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Abstract

Radiotracers for positron emission tomography (PET) are a powerful imaging tool with ever
increasing clinical relevance for diagnosis in versatile applications comprising tumor staging,
cardiac perfusion, neuropsychiatric disorders among others. Most relevant PET-nuclides for
radiolabeling of those imaging vectors are carbon-11, fluorine-18 and gallium-68. Since
radiochemical procedures are constrained by radioactive decay, this small niche of chemistry
requires special prerequisites like a short reaction time as well as an optimized
radiopharmaceutical quality control and precaution regarding radiation protection during all
operative steps. In this light, many chemical synthesis procedures and respective quality control
assays of radiopharmaceuticals emerge as rather sophisticated, cumbersome or even unsuitable.
Thus, an improvement of those processes is beneficial. Consequently, research is requested to
put emphasis on the optimization of radiochemical syntheses and quality control procedures for
a suitable application within a standardized clinical setting.

This doctoral thesis comprises of the improvement of radiosynthesis and quality control using a
couple of model systems and radiotracers out of clinical trials and routine. In particular, ®*Ga-
labeling of [**Ga]Ga-DOTA-NOC, [**Ga]Ga-PSMA-11 and [**Ga]Ga-NODAGA-RGDyk using a HEPES
buffered system was performed by means of continuous flow microfluidic- and microwave
assisted synthesis.

Microfluidic *®Ga-labeling was performed successfully in high radiochemical yields. Likewise,
microwave assisted synthesis showed excellent radiochemical conversion rates, especially for
the radiotracers, [**Ga]Ga-PSMA-11 and [®Ga]Ga-NODAGA-RGDyk. Hence, this study revealed
high efficiency of unconventional microfluidic and microwave assisted *®Ga-labeling, showing
that those devices are perfectly feasible for challenging *Ga-labeling in particular situations as
well as routine production.

Quality control procedures via TLC according to the European Pharmacopoeia (Ph. Eur.) and
HPLC for prescribed HEPES quantification were evaluated and a novel, improved TLC assay was
developed by changing (1) the spotting method, (2) mobile phase, (3) reference solution, (4)
staining method and (5) using a free software for quantitative analysis.

Visual quantification of HEPES by TLC according to the Ph. Eur. was neither conclusive nor
reproducible. An HPLC assay according to Antunes et al. achieved a good linearity of the created
calibration curve. Furthermore, a novel TLC method was developed which is tremendously

outperforming the TLC assay currently published in the Ph. Eur. in terms of limit of linearity,



reliability and conclusiveness. The optimized procedure, developed within this PhD thesis, is
considered for publication Ph. Eur. monograph for [®Ga]Ga-PSMA-11, highlighting its
reproducibility, feasibility and scientific quality.

Additionally, the influence of HEPES on cell viability in three different PC3 cell lines was assessed
by means of an MTT assay. Synergistic effects of HEPES and [®*Ga]Ga-PSMA-11 were investigated
by incubation of the radiotracer in presence of different HEPES concentrations in PSMA
expressing PC3 B9 cells. The in vitro evaluation of HEPES’ influence on cell viability resulted in a
non-toxic behavior up to a concentration that exceeds the currently prescribed limit by more
than a factor of 10°. Preliminary results showed similar [**Ga]Ga-PSMA-11 uptake in PC 3 B9 cells
in the presence of different HEPES concentrations and no influence on the uptake at higher
HEPES amounts present.

Another challenging experimental setting is radiolabeling using carbon-11 due to its short half-
life of 20 min. In this context, sophisticated **C-labeling of (+)-HNO was significantly improved by
omitting heating and cooling procedures during radiosynthesis and therefore, accelerating the
whole process.

Skipping heating and cooling during (+)-[*'CIPHNO synthesis resulted in a remarkable reduction
of synthesis duration of about 5 min counteracting radioactive decay of about 13%. Moreover,
byproducts and intermediates of (+)-[''CIPHNO synthesis were synthesized on purpose and
chromatograms thereof were compared for facilitated failure analysis after unsuccessful
syntheses. The investigation of the influence of reagents on byproduct formation enabled the
creation of a decision tree facilitating troubleshooting in a generalized way.

In summary, within this thesis the following achievements were made:

(1) Microfluidic and microwave assisted *®Ga-labeling was proven to be feasible in the
preparation of several radiopharmaceuticals.

