and notes are applicable to other available commer-
cial units, as well as those built in-house for carbon-11 radiotracers.

Cyclotron-generated [''C]CO, is produced via the nuclear
reaction "*N(p,a)''C by proton bombardment of a gas target con-
taining a nitrogen:oxygen mixture (>99% nitrogen). Fixation
based on [''C]CO, has been traditionally restricted to labeling
vin *'C-synthons such as Grignard and organolithium reagents,
which have limited functional group tolerance. Recent develop-
ments in CO,-fixation have allowed the use of less sensitive reac-
tions to produce ''C-carboxylated compounds (see [2—4] for
extensive reviews). Particularly, the use of organic fixating bases
(e.g., DBU or BEMP) have greatly improved the solubility of
CO, in organic solvents, and it has facilitated direct [*'C]CO,
fixation to form ''C-labeled oxazolidinones, carbamates, and
ureas [5]. Using this advancement, copper-catalyzed [''C]CO,
fixation into organoboron [6] or organotin [7] precursors have
also been shown to produce ' C-carboxylic acids, which can be
subsequently transformed into ''C-labeled esters or amides. A
representative intramolecular '*C-carboxyaltion is demonstrated
below for the radiosynthesis of [''C]S1.25.1188, a PET radiophar-
maceutical used for imaging monoamine oxidase B (MAO-B) [8]
(Fig. 1) (see Note 1).

Historically, labeling with [''C]CO was limited due to its low
solubility in organic solvents. Approaches to mitigate this challenge
include devices that recirculate the ['*C]CO, high pressure reactors
(mini-autoclave methodology), or utility of heavy carrier gases
(e.g., xenon) [9—12]. Trapping of ['*C]CO has been demonstrated
at low and atmospheric pressures (see [13, 14] for comprehensive
reviews of various techniques). Boron-based trapping of [''C]CO
was performed using a borane-THF complex that subsequently
releases [''C]CO upon heating [15]. Another approach is
Cu-based [''C]CO trapping using the Cu(I) scorpionate Cu
(Tp"), which can release [''C]CO in the presence of the competing
ligand PPh; [16]. These trapping approaches are followed by vari-
ous Pd or Rh-mediated ''C-carbonylation reactions to form
" C-amides, ureas, ketones, carboxylic acids, esters, carbamate
esters, acid chlorides, and aldehydes, among other carbonyl-
containing functional groups [14]. More recently, the use of Pd
(IT)-ligand complexes to both trap the [''C]CO and insert it has
been demonstrated as a method to produce ''C-amides, esters,
carboxylic acids, aldehydes, and ketones [17, 18]. For example, a
one-pot ''C-aminocarbonylation is demonstrated herein to pro-
duce the N-''C-acrylamide, [*'C]tolebrutinib [19] (Fig. 2) (see
Note 2).
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Fig. 2 Example of an ''C-aminocarbonylation for the synthesis of [''C]tolebrutinib

2 Materials

21 ["cjco,
Garboxylation

. Cyclotron-generated [''C]CO..

2. HayeSep D column: (700 mg HayeSep D) (see Notes 3 and 4).

O 0 N O

. Amino alcohol precursor, e.g., (S)-1-methoxy-3-[6-(4,4,4-tri-

fluorobutoxy)benzo[d Jisoxazol-3-ylamino |propan-2-ol  (see
Note 1).

. Trapping base, e.g., 2-zert-butylimino-2-diethylamino-1,3-

dimethyl-perhydro-1,3,2-diazaphorine (BEMP).

. POCl;.

. Anhydrous acetonitrile.
. Water.

. Ammonium formate.

. Nitrogen gas.

10.
. Helium gas.
12.

4 mL glass reaction vial with septum

Liquid nitrogen.
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22 ["cjco
Production

2.3 [''c]co (Amino)
Garbonylation

13.

14.

See

Commercial radiosynthesis unit (TracerMaker™; Scansys
Laboratorierteknik, Denmark) (see Notes 5-7).

HPLC mobile phase and system as needed.

Fig. 3 for set up scheme of columns and traps (sec Note 3)

. Cyclotron-generated [''C]CO,.

2. HayeSep D column: (700 mg HayeSep D) (see Note 4).

N U W N

. Molybdenum column: 26 cm quartz tube (4 mm ID, 6.35 mm

OD) packed with 6 cm molybdenum powder (~2 g,
350 micron) and packed with 5 cm of quartz wool on both
sides (see Note 8).

. Ascarite /Sicapent column: Containing half sodium hydroxide-

coated silica (Ascarite 11, 20-30 mesh) and half Sicapent (see
Note 9).

. Silica trap: 1/16" stainless steel tube (1,/25” ID) in hairpin

shape. Packed at turn with silica (60 A, 60-100 mesh) and
packed with a frit on each side (see Note 10). The silica trap is
attached to an electric circuit for heating (see Note 11).

. Helium gas.
. Liquid nitrogen.

. Commercial radiosynthesis unit (TracerMaker™; Scansys

Laboratorierteknik, Denmark)) (se¢ Notes 5 and 6).

. Amine precursor, e.g., des-acrylamide tolebrutinib precursor

((R)-4-amino-3-phenoxy-1-(piperidin-3-yl)-1,3-dihydro-2 H-
imidazo[4,5-¢]pyridin-2-one) [19]) (see Notes 12-13).

. Vinyl or aryl halide, e.g., vinyl iodide (sec Note 14).
. Ligand, e.g., N-Xantphos (se¢ Note 15).

. Palladium source, e.g., Pd(dba), (see Note 16).

. Anhydrous tetrahydrofuran (THF) (see Note 17).

. Oven-dried 4 mL glass reaction vessel with Teflon-lined sili-

cone septum (se¢ Note 18).

7. Argon gas.

o)

10.
11.

12.

. Nitrogen gas.

. Helium gas.

Liquid nitrogen.
Commercial radiosynthesis unit (TracerMaker™; Scansys
Laboratorierteknik, Denmark) (sec Notes 5-7).

HPLC mobile phase and system as needed.
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quartz
wool

. | glass wool

Fig. 3 (a) Flow scheme for ['C]CO production. (b) Molybdenum column set up. (¢) Silica trap set up

3 Methods
Due to strong ionization radiation, all procedures (other than
reaction preparations) should be performed in an adequately
shielded radiochemical hot cell.

31 [cjco, Steps 1-5: Preparation

Carboxylation

1. Prepare a 1 mg/mL precursor stock solution of amino alcohol
(e.g., (S)-1-methoxy-3-[6-(4,4,4-trifluorobutoxy)benzo[d Jiso-
xazol-3-ylamino|propan-2-ol) in anhydrous acetonitrile (see
Note 1).

2. Dispense 100 pL of the precursor stock solution into a conical
reaction vessel (4 mL) and add 1 pL BEMP (1% overall). Seal the

reaction vessel tight with a septum and flush the reaction vessel
with inert gas.
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3.2 [''c]co (Amino)
Carbonylation

3.

4.

Prepare a solution of POCI; (2 pL) in anhydrous acetonitrile
(1 mL) (0.2% overall) in a dry vial with a septum.

Prepare a vial containing a quench solution of acetonitrile:H,O
(1 mL; 10:90 »/») with ammonium formate (0.1 M).

. At 5 min before end of bombardment, place the prepared reac-

tion vial (Step 2) in the reactor and transfer the prepared POCI;
solution (Step 3) to the addition vial on the radiosynthesis unit.
Make sure the hot cell is closed.

Steps 6-11: [M'C]CO; production and trapping

This process bas been automated and controlled and wmonitored

10.

11.

through an external computer outside the hot cell (see Notes 3—
7).

. Fill the dewar for the HayeSep D column on the radiosynthesis

unit with liquid nitrogen.
*Handle with appropriate PPE for cryogens according to
institutional guidelines.

. Make sure all gas lines are open and confirm sufficient pressure

to the synthesis unit.

. Produce [''C]CO, in a cyclotron using the **N(p,a)' ' C nuclear

reaction.

. Trap cyclotron-produced [''C]CO, on HayeSep D column

cooled to —180 °C with liquid nitrogen.

Heat HayeSep D column slowly to —40 °C under helium flow
(100 mL/min) over 2 min to remove any by-product impurities
from the [''C]CO.,.

Heat HayeSep D column to room temperature under helium
flow (10 mL/min) to release [''C]CO, into the prepared and
sealed reaction vessel at room temperature (see Note 19).

Steps 12-14: Reaction and purification and/or analysis

This process bas been automated and contvolled and wmonitored

12.

13.
14.

through an external computer outside the hot cell (see Notes 5—
7).
After 1 min, add POCI; solution to the precursor and BEMP
solution in the reaction vial at room temperature.
After 30 s, add quench solution to reaction vial.

Analyze reaction mixture and/or purify reaction mixture using
RP-HPLC and an appropriate system for the substrate.

Steps 1-5: Reaction preparation

1.

Prepare a solution of vinyl halide (vinyl iodide, 10 pL) in anhy-
drous THF (4 mL) solution (33.8 mM). Vinyl iodide has a very
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low boiling point. Cap tight when not in use and handle only in
a fumehood (see Note 20).

. Prepare an oven-dried vial containing coupling reagents

(Pd source, Xantphos ligand) with a septum (2.0 (+ 0.2) mg
Pd(dba), and 2.0 (+ 0.2) mg N-Xantphos). Minimize exposure
to air while performing this and flush vial with nitrogen gas (see
Note 21).

. Prepare an oven-dried reaction vessel (4 mL) with a septum

containing the precursor (des-acrylamide tolebrutinib precur-
sor, 3 mg). Flush the reaction vessel with nitrogen gas.

. 20 min before end of bombardment, add alkyl halide in THF

(600 pL) to the vial with the Pd and ligand, through the septum.
Vortex for 2 min and let stand at room temperature for 20 min
for the complex intermediates to form.

. Five minutes before the end of bombardment, add the reagents

mixture to the precursor in the reaction vessel through the
septum. Vortex for 2 min (see Note 13), then quickly replace
with a new unpunctured septum and install the reaction vessel
on the radiosynthesis unit. Make sure the hot cell is closed.

Steps 6-15: [M'C]CO production and trapping

This process bas been automated and contvolled and wmonitored

10.

11.

12.

13.

through an external computer outside the hot cell (see Notes 3—
7). See Fig. 3 for a scheme.

. Fill appropriate dewars on the radiosynthesis unit with liquid

nitrogen (for the silica trap and for the HayeSep column).
*Handle with appropriate PPE for cryogens.

. Make sure all gas lines are open and confirm sufficient pressure

to the synthesis unit.

. Produce [''C]CO, in a cyclotron using the **N(p,a)' ' C nuclear

reaction.

. Trap cyclotron-produced [*'C]CO, on HayeSep D column that

has been cooled to —180 °C with liquid nitrogen.

Heat HayeSep D column slowly to —40 °C under helium flow
(100 mL/min) over 2 min to remove any by-product impurities
from the [''C]CO,.

Heat HayeSep D column to room temperature under helium
flow (10 mL/min) to release [''C]CO,. Helium flow rate is
maintained at 10 mL/min until trapping on silica trap.

Pass [''C]CO, through the molybdenum column heated to
850 °C to produce [''C]CO.

Pass [''C]CO over Ascarite II column to remove any remaining
[''C]CO,.
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14.

15.

Trap [''C]CO on silica trap cooled by immersion in liquid
nitrogen.

Remove silica trap from liquid nitrogen and heat trap to release
[*'C]CO into the prepared and sealed reaction vessel at room
temperature. (Under helium flow at 10 mL/min) (see Note 19).

Steps 16-19: Reaction and purification and/or analysis

This process bas been automated and contvolled and wmonitored

16.

17.

18.
19.

through an external computer outside the hot cell (see Notes
5-7).
Shut off helium flow and close valves to the reaction vessel. Heat
the reaction mixture at 100 °C for 5 min.

Heat reaction vessel to 110 °C under nitrogen flow (100 mL/
min) for 90 s to remove the THF.

Dilute reaction mixture with HPLC mobile phase.

Analyze reaction mixture and/or purify reaction mixture using
RP-HPLC and an appropriate system for the substrate.

4 Notes

.11 . . . .
. This “"C-carboxylation reaction can also be achieved intermo-

lecularly using a suitable amine precursor, followed by addition
of an alcohol-based building block after the formation of the
isocyanate with POCI;3 (see [20] for an example).

. This reaction has potential to be modified to access a variety of

other functional groups. Esters can be prepared by replacing
the precursor amine with an alcohol, an aldehyde was prepared
by replacing the amine with triethylsilane, a ketone by replacing
the amine with a tributylstannane precursor, and a carboxylic
acid by replacing the amine with tetraecthylammonium hydrox-
ide solution. Necessary reaction conditions for these scaffolds
may need optimization [18].

. All columns and traps need to be pre-conditioned prior to use

to ensure complete removal of atmospheric gases. This is usu-
ally performed with a He flush.

. Molecular sieves can be used to trap cyclotron-produced [''C]

CO; in place of the liquid nitrogen cooled Hayesep D column.
In this case, [''C]CO, is trapped on molecular sieves at room
temperature, the column is flushed with helium to remove
target gas and nitrogenous impurities, and the [''C]CO, is
released by heating the column to 350 °C under helium flow.

. The TracerMaker™ is an automated radiosynthesis module

equipped to handle all carbon-11 transformations and



10.

11.

12.

13.

14.

15.

16.
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manipulations. Other modules may be appropriate or modified
for the needs herein.

. All tubing on the TracerMaker™ are polytetrafluoroethylene

(PTEE).

. Stainless steel needles are used for the TracerMaker™ reactor

(delivery needle and vent needle).

. The molybdenum column needs to be conditioned after pack-

ing. With the outlet disconnected, condition under He flow at
5-10 mL/min: 100 °C for 5 min, ramp to 350 °C and hold for
10 min, ramp to 850 °C over 10 min and hold for 5 min, ramp
down to room temperature slowly.

. An Ascarite (or NaOH) column must always follow the molyb-

denum column. We have found that placing an Ascarite /Sica-
pent column directly before the silica trap helps to remove any
residual moisture and maintain the longevity of the silica trap.
The Ascarite column can also be placed inside the quartz tube
of the molybdenum column at the outlet end; however, this
placement results in more connections and /or valves between
the desiccant and the silica trap, which increased the possibility
of introduction of moisture to the trap.

When filling the stainless tube with silica, use a dipstick to
measure and even the silica height on each side. Tap the tube
repeatedly to pack the silica. Use small pieces of frit material
and push down on each side to hold the silica in place.

On the Tracermaker™ the stainless tube is attached to electri-
cal probes to heat the trap with an electrical current in order to
speed the release of [''C]CO from the silica.

This method has been reported for the synthesis of [''C]
ibrutinib as well using 3-(4-phenoxyphenyl)-1-(piperidin-3-
yl)-2,3-dihydro-1H-pyrazolo[ 3,4-d Jpyrimidin-4-amine as
precursor [21].

We have found that using free base of precursor gives higher
radiochemical yields and less radioactive by-products than salt
forms. It is common for amino bases to be commercially sold as
salts, which will make them difficult to dissolve in aprotic
solvents such as THF. Addition of 2 equivalents amine base
(e.g., diisopropylethylamine) is known to aid solubility in those
cases.

It is also often possible to use a vinyl/aryl bromide or vinyl/
aryl triflate in place of the vinyl /aryl iodide.

Other Xantphos and diphosphine ligands have been tested with
some efficacy [18].

Other Pd(0) or Pd(II) catalysts have also have been used with
varying success in trapping efficiencies and yields [18].



Freshly distilled, or SureSeal™ (with or without butylated
hydroxytoluene (BHT)) THF is important for the yield of
the reaction. When using THF with trace water or impurities
(peroxides), a common by-product is the *'C-labeled carbox-
ylic acid. Yields were also lower when using alternate dry
aprotic solvents such as 1,4-dioxane, acetonitrile, or DMF
(which also have higher boiling points making them more

These methods have also been adapted to “in-loop” carbonyl-
ation reactions using an HPLC loop as the reaction vessel

Ensure that when trapping [''C]CO, or [*'C]CO in the reac-
tion mixture solution, the dispensing needle is submerged in
the solvent and confirm that the gas is bubbling into it.

Vinyl iodide in THF solution can be prepared ahead of time. A
solution of vinyl iodide (10 pL) in 4 mL anhydrous THF is
prepared as follows: Handle vinyl iodide in a fumehood. Store
vinyl iodide in the fridge and dispense into THF while the vial
is still cold. The vinyl iodide /THF mixture has a shelf life of
1 week in a jar with desiccant (Drierite) at room temperature.
Sealed vials should be wrapped with parafilm and covered with
aluminum foil to protect from light.

Palladium source and ligand vial can be prepared ahead of time.
To make in advance add both compounds to vial with septum.
Store under inert atmosphere, seal vial with parafilm, and store
the sealed vial in a jar with desiccant (Drierite) at —5 to 20 °C.

12 Emily Murrell et al.
17.
difficult to remove).
18.
[22,23].
19.
20.
21.
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Enantioselective Synthesis of Garhon-11-Labheled Amino
Acids and Peptides

Aleksandra Pekosak, Albert D. Windhorst, and Alex J. Poot

Abstract

Radiolabeled amino acids (AAs), their derivatives, and peptides are essential radiotracers in nuclear imaging.
Despite its potential, the preparation of enantiopure radiopharmaceuticals poses several challenges,
demanding a great need for rapid and stereocontrolled reactions. This chapter describes a highly stereo-
selective carbon-11 alkylation of Schiff bases, to obtain radiolabeled AAs and small peptides. The method
uses chiral quaternary ammonium salt phase-transfer catalyst with two alkylating agents, namely, [''C]
methyl iodide and [*'C]benzyl iodide. This methodology allows the radiolabeling of AAs and peptides with
excellent regioselectivity and enantiomeric or diastereomeric excess.

Key words Carbon-11, Amino acid, Peptide, Stereoselective synthesis, Radiolabeling, PET imaging

1 Introduction

Positron emission tomography (PET) is a noninvasive technique
that is routinely used for diagnosis in, e.g., oncology and neurol-
ogy. PET relies on the visualization and quantification of molecules
equipped with positron-emitting nuclides, PET radiopharmaceuti-
cals, or tracers [1]. Therefore, the distribution and kinetics as well
as the biochemical and physiological behavior of the PET tracer can
be assessed, and as such cellular processes in vivo can be studied [2].

Important classes of compounds for PET tracer development
are amino acids (AAs) and peptides. AAs play a crucial role in
virtually all biological processes, ¢.g., protein synthesis, cell signal-
ing, precursors for biomolecular transmission, redox homeostasis,
and as neurotransmitters [3]. AAs can passively diffuse into cells;
however, the main transmembrane transport of AAs into cells
occurs through specific membrane-associated proteins, so-called
AA-transporters. Due to the imperative role of generally existing
or tissue-specific AA-transport systems and their consumption in
many cellular processes, radiolabeled AAs have become important

Timothy H. Witney and Adam J. Shuhendler (eds.), Positron Emission Tomography: Methods and Protocols,
Methods in Molecular Biology, vol. 2729, https://doi.org/10.1007/978-1-0716-3499-8_2,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2024
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PET tracers to diagnose, stage, and study cancer biology, consider-
ing that malignant tissue often relies on increased AA uptake
[4]. The value of AA-based PET tracers is best demonstrated by
[''C]methionine and O-(2-['®F]fluoroethyl)-L-tyrosine, which
are used routinely in clinical settings for tumor diagnosis. Further-
more, multiple AAs and analogs thereof, e.g., [''C]glutamine or
derivatives (28,48)-4-(3-[**F]fluoropropyl)glutamine and
3-(1-[*®F]fluoromethyl)-L-alanine, are under (pre)clinical devel-
opment [5-9].

In addition, peptides have gained increasing importance as
imaging agents and PET tracers. Peptides generally have a high
affinity and specificity for receptor targets expressed on the cellular
membrane, which often occur in nanomolar concentrations in
diseased tissue. Due to many favorable properties for molecular
imaging, such as advantageous pharmacokinetics and specific
tumor targeting characteristics, combined with the overexpression
of peptide receptors on the tumor cells, radiolabeled peptides are
important for the PET imaging of cancer, especially when they are
used as companion diagnostic with targeted radionuclide therapy
[10]. Peptide-based radiopharmaceuticals have been successfully
employed for imaging of somatostatin receptor (SSTR) expression
using radiolabeled analogs of somatostatin as natural ligand, bom-
besin analogs for cholecystokinin/gastrin receptor-overexpressing
tumors, and specific radiolabeled peptides targeting CXC receptor
4-expressing cancer cells [11-14]. As PET tracers, both AAs and
peptides are used for disease diagnosis and treatment strategies and
to establish new biological targets for therapy. Though their role
in vivo and in biology and thus their potential and possible applica-
tion as PET tracers are different, structurally AAs as building blocks
of peptides are chemically related.

Many methodologies have been developed since the 1980s for
radiolabeling AAs or peptides using organic approaches employing
"¢, 18, or iodine isotopes, as well as radiometals. Excellent
reviews have been published that describe these different strategies
for labeling AAs or peptides [15-17]. Only very few generally
applicable methodologies are developed that can be used both for
labeling AAs and peptides that result in high yields and a high
enantiomeric purity and without adjustments to the chemical struc-
ture of the lead compound (Fig. 1) [18-20]. Here we describe the
enantioselective radiolabeling of AAs and peptides with ''C by
employing the chiral alkylation of a Schiff base precursor with a
" C-labeled alkyl iodide. By conducting a comprehensive reaction
condition optimization and a strategic analysis of several phase-
transfer catalysts that facilitate enantioselective alkylation, we
describe the radiolabeling of L/D-[ ! CJalanine, L/D-[*'C]phenyl
alanine, dipeptides, and tetrapeptides (Fig. 2) [21-24]. This meth-
odology here described is broadly applicable and can potentially
also be used for the ''C-labeling of other AAs and peptides. The
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Fig. 1 Reported radiosynthetic methods for the carbon-11 labeling of peptides. (a) The alkylation of a cysteine
with ['"C]Mel to form an [''CJmethionine residue. (b) The chiral alkylation of an N-terminal glycine Schiff base
to form an [''Clalanine or an [''C]phenylalanine residue. (¢) The acetylation of free primary amines in the
peptide by [''C]CO. (d) The cyanation of a modified cysteine residue in the peptide by [''CJHCN
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Fig. 2 lodinated building block production for chiral alkylation. Synthesis of [''C]Mel and [''C]Bnl as synthons
for Schiff base alkylation. Schematic representation of the enantioselective ''C-labeling of AAs and di- and
tetrapeptides using the chiral alkylation of Schiff base precursors

radiosynthesis of L/D-[''CJalanine has been adopted by other
research groups, and the PET tracer is used for the imaging of
tumors and bacterial infections [25].

In the addition to the synthesis of unfunctionalized AAs and
peptides, we investigated the application of this methodology to
radiolabel functionalized AAs, such as glutamine or glutamic acid.
Therefore, a Michael addition reaction of the Schiftf base precursor
was exploited. Though comparable reactions have been described
in organic chemistry, it is to date not possible to translate this
methodology to radiochemistry and the enantioselective synthesis
of ['!C]glutamine and [*' C]glutamic acid [23].

2 Materials

2.1 Analytical HPLC

Prepare all solutions using ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature; and
radiosynthesis reagents, precursors, and phase-transfer catalysts at
2-8 °C. Diligently follow all waste disposal regulations when dis-
posing waste materials.

Use the following columns and mobile phases for analytical HPLC
of reference compounds:

1. Alltima 5 pm C18 250 x 4.6 mm column. Mobile phase: 4 mM
sodium formate and 4% dimethylformamide (DMF) (v/»)
ACN /bufter, isocratic, 80,/20, wavelength 254 nm, column
T—ambient, flow 1 mL/min.

2. ReproSil 100 Chiral-AA 8 pm 250 x 4.0 mm. Mobile phase:
MeOH/H,O (v/v), isocratic, 90/10, wavelength 254 nm,
column T—ambient, flow 1 mL/min.

3. Phenomenex Luna 5 pm C18(2) 250 x 4.6 mm. Mobile phase:
ACN/buffer 1 (4 mM sodium formate and 4% DMF (v/v)),
linear gradient, 0-2 min: 65% ACN; 2-20 min: 65-97% ACN;
20-23 min: 97-65% CAN, 23-25 min: 65% D; wavelength
220 nm, column 7—ambient, flow 1 mL/min.
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2.4 Radiosynthesis
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4. Phenomenex Luna 5 pm C18(2) 250 x 4.6 mm. Mobile phase:
ACN/buffer 1 (4 mM sodium formate and 4% DMF (v/7)),
linear gradient, 0-2 min: 90% ACN; 2—10 min: 90-96% ACN;
10-13 min: 96% ACN; 13-15 min: 96-90% ACN; wavelength
254 nm, column T—ambient, flow 1 mL/min.

Use the following column and mobile phases for semi-preparative
HPLC of the radiolabeled intermediate:

1. Phenomenex Luna 10 pm C18(2) 250 x 10 mm. Mobile
phase: ACN/4 mM sodium formate, isocratic, 96/4, wave-
length 254 nm, column T~—ambient, flow 6 mL,/min.

Adjustable universal home-build synthetic units allow the imple-
mentation of simple to complex radiochemistry [26]. All the steps
of the process can be customized and controlled: reaction tempera-
ture, helium flow, activity, reagent placement, stirring, HPLC frac-
tion collection switch, formulation solvents, etc. The methodology
could be applied on commercially available carbon-11 radiosynth-
esis modules as well.

The following production modules, two for synthesis (Fig. 3a,
b), one for purification (Fig. 3¢), and one for formulation (Fig. 3d),
are used (see the letters in red) [26]:

1. Synthesis unit with four valves for reagent addition, a tempera-
ture range from —50 to 150 °C, controlled He flow and
vacuum, connection to liquid nitrogen for rapid cooling.

2. Synthesis unit with four valves for reagent addition, a tempera-
ture range from —50 to 150 °C, controlled He flow and
vacuum, connection to liquid nitrogen for rapid cooling.

3. Prep HPLC unit with automated syringe for injection and a
loop of 5 mL.

4. Formulation unit with fraction collector and homogenizer,
placement for the SPE cartridge, valves for formulation
solvents, etc.

The universal home-build synthesis modules were controlled
using operating software with a graphical interface as depicted in
Fig. 4.

1. [''C]CO2: produced by the *N(p,a)''C nuclear reaction
performed in a 0.5% O,/N, gas mixture using an 18 MeV
cyclotron.

2. Two synthesis modules (Fig. 3a, b).

3. Two glass reaction vessels (conical vial with a diameter
7-10 mm) with septum (blue septa), lid, and stirrer (PTFE
Micro Stirrer Bar 7 x 2 mm).
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Fig. 3 Production modules required with: (a) synthesis module for the production of the iodinated building
block; (b) synthesis module for the chiral alkylation reaction; (c) purification module for semi-preparative
HPLC; and (d) product reformulation module to obtain injectable solutions

4.

Needles with the following specifications: 0.80 x 120 mm
BL/B; 0.90 x 70 mm BL/B; 0.80 x 40 mm BL/B;
1.20 x 40 mm BL/B; 0.45 x 12 mm BL/B; 0.70 x 50 mm
BL/B.

. 5x0.5 cm columns (ISOLUTE® Reservoir 3 mL; ISOLUTE®

Column Adapter 1, 3, 6 mL columns; ISOLUTE®™ Frits 3 mL
(9 mm) 20 pm PE), including filling material (phosphorus
pentoxide, KOH).

. Sep-Pak®™ Plus Short tC18 cartridges.
. Various tubings: 1.0 x 2.0 mm, L.50 c¢m, vol. 0.66 mL;

1.0 x 2.0 mm, L.10 cm, vol. 0.30 mL; 1.0 x 2.0 mm,
L.50 cm, vol. 0.66 mL.

. Connectors with the following specifications: Male Luer Slip

coupler; Female Luer Slip coupler; Male Luer to Female
Luer Lock.
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Fig. 4 Graphical interface of the operating software. Where each valve can be switched manually using this
software. For optimized production protocols, automated synthesis programs can be loaded using an Excel
sheet containing the required commands

9.
10.

11.

12.
13.

14.

15.

16.

Nitrogen and helium gas (grade 6.0).

1 M and 0.1 M lithium aluminum hydride (LiAlHy) solution in
tetrahydrofuran (THF) (see Note 1).

1 M phenylmagnesium bromide (PhMgBr) in THF (see
Note 1).

57% hydriodic acid (HI).

Purification column: 5 x 0.5 cm column (ISOLUTE® Reser-
voir 3 mL; ISOLUTE® Column Adapter 1, 3, 6 mL columns;
ISOLUTE® Frits 3 mL (9 mm) 20 pm PE) filled with sodium

hydroxide, potassium carbonate, and magnesium sulfate
(approx. 5/3/2 by volume) (see Note 2).

Reaction solvent of choice (e.g., toluene (optimal solvent),
DCM).

Schiff base precursor: for alanine: 1 eq, 1.9 mg, 7 pmol; for
phenylalanine: 1 eq, 5.0 mg, 17 pmol; for dipeptides: 1 eq,
1.2-1.7 mg, 4-7 pmol; for tetrapeptide: 1 eq, 3.0 mg,
3.1 pmol, 350 eq of CsOH-H,O.

Chiral phase-transfer catalysts (Fig. 5): Cat 1, O-allyl-N-(9-
anthracenylmethyl)cinchonidinium bromide, CAS: 200132-
54-3; Cat 2, O-allyl-N-(9-anthracenylmethyl)cinchonidinium
bromide, synthesized in-house [24]; Cat 3, (11bS)-(+)-4,4-
dibutyl-4,5-dihydro-2,6-bis(3,4,5-trifluorophenyl)-3H-
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Chinchona-derived

Cats

Maruoka's catalysts Tartrate-derived

H4C
P

(R)-Cat 3

3 N4
£ (S.8)-Cat 7 = \'r (R.R)-Cat 4 HyC (RR)-Cat 9

Fig. 5 Chiral phase-transfer catalysts explored for the radiosynthesis of carbon-11-labeled amino acids,
dipeptides, and tetrapeptides. (a) Cinchona-based catalysts. (b) Maruoka’s quaternary ammonium-based and

tartrate-derived catalysts (c)

17.

18.
19.
20.
21.

22.
23.

dinaphth[2,1-c:1’,2’-¢Jazepiniumbromide, CAS: 851942-89-
7; Cat 4, (11bR)-(—)-4,4-dibutyl-4,5-dihydro-2,6-bis(3,4,5-
trifluorophenyl)-3H-dinaphth[2,1-¢c:17,2/-¢]Jazepinium  bro-
mide, CAS: 887938-70-7; Cat 5, O,0’-diallyl-N,N’-(2,7-
naphthalenediyldimethyl)bis(hydrocinchonidinium)dibro-
mide, CAS: 480427-57-4; Cat 6, 6,10-dibenzyl-N,N’-
dimethyl-N,N,N’ N'-tetrakis(4-methylbenzyl)-1,4-dioxaspiro
[4.5]decane-(28,3S)-diylbis(methylammonium )tetrafluorobo-
rate, CAS: not available; Cat 7, 6,10-dibenzyl-N,N’-dimethyl-
N,N,N’ N’-tetrakis(4-methylbenzyl)-1,4-dioxaspiro[ 4.5 |dec-
ane-(2R,3R)-diylbis(methylammonium )tetrafluoroborate,
CAS: not available; Cat 8, (S,S)-3,5-bistrifluoromethylphenyl-
NAS bromide, CAS: 438002-03-0; Cat 9 (R,R)-3,4,5-trifluor-
ophenyl-NAS bromide, CAS: 287384-12-7.

N-(diphenylmethylene)glycine zert-butyl ester or N-terminal
N-(diphenylmethylene)glycine peptide.

Cesium hydroxide monohydrate (CsOH-H,O).

Hydrochloric acid (HCI).

Acetonitrile (acn).

Analytical and preparative HPLC system, including the UV and
radioactivity detector.

Saline solution.
96% ethanol (EtOH).
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3 Methods

3.1 Carbon-11
Alkylating Agents

3.1.1  Procedure to
Activate Schiff Base
Precursors

3.1.2 ['"CIMethyl lodide
("' CIMel) [27-29]

3.1.3 [''CJBenzyl lodide
(' ciBni)

Important: All materials have to be prepared and connected in the
hot cell before transferring the [**C]CO, into the hot cell.

1.

Add a solution of the N-terminally free amino acid or peptide
H-XXX-OBu (1 eq) in dichloromethane (DCM) to benzophe-
none imine (1.1 eq), dissolved in DCM.

2. Stir reaction overnight at ambient temperature.

A

. Follow the progress of the reaction with TLC.

. After completion, concentrate reaction mixture and purify it by

flash chromatography (mixture of EtOAc/n-hexane) to yield
white solid with >95% purity.

. Pre-dry the reaction vessel at elevated temperature (120 °C)

under a stream of helium of 50 mL/min for 5 min. Cool down
the vessel under inert atmosphere to room temperature before
adding the 0.1 mL of 0.1 M LiAlH, in THF.

. Transfer [''C]CO, through a P05 column with a stream of

helium to a hot cell (10 mL/min). Trap [''C]CO, in a reaction

vessel containing 0.1 M LiAlH, at room temperature under a
helium flow of 10 mL/min.

. After obtaining the maximum radioactivity in the vessel,

increase gas flow to 20 mL/min and temperature to 130 °C
to evaporate the vial to dryness (approximately 60 s).

4. Add 0.2 mL of 57% HI.

. Distil [**C]MeI under a stream of helium with flow of 20 mL/

min to the second reaction vessel for alkylation.

. Pre-dry the reaction vessel at elevated temperature (120 °C)

under a stream of helium (50 mL/min) for 5 min. Cool down
the vessel under inert atmosphere to room temperature before
adding the 0.1 mL ofa 1 M PhMgBr in THF.

. Transfer [''C]CO, through a P,O5 column with a stream of

helium to a hot cell (50 mL,/min). Trap [*'C]CO, in a reaction
vessel containing PhMgBr at 35 °C under a helium flow of
10 mL/min.

. After obtaining the maximum radioactivity in the vessel, stir

reaction mixture using helium flow of 10 mL/min for 1 min
and additional 1 min at a He flow of 50 mL/min to remove
possible untrapped [''C]CO..

. Add 100 pL 1 M LiAlH,. Heat the reaction vial to 130 °C

under helium flow of 50 mL/min for 90 s.
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3.2 CGarbon-11
Stereoselective
Alkylation with [''C]
Mel

3.3 Carbon-11
Stereoselective
Alkylation with [''C]
Bnl

3.4 Purification and
Deprotection of
Carbon-11-Labeled
Amino Acids

. Decrease temperature of synthesis unit to 0 °C (see Note 3).

Add 100 pL of 57% HI and leave to react for 2 min at 120 °C.

. Add desired amount of toluene (se¢e Note 4) and pass it

through a purification column (se¢e Note 2) into a second
reaction vial for alkylation under a helium flow of 50 mL/min.

. Prepare the following chemicals in the second alkylation reac-

tion vessel (see Note 5): Schiff base precursor (1 eq; see Note
6), CsOH-H,O0 (40 eq), the catalyst of choice (se¢ Note 7), and
a small magnetic stirrer. Required amount of phase-transfer
catalyst: 0.1 eq to precursor for amino acid; 0.5 eq for dipep-
tide; 2 eq for tetrapeptides.

. [''C]Mel is added in the second alkylation reaction vessel with

a helium flow of 10 mL/min.

. Stir the reaction vigorously for 10 min at desired temperature

with the aid of helium flow (25 mL/min) bubbling through
the solution and a magnetic stirrer. All needles in the vial need
to be in elevated position that the stirrer can stir excess of
CsOH-H,O. Alkylation time can be decreased to 5 min for
alanine.

. Temperature: For alanine use 5 °C, for dipeptides —10 °C, and

for tetrapeptide —10 °C.

. Prepare the following chemicals in the second alkylation reac-

tion vessel: Schiff base precursor (1 eq; see Note 6), CsOH.--
H,O (40 eq), the catalyst of choice (see Note 7), and a small
magnetic stirrer. Required amount of phase-transfer catalyst:
0.1 eq to precursor for amino acid; 0.5 eq for dipeptide; 2 eq
for tetrapeptides.

. [''C]Bnl is added in the second alkylation reaction vessel by

elution from a purification column with toluene.

. Stir the reaction vigorously for 10 min at desired temperature

with the aid of helium flow (25 mL/min) bubbling through
the mixture and a magnetic stirrer. All needles in the vial need
to be in elevated position that the stirrer can stir excess of
CsOH-H,0. Alkylation time can be decreased to 7 min for
phenylalanine.

. Optimal temperature to achieve chiral alkylation: for phenylala-

nine 0 °C, for dipeptides —10 °C, and for tetrapeptide —10 °C.

. Add 200 pL of 37% HCI to the reaction vessel and heat it to

120 °C for 2 min.

. Cool the vessel to ambient temperature with the aid of liquid

nitrogen.
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. Quench the reaction mixture with 1.5 mL of CH3CN and load

it onto a 5 mL injection loop.

. Perform purification using a semi-preparative reversed-phase

HPLC (see Subheading 2.3).

. Collect the desired peak into a collection vessel. Collection is

based on the radioactivity readout of the detector present at the
end of the installed semi-preparative reversed-phase HPLC
column.

. After completion of the alkylation, quench the reaction mixture

with 1.5 mL of CH3CN and load it onto a 5 mL injection loop.

. Perform purification using a semi-preparative reversed-phase

HPLC (see Subheading 2.3).

. Collect the desired peak into a collection vessel containing

40 mL of water.

. Stir the solution to homogenize it.

. Load aqueous solution on Sep-Pak C18.

. Elute the product with 1.5 mL of ACN into a reaction vessel.
. Gently evaporate ACN at 70 °C using vacuum.

. After evaporation, add 100 pL of 12 M HCl and heat it to 100 °

C for 2 min.

. Cool the vessel to ambient temperature.

4 Notes

. Container of LiAlH4 and PhMgBr can be stored for maximum

1 month after opening. The container should be sealed with
parafilm and stored under 4-8 °C. Before the start of the
synthesis, the container should warm up to ambient
temperature.

. All purification columns needed for the production should be

freshly prepared for radiosynthesis (up to 2 h before start of
synthesis).

. The temperature can be less than 0 °C, but below 25 °C is

essential. It is important that the waste is closed during the
addition of HI to avoid loss of the iodinated intermediate
building blocks required for the alkylation reaction.

. The amount of toluene depends on the tubing and should be

reduced to a minimum (e.g., using our setting we use 1 mL of
toluene for peptide labeling and 3 mL for amino acid labeling).
For labeling a single amino acid, the desired volume in the
second reaction vessel is 400 pL of toluene, while for the
peptides the volume should be 100 pL. It should be
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. The appropriate

acknowledged that even a 100 pL of toluene produces broad
peaks during the preparative HPLC purification.

. Second reaction vial needs to be precooled to desired

temperature.

. For each chiral alkylation reaction to synthesize a radiolabeled

AA or peptide, the combination of precursor, 11C-labeled
alkylating reagent and chiral catalyst required optimization.

semi-preparative reversed-phase HPLC
method is determined prior to the synthesis. The retention
time of the desired peak is determined by co-injection of the
reference standard.
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Silicon—Fluoride Acceptors (SiFA) for '®F-Radiolabeling:
From Bench to Bedside
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Abstract

Fluorine-18 (**F) is undoubtedly one of the most frequently applied radionuclides for the development of
new radiotracers for positron emission tomography (PET) in the context of clinical cancer, neurological,
and metabolic imaging. Until recently, the available radiochemical methodologies to introduce 'F into
organic molecules ranging from small- to medium- and large-sized compounds were limited to a few
applicable protocols. With the advent of late-stage fluorination of small aromatic, nonactivated compounds
and various noncanonical labeling strategies geared toward the labeling of peptides and proteins, the
molecular toolbox for PET radiotracer development was substantially extended. Especially, the noncanoni-
cal labeling methodologies characterized by the formation of Si—'*F, B—'*F, and Al-'5F bonds give access
to kit-like '®F-labeling of complex and side-group unprotected compounds, some of them already in clinical
use. This chapter will particularly focus on silicon—fluoride acceptor (SiFA) chemistry and cover the history
of its conceptual design and its translation into the clinical practice.

Key words Isotope exchange, Radiofluorination, SiFA, Peptides, Proteins

1 Introduction

1.1 Noncanonical As fluorine-18 has been found to be extremely useful in PET
Labeling Methods imaging due to its low mean B* energy of 250 keV and ideal half-
life of #; ,» = 109.5 min, its incorporation into targeting vectors has
been the subject of many studies into '®F-labeling strategies
[1]. The method of *®F incorporation into organic molecules orig-
inally was done through nucleophilic or electrophilic substitutions
generating a carbon—"*F bond. However, these reactions typically
are slow and occur under harsh conditions that are not suitable for
peptide and protein targeting vectors. Additionally, the reactions
are not very specific, and the generation of by-products requires
timely and expensive separation techniques [1]. More recently,
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methods have been implemented that take advantage of boronic
ester and hypervalent iodonium ylide leaving group chemistry
[2]. These procedures all require metal catalysts and more time-
intensive purification techniques such as high-performance liquid
chromatography (HPLC), limiting their efficacy as PET radiotracer
synthesis methods. Ideally, radiolabeling of compounds with
fluorine-18 should take place by relatively simple and fast proce-
dures that are reliable and highly standardized and result in a high
molar activity of the radiotracer, yielding PET images with better
contrast and specificity [2]. As well, purification should be timely
and efficient, without the need to use HPLC.

The development of methods to introduce **F using silicon—"*"
F, boron—"*F, and aluminum-"®F radiochemistry has been a great
advancement to the field of PET imaging (Fig. 1). Perrin et al.
introduced labeling methods based on boron—'*F bond formation
that have been shown to significantly improve the labeling of pep-
tides for PET imaging [2]. Ametamey et al. established silicon-
based '®F chemistry concurrently with the Schirrmacher, Wingler,
and Jurkschat groups’ development of silicon—fluoride acceptor
(SiFA) chemistry, which will be discussed in more detail below
[2]. Conversely, Goldenberg et al. instigated a method of *®F-label-
ing that incorporates chelator chemistry usually implemented in
radiometal-labeling [5, 6]. In this approach, I8E interacts with
AI** and is consecutively stabilized via chelator complexation.

Even though a Si-'*F bond energy is known to be 90 kJ higher
than a C—F bond, some initial studies exploiting the use of organo-
fluorosilanes were hampered due to the kinetic lability of the Si-F
bond toward hydrolysis [2]. Rosenthal et al. observed this when
they labeled chlorotrimethylsilane with '®F~, resulting in ['®F]
fluorotrimethylsilane with very low in vivo stability to result in
silanole formation and '8F bone uptake [1, 7]. Due to this



1.2 The Development
of "®F-SiFA Labeling

SiFA "8F-Radiolabeling 31

disadvantage, researchers sought to determine the effects of adding
bulky groups on the silicon core to prevent hydrolysis of the Si—F
bond. Blower et al. as well as Schirrmacher and Jurkschat were able
to show that, indeed, the incorporation of sterically hindered
groups improved the stability of the Si-F bond. The first few
compounds investigated had a combination of aryl and zerz-butyl
substituents on the silicon atom, and their in vivo stability was
probed. These initial studies found that [*®F]triorganofluorosilane
(with 2 tert-butyl and one aryl group) had exceptional stability
in vivo and thus was used as a building block to further develop
8F_radiolabeling methods using Si—F chemistry. The Perrin group
was able to generate radioactive organotetrafluorosilicate salts at
approximately the same time as Schirrmacher and Jurkschat were
developing methods for isotopic exchange of “cold” fluorine to
radioactive '3F [1, 8, 9].