(2) A novel TLC assay for HEPES quantification was developed helping operators for a
reliable and good applicable procedure.

(3) In vitro investigations showed that the HEPES limit is dramatically low and should be
reconsidered, as HEPES is probably not toxic in the applied concentrations and is
assumed to have no impact on [®*Ga]Ga-PSMA-11 uptake.

(4) (+)-[**CIPHNO activity yield was dramatically improved due to a reduction of the
synthesis procedure.

(5) A decision tree for troubleshooting in the radiosynthesis of (+)-[*'CJPHNO was developed

that will tremendously facilitate a demanding error search in case of failed syntheses.



Ultimately, this successful work optimized particular procedures within PET-tracer synthesis and
quality control. It evoked several questions that need further attention, especially about the

reasonability of the currently prescribed HEPES limit and HEPES quantification.






Zusammenfassung

Radiotracer fiir die Positronen-Emissions-Tomographie (PET) sind ein effizientes Werkzeug in der
Bildgebung mit weiterhin steigender klinischer Relevanz fir Diagnosestellungen in vielen
Anwendungsgebieten, wie dem ,Staging” von Tumoren, bei der Ermittlung der kardialen
Perfusion, bei neuropsychiatrischen Stérungen, und vielem mehr. Die wichtigsten Nuklide fir
Radiomarkierungen solcher Bildgebungsvektoren sind Kohlenstoff-11, Fluor-18 und Gallium-68.
Durch die Einschrankung des Arbeitens mit radiochemischen Substanzen aufgrund ihrer
Halbwertszeit, setzt dieses spezialisierte Gebiet der Chemie bestimmte Bedingungen voraus:
kurze Reaktionszeiten, standardisierte und rasche Qualitdtskontrolle, sowie Anwendung von
StrahlenschutzmaBnahmen wahrend des gesamten Arbeitsvorgangs. In dieser Hinsicht sind viele
radiochemische Synthesen und die daran anschlieRende Qualitatskontrolle anspruchsvoll und
wirden von einer Verbesserung profitieren. Deswegen stellt die Optimierung von
radiochemischen Synthesen und der Qualitatskontrolle immer noch einen wichtigen
Forschungsschwerpunkt dar, um eine angenehme klinische Anwendbarkeit zu gewahrleisten.

Diese Doktorarbeit umfasst Studien zur Verbesserung von Radiosynthesen und der
anschlieBRenden Qualitatskontrolle. Dazu wurden einige Modellsysteme und Radiotracer aus
klinischen Studien und klinischer Routine untersucht. Im Speziellen wurden *®Ga-Markierungen
von DOTA-NOC, PSMA-11 und NODAGA-RGDyk in HEPES Puffer unter der Verwendung von
einem ,continuous flow” mikrofluiden System und einer speziellen PET-Labormikrowelle
vorgenommen. Es konnte gezeigt werden, dass mikrofluide ®Ga-Markierungen erfolgreich mit
hohen radiochemischen Ausbeuten durchgefiihrt werden kénnen. Genauso erzielten Synthesen
mittels Mikrowelle exzellente radiochemische Umsetzungsraten; insbesondere im Fall von
[®*Ga)Ga-PSMA-11 and [**Ga]Ga-NODAGA-RGDyk. Damit zeigt diese Arbeit die hohe Effizienz von
unkonventionellen mikrofluiden und Mikrowellen gestiitzten ®*Ga-Markierungen auf. Als Folge
dieser experimentellen Untersuchungen konnte festgestellt werden, dass diese Methoden fiir

die Behandlung spezieller Problemstellungen als auch fiir Routineproduktionen anwendbar sind.

Methoden fiir die Qualitdtskontrolle mittels DC laut Europdischem Arzneibuch (Ph. Eur.) und
HPLC fir die vorgeschriebene HEPES Quantifizierung wurden evaluiert und optimiert. Eine neue
DC Methode wurde entwickelt, welche durch Veranderung (1) der Auftragungsmethode, (2)

mobilen Phase, (3) Referenzlésung, (4) der Anfarbemethode und (5) der Verwendung eines frei-



erhaltlichem, Software-basiertem Auswertungsprogramms fiir eine quantitative Bestimmung
optimiert wurde. Eine visuelle Quantifizierung von HEPES mittels DC laut aktueller Ph. Eur. war
weder konklusiv noch reproduzierbar. Die HPLC Methode nach Antunes et al. zeigte eine gute
Linearitat der erhaltenen Kalibrationskurve. Zusatzlich wurde eine neue DC Methode entwickelt,
welche die bisherige Methode nach der Ph. Eur. hinsichtlich der Linearitat, Verlasslichkeit und
Schlissigkeit in hohem MaRe Ubertrifft. Die Brauchbarkeit und wissenschaftliche Qualitat dieser
verbesserten Analysemethode kann daran abgelesen werden, dass diese Methode fiir eine

Publikation in der Ph. Eur. in der Monographie fiir [**Ga]Ga-PSMA-11 vorgeschlagen wurde.

Des Weiteren wurde der Einfluss von HEPES auf die Zellviabilitdt in drei verschiedenen PC3
Zelllinien mittels MTT-Assay getestet. Synergistische Effekte von HEPES und [®Ga]Ga-PSMA-11
wurden durch Inkubation des Radiotracers in Gegenwart von verschiedenen HEPES-
Konzentrationen in PSMA-exprimierenden PC3 B9 Zellen untersucht. Diese in vitro Evaluierung
ergab, dass HEPES bis zu Konzentrationen, die das vorgeschriebene Limit um mehr als einen
Faktor von 10° Ubertreffen, keinen Einfluss zeigte. Erste Ergebnisse zeigten eine ahnliche
Aufnahme von [®Ga]Ga-PSMA-11 in PC3 B9 Zellen in Gegenwart von verschiedenen HEPES

Konzentrationen.

Ein weiteres herausforderndes experimentelles Setting stellen Radiomarkierungen mit
Kohlenstoff-11 dar, da dieses Nuklid eine kurze Halbwertszeit von 20 min aufweist. Deswegen
wurde die 'C-Markierung von (+)-HNO durch Uberspringen von Heiz- und Kihlschritten
wihrend der Radiosynthese verbessert. Eine (+)-['!CIPHNO Synthese ohne Heizen und Kiihlen
resultierte in einer beachtlichen Reduktion der Synthesezeit von rund 5 min, wodurch ein
Produktverlust aufgrund des radioaktiven Zerfalls von ungefdahr 13% verhindert werden kann.
Zusatzlich wurden in dieser Studie Neben- und Zwischenprodukte der (+)-[''CIPHNO Synthese
gezielt hergestellt und die zugehdérigen Chromatogramme verglichen, um eine umfangreiche und
detaillierte Analyse nach Fehlsynthesen durchfiihren zu koénnen. Dies ermdglicht die
Untersuchung des Einfluss der Reagenzien auf die Entstehung von Nebenprodukten und diente

zur Generierung eines generalisierbaren Entscheidungsbaums, der die Fehlersuche vereinfacht.

vi



Insgesamt umfasst diese Dissertation folgende Punkte:

(1)

(2)

(3)

(4)

(5)

Der Einsatz von mikrofluiden und Mikrowellen unterstiitzten Systemen in der
Praparation von 68Ga—Radiopharmaka konnte erfolgreich demonstriert werden.

Die Entwicklung einer neuen DC Methode fir HEPES Quantifizierung schafft eine
Erleichterung fur die Anwender durch eine verlassliche und gut anwendbaren Ablauf.

In vitro Untersuchungen zeigten auf, dass das derzeitige HEPES Limit immens niedrig ist
und Uberdacht werden sollte, weil HEPES offenkundig in den applizierten
Konzentrationen nicht toxisch ist und vermutlich keinen Einfluss auf die [®*Ga]Ga-PSMA-
11 Aufnahme hat.

Es konnte eine erhebliche Verbesserung der (+)-[''CIPHNO Aktivititsausbeute durch
Reduktion der Synthesezeit erreicht werden.

Es wurde ein Entscheidungsbaum, der eine aufwendige Fehleranalyse nach einer

Fehlsynthese vereinfacht, entwickelt.