Usually, isotopic exchange reactions as a way of radiolabeling are
considered to be less than ideal as they tend to result in lower molar
activities of the tracers, meaning the amount of '®F relative to
"F_bearing pharmaceutical is low (measured in units of activity
per mol) [10]. In the case of C—'*F chemistry, isotopic exchange
reactions yield molar activities in the low kBq,/pmol range [1]. This
is a significant issue as high molar activity is required for successful
in vivo applications, especially when the target is present in low
quantities such as enzymes or cell surface receptors. If the molar
activity is too low, a considerable fraction of target structures is
saturated by nonradioactive “carrier,” resulting in low target speci-
ficity or even failure to visualize the target. Additionally, the lower
the molar activity, the more tracer is required to be injected to
produce adequate PET images, thus leading to potential adverse
pharmacological effects in patients. Moreover, in receptor target
systems, only less than 1% of receptors should be occupied by a
radiotracer to limit any erroneous receptor function [1, 11]. Impor-
tantly, since '®*F and 'F have the same chemical and physical
properties, the nonradioactive compound cannot be separated
from that with the '®F-label, which could also significantly decrease
the molar activity. However, due to this characteristic, labeled
agents obtained by isotopic exchange do not require a purification
procedure which could greatly improve the efficiency of the prepa-
ration of the radiotracers. Due to this advantage, radiolabeling of
organosilicon compounds with '*F using isotopic exchange chem-
istry was investigated to determine if the molar activity and radio-
chemical yield would be sufficient for in vivo applications. The first
experiment was done with Ph3SiF in 2006, which proved that
isotopic exchange could be a viable option. This was due to the
casy exchange of 'F to '®F at room temperature in only a few
minutes in acetonitrile that gave radiochemical yields of over 90%
[2, 12]. Unfortunately, this compound was found to be unstable at
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1.3 Synthesis

1.4 Peptides and
Limitations of the
SiFA-Based "°F-
Labeling Approach

physiological pH as it underwent hydrolysis. Further results of
reactions done with the organofluorosilane #Bu,PhSiF proved
that the isotopic exchange method could produce high radiochem-
ical yields and molar activities (~230 GBq/pmol) [1]. Moreover,
this compound proved to be more stable against hydrolysis as
animal studies only showed minimal '*F uptake in the bones over
a 2 h period. Additionally, the purification process was facile and
time efficient as no side products were formed and only the
unreacted ['®F]fluoride had to be removed after the labeling reac-
tion. Due to this, the purification could occur by flushing them
through a C18 solid phase cartridge. The radiolabeled compound
would stay stuck in the cartridge as impurities are flushed out, and
then using an eclution solution the pure radiotracer could be
obtained. Furthermore, reactions could be done under mild con-
ditions with short reaction times. This substantial contribution to
the field of PET radiotracer synthesis is known as SiFA chemistry. It
was first introduced as a way to label peptides and has since been
used in a wide variety of compounds as a potential way of introdu-
cing '8F onto targeting vectors for PET imaging [12].

The synthesis and isolation of SiFA compounds (Fig. 2) have been
well reported and follow a straightforward procedure. The first step
is a metal-halogen exchange reaction that takes place when the
silyl-protected 4-bromobenzene is treated with zerz-butyllithium.
Next, the resulting aryllithium derivative undergoes a salt metathe-
sis reaction with di-zer#-butyldifluorosilane where the carbanion
acts as a strong nucleophile, undergoing substitution with one of
the silicon-bound fluoride atoms and forming the Si—C bond. This
works to attach the #Bu,SiF moiety to the functionalized benzene
ring allowing for its attachment to a targeting vector after a final
deprotection step.

One of the first SiFA-derivatized peptides synthesized was SiFA-
TATE, where the SiFA moiety is attached to the peptide Tyr®-
octreotate. This peptide is important for the diagnosis of neuroen-
docrine tumors (NET), which are characterized by their increase in
somatostatin receptors (SSTR) [13]. To image these tumors,
octreotide-derivative peptides have been found to be the most
useful due to their high affinity toward SSTR2 as well as having
an ideal biological half-life of ~72-98 min [14]. Significantly, the
radiochemical half-life of '®F is a great match, allowing enough
time for the distribution of the '®F-labeled peptide to its intended
target receptors without too much loss of radioactivity. Success-
ful radiolabeling of this peptide—SiFA conjugate through isotopic
exchange was instrumental in demonstrating the ability of SiFA to
have preference for **F /'F isotopic exchange over any '*F /pep-
tidic acidic group interactions [2]. Acidic group interactions are a
significant issue when it comes to isotopic exchange chemistry due
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to their potential interaction with nucleophilic [**F]fluoride and
thus suppression of the labeling reaction. The alternative, using a
protecting group to decrease the reactivity of the acidic func-
tional groups, is also not optimal as the introduction and removal
of protecting groups can be difficult and have negative conse-
quences on the peptide, as well as the purification process being
demanding. Therefore, the reaction of SiFA-TATE with '*F at
room temperature producing a radiochemical yield of 95% within
10 min was a massive achievement and improvement in the field
[2]. This result demonstrated the ability of SiFA to label clinically
significant compounds with '8F in a one-step isotopic exchange
process under mild conditions, fast time frames and with high
selectivity.

Although SiFA chemistry provides many advantages in the
world of '®F-labeling and PET imaging, it does come with some
limitations. A major drawback is its intrinsic lipophilicity that can
conversely affect the ability of the radiotracer to have the appropri-
ate biodistribution needed. If the lipophilicity is too high, the
compound will not have the time to adequately distribute in the
organism to enable target interaction and thus visualization.
Instead, the radiotracer will be trapped and metabolized in the
liver in what is known as the first pass effect, removing it out of
the blood to be excreted. This issue simply means that the com-
pound would never make it to its intended targets and that tumor
imaging would be impossible. This was seen when bis-tert-butyl
SiFA was applied to rats and its accumulation was primarily in the
liver before excretion [1]. Furthermore, SiFA derivatives of small
molecule brain-imaging agents fallypride and desmethoxyfallypride
showed no uptake in the brain of healthy rats due to the lipophili-
city concerns [2]. This issue was confirmed when in vivo studies of
SiFA-TATE showed most of its uptake primarily in the liver. Fur-
ther, this signifies that attachment of lipophilic SiFA to a peptide
was enough to affect the overall lipophilicity of the compound and
cause adverse biodistribution [15]. This limitation could possibly
be overcome through the addition of a charge or hydrophilic
groups to the SiFA group, or to the peptide itself. It has been
shown that TATE derivatives with hydrophilic groups attached at
the N-terminus such as carbohydrates or charged amino acids are
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Fig. 3 Schematic drawing of ['F]-SiTATE

more flexible to SiFA modification without losing their ability to
bind to their target receptor [2]. Wingler et al. used a derivative
where a polyethylene glycol (PEG) group and glycosylated aspartic
acid were added in between the SiFA and TATE to produce ['*F]
SiFA-Asn(AcNH-B-Glc)-PEG-Tyr>-octreotate [16]. Lipophilicity
and in vivo studies in comparison to SiFA-TATE showed a remark-
able decrease in lipophilicity (2.20 to 0.96) and elevation in tumor
uptake (0 to —7.7%) [15]. Additional modifications were tested
until ['®F]SiTATE (previously known as ['®F]SiFAlin-TATE)
(Fig. 3) was developed, which consists of a permanently positively
charged SiFA, two aspartic acids, and an Asn(AcNH-f-Glc)-PEG;
spacer [17].

['®*F]SiTATE was able to yield extremely high tumor uptake,
similar to that of the gold standard [*®*Ga]Ga-DOTA-TATE when
applied to NET-bearing mice (Fig. 4) [18, 19]. Significantly, '*F
also offers further advantages over using a °®Ga radiotracer, such as
its widespread availability, its ideal positron energy (offering higher
spatial resolution images), longer half-life, and less expensive
production [20].

The first human clinical studies reported by Ilhan et al. in 2019
evaluated ['®F]-SiTATE in 13 patients diagnosed with NET and
compared the scans to [*®Ga]Ga-DOTA-TOC [20]. Results
showed that ['®F]-SiTATE had higher tumor-to-normal tissue
uptake, also seen in the preclinical studies, as well as comparable
image quality and biodistribution (Fig. 5), thus making ['®F]-
SiTATE an excellent candidate as a PET imaging radiotracer.

More recently, Unterrainer et al. compared an ['®F]-SiTATE
PET/CT to [**Ga]Ga-DOTA-TOC PET /CT in a patient with falx
meningioma and transosseous extension, which are known to have
high SSTR expression on cell surfaces [21]. They found that the
tumor uptake was extremely similar, and since the use of '*F
resolves some limitations inherent with 3Ga use, it may become
the future gold standard in NET and meningioma PET imaging
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1.5 Proteins

(Fig. 6). Further clinical studies done by Beyer et al. in 2021 looked
into tracer kinetics by evaluating PET images over several time
points in eight patients with different NET tumor types
[22]. They found that lower administered radiotracer activities
(~100-120 MBq) are adequate in producing a sufficient image
quality as well as an increasing tumor-to-background ratio over
time. Based on their results, and with patient logistics taken into
consideration, it was determined that the ideal imaging strategy
would be to start the image acquisition 90 min after injection
[22]. Additionally, efforts have recently been made by Linder
et al. to fully automate the production of [*®F]-SiTATE so that it
will be widely accessible by diagnostic centers and medical clinics
[23]. The process uses a cassette-method Scintomics GRP™ plat-
form where all steps take place in a timed sequence on two mani-
folds with ten valves [23]. Clinical studies using this automated
system resulted in no reported acute side effects of the tracer and
typical tumor uptake and biodistribution. This further exemplifies
the accessibility and potential ease of incorporation of ['®F]-
SiTATE into full clinical application.

In contrast to peptide labeling, protein labeling requires a small
molecule prosthetic group to be radiolabeled before being attached
to the protein of interest. This is essential as proteins have a great
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Fig. 5 Patient examples of (a) ['®F]-SiTATE and (b) [*®Ga]Ga-DOTA-TOC targeting ileum NET. (Reprinted by
permission from Springer Nature: Springer Eur. J. Nucl. Med. Mol. Imaging. Reference [20])

quantity of side chains and functionalities that would potentially
interact with the '®F. Therefore, the prosthetic groups require a
functional moiety that would allow it to be easy coupled to the
protein such as an active ester or click chemistry amenable group
[4]. A specific way of protein labeling with a prosthetic SiFA group
was explored by attaching an isothiocyanate group to the SiFA
building block. That way the protein in question does not need
any modification prior to the SiFA attachment, since isothiocya-
nates are reactive with the amine groups on preexisting lysine side
chains. Flourine-18 labeling of SiFA isothiocyanate compounds
resulted in high radiochemical yields (~95%), and further incor-
poration into three varying proteins gave radiochemical yields of
~30-80% [1, 24]. Conversely, when labeling SiFA building blocks
comprising active ester moieties, a challenge arose. It was found
that the basic labeling conditions resulted in degradation of the
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1.6 Small Molecules

compounds due to active ester hydrolysis. Thus, the acidity of the
labeling mixture was altered by addition of oxalic acid [1]. In
addition, the active ester moiety being situated at the meza position
as opposed to the para position greatly increased the stability of the
compound. Moreover, Glaser et al. have been able to show the
applicability of SiFA labeling toward affibodies. They demonstrated
the ability to '®F-label those large biomolecules with high selectiv-
ity and efficiency [25].

Due to the increased similarity in size between small molecules and
the SiFA moiety, the lipophilicity issue is greatly enhanced. Yet,
recent studies into negating this unfortunate consequence have
shown that increasing the number of ligands relative to the number
of SiFA groups in a multivalent ligand strategy may be successful.
Hazari et al. used a SiFA-derivatized bivalent 5-hydroxytryptamine
1A (5-HTj4)-selective compound with an affinity for serotonin
receptors and found high uptake in areas with upregulated recep-
tors [15, 26]. Previous studies done on silicon—"*F analogs of
FMISO used for hypoxia imaging, which seemed promising,
showed low stability and low target uptake [27, 28]. Further,
nucleosides and nucleotides were derivatized with SiFA for their
labeling via isotopic exchange. The radiolabeling experiments
resulted in average radiochemical yields ~40%, yet elevated tem-
peratures were required [26].
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1.7 Other
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Fig. 7 Schematic drawing of ['®F]SiFA-labeled AuNP

The ease and efficiency that SiFA chemistry offers for '*F-labeling
makes it a good candidate for areas outside of radiotracer develop-
ment as well. For instance, Schirrmacher et al. used the SiFA
methodology to label maleimide-terminated PEGylated gold nano-
particles (AuNP) (Fig. 7) [29]. High radiochemical yields were
obtained (60-80%), and in vivo studies using healthy rats showed
substantial brain uptake. This technique with SiFA-tetrazine (SiFA-
O-Tz) has been used as a sensor to demonstrate the ability to
modify sp?-hybridized graphite surfaces through an inverse elec-
tron Diels—Alder reaction.

More recently, SIFA has been introduced into a prostate-
specific membrane antigen (PSMA) radiohybrid ligand by Wester
et al. in 2020 [30]. Essentially, these radiohybrid PSMA inhibitors
(rhPSMAs) contain a SiFA moiety as well as a chelator. Initially, the
chelator was introduced as a way to increase hydrophilicity; how-
ever, it became apparent there was a greater advantage to having a
molecule with both isotopic exchange and chelation-labeling stra-
tegies available. Either the SiFA moiety could be labeled with '*F
and a nonradioactive metal for PET imaging or the chelator could
be labeled with other radioisotopes available for imaging (e.g., **Ga
or ""1In) or therapy (e.g., ”"Lu) [30]. This is also useful as medical
centers with no access to a cyclotron could still use °®Ga to generate
a nearly identical PET image [31]. Moreover, the use of **F-""Lu-
rhPSMA and "’F-'"7Lu-rhPSMA as molecules with the same chem-
ical properties can generate, for the first time, an '**F-'""Lu “ther-
anostic” pair, effectively combining the ability of PET diagnostics
and radiotherapy into one radiopharmaceutical. This also allows for
more personalized treatment plans as the radiotracer used for
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imaging could be exploited as a tool for pretherapeutic dosimetry
and patient stratification [30]. Interestingly, in vitro experiments
with the synthesized rhPSMAs showed that they had lower lipo-
philicity (log P of —2.0 to —3.5) than any other SiFA compound
currently reported in literature [30]. Additionally, when compared
to established '®F-PSMA reference compounds DCFPyL and
PSMA-1007, they showed comparable uptake in most nonspecific
tissues yet lower uptake in the liver in addition to higher blood
levels. These results suggest that rhPSMA inhibitors have the
potential to greatly enhance diagnosis and treatment options for
patients suffering from prostate cancer. Further clinical studies with
18E."ntGa-rhPSMA-7 (Fig. 8) showed remarkable results in imag-
ing high-risk primary prostate cancer, even when patients had low
antigen levels [31]. One of the rhPSMA isomers (['®F]Ga-
rhPSMA-7.3) was identified as the best candidate for theranostic
applications and is presently in phase III clinical trials. Due to its
success, an automated synthesis was developed using the Munich
method where the azeotropic drying step is eliminated and the
entirety of the labeling process is done at room temperature
[31]. Instead of azeotropic drying, they were able to use an
on-cartridge drying procedure where '*F was subjected to a
QMA cartridge and allowed to dry rapidly on the column through
purging with air and elution of anhydrous acetonitrile [ 31 ]. Further
elution of the '®F with Ks,, in acetonitrile resulted in almost no loss
of activity (96% retained). The whole automation process uses a
double-cassette setup and a nine-step procedure and has superb
reliability (98.8%) and radiochemical yields (~50%) [31]. The
development of an adequate automated process effectively
enhances the ability to introduce SiFA-derivatized compounds
into the clinic.
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Opverall, the SiFA methodology has come a long way since its

first arrival in literature in 2006. As discussed, it presents a great
improvement in the PET imaging field. The labeling procedure can
be carried out under mild conditions, with fast reaction times and
high selectivity. The whole synthesis and procedure is able to be
highly automated as seen with ['®F]-SiTATE and ['®F]Ga-
rhPSMA-7.3. The reliable and easy automation process along
with the present clinical study results highlights its exceptional
ability to be translated into future clinical applications.

2 Materials

—
—_— O

N RN T NS B N

. Cyclotron produced ["*F]E~ /['*O]H,0.
. QMA cartridge.

. Potassium carbonate.

. Deionized water.

. Anhydrous acetonitrile.

. Anhydrous ethanol.

. [2.2.2]Cryptand (Kryptofix 2.2.2).

. C18 cartridge.

HPLC.

. HPLC C18 column.
. RadioTLC plate scanner.

3 Methods

3.1 Azeotropic
Drying

. Pass 10 mL of 0.5 M K,COj3 and then 10 mL of deionized

H,O through a quaternary methyl ammonium (QMA)
cartridge.

. Turn the QMA cartridge upside down and pass the aqueous

solution of [**F]F~ /[**O]H,O through using a male-to-male
adapter.

. Discard the eluted ['*O]H,O.

. Turn the cartridge back around and pass through an elution

solution consisting of [2.2.2]cryptand, 0.2 M K,CO3, and
acetonitrile.

. Collect the first four drops into a thick-walled v-vial.

. Heat the sealed vial to 90 °C and have a steady flow of argon

passing through the vial.

. Wait for approximately 5 min for the solvents to evaporate.
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. Add 1 mL of acetonitrile to help remove any remaining water

via azeotropic co-evaporation.

. Repeat evaporation step.
10.

Once all the solvent is visibly removed, resuspend the ['*F]
fluoride in the preferred reaction solvent.

. Pass 10 mL of ethanol and then 10 mL of distilled H,O

through a C18 cartridge.

. Add the ['®F]fluoride solution to the SiFA precursor com-

pound (100 pL, ~20-100 nmol) and allow the labeling reac-
tion to sit at room temperature for 5 min.

. Draw reaction solution up into a syringe that contains 9 mL

0.1 M phosphate butffer.
4. Pass the resulting solution through the C18 cartridge.

5. Pass 5 mL of distilled H,O through the cartridge to wash and
then 300 pL of ethanol to elute the ['*F]SiFA compound.

6. Dilute with 3 mL phosphate buffer for HPLC injection onto a
C18 column to assess the radiochemical purity (RCP).

7. Monitor reaction by radioTLC to determine radiochemical

yields (RCY).

4 Notes

All necessary precautions should be taken when working with
radioactive isotopes including using lead shielding, wearing a
dosimeter, checking for contamination with Geiger counters, and
wearing appropriate PPE. Only the first four drops of the eluted
["®F]fluoride need to be taken as most of the radioactivity is
eluted in those initial drops. This is important to minimize any
base-related degradation to the SiFA moiety as it limits the amount
of base in the reaction solution [32].
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Tandem Iridium-Catalyzed C—H Borylation/Copper-Mediated
Radiofluorination of Aromatic C—H Bonds with ['®F]TBAF

Maria Morales, Sean Preshlock, Liam S. Sharninghausen, Jay S. Wright,
Allen F. Brooks, Melanie S. Sanford, and Peter J. H. Scott

Abstract

Direct C-H functionalization of (hetero)aromatic C-H bonds with iridium-catalyzed borylation followed
by copper-mediated radiofluorination of the iz situ generated organoboronates affords fluorine-18 labeled
aromatics in high radiochemical conversions and meta-selectivities. This protocol describes the benchtop
reaction assembly of the C—H borylation and radiofluorination steps, which can be utilized for the fluorine-
18 labeling of densely functionalized bioactive scaffolds.

Key words Late-stage fluorination, Fluorine-18, PET radiochemistry, Copper-mediated
radiofluorination

1 Introduction

Transition-metal-catalyzed radiofluorination has emerged as a pow-
erful method for the formation of aromatic C—'*F bonds, enabling
complementary electronic selectivity to traditional methods such as
SNAr radiofluorination [1, 2]. In particular, copper-mediated
radiofluorination (CMRF) has become an attractive approach for
the practical synthesis of '®F-labeled radiopharmaceuticals due to
its advantageous operational simplicity (i.e., labeling can be con-
ducted without rigorous exclusion of air and /or moisture) and the
low-cost and toxicity of copper [3-7]. CMRF of aromatic precur-
sors such as boronic acids and esters [8§—10], organostannanes [11],
iodonium salts [12], and aryl halides [ 13] have been studied for the
late-stage radiofluorination of (hetero)aromatic substrates. Nota-
bly, organoboron precursors are most commonly used in CMRF
reactions owing to a high functional group compatibility with
radiofluorination conditions and the good availability of borylation
methodologies [14, 15].
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Fig. 1 Ir/Cu-mediated C—H radiofluorination of electronically diverse (hetero)aromatics

The radiofluorination of organoborons has been used to radio-
label many different molecules for preclinical and clinical PET
imaging [ 3], and detailed protocols have been reported for execut-
ing the technique [16, 17]. However, challenges can arise when
preparing, handling, and storing these precursors long term, or
when dealing with unstable organoborons, which can hamper
translation to clinical applications. A convenient alternative to
address these drawbacks is the nucleophilic radiofluorination of C
(sp*)-H bonds, as such precursors are more readily available and
stable. However, few reports have studied the CMREF of (hetero)-
aromatic C—H bonds and high selectivity is difficult in the presence
of multiple C—H bonds [18, 19]. Herein, we present an operation-
ally simple, benchtop setup for a cascade Ir/Cu-mediated C-H
radiofluorination of electronically diverse (hetero)aromatics
(Fig. 1) [20]. This protocol describes a meta-selective Ir-catalyzed
C(sp*)-H borylation that is compatible with Cu-mediated radio-
fluorination to achieve the synthesis of '®F-labeled substrates.
Overall, this one-pot transformation circumvents the isolation,
handling, and storage of unstable organoboron precursors, exhibits
complimentary and high selectivity for a wide substrate scope com-
pared to other methods, and does not require stringent exclusion of
air and /or moisture, demonstrating enhanced clinical applicability.

2 Materials

Conduct reactions under inert atmosphere in 1 dram/4 mL vials
using PTFE and silicone-lined septa caps at the allotted tempera-
ture with a magnetic stirrer hotplate fitted with a reaction block
carousel attachment. Ensure local procedures are observed with
regard to radiation safety and when disposing of chemical waste.
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. [Ir(cod)OMe],: Store at 4 °C [Ir(cod)(OMe)], exhibits opti-

mal catalytic performance when obtained as a rich, lemon-
yellow color. Darker colors indicate decomposition and exhibit
reduced activity. Therefore, replacing the catalyst every
6 months is advised [21].