Insgesamt konnten in dieser Arbeit spezielle Ablaufe der PET-Tracer Synthesen mit

Bericksichtigung der Qualitatskontrolle optimiert werden, welche aber auch noch weitere

Fragen aufwerfen (insbesondere Uber die Rationale des vorgeschriebenen HEPES Limits), welche

in zuklnftigen Studien zu bearbeiten sein werden.
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. Introduction

Molecular Imaging and Positron Emission Tomography (PET)

Medical imaging for a better understanding and treatment of any kind of diseases is based on
the discovery of x-rays by Wilhem Conrad Réngten at the end of the 19™ century.! As a
consequence, an prodigious progress in developing and establishing imaging techniques to gain
structural information of living organisms, like ultrasound imaging, computed tomography and
magnetic resonance, was witnessed by the following century. In the 1950s the technique of
positron emission tomography started to enable insights to physiological processes and
molecular information.”> Nowadays, PET has become a standard technique to diagnose
metastases of tumors and contributes to the so called ‘molecular imaging’ modalities. Molecular
imaging describes the representation characterization and quantification of biological processes
at the cellular, subcellular and molecular level in vivo.*® Therefore, the molecular design of a
radiopharmaceutical has to be well conceived and incorporates a physiologically relevant moiety
that is labeled with a radionuclide in order to accumulate in a particular target region.
Nowadays, a huge variety of radiotracers has been developed including small molecules,
peptides or antibodies. In nuclear medicine, the workhorse is the sugar based compound
[®F]FDG that exploits the high glycolytic rate of tumors and predominantly targets neoplastic

tissue.’

PET-radiotracers are usually injected intravenously and circulate in the blood vessels until they
have reached their target region. After they have arrived there, they are detected due to their
characteristic property of emitting antimatter, namely a positron: Once the positron is emitted,
it travels a short distance depending on its energy until it crashes into its matter-counterpart, an
electron. As a result of this annihilation event, two photons (gamma quants) with an energy of
511 keV are emitted in the opposite direction.'® These photons are recognized by detectors that
spatially arranged in a ring shape which are able to reconstruct the origin of the annihilation
radiation along the line of response (LOR). Consequently, an image of biological processes can be

created (Fig. 1).
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Figure 1: Scheme of a PET-scanner and the principle behind PET."*

The drawback of a PET-image is its poor structural information resulting in demanding
localization of tumors and metasteses.'? As a consequence, the hybrid imaging techniques of PET
with computed tomography (PET/CT) as well as magnetic resonance imaging (PET/MR) were

established in the recent years.”**

Application of PET-Nuclides

PET-labeling of biomolecules allows isotopic substitution by replacing naturally occurring
nuclides with their radioactive counterparts like carbon-11, nitrogen-13, or oxygen-15.
Therefore, the labeled compound is physico-chemically indistinguishable from the original, non-
labeled compound (not considering the isotopic effect). In contrast, for non-isotopic substitution
nuclides are not the same element, but are intended to not alter the respective compound
dramatically. Therefore, the most common application is the substitution of a hydrogen atom by
fluorine-18 due to their similar van der Waals radii. Furthermore, molecules can be labeled with
a radiometal by linkage with a suitable chelator, which is associated with a relatively high
modification of the biochemical behavior. Radiometal-labeled imaging vectors offer the
possibility to exchange the PET-nuclide with an a- or B~ emitter that shows high linear energy
transfer with matter and can be used for therapy. Those approaches are so called “theranostic”

approaches and are highly beneficial for therapy imaging or in terms of personalized medicine. A



typical theranostic nuclide couple is gallium-68, a PET-nuclide for diagnosis, and lutetium-177, a
B-emitter for therapy.” However, the choice of a nuclide strongly depends on the concrete
research question. Hence, the biological half-life of the biomolecule should be feasible with the
physiological half-life of the nuclide. Small molecules as peptides show usually a fast renal
clearance. In contrast, high molecular antibodies are circulating in the blood system for a long
period up to a few days. Hence, a nuclide with an appropriate half-life has to be chosen for

reasonable imaging.™®

General Requirements for PET-Tracer Production

In theory, radiochemistry does not differ from conventional chemistry except the low amounts
of substances that are used in this small niche of chemistry and radioactive decay. Thus, this field
is subjected to special conditions. The amounts of molecules (precursors) that are intended to be
labeled differ from the low microgram-to the low milligram-range. However, the mass of applied
radionuclides is dramatically lower by a factor of 10*-10* resulting in pseudo-first-order reaction
kinetics governed by the radionuclide.’” Considering the practical aspects of handling such small
amounts, adequate vessels und tubes must be chosen to constraint the loss caused by unspecific
binding. Therefore, all connections have to be as short as possible. Furthermore, radiochemical
reactions have to be performed in a lead shielded area (hot cells) to keep the radiation exposure
of the operator at a minimum in accordance with the ALARA (as low as reasonably achievable)
principle. As a result, radiosyntheses are performed in fully automated synthesizers that are
controlled by outside positioned unit. The most important factors for successful radiotracer
production are time and the related decay. Hence, the common benchmark for a production
duration including the quality control is two to three times the half-life of the respective
radionuclide.” As a result, fluorine-18 labeling comprises a vast diversity of reported synthesis
approaches due to its relatively long half-life of 110 min. In contrast, carbon-11 has a half-life of
20 min, which makes the design of a rational synthesis period challenging as 16% of the activity

is decayed after 5 min (Fig. 2).



100 Curve of radioactive decay
a0
20
70
60

50

Activity [%]

0

1] 50 100 150 200 250
Time [min]

carbon-11 =—gallium-68 = fluorine-18

Figure 2: Radioactive decay of carbon-11, gallium-68 and fluorine-18.

The production of radionuclides does not necessarily deliver the desired isotope in its active
form. Therefore, nuclides have to be transformed into a state that is amenable for labeling
procedures. An example is the reduction of [*'C]CO, and subsequent iodination to finally obtain
["'C]CH;l for methylation reactions.” In case of generator produced radiometals a post
processing of the eluate may play a pivotal role, which will be described within the next

chapters.

Quality Control (QC) for Radiopharmaceuticals

Radiopharmaceuticals are drugs and have to meet certain quality criteria which are stipulated in
the European Pharmacopeia (Ph. Eur.).”® As radiopharmaceuticals are freshly produced prior
administration and decaying rapidly, a fast performance of the quality control process is pivotal.
During this procedure following parameters are assessed: pH, osmolality, radionuclide purity,
molar activity, radiochemical purity and chemical purity. pH and osmolality are highly relevant
parameters as radiopharmaceuticals are usually injected intravenously and the injection is
accompanied with pain and osmotic shock, if those parameters are out of range. The molar
activity is defined as the ratio of activity and the total amount of the substance, which includes
the amount of the non-radioactive, cold compound.”’ Radionuclide purity is understood as
occurrence of unwanted radionuclides that may origin from cross contamination, byproducts in

radionuclide production or generator breakthrough.”* Those nuclides are potentially harmful as



they accumulate in the body and ionize biological material apart the target region (e.g.
germanium-68 in bones).”> Radiochemical purity describes the presence of radioactive
compounds other than the product and is usually determined by high performance liquid
chromatography (HPLC) and thin layer chromatography (TLC) using a radiodetector.”**® The
amount of those impurities is relatively low with respect to the used amount of reagents. Hence,
radioactive impurities are probably not causing toxicity, but give rise to an additional signal and
lead to false diagnosis. In contrast, evaluation of chemical purity involves occurring byproducts,
solvents and detergents that are potentially harmful or impairing pharmacokinetics of the
imaging agent e.g. acetonitrile from HPLC purification or HEPES as buffer substance. Additionally,
sterility and endotoxins have to be assessed, which is performed after the release of the

radiotracer.”

Parameter range for Parameter range for
Parameter Technical equipment
gallium-68 carbon-11
pH pH meter, pH paper 3.5-8.5 3.5-8.5
Depends on the
application
Osmolality Osmometer Depends on the application
(e.g. 250-300 mOsmol/kg
for [llc]methionine)
Depends on the
application
Molar activity HPLC, calculation Depends on the application
(e.g. 2 7.07 GBg/umol for
[*'cIpiB)
Radionuclide 1) half-life 1) t;,+10% 1) t;,+10%
identity 2) y-spectrometer 2) 511 keV 2) 511 keV
Radionuclide e
y-counter Ge <£0.001%
purity
Radiochemical
HPLC, TLC Typically 95% Typically 95%
purity
Typically =2 90% (5000 ppm
Chemical Typically > 90%, HEPES <
HPLC, TLC, GC for EtOH, 410 ppm for
purity 200 pg/V
ACN)

Table 1: A selection of typically quality criteria for ®Ga- and ''C-radiopharmaceuticals.”>*® It

should be considered that the guidelines differ within radiotracers and countries.




Quality criteria of radiopharmaceuticals are often individually adapted for a particular
radiotracer. For instance, *®Ga-radiotracers have to be tested for ®®Ge-breakthrough of the

generator as depicted in table 1.