. 34,7 8-tetramethyl-1,10-phenanthroline.

. 1,3,5-trimethoxybenzene.

. Anhydrous 2-methyltetrahydrofuran.

. Pinacolborane (HBPin). Store HBPin at 4 °C under inert

atmosphere.

. Varian NMR spectrometer (or equivalent).

. General Electric TRACERLab FXgyn automated fluorine-18

synthesis module (or equivalent).

. Waters Sep-Pak cartridge Sep-Pak Accell Plus Quaternary

Methyl Ammonium (QMA) Plus Light.

. Deionized water, ethanol, 0.5 M KOTf aqueous solution for

QMA conditioning.

. Tetraethylammonium bicarbonate.

. Tetrabutylammonium triflate.

. Ethanol.

. Deionized water.

. Acetonitrile.

. Anhydrous N, N-dimethylacetamide (DMA).

. General Electric PETtrace cyclotron (or equivalent) equipped

with a fluorine-18 target.

. 1830-Water.

. 1-Butanol(n-butanol, nBuOH).
. Cu(py)4OTH;.

DMA.

. Deionized water.
. Bioscan AR 2000 Radio-TLC scanner (or equivalent).
. EMD Millipore TLC silica gel 60 plates (3.0 cm

wide x 6.5 cm long).

. Shimadzu LC-20 AD/T LPGEKIT HPLC system equipped

with a CBM-20A controller, SIL 20AHT injector, SPD 20A
UV detector, DGU 20A SR degasser, and CTO-20A column
oven with an in-series B-FC-3300 radiation detector for
observing gamma emissions (or equivalent).
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3 Methods

3.1 G-H Borylation
(see Note 1)

3.2 Synthesis
Module Setup

—

. Add 3.2 mg [Ir(cod)OMe], (4.8pmol) (see Note 2), 2.3 mg

3,4,7,8-tetramethyl-1,10-phenanthroline (tmphen, 4.8pmol),
and 25 mg 1,3,5-trimethoxybenzene (0.15 mmol, NMR stan-
dard) to a4 mL vial equipped with a stir bar. Cap the vial using
a PTFE-lined screw cap.

. For  liquid arene  substrates:  Add 1.1 mL

2-methyltetrahydrofuran (see Note 3) to the vial and sparge
with argon for ca. 2 min (se¢ Note 4). The arene is added in
Step 4.

. For solid arene substrates: Add 0.55 mL

2-methyltetrahydrofuran (se¢e Note 3) to the vial and sparge
with argon for ca. 2 min (see Note 4). To a second 4 mL vial,
add arene (0.54 mmol) and 0.55 mL 2-methyltetrahydrofuran
and sparge with argon for ca. 2 min.

. After sparging (see Note 5), add 70pL pinacolborane (see Note

6) (0.48 mmol) to the vial (see Note 7). For heteroaryl sub-
strates or aryl iodide substrates, after the addition of pinacol-
borane, heat the vial at 60 °C, stir for 2 min, and remove from
the heat source before proceeding to Step 4.

. For liquid arene substrates, add arene substrate (0.54 mmol) to

the reaction vial prepared in Step 3. For solid arene substrates,
transfer the solution of arene in 2-methyltetrahydrofuran to
the vial prepared in Step 3 (see Note 8).

. Heat the reaction vial to 80 °C (electron-rich or -neutral are-

nes) or keep at room temperature (electron-poor arenes) and
stir overnight.

. Allow the reaction to cool to room temperature. Analyze crude

aromatic organoboronates with NMR and use in radiolabeling
(Subheading 3.4) within 12 h of preparation. For NMR analy-
sis, take a ~50pL aliquot of the reaction mixture, remove the
solvent, and perform "H and '*C NMR analysis using CDCl3.

. Condition a Sep-Pak Accell Plus QMA Plus Light cartridge by

sequentially rinsing with >6 mL ethanol, >6 mL deionized
water, 10 mL 0.5 M KOTfaqueous solution, and finally 10 mL
deionized water.

. Prepare the ['®F]fluoride eluent solution by dissolving 2 mg

tetracthylammonium bicarbonate and 15 mg of tetrabutylam-
monium triflate in 200pL of EtOH then dilute with 400pL of
deionized water. This solution should be prepared fresh prior
to use and, if using a TRACERLab FXgy automated fluorine-
18 synthesis module, added to Vial 1.

. Add acetonitrile (1 mL) to Vial 2.
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4. Add DMA (3 mL) to Vial 3.
. Seal the hot-cell door and proceed to production of ['*F]

fluoride (Subheading 3.3).

. Produce nucleophilic ['¥F]fluoride via the 18O(p,11)18F nuclear

reaction in a cyclotron.

. Load '®*O-water (approx. 2 mL) into the cyclotron target and

irradiate for 1-2 min proton beam at 55pA.

. After completion of irradiation, transfer the solution of ['*F]

fluoride to a General Electric TRACERLab FXjy automated
fluorine-18 synthesis module (or equivalent) and proceed to
radiofluorination (Subheading 3.4).

. Using a radiosynthesis module (e.g., GE TRACERIlab FXjy),

transfer the aqueous [*®F]fluoride solution from the cyclotron
onto the QMA cartridge and use the module’s software to elute
into the reactor with the ['®F]fluoride eluent solution.

. Add 1 mL of acetonitrile from Vial 2 and evaporate the mixture

by heating to 100 °C and drawing vacuum for 5 min and then
further drying under a stream of argon while maintaining the
vacuum pull for an additional 8 min (se¢ Note 11).

. Dissolve the ["®*F]TBAF residue in 3 mL DMA from Vial 3, and

transfer to an external vial for use outside the hot cell. Typically,
1.5 to 3.5 GBq is sufficient activity to run ca. 30 small-scale
experiments utilizing 100pL of this solution (se¢ Notes 12 and
13).

. Under ambient air, dispense 50pL. nBuOH into a 4 mL vial

equipped with a stir bar and containing 20pmol [Cu
(OTh),(py)4] dissolved in 300pL. DMA (see Note 14). Add
50pL of crude borylation mixture in 2-MeTHF (see Subhead-
ing 3.1) and finally 100pL of ['®*F]TBAF solution in DMA.
Cap the vial using a PTFE-lined screw cap (see Note 15).

. Heat the reaction vial to 120 °C for 20 min with stirring. The

reactions should be heated directly after combining the reac-
tants. Allowing the reactants to remain in solution for pro-
longed periods of time in the presence of [Cu(OTh),(py)4]
before heating can lead to diminished yields (see Note 16).
The rate of this degradation is highly substrate dependent.
Allow the sample to return to room temperature and quench
with 150pL deionized water.

. Analyze the reaction mixture by radio-TLC and radio-HPLC.

Note that due to radioactive decay, the samples should be of an
appropriate radioactive concentration and examined in a timely
manner to obtain satisfactory signal-to-noise ratios. Typically, a
10puL injection of a sample with a radioactivity concentration of
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40-100 MBq/mL is adequate for radio-HPLC analysis and an
aliquot from a sample at an activity concentration of
4-100 MBq/mL is sufficient for radio-TLC analysis. This can
vary depending on the sensitivity and setup of the radioactivity
detectors.

. Work areas should be cleaned, and radioactive samples stored

and allowed to decay in accordance with local regulations.

4 Notes

. Protocol for benchtop borylation is given here. The process can

alternatively be performed in an inert atmosphere drybox.

. For long-term storage, keep solid hygroscopic reagents like [Ir

(cod)OMe], in a vacuum desiccator over drierite at room
temperature.

. Store 2-methyltetrahydrofuran over activated molecular sieves.

For long-term storage (>1 month), keep reaction solvents in
an mBraun N, drybox (or equivalent).

. Use narrow gauge sparging and exit needles to avoid

compromising the integrity of the cap. For example, Air-Tite
22-gauge x 4" as sparging needle and BD 22-gauge x 1.5” as
exit needle. Sparging can be conducted with an argon-filled
balloon or directly from a compressed gas cylinder. Adjust gas
pressure to give a steady stream of bubbles but avoid high flow
rates to prevent drastic reduction of solvent volume.

. Remove the exit needle prior to adding pinacolborane and

arene substrate. Raise the sparging needle out of the solvent
but keep it in the vial during reagent addition.

. For long-term storage of pinacolborane, blow a gentle stream

of argon or nitrogen into the container for a few seconds and
store at 4 °C.

. The color of the solution should change from pale orange to

dark brown upon addition of pinacolborane.

. Perform all reagent additions and transfers using a syringe

equipped with a narrow-gauge needle to avoid compromising
the septum. Prior to reagent additions and transfers, first purge
out the needle by drawing in and expelling argon to avoid
transferring air into the reaction vial.

. Protocol for small-scale radiolabeling using aliquots of a [**F]

TBAF stock solution prepared on a GE TRACERIab FXgy
synthesis module is given here. Equivalent synthesis modules
can alternatively be used.
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Procedures should only be carried out in areas designated for
the use of radioactivity and in accordance with local rules
regarding the safe handling and use of radioactivity.

Prior to the preparation of the ['®F]TBAF stock solution, the
GE TRACERIab FXgy synthesis module should be adequately
cleaned in accordance with standard operating procedures and
the vacuum pump and push gases should be operating at levels
acceptable for routine production. Argon can be substituted
with an alternative inert push gas such as nitrogen or helium.
Dry, high purity gases are recommended.

The total amount of activity used for the preparation of this
solution should be in agreement with local rules and activity
limits, while also taking into account the appropriate amount
of activity required for proper analysis. Typically, a concentra-
tion of 40-100 MBq/mL will be adequate for radio-HPLC
analysis and 4-10 MBq,/mL will be sufficient for radio-TLC
analysis.

The volume of the stock solution can be adjusted for the
required number of reactions. For single experiments requiring
the entire batch of ['*F]TBAF, it may be beneficial to dissolve
the ["®F|TBAF residue in the reactant solutions to keep the
concentration of reactants at levels consistent to those
described in Step 6. The higher concentration of tetraecthylam-
monium bicarbonate may also yield lower results. Substituting
the 2 mg tetracthylammonium bicarbonate in the preparation
of the [*®F]fluoride eluent solution described in Step 2 with
50pL of'a 0.075 M aqueous tetrabutylammonium bicarbonate
solution (ABX Prod. No. 808.0000.6) can improve results but
is much less cost-effective. In cases where the full batch of [**F]
TBAF is used for a single reaction, an additional dissolution/
evaporation cycle, described in Step 4, can lead to a more
anhydrous ['**F]TBAF residue.

Electron-deficient substrates afford better yields using Cu
(impy)4(OTt), (impy = imidazo[1,2-b]pyridazine) in place of
Cu(py)4(OTf),. Prepare Cu(impy)4OTf; from Cu(OTf), and
imidazo[1,2-4]pyridazine as previously described [22].
Multiple reaction variables such as the type of Cu complex,
solvent, concentrations, and molar equivalents can be varied
during this step.

Multiple reactions can be set up and run simultaneously.
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Preparation of [*®Ga]GaCl; Using a Cyclotron

Melissa E. Rodnick, Carina Sollert, D. Christian Parr, Jens Frigell,
Katherine Gagnon, and Peter J. H. Scott

Abstract

Recent developments in ®®Ga-radiopharmaceuticals, including a number of regulatory approvals for clinical
use, has created a hitherto unprecedented demand for ®®Ga. Reliable access to enough *®Ga to meet
growing clinical demand using only *®Ge /*®*Ga generators has been problematic in recent years. To address
this challenge, we have optimized the direct production of ®*Ga on a cyclotron via the ®*Zn(p,n)**Ga
reaction using a liquid target. This protocol describes the cyclotron-based production of [*®Ga]GaCl;
implemented at the University of Michigan using a liquid target on GE PETtrace instrumentation. The
protocol provides 56 + 4 mCi (z = 3) of [*®*Ga]GaClj; that meets the necessary quality control criteria to
use for the preparation of *®Ga-radiopharmaceuticals for human use.

Key words Radiotheranostics, Gallium-68, Cyclotron-produced gallium-68, PSMA-11

1 Introduction

Nuclear medicine is entering into a new age of radiotheranostics in
which precision diagnostic imaging with positron emission tomog-
raphy (PET) is combined with targeted radiotherapeutics to enable
precision therapy in diseases such as cancer [1]. Given the relatively
straightforward chemistry development offered with radioactive
metal ions (radiometals), there has been significant focus on the
development of theranostics consisting of a targeting ligand deco-
rated with a chelating group that complexes radioactive metal ions
selected for diagnostic (e.g., **Cu, “®Ga) or therapeutic (e.g.,
225A¢, 213Bi (alpha), '"7Lu, °°Y (beta)) applications [2]. Initial
efforts concentrated on the development of radiometal theranostic
pairs targeting somatostatin receptors (SSTRs) for PET imaging
and radiotherapeutic management of neuroendocrine tumors
(NETs) [3]. In the past 5 years in the United States, [**Ga]Ga-
DOTA-TATE (NETSPOT) [4], [*®*Ga]Ga-DOTA-TOC [5],
[°*Cu]Cu-DOTA-TATE (Detectnet) [6], and ['””Lu]Lutathera

Timothy H. Witney and Adam J. Shuhendler (eds.), Positron Emission Tomography: Methods and Protocols,
Methods in Molecular Biology, vol. 2729, https://doi.org/10.1007/978-1-0716-3499-8_5,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2024
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[7] were approved by the US FDA, while the European Union
approved [*®*Ga]Ga-DOTA-TOC (SomaKIT TOC) and Lutathera
(Fig. 1). Subsequently, [**Ga]Ga-PSMA-11 has also been approved
by the FDA for imaging of prostate cancer [8], along with ['”"Lu]
Lu-PSMA-617 for treatment. [***Ac]Ac-PSMA-617 is in advanced
clinical trials for alpha therapy of prostate cancer [9]. Translation of
numerous other radiotheranostics is also underway, with theranos-
tic agents targeting C-X-C chemokine receptor type 4 (CXCR4)
ligands [10] and, most recently, fibroblast activation protein inhi-
bitors (FAPI) [11] also entering clinical trials (Fig. 1).

To date, diagnostic radiopharmaceuticals based on PET radio-
metals have typically been radiolabeled with **Ga (89% B+, t;,
» = 68 min) (Fig. 1) and, reflecting this, there has been a surge in
demand for access to the radionuclide in recent years. Historically,
for agents targeting SSTRs, ®®Ga has usually been eluted from a
%8Ge /%% Ga generator, a process that can casily be implemented in
PET facilities that do not own a cyclotron [12]. However, the
unprecedented demand for [*®*Ga]Ga-PSMA-11 expected after
approval of a prostate cancer radiotherapeutic, as well as the
newer agents in clinical trials, is further driving demand for ®*Ga
and highlights the need for access to a reliable (and economical)
supply of the radionuclide. While generators offer operational sim-
plicity for ®®*Ga-tracer production, there are certain limitations:

» Current generators cost ~ $100,000.00 USD and typically have
a maximum activity (1.85 GBq, 50 mCi) that restricts elution to
4 h increments (i.e., 2 production runs per day with 2—4 doses

per day).

» Commercial supply has not kept pace with the clinical demand
and lead times for generator delivery can be significant (up to
18 months [13]).

Meeting the growing demand for ®®Ga is challenging using
generators alone. Thus, additional sources of ®*Ga are required to
meet the current and future patient demand [13]. To this end, we
have investigated the direct production of ®*Ga on a cyclotron via
the ®*Zn(p,n)®®*Ga reaction [14]. This approach is being increas-
ingly used around the world, evidenced by recent research publica-
tions [15-25] and publication of a European Pharmacopeia
monograph for the direct accelerator-based production of [**Ga]
GaCl3 [26]. Moreover, the International Atomic Energy Agency
(IAEA) has published a technical document in support of direct
production of *®Ga via liquid (hundreds of millicuries) and solid
targets (multiple Curies) [27], and also begun a coordinated
research project on cyclotron production of ®®Ga [28]. Notably,
two of the FDA-approved ®®Ga radiotracers ([*®*Ga]Ga-DOTA-
TOC and [*®Ga]Ga-PSMA-11) have explicit approval for produc-
tion using cyclotron-based **Ga.
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Fig. 1 New theranostic agents. (Reproduced from Ref. [14] under a Creative Commons License)

This protocol describes the cyclotron production of *®Ga from
a liquid target. The workflow is analogous to production of ['*F]
fluoride and is compatible with laboratory setups in existing PET
radiopharmaceutical production centers. The protocol provides
56 + 4 mCi (#n = 3) of [®®Ga]GaCl; at end-of-synthesis that
meets the necessary quality control criteria (Table 1) to use for
the preparation of ®®Ga-radiopharmaceuticals for human use.
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Table 1
Quality control data for [®Ga]GaCl; validation runs (see Note 9)

Release criteria (U of

Quality control test (see Note 9) Michigan) Batch 1 Batch 2 Batch 3
Radiochemical yield at end-of-  Record for information 52 60 57
synthesis
Radiochemical purity [°8Ga] >95 929 98 98
GaCl; (rTLC)
Rf [*¥Ga]GaCl; (TLC) <0.2 <0.2 <0.2 <0.2
Rf Ref B* (TLC) >0.7 >0.7 >0.7 >0.7
pH <2 <2 <2 <2
Visual inspection Clear, colorless, free of Passed Passed Passed
particulates
Radionuclidic identity (half-life) 64.6-71.4 min 67.2 68.8 69.1
Endotoxin analysis <58.3 EU/ mLP <2 <2 <2
Residual Fe?*/3* (see Note 10) <10 pg/GBq <5ng/ <5ug/ <5 pg/
GBq GBq GBq
Residual Zn3* (see Note 11) <10 pg/GBq <1.25pg/ <1.25nug/ <1.25pg/
GBq GBq GBq
Radionuclidic purity (MCA) @  98% © 99.8 99.8 99.8
EOB

*Reference solution B (Pentetic acid solution) from the European Pharmacopoeia (Gallium (®*Ga) chloride (accelerator-
produced) solution for radiolabeling [26]); ® for a 3 mL batch; °<2% combined *®Ga and %”Ga at end of bombardment

2 Materials

. [%Zn]Zn(NO3),.
. 0.3 M HNOj;.

2.1 Prepare Liquid 1
2
3. 4 mL borosilicate glass vial with PTFE septum.
4

Target Solution

. Ultrapure water.

P

2.2 Produce and . General Electric PETtrace cyclotron (or equivalent) equipped
Purify %®Ga with a gallium-68 liquid target.

. ZR hydroxamate-based and TK200 resins (Triskem).
. Nitric acid.

. Hydrochloric acid.

. Sodium chloride (optional).

. Optionally, if labeling with chelators such as DOTA or NOTA
which are more sensitive to trace metal impurities than the

[S)NNNS 2 BN SOV I )
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HBED-CC chelator, an additional anion exchange resin may
be warranted in between the ZR and TK200 resins [29].

Capintec dose calibrator or equivalent.

Bioscan AR 2000 Radio-TLC scanner or equivalent.
ColorpHast pH Strips or equivalnet pH paper.
MQuant test strips for Fe and Zn (Merck).

Charles River Endosafe PTS endotoxin system (or equivalent).

A

Canberra multichannel analyzer (or equivalent).

3 Methods

3.1 Prepare Liquid
Target Solution

3.2 Produce and
Purify ®Ga

All hazardous laboratory chemicals should be used by trained per-
sonnel under the supervision of an environmental health and safety
officer. Radioactivity can only be used with institutional, state,
and/or federal authorization and according to ALARA principles.
Users should be properly shielded against radiation. All reactions
involving radioactivity should be performed in a lead-shielded fume
hood or hot cell, according to appropriate institutional, state,
and /or federal radiation safety guidelines. Workers handling radio-
active material must ensure that all appropriate personal protective
equipment is worn and that shielding, dosimeters, and survey
meters are always used. Ensure local procedures are observed
when disposing of radioactive and chemical waste.

1. Add isotopically enriched [®*Zn]ZnO (2 g, elemental weight)
to ultrapure water (~10 mL) in a falcon tube and vortex to form
a slurry.

2. Slowly add 70% nitric acid (1 mL) and vortex for 20 s. Repeat
with additional nitric acid (3 x 1 mL and 1 x 0.3 mL aliquots
for the total cumulative volume of 70% nitric acid
added = 4.3 mL).

3. Add ultrapure water so the final solution volume is 30 mL to
yield a 1.0 M solution of [**Zn]Zn(NO3), in 0.3 M HNO3.

4. Vortex the final solution for 4 min, let the solution stand for at
least 4 h and then filter through a 0.22 pm Millex-GS (or equi-
valent) filter prior to irradiation. Store for up to 6 months at
room temperature in the dark.

1. Produce gallium-68 in the cyclotron via the ®®Zn(p,n)**Ga
nuclear reaction. Load ~2.2 mL of 1.0 M solution of [®®Zn]
Zn(NO3), in 0.3 M HNOj; solution prepared in Subheading
3.1 into the ®®*Ga target and irradiate (3040 pA for ~60 min)
(see Note 1). Upon completion of irradiation, transfer the
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®

Process steps:

0.

gk wh =

@

Resin

Product

Condition ZR cartridge with 0.1 M HNO; (7 mL) and TK200 resin with sterile water for injection (7 mL)
followed by 1.75 M HCI (4 mL) prior to use.

Trapping of ®8Ga on a hydroxamate-based resin (2 mL [~700 mg] ZR resin, Triskem) —

Rinsing of the resin with 0.1 M HNO; (15 mL) to remove residual zinc —

Elution onto a TOPO-based resin (2 mL [~700 mg]) TK200 resin, Triskem) with 1.75 M HCI (5-6 mL)
Optional: Rinse with 3.5 mL 2 M NaCl in 0.13 M HCI to decrease residual acid —

Final elution with water, volumes of which can be varied, to yield [38Ga]GaCl, in the desired formulation
(e.g. 5mL of 0.1 M HCI) —

Fig. 2 Two-column approach for %®Ga chemical separation. (Reproduced from Ref. [14] under a Creative
Commons License)

solution of ®®Ga,/Zn in HNOj to the FASTIab synthesis mod-
ule, or equivalent, with suitable automated synthesis sequence
(see Note 2).

. Dilute the %®Ga target solution with water from the synthesis

unit (5.5 mL) to achieve a nitric acid concentration of <0.1 M,
which is necessary for subsequent processing.

. Pass the solution of *®Ga through 2 mL [~ 700 mg] of theZR

hydroxamate-based resin (Triskem) to trap **Ga (Fig. 2).

. Rinse the ZR resin with 0.1 M HNOj; (15 mL) to remove

residual ®*Zn (Fig. 2).

. Elute ®®*Ga off the ZR resin with 1.75 M HCI (5-6 mL)

(Fig. 2), prepared from hydrochloric acid 4 M (From Trace
Metals HCI) solution (Aqua Solutions, cat. no. AM426).

. Transfer the eluent through 2 mL [~ 700 mg] of the TK200

resin (Triskem) to trap **Ga onto the TK200 (Fig. 2).
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3.4 Site Cleaning

10.

11.

12.
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. Optional step: Rinse TK200 resin with 3.5 mL 2 M NaCl in

0.13 M HCI to decrease residual acid (Fig. 2).

. Elute [*®Ga]GaCl; from the TK200 resin with water (3 mL)

(Fig. 2) (see Note 3).

. Transfer [*®Ga]GaCl; through a Cathivex 0.22 pm sterile filter

(or equivalent) into a sterile dose vial (or other reaction vessel
for downstream chemistry).

Aseptically remove 0.5 mL of the batch and place it into the
2 mL sterile QC vial for QC testing.

Complete quality control testing according to local regulatory
requirements and using published procedures (see Table 1 for
results of QC testing) (see Note 4).

Use [°®Ga]GaCl; to prepare desired *®*Ga-radiopharmaceuti-
cals (see Notes 5-8).

. Establish radiochemical yield by measuring the dose activity

using a dose calibrator.

. Determine radiochemical purity using radio-TLC.

. Complete a visual inspection to determine dose is clear, color-

less, and free of particulates.

. Determine the pH of the solution by applying a sample to pH

paper and comparing to the provided scale.

. Confirm radionuclidic identity by measuring the activity in a

sample over a defined time period using a dose calibrator, and
verifying that the half-life of the solution matches that of *®Ga
(68 min).

. Verify the solution is free of bacterial endotoxins via the limulus

amoebocyte lysate (LAL) test using a Charles River Endosafe
(or equivalent) system.

. Determine radionuclidic purity using a multichannel analyzer

(MCA) or equivalent test.

. Determine residual metal content in the solution using dedi-

cated test strips or ICP-MS.

. Work areas and synthesis module should be cleaned, and radio-

active samples stored and allowed to decay in accordance with
local regulations.

. For optimal liquid target performance, a conditioning run

should be completed daily. Load ~2.2 mL 0.6 M HNOj; into
the gallium-68 target and irradiate with a 3040 pA proton
beam for >15 min. Upon completion of irradiation, transfer
the solution to waste and allow to decay in place (see Note 2).
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4 Notes

10.

11.

. Enriched ®*Zn is utilized to produce *®Ga in a cyclotron

(GE PETtrace or equivalent) via the ®*Zn(p,n)**Ga reaction
with energy degraded or selected to reduce the ®*Zn
(p,2n)%’Ga competing reaction (e.g., ~13-14 MeV). The pro-
tocol for 1 h irradiation of a single liquid target is given here.
Irradiation time can be reduced if less activity is needed, or
additional targets can be irradiated simultaneously if more
activity is needed.

. Significant **N is generated during the production of ®*Ga and

target conditioning via the ®O(p,a)'*N reaction. Proper infra-
structure configuration and containment must be considered.

. Volume of water can be varied to yield [®®*Ga]GaCl; in the

desired formulation (e.g., 5 mL of 0.1 M HCI).

. Complete QC testing using methods outlined in Subheading

3.3 as well as previously published procedures [14].

. For example, [°®*Ga]Ga-DOTA-TATE and [*®*Ga]Ga-PSMA-

11 can be prepared as previously described [14, 27].

. Radiopharmaceuticals can be prepared by transferring [*®*Ga]

GaCl; to a synthesis module or a kit. Alternatively, depending
on the synthesis module and process, it may be possible to
execute both the [°®Ga]GaCl; purification and subsequent
labeling in a single module /process [14].

Procedures should only be carried out in areas designated for
the use of radioactivity and in accordance with local rules
regarding the safe handling and use of radioactivity.

. Radiolabeling with radiometals and chelators is a process which

is generally sensitive to trace metal impurities. Suitable quality
reagents and consumables (e.g., needles) and material
handling /processing should be considered to minimize intro-
duction of such impurities throughout ®*Ga production and
radiolabeling.

. Local quality assurance and quality control requirements

should be met when preparing radioactive materials for
human use.

Determined on validation runs and /or annual process verifica-
tion runs using MQuant test strips or ICP-MS.

Determined on validation runs and /or annual process verifica-
tion runs using ICP-MS.
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Transition and Post-Transition Radiometals for PET Imaging
and Radiotherapy

Caterina Ramogida and Eric Price

Abstract

Radiometals are an exciting class of radionuclides because of the large number of metallic elements available
that have medically useful isotopes. To properly harness radiometals, they must be securely bound by
chelators, which must be carefully matched to the radiometal ion to maximize radiolabeling performance
and the stability of the resulting complex. This chapter focuses on practical aspects of radiometallation
chemistry including chelator selection, radiolabeling procedures and conditions, radiolysis prevention,
purification, quality control, requisite equipment and reagents, and useful tips.

Key words Radiometals, Bifunctional chelators, PET, TRT, Radiolabeling

1 Introduction

There are a large number of metal and metalloid elements with
useful radioactive isotopes (radionuclides) for potential use in PET
imaging via positron emission, and targeted radiotherapy via emis-
sion of alpha particles, beta particles, or Auger electrons. In order to
utilize radiometals for radiopharmaceutical purposes, they must be
incorporated into a drug delivery compound that has affinity for a
specific tissue or disease type. The term “radiolabeling” refers to a
radiometal being incorporated into such drug compounds. The
most common way to incorporate an inorganic nuclide into a
radiopharmaceutical is via the bifunctional chelate (BFC) strategy,
in which a disease delivery molecule (a.k.a. targeting vector) is
covalently attached to a BFC. The BEC has the dual capability of
(1) being chemically reactive for bioconjugation (attachment to a
targeting vector) and (2) possessing a chelate for the stable attach-
ment of a radiometal ion (Fig. 1). The terms “chelator” and
“ligand” are used interchangeably.

This methods chapter describes the general theory and techni-
ques used for radiometal labeling, radiolabeling yield analysis,
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Radiometal ion
(emits radiation utilized for
imaging or therapy)

Chelator
(secures metal for safe biological transport)

Biomolecule
(targeting vector)

Integrated
bifunctional linker
(joins radioactive and

targeting moieties)

Fig. 1 Depiction of the bifunctional chelate strategy. (Figure created using BioRender.com)

tracer purification, and quality control analysis. A selection of the
most common and attractive radiometal ions have been selected;
however, many of the methods described herein can be transferred
to other radiometal ions. The general premise, which is described in
detail in the Methods section, is to prepare a solution of chelator or
bioconjugate in buffer, to which radiometal (typically in dilute acid)
is added. Following incubation/reaction for a certain amount of
time and at an appropriate temperature, the incorporation yield of
the radiometal (% radiochemical yield, %RCY) can be determined
by chromatography (e.g., thin layer chromatography, TLC, or
high-pressure liquid chromatography, HPLC). If needed, the
radiotracer can be subsequently purified (e.g., by HPLC, or size-
exclusion chromatography, or C18 plug), and quality control per-
formed afterwards. Radiolytic protectant may be added before the
radiometal is added or after the radiotracer is purified.

Before we delve into the experimental protocols and technical
details, pertinent background information has been provided for
the reader so that one understands the importance of each step in
radiometal labeling.

1.1 Radiometals and  An important concept in radiometal chemistry is that different
Considerations for isotopes (radioactive and stable) of the same element possess effec-
Radiolabeling tively identical chemistry. This means that the solubility, pK,, and
ligand affinity are the same. As such, if a non-radioactive isotope of
a metal is available, we can prepare and study ligand complexes and
expect that the behavior will be the same with a radioactive isotope
of that metal. One factor that will be drastically different is the
concentration, as the mole/mass quantity of radionuclides is tiny
(e.g., nmol-pmol) and the ligand is always in excess. The oxidation
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state of most medically relevant radiometals is not easily changed, as
they possess high enough standard reduction potentials to be
reduction/oxidation inactive in living systems; notable exceptions
include technetium and copper.

As radiometals are typically radiolabeled in aqueous buffers in
varying pH and molarity, both the pH of the buffer and the pK, of
the metal ion is very important. The speciation curve of a metal ion
shows the pH ranges at which different hydrates /hydroxides are
formed and can guide the selection of appropriate pH bufters for
optimum solubility and radiolabeling yields. Many metal ions such
as Ga**, In**, and Zr** have a propensity to form hydroxide com-
plexes at neutral pH ranges, which are insoluble and inhibit ligand
binding. For example, the metal ions Y** (pK, = ~7.7) and Lu**
(pK, = ~7.6) are not as acidic (less solvent activation) or prone to
hydrolysis as metal ions such as Ga’* (pK, = ~2.6) or Zr**
(pK, = ~0.22) [1, 2]. A lower pK, value means strong solvent
activation eftects, which means increasing polarization of coordi-
nated water molecules and a decrease in the pK, of those coordi-
nated waters (more acidic). The full speciation curve of a metal ion
provides more information; for example, above pH 2-3 the metal
ions Y**, Lu®**, Ga®*, and In®* still have a tendency to form insolu-
ble [M(OH)3] species. Zr** has much more complicated aqueous
chemistry, where it tends to form a mixture of insoluble hydroxides
(including hydroxo-bridged species) [2, 3]. The extremely small
quantity of radiometal ions (~nmol-pmol) present in radiolabeling
reactions render the system into extremely dilute conditions. This
dilution allows even insoluble metal hydroxide species to retain at
least partial solubility during radiolabeling reactions, which is one
reason why gallium-68 can be radiolabeled effectively at pH 4-5
even though its speciation curve would suggested only the presence
of insoluble Ga(OH); at those pH ranges. As such, a majority of
radiometals are typically formulated in solutions of 0.01 or 0.1 M
HCI or HNOj; to ensure uniform speciation and prevent the for-
mation of insoluble hydroxides (zirconium-89 typically in oxalic
acid, 1.0 M).

Despite the possibility of forming insoluble hydroxide species
above pH ~2—4, the buffers used for radiolabeling with a majority
of radiometals are typically between pH 4 and 7. This is partially
because at low pH (e.g., 1-3), the acidic coordinating groups of
ligands (e.g., carboxylic acids: pK, ~ 4-5, hydroxamates: pK, ~ 9)
may become protonated, a process which can disrupt the coordina-
tion of the radiometal. Further, secondary and tertiary amines can
become protonated, forming positive charges which could repel
radiometal ions as they are all cationic. The reason that zirconium-
89 is typically radiolabeled at pH 7.0-7.5 is because hydroxamic
acid groups are typically used for coordination (e.g., desferrioxa-
mine, DFO), which have high pK, values of ~9-10 (some aryl
hydroxamic acids being in the 8-9 range).
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1.2 Bifunctional
Chelators

All of these factors considered together, the take-home lesson is
that the pH of both the pure radiometal solution and of the radi-
olabeling buffer are very important and often need optimization to
ideally match both the specific radiometal and the specific ligand
being used. An ideal radiolabeling pH will satisty the following
conditions as much as possible:

1. Be somewhere in the middle of the pK, values of your specific
ligand’s ionizable functional groups so that amine protonation
is minimized and oxygen deprotonation is maximized
(although oxygen deprotonation is not strictly required for
metal ion chelation).

2. Minimize the formation of insoluble metal hydroxides species.

3. Be gentle enough to ensure the stability of your conjugated
targeting vector (e.g., antibody, peptide, nanoparticle).

When considering these three general guidelines, the requisite
reaction time for your specific ligand and radiometal are very
important. Some targeting vectors might survive higher tempera-
tures or lower pH values for short periods of time, and an acyclic
ligand with fast binding kinetics at ambient temperature, or a
macrocyclic ligand at high temperatures can often afford quantita-
tive radiolabeling yields in ~5—15 min. Once a radiometal is stably
coordinated by an appropriate ligand, it becomes mostly protected
from water coordination and hydroxide formation and can be for-
mulated for injection at neutral /physiological pH regardless of the
metal ions pK, value.

The role of the BFC in a fully functioning metal-based radiophar-
maceutical is essential. Ideally, the chelator should possess the
following properties:

+ Ability to efficiently complex the radiometal under radiochemi-
cal conditions: the ligand should display high radiolabeling
(incorporation) yields of the radiometal (quantitative is best) at
low ligand concentration (sub-micromolar or lower) at mild
temperature (ambient temperature is preferred) and quickly
(preferably <20 min). Macrocyclic ligands typically require tem-
peratures of 60-90 °C to achieve quantitative RCYs and are
therefore only matched with thermally stable targeting vectors.

 Ability to form highly stable and inert radiometal-chelate com-
plexes: the resulting radiometal complex must be experimentally
determined to be highly stable and inert. Can the complex
withstand transchelation to endogenous metal-binding pro-
teins, and remain intact at the extremely dilute conditions
encountered in vivo (pg-ng of radiotracer diluted into blood
stream) [4, 5]? Macrocyclic ligands are typically more stable
and inert than acyclic ligands.
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» Possess a chemically reactive handle for conjugation and cova-
lent attachment to targeting vectors: the conjugation should
ideally be regio- and chemo-selective such that it does not aftfect
the metal-binding properties of the chelator, or the biological
target binding of the vector. Often, a carboxylate arm that is
essential in metal binding is used in conjugation reactions via
peptide bond formation with a primary amine of the targeting
vector to form a carboxamide; however, this bioconjugation
could alter radiolabeling ability and/or complex stability and
so a careful assessment of these changes must be conducted to
ensure sufficient stability /inertness is retained.

When choosing a BFC for a particular radiometal, one must
consider the coordination number, coordination geometry, and
donor atom preferences for the radiometal, which is tied to the
metal ion properties such as atomic number, charge, and radius
[6]. It is important to note that each individual ligand, whether
macrocyclic (closed chained) or acyclic (open chained), will possess
their own radiolabeling kinetics and properties with specific radio-
metal ions. The ideal conditions for specific ligands should be
determined from literature, or if a ligand is new, from extensive
radiochemical study. Several seminal reviews and summaries of
BFCs in radiopharmaceutical elaboration have been published
which outline the most appropriate chelate-radiometal pairings, as
such the reader is referred to these works for further details [4-10].

Radiolabeling time and temperature is highly dependent on the
chelate (e.g., acyclic vs. macrocyclic), and the vector (e.g., heat
sensitive protein vs. heat impervious peptides). Typically, macro-
cycles such as DOTA (1,4,7,10-tetraaza-cyclododecane-1,4,7,10-
tetraacetic acid) require radiolabeling temperatures of 60-90 °C for
5-30 min, which is compatible with free ligands and most peptides;
however, these conditions are not tolerated by antibodies, which
should not be heated much above physiological temperatures
(~40 °C), otherwise they may denature. When radiolabeled at
temperature of 40 °C, macrocycles often suffer from lower radio-
chemical yields, and longer reaction times (e.g., 30-120 min).
Acyclic chelators tend to complex radiometals with high radio-
chemical yields at ambient temperatures in short reaction times
(5-30 min); however, the resulting complex may be kinetically
labile.

The commercially available macrocyclic chelator DOTA is by
far the most promiscuous ligand in radiopharmaceutical design.
This ligand often forms thermodynamically stable metal complexes,
due to the macrocyclic effect, but at the cost of sluggish radiolabel-
ing kinetics, requiring elevated temperatures and long reaction
times. These properties obviate its utility for complexing radio-
metals with short half-lives and /or when working with heat sensi-
tive molecules (e.g., antibodies). Nonetheless, DOTA is available
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1.3 Radiolytic
Protectants

O

o

Y\N N R
s & i
o) s=(
PN | R NH

DO3A H

XL L

o

O

o
O
(@]

E/\Nme\g Y\N N/\(
al. Ja B[ )32

NN
P~ N\ P SANIANE
DOTAGA
o

p-SCN-Bn-DOTA
N—
H

I

T
I
T

I

I
I
T

O
o
®)
@]

Fig. 2 Chemical structures of selected bifunctional DOTA (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid) derivatives. Donor atoms used in
metal coordination have been highlighted in blue (N donor) and red (O donor),
“R” denotes the targeting vector. DO3A: the native DOTA ligand has been
conjugated via one carboxymethyl arm. DOTAGA: (GA = glutaric acid) an
additional ethyl carboxylate arm is incorporated for bioconjugation leaving four
available carboxylic acids for metal binding. p-SCN-Bn-DOTA: C-functionalized
DOTA analog that incorporates an isothiocyanate as a reactive moiety, which
forms thiourea bonds via primary amine conjugation of a targeting vector

commercially in several bifunctional forms (Fig. 2), and its utility in
radiopharmaceutical design is driven by its ease of accessibility and
established radiolabeling protocols, rather than an ideal metal-
chelate pairing.

Radiation chemistry in aqueous media is complicated, but perhaps
the most relevant process to radiochemistry and radiopharmaceuti-
cal production is water radiolysis. This is a topic that we believe is
not typically discussed in enough detail, and it can have a profound
effect on radiopharmaceuticals. Water radiolysis occurs through the
interaction of high-energy ionization radiation with water to pro-
duce free radicals such as hydroxyl, superoxide, and solvated elec-
trons [11]. Generally speaking, the higher the quantity and/or
concentration of radionuclide in an aqueous radiolabeling solution,
the greater the extent of water radiolysis. The same is true of
administering beams of high-energy X-ray or gamma-ray radiation,
which is the principle by which external beam radiation therapy of
cancer works. Similarly, targeted radionuclide therapy, which is the
site-specific delivery of radionuclides inside of tumors, operates
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largely via the production of free radicals through water radiolysis.
The presence of oxygen increases the damage done to tissue by
these free radicals, which could be a reason why radiation therapy of
hypoxic tumors is less effective than for normoxic tumors (see Eq. 7
below) [12]. As with other types of ionizing radiation, alpha par-
ticles can generate large quantities of free radicals as the ejected
alpha particles (3He?*) have an extremely high linear energy trans-
fer (LET, ~50-230 keV/pm) and deposit a huge amount of energy
over a very small distance (~50-100 pm) [13]. Alpha particles are
capable of directly inducing single strand and double strand DNA
breaks; therefore, they are effective with or without free radical
production.

Radiation sources relevant to radiochemistry include photons
(X-ray, gamma ray) and charged particles such as beta (f*, ) and
alpha (o** [§H€2+]). Regardless of the type of ionizing radiation,
the radiation chemistry of water for all of these is remarkably similar
[14]. In brief, ionizing radiation creates a sparse track of ionization
and excitation events, initiating a complex chain of reactions,
beginning with a water radical cation [H,O]*" and a solvated
clectron ¢, (Eq. 1):

H,0 + (ionizing radiation) — [H,O] " + €aq (1)

For a single H,O molecule, the excited electron can originate
from any of the five occupied H,O molecular orbitals, giving rise to
a series of different [H,O " excited states. These in turn can decay
in a variety of ways by emitting photons or secondary electrons,
giving rise to so-called zZonization spursin proximity to the primary
ionization event and serving to amplify any chemical changes. The
radical cation [H,O]*" can react to give hydronium ions and
hydroxyl radicals (Eq. 2) [14]:

[H,O]« " + H,0 — [H30]" + HO - (2)

The resultant hydroxyl radical, HO«, a strong oxidizing agent,
is a primary suspect for radiopharmaceutical degradation. Both ¢
and HOe are highly mobile entities [ 15] and can give rise to a range
of other reactive species, for example, two HO¢ can react to make
H,0,, and if O, is present then this can be reduced by £yq O the
superoxide radical anion O, (Eq. 3):

02—|—L’;q—>02°7 (3)

Despite these complexities, most products of water irradiation
are consumed through reactions that are effectively the reverse of
those producing them, regenerating water and heat [14]. Thus,
both [H,O]*" and HO¢ react with ¢, to regenerate H,O (Egs. 4,
5) [14].

[HzO]’Jr + — H20—|—A (4)

an
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HO* + ¢, + [H30]" — 2H,0 + A (5)

Although saline (0.9% NaCl) is an ideal solution for injectable
radiopharmaceutical formulations since it is isotonic with blood, it
is not ideal for storing these solutions, and high concentrations of
NaCl present during radiolabeling reactions can exacerbate water
radiolysis [16]. Chloride can react with hydroxyl radicals to pro-
duce hypochlorous acid (HOCI), which is a potent oxidizing agent
(Egs. 6 and 7) [17]. It is also possible to produce chlorine radicals
through interaction of chloride with photons [18]. Recent meth-
ods for radiolabeling chelator-peptide conjugates with gallium-68
have utilized high concentrations of NaCl for gallium-generator
elution (~0.5-1.0 M NaCl in radiolabeling mixture) [19], which
can lead to high levels of hypochlorous acid. This can cause radio-
lytic damage even to small peptides it a radioprotectant such as
ascorbic acid is not used, even with relatively small quantities of
activity (e.g., ~10—40 MBq). As such, high concentrations of NaCl
present during radiolabeling or radiopharmaceutical storage /ship-
ment should be avoided, or it should necessitate the use of a
chemical radioprotectant as a buffer additive. Stability of the mole-
cule/injectate can be assessed in-house via common radioanalytical
methods described below (e.g., radio-HPLC, radio-TLC).

Cl~ +HO+ —>Cl+ + HO" (6)
HO- +Cl~ + 0, > HOCI+ O, + ~ (7)

Radiolysis has been studied most commonly in biology as it can
intentionally or unintentionally cause biological damage, and also
in nuclear reactors for its deleterious effects on water cooling
systems [20]. Although free radical production and radiolysis is
desirable inside of tumors where biological destruction and there-
fore treatment of diseased tissues is desired, radiolysis is a major
obstacle for radiochemists who need to prepare sensitive radiophar-
maceutical drugs in aqueous media. This is particularly critical for
peptides and proteins containing amino acids such as methionine,
which are highly sensitive to free radical damage [21]. Radioprotec-
tants are molecules that can be added to radiolabeling reactions to
quench free radicals and inhibit the deleterious effects of water
radiolysis. Radioprotectants such as ascorbic acid, gentisic acid,
ethanol, and methionine are perhaps the best-known examples,
and they can quench these free radicals and prevent damage, to
varying extents and depending on factors such as concentration and
pH [21-23].

The radioprotectants, L-ascorbic acid and gentisic acid, are
perhaps the most well known. Vitamin C (L-ascorbic acid) is typi-
cally added to radiolabeling buffers in concentrations of
~25-200 mM [21-23]. A recent study investigated the radiopro-
tective effects of ethanol (10% v/v) and methionine (3.5 mM) and
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found they were more effective over a 25 h period at preventing
radiolytic damage to ['””Lu]Lu-DOTA-PSMA-617 (~62.5 MBq,
~1.7 mCi, ~100 pL reaction) than both ascorbic acid and gentisic
acid at 3.5 mM (~0.6 mg/mL and ~0.54 mg,/mL, respectively),
providing ~90% stability vs. 75%, respectively [21]. In this study, a
combination of ~7% ethanol with 3.5 mM methionine was opti-
mum, providing stability of ~96%. Without any radioprotectant,
these radiolabeling reactions showed stability of only ~25%,
demonstrating the crucial role of radioprotectants. It is important
to note that although 3.5 mM of ascorbic acid or gentisic acid did
not provide adequate radioprotection in this study, a previous study
with ascorbic acid demonstrated that concentrations of
100-500 mM (20-100 mg/mL) were effective at preventing
radiolytic damage to [*°Y]Y-DOTA-vitronectin peptide conjugates
(37 GBq,100 mCi) [23]. Another study by Liu et al. demonstrated
that with 20 mCi (~740 mBq) of [*°Y]Y-DOTA-RP697 peptide
conjugate (0.5 mL total volume), concentrations of ~20-25 mM
gentisic acid or ascorbic acid were not sufficient to prevent degra-
dation over a period of 6 days, but ~110-130 mM was sufficient
[22]. Several recent studies demonstrated that for radiolabeling of
DOTA-TATE/TOC with gallium-68 (~300-1800 MBq,
~10-50 mCi), adding a portion of a 1.4% (w/v) ascorbic acid
solution to the reaction mixture (~5-10 mg/mL, ~25-50 mM)
was effective as a radioprotectant when radiolabeling [19]. A com-
mon example of ethanol being used as a radioprotectant is for
2-[**F]fluoro-2-deoxy-D-glucose ['*F]FDG, where ethanol is
often present in the final formulated product, although the eftec-
tiveness is limited and recent studies suggest that more radiopro-
tection would be beneficial [24].

Interestingly, another study compared the post-radiolabeling
radioprotectant ability of histidine, glycine, tryptophan, methio-
nine, cysteine, gentisic acid, ascorbic acid, human serum albumin,
and ethanol for stabilizing a lutetium-177 peptide conjugate
([*”7Lu]Lu-AMBA) [25]. These additives were all prepared at a
final concentration of 6.6 mg/mL (or 6.6%v/v for ethanol) with
~83 MBq (~2.2 mCi) of ['""Lu]Lu-AMBA in a total volume of
150 pL. Methionine as a buffer additive was one of the most
effective at preventing radiolytic damage to methionine residues
present in the AMBA peptide, but it was not sufficient to offer full
protection to the entire peptide. Although ascorbic acid and gen-
tisic acid were effective, 6.6 mg,/mL was not high enough to inhibit
all radiolysis. Interestingly, seleno-methionine was found to be the
most effective overall for radioprotection of this particular peptide
conjugate; however, quantities of 1-10 mg total seleno-methionine
was tested and at higher quantities the radiolabeling yields were
significantly lowered. The final recommendations from this com-
prehensive study were to utilize seleno-methionine during radiola-
beling (1 mg/mL) and to add ascorbic acid post-radiolabeling to
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help stabilize. The authors state that seleno-methionine is safe for
injection into humans, and ascorbic acid is known to be safe
(vitamin C).

A recent study used fluorescent dyes as optical markers to
measure radioprotectant effectiveness against hydroxyl radical-
induced radiobleaching [26]. In this work, the authors used vari-
able quantities of indium-111, gallium-68, and bismuth-213 mixed
with IRDye 800CW and radioprotectants, such as ethanol, ascorbic
acid, or gentisic acid. Ascorbic acid was the most effective radio-
protectant in this study, with concentrations of 0.001-0.1% (w/v)
being effective in inhibit radiobleaching from gallium-68 and
indium-111 (20 MBq, ~0.5 mCi). The authors attribute the
greater radioprotecant ability of ascorbic acid to its ability to
quench two radicals per molecule and its very high rate constant
for reaction with hydroxyl radicals (£ = 1.1 x 10'° L mol ™" s7 %),
which is nearly an order of magnitude higher than ethanol or
gentisic acid [27-29]. None of these radioprotectants could eftec-
tively prevent radiobleaching from the alpha particles emitted by
bismuth-213. This study did not investigate methionine or a methi-
onine /ethanol combination [26].

These examples suggest that each specific radionuclide and
radiolabeling situation might require adjustment of radioprotectant
levels; therefore, the concentration ranges reported here should be
taken as guidelines with the expectation that some optimization is
likely needed when applying to a new radionuclide/molecule. A
special consideration for using radioprotectants is to always prepare
the solutions fresh for each radiolabeling reaction. Although a
radioprotectant solution might remain “fresh” for several days or
even weeks, to ensure reliable protection they should be prepared
fresh each day they are used. For example, ascorbic acid solutions
will turn yellow/brown over time as it reversibly degrades into
dehydroascorbic acid.

Another important consideration for these radioprotectants
include caution around their functional groups, with ascorbic acid
and gentisic acid possibly causing interference when added to radi-
olabeling reactions with oxophilic metal ions such as zirconium-89,
and so methionine or a methionine/ethanol mixture might be
preferred. If any reactive functional groups (e.g., electrophiles for
bioconjugation) are present on the molecule that is being radiola-
beled, methionine could be problematic due to the presence of a
primary amine (good nucleophile). Organic solvents such as etha-
nol are used to elute radiopharmaceuticals from reverse-phase C18
stationary phases such as C18 Sep-paks and C18 HPLC columns.
As such, when ethanol is used as a radioprotectant, the final reac-
tion mixture should be diluted with water/aqueous buffer before
loading onto a reverse-phase media (e.g., <5% ethanol). Although
ascorbic acid appears to be a superior radioprotectant to gentisic
acid or ethanol alone, the ability of ascorbic acid to act as a mild
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reducing agent (e.g., Cu(Il) — Cu(I)) means it should not be used
with radionuclides of copper.

Although a single study suggested that a combination of methi-
onine and ethanol are excellent radioprotectants, and adding
methionine is effective at protecting methionine residues in pro-
teins at far lower concentrations than ascorbic acid or gentisic acid,
radioprotection can vary greatly between molecules and radionu-
clides. Limited examples are available of methionine being used as a
radioprotectant, and so its effectiveness with different radionuclides
is not clear. However, it does appear excellent for preventing radio-
lytic damage to other methionine residues present in protein vec-
tors. Work with seleno-methionine suggests that it is far superior to
regular methionine, and perhaps an ethanol/seleno-methionine
mixture would be ideal for many reactions. As a post-radiolabeling
additive for imparting radioprotection, ascorbic acid appears to be
ideal. Ascorbic acid has also been shown to be effective for prevent-
ing radiolysis damage to antibodies during radiolabeling [30], but
presumably seleno-methionine could be used instead (e.g., for
zirconium-89 radioimmunoconjugate formation) with ascorbic
acid being added post-radiolabeling during purification and/or
formulation.

Following a radiolabeling reaction, the radiochemical yield (%RCY)
must be assessed; radioactive TLC (a.k.a. radio-TLC) and radioac-
tive HPLC (radio-HPLC) are the most common methods for this
purpose. If the radiotracer may also need to be purified, HPLC, or
Cis plugs (Sep-pak), or size exclusion (PD-10 desalting columns)
can be used for this process depending on the type and molecular
weight of bioconjugate labeled (e.g., small molecules, peptides, or
antibodies). The premise of radio-TLC and HPLC is the same for
non-radioactive chemistry, the difference being that a radiation
detector is used to measure the distribution of radioactivity (num-
ber of counts) along the length of the plate (for TLC) or measure
the radioactivity of the compounds in the eluate (in HPLC).

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized /reverse osmosis water, to attain a sensitivity of
18 MQ-.cm at 25 °C), ultrapure nitric (HNO3), hydrochloric
(HCI) acids (trace metal grade) (see Note 1), and other reagents
of the highest purity possible. Diligently follow all safety and waste
disposal regulations when handling radioactive isotopes which
cause ionizing radiation. Ultrapure water and buffers can be further
demetallated using Chelex resin treatment (~1.2 g /L., 24 h stirring
at room temp, followed by 0.22 micron filtration, e.g., media

filters).
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2.1 Radiolabeling
Buffers

2.2 Radiolytic
Protectants

2.3 Chelates
(Ligands)

A selection of the most common radiolabeling buffers can be found
in Table 1. Radiolabeling reaction mixtures have typical volumes of
10-2000 pL total. Thus, preparing 100 mL solution of buffer
should suffice for several radiochemical studies. Buffer solutions
can be stored at ambient temperature for several months in prefer-
ably acid washed plastic or glass containers (e.g., 1-3% nitric acid
bath, 24 h soak).

A selection of common radiolytic protectants, which can be added
to radiolabeling reaction mixtures, can be found in Table 2. Radio-
lytic protectant can be added before the reaction begins (i.c., before
the addition of radiometal), or after radiolabeling yield has been
determined and/or after radiotracer purification and formulation.
Many of the radiolytic protectants can degrade over time in solu-
tion; thus, it is preferred that each radiolytic protectant solution be
prepared fresh daily.

A selection of both commercially available and popular literature
chelators employed in radiometal chelation can be found in Figs. 3,
4, and 5. For simplicity, only the non-bifunctional (native) chelator
structure is shown; however, in some cases several bifunctional
derivatives have been tested and/or are available commercially.
BFCs can be used on their own (native chelates for radiolabeling
studies and complex stability assays), or conjugated to small mole-
cules, peptides, antibodies (MW ~ 150 kDa), antibody fragments,
or attached to the surface of nanoparticles. Bioconjugation strate-
gies are not covered in this chapter, and here we assume the

chelator has been prepared in appropriate form desired for radiola-
beling [5, 6, 8-10, 35—41].

1. Native chelates, small molecule or peptide bioconjugates:

* Prepare a stock solution of chelator or bioconjugate: accu-
rately weigh ~1-5 mg of chelator or bioconjugate, dissolve
in ultrapure water (se¢ Note 4) or biology grade DMSO
such that the final concentration of ligand /bioconjugate is
in the range of 10721073 M (~20-200 uL).

* For concentration-dependent labeling studies, using the
stock solution from above prepare 1-to-10 serial dilutions
of the ligand/bioconjugate with final concentrations of
approximately 1073~10~" M.

2. Antibody, antibody fragments, and nanoparticle conjugates:

* Received in solution (e.g., PBS) at appropriate concentra-

tions (e.g., 1-20 mg/mL).

* ~1-2 chelators per antibody/antibody fragment is typically
desired. Nanoparticles are dependent on too many factors to
generalize.
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Table 2
Common chemical radioprotectants and their relevant attributes
Chemical Formula/ Concentration used
Structure and in radiolabeling
Name (MW g mol ") buffer Special considerations
L-ascorbic acid ~ CsHgOg (176.12) 25-500 mM Can decrease radiolabeling yields

Gentisic acid

Ethanol

L-methionine

Seleno-
methionine
(se-met)

(5-100 mg,/mL) with oxophilic metal ions, e.g.,
CeHgO6 (176.12) (19, 21-23, 25, [39Zr]Zt**, can reduce Cu(Il) —

HO 33] Cu(I)
HO ©
HO OH
C;HgO4 (154.23) 100-500 mM Can decrease radiolabeling yields
(15-80 mg/mL) with oxophilic metal ions, e.g.,
[21, 25, 34] [3°Zr]Zr**
C7H604 (154.23)
O.~_OH
OH
HO
C,HgO (46.07) 10% v/v [21, 25] Too much ethanol could impact
retention on C18 HPLC/sep-
C2H6/0\(4607) pak columns when loading
OH
CsH;1NO,S (149.21) 3.5-45 mM Amino acid, contains unprotected
CzH11NO>S (~0.5-6.6 mg/ primary amine which can act as a
ST 2 mL) [21, 25] potent nucleophile
(149.21)
(@)
S
~ \/\‘)J\OH
NH,
CsH;1NO,Se (196.11) 5 mM (1 mg/mL)  Amino acid, contains unprotected
C5H1 1 NOZSG [25] primary amine which can act as a
potent nucleophile
(196.11)
O

/Se/%OH

NH,
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Fig. 3 Chemical structures of a selection of commercially available macrocyclic (closed-chain) chelators (top),
and acyclic (open-chain) chelators (bottom). Metal-binding donor atoms highlighted in blue (N-donor) and red

(0-donor). CN coordination number

2.4 Radiometals

Radiometals can be sourced from several suppliers (e.g., ITG,

DOE, academic cyclotron labs), received as radionuclide generators
(e.g., [*®Ge]Ge** /[*®*Ga]Ga®* generator), or made in-house with
medical cyclotrons. A table of the PET and therapeutic radiometals,
which are of focus in this chapter, are listed in Table 3. The radio-
metals will be formulated in dilute acid (most commonly
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Fig. 4 Chemical structures of selected non-commercial macrocyclic chelators. Metal-binding donor atoms
highlighted in blue (N-donor) and red (0-donor). CN coordination number

2.5 Equipment

2.5.1 Dose Calibrator

2.5.2 Radio-HPLC

2.5.3 Radioactive TLC
Plate Reader

0.04-0.1 M HCl or HNO3). With the exception of [**Zr]Zr**, the
radiometal solutions can be added directly into radiolabeling reac-
tions without further preparation. However, if the specific activity is
too high or volume of solution is too low to pipet accurate volumes
into a reaction mixture, the radiometal solutions can be diluted
with excess dilute acid (or whichever solution the radionuclide was
formulated in) (see Note 5).

Radioactivity of bulk samples can be measured using a dose calibra-
tor. Read the instruction manual and ensure the instrument is set at
the appropriate calibration for the correct radionuclide.

A high-performance liquid chromatography (HPLC) system
equipped with a binary or quaternary pump, UV-Vis absorbance
detector (or equivalent), coupled to a radiation detector (e.g.,
inorganic scintillation detector) is required for HPLC analysis of
radiolabeling reactions, or HPLC purification of radiotracers.

A gas-filled continuous flow proportional counter or an inorganic
scintillation detector can be used for measuring radioactive TLC
(radio-TLC) plates. The inorganic scintillation detector will be
efficient at measuring p-emitting sources, while the proportional
counters will provide better sensitivity for low activity sources of all
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Fig. 5 Chemical structures of selected non-commercial chelators. Metal-binding donor atoms highlighted in
blue (N-donor) and red (0O-donor). CN coordination number

types. TLC strips can also be chopped into sections (halfs, thirds, or
quarters), placed into individual containers, and counted on an
automated gamma counter to obtain an approximate distribution
of radioactivity across the TLC strip if no radio-TLC reader is
available.

2.5.4  Thermomixer This device both heats and shakes reactions, can be purchased from
several vendors.

255 Centrifuge Small for microcentrifuge tubes, large for 15-50 mL falcon tubes.
Can be used for size-exclusion filter purification. An actively cooled
centrifuge is ideal for cell-based assays and for heat-sensitive
vectors.
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2.6 Supplies

2.6.1 Plastic snap-top vials (0.5-2 mL; preferably acid washed).
Low-protein bind tubes can be used for “sticky” antibodies/
vectors.

2.6.2 Micropipettes (0-10, 10-100, 100-1000 pL) with tips (pref-
erably acid washed).

2.6.3 pH paper (0-14 or narrow ranges depending on
radiolabeling pH).

2.6.4 TLC plates.
2.6.4.1 Paper-backed instant TLC (iTLC) silica gel (iTLC-
SG).
2.6.4.2 Paper-backed iTLC silicic acid (iTLC-SA).
2.6.4.3 Aluminum-backed silica TLC.
2.6.44 C3 TLC.
2.6.5 HPLC vials or HPLC compatible syringe and needle.
2.6.6 Falcon tubes (15 or 50 mL).

2.6.7 Purification consumables.
Small molecule and peptide conjugates:

* 0.2 um filters.

» Sep-pak C;g cartridges. Equilibrated with ethanol (5 mL) fol-
lowed by aqueous radiolabeling buffer or water (5-10 mL).
Elution in methanol /ethanol /acetonitrile, with ethanol being
idea (can inject up to ~10% ethanol). A mixture of ethanol-saline
can help elute stubborn peptides/chelators that are “stuck” on
the filter (e.g., 50-70% ethanol, 30-50% saline).

Antibody, antibody-fragment, and nanoparticle conjugates:

* PD-10 desalting columns. Equilibrated with the loading solvent
as per manufacturer instructions.

» Corning Amicon Ultra centrifugation filters spin filters (ranges
from 3-100 kDa MW cut-offs available).

3 Methods

A summary of the common radiolabeling buffers and conditions
used for various radiometals can be found in Table 4. A general
written procedure for a typical radiolabeling reaction is also found
below, along with standard procedures for radiochemical yield
analysis, and radiotracer purification.
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Summary of radiolabeling buffers and conditions used for various radiometal ions discussion in this

chapter

Selection of used chelators

Radiometal Buffer (molarity, pH) (BFCs) Radioprotectant
[**/°7Cu] NH4OAc (0.1-0.5 M, Sar [47-51] None reported
Cu?* pH 5.4-8) TETA, DOTA [52]
Ammonium or sodium Bispidine-N4O [53, 54
citrate (0.1 M, pH 6.5-8) N-NE3TA
NaOAc (0.5 M, pH 5.5) C-NE3TA [55]
CB-TE2A [56], CB-DO2A
[52]
H,dedpa, H,CHXdedpa
[57, 58]
Pycup2A, pycuplAlBn,
pycup2Bn [59]
[2%°Ac] NH;OAc (0.1-1 M, Macropa [60] Ascorbic acid and DTPA
Ac3* pH 5-7) Hypy4pa [61] added after reaction
Tris—HCI (0.1 M, pH 9) Crown [62]
H,bispa [63]
Haoctapa, Hgphospa,
Hyneunpa, DOTA [64]
DOTA [65]
[213Bi]Bi** NHLOAc (0.1-1 M, DOTA [66, 67 ] L-ascorbic acid added after
pH 5.5-6) CHX-A”-DTPA [68, 69] reaction
Tris—HCI (2 M)
MES (0.5 M, pH 5.5-6)
[212Pb] NH,OAc (0.15-5 M, DOTA, TCMC [67, 70-74]  L-ascorbic acid added prior
Pb?* pH 5.3-7) radiometal addition [73]
NaOAc (0.4 M, pH 4-5) or prior to purification
(for 22Pb labeling)
[*#Sc]Sc®*  NH,OAc (0.25-0.5 M, DOTA [75-82], AAZTA [83-
and pH 4) 86], CHX-A”-DTPA [84—
[*7Sc]  NaOAc (0.25-0.5 M, 86]
Sc3* pH 4-4.5)
[*8Ga]Ga®* NH4OAc (0.25-0.6 M, NOTA [85, 86], DOTA EtOH [99], ascorbic acid
pH 6.5-7.2) [87,88], Hydedpa [89-92],
NaOAc (0.01-0.1 M, H,CHZXdedpa [93], TRAP
pH 4.5-5.5) [94-97], AAZTA [98]
Tris—-HCI (pH 7 .4)
HEPES (0.3-1 M, pH 2)
[3°Y]Y?*  NH4OAc (0.1-0.4 M, DOTA [100-104],
and pH 4.5-6) CHX-A”-DTPA [105-
[*°Y]Y3* NaOAc (0.05-0.4 M, 107], Hyoctapa [91, 108],

pH 4-5.5)

NETA [109]

(continued)
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Table 4
(continued)
Selection of used chelators
Radiometal Buffer (molarity, pH) (BFCs) Radioprotectant
[Y7Lu] NaAscorbate (0.5 M, DOTA [110-112], NETA
Lu®* pH 4.5) [109, 113], Hyoctapa
NH,OAc (0.2-0.3 M, [114-116]
pH 5.5-7)

[3°Zr]Zr**  Saline

(see Note PBS, HEPEs,

6)

DFO [117-121], HOPO Gentisic acid
pH 7.0-7 .4 [122-124], DFO* [125-
128], DFO2 [129]

[22”Th] Citrate buffer (0.03 M with  (Me-3,2-HOPO), [130-132]
Th** 0.07 M NaCl, 0.02 M
EDTA, 0.5 mg/mL
PABA, 5% DMSO,

pH 5.5)

3.1 General
Radiolabeling
Procedures

A variety of vector-types are depicted in Fig. 6, such as proteins and
nanoparticles, but any molecule or structure can be radiometallated
if the appropriate bifunctional ligand can be stably conjugated. A
number of the instruments and concepts that are summarized in
this figure have been explained in more detail above in Subheadings
2 and 3. Detailed methodologies for each step are outlined as
follows.

» Instep 1, the exact buffer volume, pH, and molarity are custo-
mized to the type of vector used and the buffering strength
needed to balance the acidic radiometal solution (e.g., gallium-
68 delivered in 0.05 M or 0.5 M HCI). If working with zirco-
nium-89, you would first neutralize its 1 M oxalic acid mixture
to pH ~7-7.4, typically using a sodium carbonate (1 M) solu-
tion. Therefore, for zirconium-89 even phosphate buffered
saline is sufficient buffering power. For those gallium-generators
that elute in 0.5-1.0 M HCI, ammonium acetate at a high
concentration of 1.0-1.5 M is often used as buffer (including
radioprotectant) to neutralize the higher quantity of acid.

* For step 2, the temperature is dependent on your vector,/mole-
cule, but speaking very broadly, small peptides (e.g., <20-30
amino acids) can often handle temperatures of 80-90 °C for
periods of 5-30 min at pH ~4-7. Larger proteins—and certainly
antibodies—do not fare well above 40 °C and those tempera-
tures should be avoided, unless you have specific knowledge that
your protein/antibody will remain stable and functional at
higher temperatures. Basically, the temperature of radiolabeling
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1. Combine radiometal, buffer, 2. Radiolabeling reaction

and ligand-vector conjugate
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Fig. 6 Stepwise graphical depiction of the full radiometallation process (radiolabeling with chelator-radiometal
complexes), with major differences in analysis and purification attributed to the type and size of the targeting
vector (e.g., peptide, antibody, nanoparticle, cell). Step 1: The radiometal solution (typically 0.01-0.1 M HCI or
HNOs, or neutralized 1.0 M oxalic acid) is transferred via pipet into the reaction vessel, which contains the
ligand-conjugate (vector, e.g., protein). Step 2: The pH of the final radiolabeling reaction mixture is checked
and then heated with shaking. Step 3: Radiolabeling progress is evaluated by techniques such as radio-TLC
and/or radio-HPLC (reverse-phase or size-exclusion) to obtain a crude radiochemical yield. Step 4: When the
reaction is deemed complete, purification is performed (if needed) using radio-HPLC (reverse-phase or size-
exclusion), stand-alone manual size exclusion columns (e.g., PD10), or centrifugal spin filters (e.g., vivaspin,
amicon). Step 5: Final quality control analysis is performed to ensure purification was successful and a high
radiochemical purity has been achieved. Steps 6—7: The final purified radiopharmaceutical is formulated for
injection (e.g., sterile saline, buffered water) for administration/injection for any desired application such as
imaging or cell studies. (Figure created using BioRender.com)

is selected to provide sufficient radiolabeling kinetics with your
chosen radiometal and chelator, while ensuring your targeting
vector remains stable.

* In step 3, the radiolabeling reaction is monitored to determine
when it is completed, or if a standard protocol is being followed
(e.g., [°®*Ga]Ga-DOTA-TATE) it is checked at the end of the
prescribed reaction time. The two main techniques used for
monitoring reaction vyields (radiochemical yield, RCY) are
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radio-TLC and radio-HPLC (reverse phase for peptides and
small molecules, size exclusion for proteins and antibodies).
Radio-TLC is fastest and often best for a quick yield analysis to
know when to end the radiolabeling (i.e., completion). Radio-
HPLC adds UV /Vis detection as another dimension on top of
just the retention time/factor obtained via radio-TLC, but
radioHPLC takes far longer to run a single analysis
(~15-30 min, ~5-10 min UPLC).

In step 4 it is time for purification and this step is mostly
explained in Fig. 6. A useful tip is that pre-packed PD10 col-
umns (GE, Sephadex G25) are the fastest way to purify large
proteins (>5-10 kDa) from free radiometal and can aid in buffer
exchange. Centrifugal spin filters (e.g., Vivaspin, Amicon) also
work well to remove radiometals and small molecules/buffer,
and can be purchased with molecular weight cut-offs ranging
from 3 to 100 kDa. These should be spun down via centrifuge
generally at 4 K rpm for the bigger 50 mL and 15 mL versions
and 10-14 K rpm for the small microcentrifuge size, but read the
manual as each brand/type has specific speed requirements!
These spin filters should be re-filled with your desired final
buffer (e.g., injectate solution/buffer) and spun down an addi-
tional 2—3 times (which takes much longer than PD10). The free
radiometal and other small molecules pass through the size-
exclusion membrane and are collected in the bottom of the
tube. Both methods produce high-purity radiometallated-pro-
tein, but neither methods give you information about protein
aggregates or if there is appreciable protein degradation into
smaller fragments. To obtain this information, a final size-
exclusion HPLC column/system (buffer is typically saline)
must be used to observe—and if desired—remove lower and
higher molecular weight impurities /aggregates. Final filtration
through a 0.22 micron syringe filter also renders the injectate
sterile (if prepared under sterile aseptic conditions, e.g., GMP),
but some vectors may be sensitive to 0.22 micron filtration.

Step 5 is usually a re-injection onto an analytical radio-HPLC
column, or another radio-TLC for quality control. Clinical tra-
cers might have other quality control requirements to test for
things such as residual solvent or reagent and long-term pyro-
gen/sterility testing.

Steps 6 and 7 are up to the user to decide how to use this new
radioactive imaging probe or targeted radionuclide therapy
agent. Common applications are covered elsewhere, but include
studying/treating cells, infectious bacteria, animals, tumor
models, humans, and even the environment. Various types of
drugs are commonly radiolabeled to study their pharmacology
in animal and human patients (e.g., pharmacokinetics).
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Fig. 7 Representative radioactive (top) and UV (absorbance at 250 nm; bottom) RP-HPLC chromatogram of
co-injected radioactive and non-radioactive metal complex on a C;g analytical column using mobile phase:
A—0.1% TFA in water, B—0.1% TFA in acetonitrile, 1 mL/min, 0-100% B over 20 min. Unchelated
radiometal elutes at early retention times (fz = 3.9 min), while radiometal complex is retained and elutes
later (fz = 8.2—8.6 min). Note that the radioactive chromatogram is slightly later in retention compared to the
UV due to the radiation detector being placed after the UV detector in series. Highly polar species might also
elute at the void volume of your column along with free radiometal, so a cold-standard is required to determine
the retention time

3.2 Radiolabeling A small aliquot of (approx. 1-10 pL, for radiolabeling yield analysis)
Yield Analysis or the entire radiolabeling reaction (for radiotracer purification)
will be injected onto the radio-HPLC system, and species are
passed through and separated on a column (stationary phase)
with a solvent or mixture of solvents (mobile phase). The concen-
tration of species that elute off the column will be measured by the
UV detector, which is proportional to the concentration of solute
present, and the radiation detector measures the radioactivity of the
compounds in the eluate (Fig. 7).

The column packing used will depend on the nature of the
radiotracer. Most commonly, for small molecule or peptide-based
conjugates, reverse phase (RP) columns consisting of fully porous,
silica microparticles chemically bonded with alkyl chains such as
octyl-(Cg) and octadecyl-(Cyg) are used which retain molecules
based on their polarity. Mobile phases for RP-HPLC are polar
solvents such as water, to which miscible organic solvents such as
methanol and acetonitrile are added. Since protonation of metal
complexes and biomolecules can affect retention time and resolu-
tion, the pH of the mobile phase is often controlled by addition of
acid or base (e.g., 0.1% trifluoroacetic acid). The solvent strength
can be varied by changing the solvent ratio of the aqueous (water)
and organic (acetonitrile or methanol) solvents overtime, to create
a gradient, or kept at a constant ratio for an isocratic method.

3.2.1 Radio-HPLC
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3.2.2 Radio-TLC

For large molecular weight conjugates such as monoclonal
antibodies (MW = 150 kDa), size exclusion chromatography
(SEC) HPLC columns are employed. SEC separates molecules
based on their size by running the molecules through a column
consisting of spherical beads containing pores of specific size distri-
bution. Separation is achieved when the molecules of different sizes
are included or excluded from the pores within the matrix; smaller
sized particles will diffuse into the pores more readily and thus will
travel slower than larger molecules that do not enter the pores. As
such, large molecules elute first (shorter retention times). Since the
elution of compounds is determined solely by their size, the solvent
systems used in SEC are typically isocratic.

For reaction monitoring, analytical (4.6 mm diameter) HPLC
columns can be employed, while semi-preparative (10 mm diame-
ter) HPLC columns can be used in radiotracer purification (either
column is typically between 15 and 30 cm in length). For example,
a C18 stationary phase (e.g., Luna 5 pm C18 100 A, Hydro RP
C18) can be used for radiolabeling yield monitoring and tracer
purification, respectively.

Thin layer chromatography (TLC) can be used to assess radiolabel-
ing and radiochemical yields. Small strips (approx. 0.5—
2 cm W x 5-15 cm H) of paper or aluminum-backed plates are
employed. Typically, a small aliquot (1-10 pL) of a radiolabeling
reaction mixture is spotted at the baseline (retention factor, Ry= 0;
approx. 1-1.5 cm above the bottom of the strip of paper), the spot
dried, and the plate is placed vertically in a chamber containing
mobile phase solution such that the spot is not immediately
immersed in the solution. The TLC plate is left in the chamber
until the mobile phase has sufficient time to migrate up to the top
of the plate (Ry= 1).

After developing, the TLC plate can be read in a TLC plate
reader (see Note 7). TLC plate readers will produce a chromato-
gram of the number of counts (y-axis) versus the position on the
plate (x-axis) (Fig. 8), which can be used to calculate percent
radiochemical yield (%RCY), or equivalent, by integrating the area
under each peak. The quantity of radioactivity spotted onto the
TLC strips is dependent on the detector used, where for Eckert and
Ziegler AR2000 (previously BioScan) a maximum of ~1 pCi per
TLC strip is ideal.

If a radio-TLC plate reader is not available, developed TLC
plates may be cut in half' and the activity (counts) of each counted in
a gamma counter (such as a Perkin-Elmer Automated Wizard
Gamma Counter) and number of counts in each half compared.
The cut-and-count method assumes good peak separation between
the radiolabeled and unchelated radiometal. Typically the radio-
metal complex sticks to the baseline (R = 0), while unchelated
radiometal migrates with the solvent from (Ry = 1); this is not
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Fig. 8 Representative radio-TLC chromatogram showing separation of radio-
metal complex (15 mm, R = 0) from unchelated radiometal (100 mm, R = 1).
Integration of area under the peaks gives radiochemical yield. In this example,

RCY is 20%

Typical TLC stationary and mobile phase pairings

Ry
R; (complex (unchelated

Stationary phase MobilepPhase (see Note 8) metal)
Silica gel Conc. aq. NH3;/MeOH/H,0 1/2/ >0.5 <0.1

1 (v/v/v)
C-18 MeOH/10% NH4OAc (3:7) >0 <0.1
Silica gel or C-18 MeOH,/10% NH4OAc (50:50) ~0.5-0.6 <0.1
iTLC-SA or iTLC-SG or EDTA (50-100 mM, pH 4-7) 0 1

Al-backed silica TLC

iTLC-SG or Al-based silica Citric acid (0.4 M, pH 4) with or 0 1

without 10% methanol
iTLC-SG 10 mM NaOH /9% NaCl >0.1 0

always the case and depends on the nature of the labeled com-
pounds and the mobile phase used, thus each system must be
validated with proper controls prior to use. For a list of commonly
used elution solvents (TLC mobile phases) see Table 5.
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3.3 Conclusions

In summary, radiometallation chemistry is required to create
radiometal-based radiopharmaceuticals and involves an intricate
balance of many parameters. Key concepts have been covered
including bifunctional chelators, coordination chemistry, water
radiolysis and radioprotectants, aqueous chemistry of radiometals,
buffers and pH considerations, and basic equipment and proce-
dural considerations. This chapter should provide the reader with
both the requisite scientific foundation for understanding radio-
metallation chemistry, and practical tips and workflows for
performing it yourself.

4 Notes

1. Careful attention should be made to eliminate the introduction
of non-radioactive metal impurities in radiolabeling reactions
that may interfere with BFC labeling.

2. Evidence suggests that radiolabeling in the presence of organic
solvents such as ethanol, isopropyl alcohol, and acetonitrile
may improve radiolabeling yield. Recently, Roésch and
co-workers have shown that [*®*Ga]Ga-, [**Sc]Sc-, and
['”7Lu]Lu-DOTA labeling yields can be increased at signifi-
cantly lower temperature than 95 °C when binary water/
organic solvent mixtures are used [31, 32]; however, these
conditions will not be discussed in this chapter.

3. In general, buffers that can interact or bind with metal ions
should be avoided, as these can interfere with radiolabeling and
cause aberrant results. Tris—HCI should not be used for bio-
conjugations (-NH,).

4. A small amount (~10-20% v/v) of ethanol or DMSO may be
added in the case that the chelator /bioconjugate is not entirely
soluble. Ensure that the percent of organic solvent in the final

radiolabeling reaction mixture does not exceed ~10% v/v, or
<2-3% DMSO for antibodies.

5. IMPORTANT: Maintain your stock radiometal solution in
acidic medium, unless otherwise noted. Do not use buffered
solutions to dilute radiometal stock solutions and only adjust
the pH of aliquots that you plan to immediately use for radi-
olabeling. Neutralizing radiometal stock solutions can cause
the formation of insoluble metal hydroxide species rendering
your isotope unusable for radiolabeling.

6. See Subheading 3.1 for important pre-conditioning and neu-
tralization requirements of [**Zr]Zr** prior to radiolabeling.



Radiometallation Chemistry 93

7. For radiometals with several radioactive progeny (e.g., **°Ac,
212D}y 227Th), plates cannot be counted immediately, instead
TLC plates can be stored and counted after secular/transient
equilibrium has been reached. Similarly, >**Bi plates should be

read immediately to eliminate interference from grow-in of
grand-daughter *%’Pb (#, ,, = 3.2 h).

8. The specified retention factors are for small molecule or native
chelate structures only and should be verified for each
radiometal-chelate pairing used.
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Rapid Radiolabeling for Peptide Radiotracers

Xiaowei Ma and Zhen Cheng

Abstract

Peptide-based radiopharmaceuticals (PRPs) have been developed and introduced into research and clinic
diagnostic imaging and targeted radionuclide therapy for more than two decades. In order to efficiently
prepare PRPs, some rapid radiolabeling methods have been demonstrated. This chapter presents six
common approaches for PRPs radiolabeling with metallic radioisotopes and Fluorine-18.

Key words Radiolabeling, Peptide, Peptide-based radiopharmaceuticals, Metallic radioisotopes,
Fluorine-18, Radiochemistry

1 Introduction

Peptide-based radiopharmaceuticals (PRPs) are a series of
radionuclide-labeled peptides that specifically bind to target recep-
tors related to biological processes of diseases, such as tumors,
neurological disorders, and cardiological diseases. PRPs have been
applied in clinical diagnostic and therapeutic purposes for over
20 years. The advantage of high binding affinity and specificity,
good pharmacokinetics, ease of synthesis, and rapid radiolabeling
has encouraged the investigation of a wide variety of PRPs targeting
different receptors or enzymes, including fibroblast activation pro-
tein inhibitor (FAPI) [1], somatostatin receptors (SSTRs) [2, 3],
and prostate-specific membrane antigen (PSMA) [4, 5]. Peptide
precursors can be synthesized using an automatic peptide synthe-
sizer and modified to achieve the desired pharmacokinetic charac-
teristics by changing peptide sequence and/or by adding a
bifunctional prosthetic group, such as a small polyethylene glycol
(PEG) [4], small peptide linker [6], or a small molecule [7]. Mean-
while, rapid radiolabeling methods have been developed to synthe-
size PRPs within a few minutes, depending on the properties of the
conjugated chelator and radioisotope to be used. Fluorine-18 and
radioactive metallic radionuclides (e.g., Galium-68, Copper-64,

Timothy H. Witney and Adam J. Shuhendler (eds.), Positron Emission Tomography: Methods and Protocols,
Methods in Molecular Biology, vol. 2729, https://doi.org/10.1007/978-1-0716-3499-8_7,
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Table 1
Summary of chelators for the different radioisotopes and general labeling conditions
Radioisotopes Chelators * Labeling conditions” (buffer, temperature, and time)
%Ga (T, = 1.1 h) DOTA or DOTAGA 0.1 M NaAc (pH 5.5), 95 °C, 5-15 min
[10, 11] 0.1 M NaAc (pH 4.5), RT, 10 min
NOTA or NODAGA 0.1 M NaAc (pH 3.9-4.2),90 °C, 5-10 min
[12]
HBED-CC [13, 14]
**Cu (T, DOTA or DOTAGA 0.1 M NaAc (pH 5.5), 95 °C, 15 min
»=12.7h) [15, 16] 0.1 M NaAc (pH 4.5), RT, 15 min
NOTA or NODAGA 0.1 M NaAc (pH 8.0),95°C, 2 h
[15] 0.1 M NaAc (pH 5.5), RT, 30 min

CB-TE2A [17, 18]
TETA [18, 19]

Y7L (T, , DOTA [20, 21] 0.1 M NaAc (pH 5.5), 95 °C, 20 min
,=159.4h)
%Y (T, ,, = 64.1 h) DOTA [21,22] 0.1 M NaAc (pH 6.0-7.8), 50 °C, 10 min or 100 °C,
5 min
"In (T, DTPA [23] 0.1 M HEPES (pH 5.5), RT, 20 min
,=67.2h) DOTA [24] 0.1 M NaAc (pH 5.5), 95 °C, 20 min
$Zr (T1, DFO [25] 0.5 M HEPES (pH 7.0-7.3) with 0.2 M oxalic acid,
,=78.42h) RT,2h
225A¢ (T, DOTA [1] 0.2 M NH4Ac (pH 5.0) and 7% sodium ascorbate,
, =240 h) 80°C,2h
M (T, , HYNIC [26-28] Tricine/EDDA in 0.1 M PBS (pH 6), 95 °C, 15 min
»=6.02h)
"8E (T, = 1.83 h) NOTA [2,29] (see Note 0.1 M NaAc (pH 4.5), 100 °C, 10 min
1) 1 M oxalic acid, RT, 5 min

SiFA [30, 31]

# 2,2’2"-(10-(2,6-Dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7triyl )triacetic acid
(DOTAGA); 1,4,7-triazacyclononane,l-glutaric  acid-4,7-acetic acid (NODAGA); N,N’-bis [2-hydroxy-5-
(carboxyethyl)benzyl Jethylenediamine-N,N’-diacetic acid (HBED-CC); 1,4,8,11-tetraazacyclododecanel ,4,8,11-tetra-
acetic acid (TETA); 4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2 Jhexadecane (CB-TE2A); Deferoxamine
(DFO). *The labeling conditions list here were generally used, but the buffer, pH, and temperature could be adjusted
to achieve higher labeling efficiency and meanwhile protect the precursor.

Lutetium-177, and Technetium-99 m) are preferred for peptide
labeling because they have a suitable half-life matched to PRP
pharmacokinetics, mild labeling condition requirements, and
good chemical properties that suit radiochemistry. However,
there are many different chelators for metallic radionuclide labeling
(Table 1). The radiolabeling approach mainly depends on the prop-
erties of the chelator pre-conjugated to the peptide, such as 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) conjugated pep-
tides are mainly suitable for ®*Ga, ®*Cu, °°Y, '’Lu, or
AI'®F  labeling at room temperature or mild heating,
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Fig. 1 Schematic illustrates of the structures of four different chelators, NOTA,
DOTA, HYNIC, DTPA, and SiFA-A

6-hydrazinonicotinic acid (HYNIC) conjugated peptides are
mainly used for *™Tc labeling, and diethylenetriamine pentaace-
tate (DTPA) conjugated peptides could be labeled with '*'In at
room temperature. It is important to remember that the attach-
ment of a chelator to the probe will impact the stability, pharmaco-
kinetics, and binding affinity of the probe and, ultimately, the
imaging outcomes [8, 9]. Thus, a proper bifunctional chelator
should be considered when designing metallic radionuclide labeled
probes. This chapter describes the general protocols of four popular
chelators, DOTA-, NOTA-, HYNIC-, and DTPA-conjugated pep-
tides for rapid metallic radionuclides labeling and NOTA- and
silicon-fluoride acceptor (SiFA)-conjugated peptides for '*F label-
ing. The structure of the chelators is shown in Fig. 1.

2 Materials

Prepare all solutions using deionized water and analytical grade
reagents at room temperature (unless indicated otherwise). Dili-
gently follow all waste disposal regulations when disposing of waste
materials, especially radioactive and biohazard wastes. Operators
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2.1 Chemicals and
Buffers

must wear the necessary personal protective equipment (PPE)
according to the requirement of the working environment and
government regulations. Prepare all materials and solutions at
room temperature unless otherwise specified.

1.
2.
3.

Sodium acetate (>99.9%, BioUltra).
Sodium chloride (>99.9%, BioUltra).

Aluminum chloride (anhydrous, powder, 99.999%, trace
metals basis).

4. Disodium hydrogen phosphate (Na,HPOy4; ACS reagent).

92

O 0 N O

22.

23.

24.

25.

. Sodium dihydrogen phosphate monohydrate (NaH,PO4; ACS

reagent).

. Sodium hydroxide solution (NaOH; ACS reagent).

. Hydrogen chloride (HCl, 37%, conc. Aqueous, ACS reagent).
. Potassium hydroxide (KOH, 99.995%, Suprapur).

. Oxalic acid (anhydrous, >99.0%, BioUltra).

10.
. Ethylenediaminetetraacetic acid (EDTA, >99%).
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Ascorbic acid (Sigma-Aldrich, United States Pharmacopeia).

Tricine (PharmaGrade).
Ethylenediamine-N,N’-diacetic acid (EDDA, >98%).
Tin chloride (SnCl,, >99%).

Kryptofix 222 (K2.2.2; United States Pharmacopeia).
Ultrapure water.

Sterilized 0.9% NaCl (saline).

0.9% (wt/vol) NaCl (trace metals basis).

Sterilized deionized water (di-water).

Acetic acid (glacial, >99.85%).
N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES; >99.5%, BioUltra grade).

0.1 M Sodium acetate (NaAc) bufter (pH 5.5): Mix 410 mg of
sodium acetate in 50 ml of ultrapure water and adjust with
acetic acid (glacial) to a pH of 5.5.

0.1 M Sodium acetate (NaAc) buffer (pH 4.5): Mix 410 mg of
sodium acetate in 50 ml of ultrapure water and adjust with
acetic acid (glacial) to a pH of 4.5.

0.05 M Phosphate buffer (pH 7.4): Dissolve 7.098 g of
Na,HPO, in 1 L of sterilized di-water. Adjust the pH to 7.4
using 1 M NaOH.

0.1 M phosphate buffered saline (PBS) (pH 6.5): Dissolve
10.9 g of Na,HPO,4 and 3.2 g NaH,PO,4 in 1000 mL of



26.

27.

28.

29.
30.
31.
32.
33.
34.

35.

36.

37.

38.

39.

40.

4].

42.
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sterilized di-water. Adjust the pH to 6.5 using 1 M HCI and
1 M NaOH.

0.1 M HEPES bufter (pH 5.5): Dissolve 2.38 g HEPES in
100 mL sterilized di-water and the pH was adjusted to 5.5 with
1 M NaOH.

0.1 M HEPES bufter (pH 2): Dissolve 2.38 g HEPES in
100 mL sterilized di-water and the pH was adjusted to 2 with
1 M HCL

1 M HCI: Dilute 8.3 ml of 37% HCI with ultrapure water to
100 ml.

1 M NaOH: Dissolve 40 g NaOH in 1 L di-water.
Anhydrous dimethylsulfoxide (DMSO, >99.7%).

Anhydrous acetonitrile (>99.5%, ACS reagent).

Acetonitrile (>99.5%, ACS reagent).

Ethanol (>99.5%, ACS reagent).

DOTA-, NOTA-, HYNIC-, and DTPA-conjugated peptides:
Dissolve peptide in ultrapure water at desired concentration
(usually 1 mg/mL) and divide into aliquots in metal-free vials,
then lyophilize overnight. Seal and store all vials in a freezer at
—20 °C for later use (see Note 2).

SiFA-conjugated peptide: Dissolve peptide in anhydrous
DMSO at desired concentration (usually 1 mM). Then divide
and seal into aliquots of 25 pL per vial for later use.

50 mM EDTA solution: Dissolve 185 mg EDTA in 10 ml of
0.1 M NH4Ac.

2 mg/mL SnCI2: Dissolve 10 mg Tin chloride in 5 mL of
0.1 M HCI. This solution must be freshly prepared prior
to use.

Tricine/EDDA solution: 20 mg Tricine and 10 mg EDDA in
1 mL 0.1 M PBS bufter (pH 6.5).

2 mM AICI; solution: Dissolve 26.6 mg of aluminum chloride
(anhydrous, trace metals basis) in 100 ml of 0.1 M sodium
acetate buffer (pH 4.5).

1 M oxalic acid in anhydrous acetonitrile: Dissolve 6.03 g
oxalic acid in 50 mL anhydrous acetonitrile.

1.0 M KOH solution: Dissolve 5.61 g of KOH in 100 mL of
ultrapure water.

K.2.2.2 /KOH elution: Dissolve 205 mg of Kryptofix 222 in
500 pL of 1 M KOH solution and 500 pL of ultrapure water.
Then divide the solution into five aliquots and lyophilize over-
night. Seal and store the lyophilized K222 /KOH in —20 °C
freezer. When ready to use, dissolve lyophilisate with 0.5 mL
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2.2 Radioisotopes

2.3 Other Materials

2.4 Equipment

43.

N O\ o

anhydrous acetonitrile for '®F elution. Critical: K.2.2.2 solu-
tion must be freshly prepared before use.

1.4% ascorbic acid solution: Dissolve 1.4 g ascorbic acid in
100 mL sterilized di-water. This solution must be freshly
prepared before use.

. Gallium-68 chloride (°®*GaCl3): Can be obtained by eluting a

%8Ge,/“8Ga generator with hydrogen chloride (se¢ Note 3).
Alternatively, ®®Ga could be produced by a cyclotron.

. Copper-64 chloride (°**CuCl,): **CuCl, is usually produced by

a cyclotron.

. Technetium-99 m (°*™Tc): **™Tc in the form of the pertech-

netate (**™TcO, ") in saline is easily obtained from eluting a
generator with saline.

. Lutetium-177 chloride (*””LuCly).

. Yittrium-90 chloride (*°YCl3).

. Indium-111 chloride (*''InCl3).

. Actinium-225 chloride (***AcClI3): 2**Ac can be produced by

radiochemical extraction from 229Th.

. ['"®F]-Fluoride: [**F]-Fluoride produced in cyclotron via the

80(p,n)*®F nuclear reaction.

. 0.22 pm membrane (sterile syringe filter). Some membranes

may require preconditioning, and please follow the manufac-
ture’s instruction.

. Sep-Pak QMA light cartridge: Precondition the cartridge prop-

erly according to the reaction requirement (see Note 4).

. C18 light Sep-Pak cartridge: Precondition the C18 cartridge

with 10 ml of ethanol and then 10 ml of di-water (no air). Do
not dry the cartridge with air.

4. Syringes.

N UL W

. Sterile glass vials (10 mL and 20 mL).

. Instant thin layer chromatography (iTLC) with a radiation

detector, accessories (Silicon-coated strips or filter paper,
chamber), and mobile phase (NaAc buffer/acetonitrile).

. High-performance liquid chromatography (HPLC) with radi-

ation detector and mobile phase.

. Biosafety fume hood.

. Radiation protective fume hood.
. Radiosynthesis module.

. Hot plate or a heat gun.
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pH meter to validate the pH value of buffers, and pH paper to
validate the pH of reaction mixtures.

Dose calibrator.

3 Methods

3.1 DOTA-
Conjugated Peptide
Labeling

3.2 NOTA-
Conjugated Peptide
Labeling

Operators should wear PPE and carry out all procedures in a fume
hood purposed for radiation work unless otherwise specified.
Direct exposure to the radiation should be kept to a minimum,
and radiation exposure must be monitored with appropriate
devices. Radiation protection should meet the requirements of
the department. Qualified operators and GMP environment may
be required by government regulations in some countries if these
probes are using for humans. For each labeling procedure, please
refer to Table 1 to choose an optimized condition.

1.
2.
3.

Thaw out an aliquot of the DOTA-conjugated peptide.
Transfer radionuclides to reaction vial.

Add 500 pL 1 M NaAc bufter (pH 5.5) to metallic radionuclide
solution (see Note 5).

. Check the pH value of the solution; adjust pH to 5.5 with 1 M

HCl and 1 M NaOH (see Note 6).

. Add peptide solution to the reaction vial and check the pH

at 5.5.

. Mix well and incubate the labeling reaction at 95 °C for

10-15 min.

7. Add 1 mL 50 mM EDTA solution.

10.

8]

. Purity and formulate following the procedure described in

Subheading 3.3.

. Measure the radiolabeling efficiency and perform quality con-

trol (QC) tests described in Subheading 3.4.

1.4% ascorbic acid solution could be used to reduce radiolysis
of the peptide.

. Thaw out an aliquot of the NOTA-conjugated peptide.
. Transfer metallic radionuclide to reaction vial.
. Add 500 pL 1 M NaAc buffer (pH 4.5) to metallic radionuclide

solution (see Note 5).

. Check the pH value of the solution; adjust pH to 4.5 with 1 M

HCl and 1 M NaOH (see Note 6).

. Add peptide solution to the reaction vial and check the pH

at 4.5.

. Mix well and incubate the labeling reaction at room tempera-

ture or 37 °C for 10-15 min.
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10.

3.3 HYNIC-
Conjugated Peptide
with %™ Tc Labeling

N UL W N

3.4 DTPA-
Conjugated Peptide 2
with """ In Labeling

. Add 1 mL 50 mM EDTA solution.

. Purify and formulate following the procedure described in

Subheading 3.3.

. Measure the radiolabeling efficiency and perform QC tests

following described in Subheading 3.4.

1.4% ascorbic acid solution could be used to reduce radiolysis
of the peptide.

. Thaw out an aliquot of the HYNIC-conjugated peptide.

. Add 500 pL tricine/EDDA solution to peptide solution.

. Add 20 pL SnCl, solution (40 pg) (sec Note 7).

. Add *™TcO, " in saline (sez Note 8).

. Incubate the reaction at 95 °C for 15 min (see Note 9).

. Measure the radiolabeling efficiency and perform QC tests

following described in Subheading 3.4.

1. Thaw out an aliquot of the DTPA-conjugated peptide.
. Add 500 pL 0.1 M HEPES bufter (pH 5.5).
. Add "MInCl; (<300 MBq/nmol peptide) and check pH is

about 5.5.
Optional Step: Add 1.4% ascorbic acid solution to reduce
radiolysis of the peptide.

. Incubate the reaction at room temperature for 20 min.

. Purify and formulate following the procedure described in

Subheading 3.3.

. Measure the radiolabeling efficiency and perform QC tests

following described in Subheading 3.4.

3.5 NOTA- AI'®F labeling strategy allows rapid one-step '®F labeling of
Conjugated Peptide NOTA- or RESCA-conjugated peptides in aqueous, which is suit-
with AI"F Labeling able for some peptides that are thermosensitive. The following

procedure describes Al'®F for NOTA-conjugated peptide labeling.

1.
2.

Produce [**F]fluoride in a cyclotron.

Precondition QMA cartridge with 5 mL of di-water at a flow
rate of 5 mL/min, then dry the cartridge with 5 mL air (see
Note 10).

. Thaw out an aliquot of the NOTA-conjugated peptide. If

needed, it can be diluted with 50-200 pL of 0.1 M NaAc buffer
(pH 4.5).

4. Transfer and trap [*®F]fluoride on the Sep-Pak QMA cartridge.

. Rinse QMA with 5 mL of ultrapure water, followed by 2 min of

air flow (10 mL/min).



3.6 SiFA-Conjugated
Peptide for "°F
Labeling

10.
11.
12.

13.

14.
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. Slowly elute ["®F]fluoride from QMA with 0.5 ml of 0.9%

(wt/vol) NaCl (trace metals basis) into the reaction vial.

. Add 10 pL of 2 mM aluminum chloride solution into the [**F]

fluoride solution (see Note 11).

. Incubate the solution at room temperature for 5 min.
. Add NOTA-conjugated peptide solution (30-50 nmol) and

then incubated the reaction at 100 °C for 10 min.
Cool down the reaction to room temperature.
Dilute with 15 mL saline.

Purify and formulate the product following the procedure
described in Subheading 3.3.

Perform  quality control procedures described in
Subheading 3.4.

1.4% ascorbic acid solution could be used to reduce radiolysis
of the peptide.

. Produce ['®F]fluoride in a cyclotron.

. Precondition QMA cartridge with 10 mL of di-water at a flow

rate of 10 mL/min. Do not dry the cartridge with air.

. Transfer and trap ['®F]fluoride on a Sep-Pak QMA cartridge.
. Dry the cartridge by air flow for 2 min (10 mL/min).
. Rinse QMA with 5 mL of anhydrous acetonitrile, followed by

2 min air flow (10 mL/min).

. Slowly Elute ['®F]fluoride from the QMA into a reaction vial

using 0.5 mL freshly prepared K222 /KOH solution.

7. Add 30 pL of 1 M oxalic acid solution to the reaction vial.

11.

12.

13.

14.
15.

. Add 25 pL SiFA-conjugated peptide solution to the reaction

mixture.

. Incubate at room temperature for 5 min without stirring.
10.

Dilute the mixture with 15 mL of 0.1 M HEPES buffer
(pH 2).

Inject the solution to pass through a Sep-Pak Cl8 light
cartridge.

Rinse the C18 cartridge with 10 mL of 0.05 M phosphate
bufter (pH 7.4).

Elute the C18 cartridge with 0.5 mL of EtOH to a 10 mL
sterile vial.

Dilute the product solution with 9.5 mL saline.

Inject the elution through a 0.22 pm sterile filter and collect
the filtration into a sterilized vial.
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3.7 General
Procedure for
Purification and
Formulation

3.8 Measure
Radiolabeling
Efficiency by iTLC

3.9 Measure
Radiolabeling
Efficiency by HPLGC

3.10 QC Test

16. Measure the radiolabeling efficiency and perform quality con-
trol (QC) tests following the procedure described in
Subheading 3.4.

1. Dilute the reaction, containing product, with 10- to 20 times
the volume of sterile di-water.

2. Load the solution onto a C18 light Sep-Pak cartridge.
3. Wash the C18 cartridge with 10 mL sterile di-water.

4. Elute the product from the C18 cartridge into a 15 mL ster-
ilized vial with 1 mL ethanol followed by 10 mL saline (see
Note 12).

OPTION STEP: Add 1 mL ascorbic acid or sodium ascor-
bate for some peptides that sensitive to radiation to prevent
radioautolysis.

5. Inject the elution through a 0.22 pm sterile filter and collect
the filtration into a sterilized vial (se¢ Note 13).

1. Drop 1-2 pl sample (crude product for calculating radiolabel-
ing efficiency or final produce for purity test) onto the start
point (about 1 cm from the end) of the iTLC strip.

2. Pour the iTLC mobile phase solution into a chamber until it is
about 0.5 cm deep and covers the chamber’s bottom.

3. Gently place the iTLC strip upright in the chamber. Cover the
chamber and allow the solvent to extend up about 8 cm
(or about 1 cm from the top of the strip).

4. Carefully dry the strip and place it onto a thin plastic sheet set
on the iTLC scanner.

5. Start scan to get the radioactive count curve and calculate the
radiolabeling efficiency and radiochemical purity. Radiolabel-
ing yield (or purity) = (CPM of radiolabeled peptide)/(CPM
total) x 100%.

The radiolabeling efficiency and radiochemical purity can be
measured by iTLC or by HPLC. The HPLC is more accurate
than iTLC to detect radiolysis, and to detect unlabeled radionu-
clides and peptides for calculation of radiolabeling efficiency.

1. Take a sample (10-100 pCi) of the sample solution and inject it
onto the HPLC.

2. Calculate the radiolabeling efficiency and radiochemical purity
using chromatography.

QC test should be performed according to the government regula-
tions. It usually includes radionuclide identity, radionuclide purity,
radiochemical purity, chemical purity, visual examination, content
of solvents, and sterility.
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4 Notes

. The labeling conditions described here may not be the best

condition for producing highest yield and stabled labeling.
Depending on the properties of the peptide, the labeling
method should be optimized by changing bufter, pH, temper-
ature, and incubation time. Some reactions may need auxiliary
reagents, such as sodium ascorbate, oxalic acid, and glycerol.

. For rapid radioactive metallic isotope labeling, the optimized

dose of DOTA- and NOTA- conjugated peptides are different.
Usually, 5-50 nmol could achieve high radiochemistry yield
and good specific activity. It is highly recommended to elimi-
nate air bubbles when aliquoting peptides with nitrogen and
then seal under nitrogen protection.

. ®8Ge/°®Ga generators are different based on the carrier mate-

rial (stationary generator phase). Thus, the concentration of
eluent HCl may vary from 0.05 M to 1.0 M. The pH of the
reaction solution should be checked before incubation.

. The QMA cartridge is usually preconditioned with 10 mL of

di-water at a flow rate of 10 mL/min and then the cartridge is
dried with 5 mL air for AI'®F labeling. Do not dry the cartridge
when it is used for SiFA-conjugated peptide labeling.

. The volume of the NaAc bufter could be changed according to

the volume of radioisotope solution, usually equal to 10% of
radioisotope solution. The same concentration of ammonium
acetate (NH4Ac) buffer could be a replacement for NaAc
bufter.

. The pH has a significant effect on radionuclide labeled NOTA

(optimal pH = 3.5-5.0, 4.5 is usually used as a start) and
DOTA-conjugated peptides (optimal pH = 4.0-6.0, 5.5 is
generally used at beginning). Thus, the pH should be opti-
mized to get a higher labeling yield.

. The **™Tc-HYNIC-peptide labeling depends on maintaining

the stannous ion in a reduced state. Therefore, the tin chloride
solution must be freshly prepared. Nitrogen purge is recom-
mended to prepare all solutions for at least 10 min. To get the
highest yield, the amount of SnCl, should be optimized.
Meanwhile, for **™T¢ labeling with HYNIC as chelator, addi-
tional co-ligands are usually required to complete the coordi-
nation sphere, such as tricine alone, or in combination with
EDDA, ternary phosphines (e.g., triphenylphosphine-3,3’,3"-
-trisulfonate, TPPTS), or aromatic amines (e.g., nicotinic). The
29mTc HYNIC/co-ligand  complexes  exhibit  different
pharmacokinetic properties and biological stability. The
?9mTc.HYNIC /tricine complexes are formed in high yield,
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Methods for the Production of Radiolabeled Bioagents
for InmunoPET

Alejandro Arroyo, Serge K. Lyashchenko, and Jason S. Lewis

Abstract

Immunoglobulin-based positron emission tomography (ImmunoPET) is making increasingly significant
contributions to the nuclear imaging toolbox. The exquisite specificity of antibodies combined with the
high-resolution imaging of PET enables clinicians and researchers to localize diseases, especially cancer,
with a high degree of spatial certainty. This review focuses on the radiopharmaceutical preparation necessary
to obtain those images—the work behind the scenes, which occurs even before the patient or animal is
injected with the radioimmunoconjugate. The focus of this methods review will be the chelation of four
radioisotopes to their most common and clinically relevant chelators.

Key words ImmunoPET, antibody radiolabeling, radioimmunoconjugate, chelator, 897r, *Cu, 3°Y,
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1 Introduction

ImmunoPET is a novel imaging technique that blends two areas of
science, immunology and nuclear imaging, taking advantage of
each of their strengths. Rather than using small molecules, such
as 18F-Fluorodeoxyglucose, an radiofluorineted glucose (FDG),
immunoPET uses the exquisite specificity of antibodies to deliver
the radionuclide to a given target tissue. Antibodies are part of a
class of proteins called immunoglobulins [1]. The specificity of
these antibodies and other related targeted biologicals is crucial
for the identification of their target, enabling the precise detection
of the disease site in the affected tissue [2]. Antibodies are
Y-shaped, in which a highly specific and variable region is present
in the inside part of the bifurcation. The potential for high variation
gives researchers the capacity to customize the antibody to a specific
antigen. Antigens contain defined chemical signatures, which are
usually found in the surface layers of xenobiotic agents, such as
bacteria. However, antigens are also present in disease sites such as

Timothy H. Witney and Adam J. Shuhendler (eds.), Positron Emission Tomography: Methods and Protocols,
Methods in Molecular Biology, vol. 2729, https://doi.org/10.1007/978-1-0716-3499-8_8,
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cancer cells, where they can be detected by immunoPET. For
targeted imaging purposes—be it optical, nuclear, or any other
modality—antigens should be exclusively either expressed or over-
expressed, ideally in the cell surface, of the cancer cells, thus
decreasing background signal in the resulting image and increasing
the contrast between healthy tissue and disease.

Antibodies are not the only strategy for the development of
immunoPET imaging. Other targeting strategies that have recently
emerged include the use of antibody fragments such as minibodies
[3-6]. These have the potential to decrease the blood half-life of
the compound, thus reducing overall bodily exposure to the
radioisotope.

Several isotopes have been used for the development of immu-
noPET as an imaging technique in the clinical setting [7]. The
focus of this chapter will be the complexation of four positron-
emitting radioisotopes (3Zr, *Cu, #°Y, and '?*I) to their most
common chelators and the provision of adaptions from the litera-
ture with some chelate—antibody examples. The methodology
described in examples below for each ligand, chelator, and radio-
nuclide combination could be seamlessly adapted to a variety of
macromolecules where the described chelator—radionuclide combi-
nation is used.

2 Materials

2.1 Radionuclides

2.2 Bifunctional
Chelators

1. 3Zr can be obtained from commercial sources or produced by
in-house cyclotrons [8].

2. %*Cu can be produced in an in-house cyclotron [9] or obtained
from commercial /academic sources.

3. 8°Y can be produced in an in-house cyclotron [10] or obtained
from commercial /academic sources.

124 . . .
4. "I can be produced in an in-house cyclotron or obtained from
commercial sources.

. p-SCN-Bn-deferoxamine (B-705).

. DOTA-NHS ester (B-280).

. p-SCN-NOTA (B-605).

. p-SCN-Bn-DTPA (B-305).

. p-SCN-PCTA (B-405).

. Sarcophagine provided to the researchers by a collaborator.

. TE2A-Ph-NCS was synthesized in house by the researchers [11].
. TE1A1P was synthesized in house by the researchers [12].
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2.3 Antibodies
(Ligands)

2.4 Buffer
Preparation

2.5 Buffers

9.
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Trastuzumab (HERCEPTIN®; Roche).
Pembrolizumab (Merck).

Cetuximab (Merck).

Onartuzumab (Genentech).

L19-SIP (Bayer Schering Pharma).
B43.13 antibody from B43.13 hybridoma.
J591.

9E7.4 was produced by the researchers using a hybridoma
model.

Hu3S8193.

General instructions on how to make 1 L of any buffer:

1.

Weigh the required amount of buffering compound (see below
for amounts).

. Dissolve it in around 800 mL of Ultrapure water (18 MQ-cm at

25 °C; see Note 1) ina 1 L beaker or Erlenmeyer flask (se¢ Note
2).

. Using a pH meter, measure the pH of the solution and adjust it

to the desired pH by adding aliquots of 1 M HCI (to lower the
pH) or 1 M NaOH (to increase the pH).

. Transfer the solution to a volumetric flask and add water up to

the line to make 1 L and mix gently (see Note 3).

. Transfer 250 mL of the buffer to a 500 mL beaker or Erlen-

meyer flask and place a magnetic stirring bar.

. Add 12.5 g of the Chelex resin to the buffer and place the flask

on a magnetic stir plate for a minimum 1 h (see Note 4).

. Decant or filter the buffer to a clean flask to remove the resin

(see Note 5).

. 0.1 M sodium bicarbonate, pH 8.7: weigh 8.401 g for 1 L, or

0.8401 g for 100 mL.

. 50 mM Ethylenediaminetetraacetic acid (EDTA), pH 5 and

pH 6: weigh 14.612 g EDTA for 1 L, or 1.4612 g EDTA for
100 mL.

. 50 mM sodium acetate, 200 mM sucrose, pH 5.4-5.6: weigh

4.1015 g sodium acetate and 68.460 g sucrose for 1 L, or
0.4102 g sodium acetate and 6.8460 g sucrose for 100 mL.

.05 M 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic  acid,

N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES)
bufter, pH 7, pH 7.4, and pH 7.5: weigh