Gallium-68

Gallium is a group lll element that was discovered in 1875.” In nuclear medicine, gallium-72 was
applied for diagnostic and therapeutic approaches in osteosarcoma in the 1940’s. Later,
investigations focused on its congener gallium-67. It was found that gallium also accumulates in
soft tissue lesions, which broadened the field of possible applications. Although gallium-68 was
available since 1961 and it was one of the first PET-nuclides that was applied for tumor imaging,
availability of this nuclide was not satisfying enough for further intensive investigations.”*°
Consequently, a landmark event in the history of gallium-68 was the development of generators
that offer gallium-68 in chemically reactive form that is feasible for labeling reaction.** Hence, so

111

far ““In-labeled octreotides for SPECT scans were labeled with gallium-68 to exploit PET for

obtaining improved quality images (Fig. 3).*
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positrons of 0.63 MeV by means of image quality. However, the good availability of gallium-68
by a generator and not needing a costly cyclotron allows every radiochemistry laboratory the

possibility of ®*Ga-radiotracer production.

From the chemical point of view, gallium is usually present in the oxidation state +lll, but an
abundant chloride concentration enables a presence of the +II state.”” Gallium forms hydroxides
with a poor solubility at a pH of 5.1 that start to precipitate even at lower pH, which is
detrimental for ®®Ga-radiolabeling. Due to gallium’s amphoteric nature, hydroxides dissolve at
higher pH of 9.6.%>*" Due to its high charge and small radius, this metal is defined as hard Lewis
acid that forms complexes with oxygen and nitrogen donor atoms like carboxylates,
phosphonates and amines.”” Complexes are formed with coordination number of six mostly
resulting in a distorted octahedral geometry. Gallium complexes are highly stable due to their d*°
electron configuration.” At a low pH < 3.5, the formation of ®®Ga-complexes can be hindered by
inactivation of donor atoms by protonation. However, ®Ga-labeling can be performed at a small
pH range of 3.5-5.1. Gallium(lll) is chemically very similar to high spin iron(lll) as they have
comparable ionic radii (0.62 A for Ga(lll) and 0.65 A for high spin Fe(lll)).*** Consequently,
gallium-68 is subject to exchange with the iron chelating blood serum protein transferrin, which
results in an enhanced accumulation in lung and liver.*! Hence, ®®Ga-labeling strictly requires the

absence of iron ions for a successful complexation.

®%Ge/*®Ga-Generator

68Ge/nga-generators are based on the

. . el s . dau .
radiochemical equilibrium of a long lived mother ghter nuclige

moth n
nuclide germanium-68, t;,=271 days) and a ®rnuclide

activity

short lived daughter nuclide (gallium-68, t;,=68

min). The half-life of a nuclide pair that is

feasible for generator production may differ in a fime

factor up to 100 During the decay of Figure 5: Equilibrium of long lived mother

nuclide and its daughter nuclide.
germanium-68, the content of formed gallium-
68 increases until the nuclides have reached their equilibrium state (Fig. 5). At this point, the

present amount of gallium-68 is limited by the decay of its mother nuclide and therefore, stays




almost constant until the generator is eluted. The technical design of a ®Ge/*®Ga-generator is
based on the chromatographic principle: Germanium-68 is loaded on a column and is intended
to last there. In contrast, formed gallium-68 is accessible by elution with an appropriate solvent.
The first generator system applying liquid-liquid extractions was reported in 1960 by Gleason et
al. who used EDTA for separation of a [®*Ga]Ga-EDTA complex.”” During the following years, the
innovation of an Al,Os;-column based “positron cow” set a landmark in 68Ge/GSGa-generator

% The eluate containing [*®*Ga]Ga-EDTA complexes could be directly used for

development.
administration, but this chemical form of gallium-68 was not feasible for performing further
labeling procedures to obtain other ®Ga-radiotracer. Accordingly, improvements of generator
systems were implemented by applying diverse resin materials for ®Ge-fixation and respective
solvents for ®®Ga-elution in the following decades. Those approaches can be divided into two
groups: 1) generators based on inorganic columns like TiO,, SnO, or Al,O; with NaOH, EDTA or
HCI as eluents and 2) organic resins that can be either eluted with hydrochloric acid, citric acid or
phosphoric acid.”®>® However, during the last years, only one generator incorporating a TiO,
column from Eckert&Ziegler (Galliapharm®, EZAG, Berlin, Germany), that is eluted with 5 mL of
HCI (0.1 M), was approved for clinical use. Recently, a generator system, namely Galli Ad® (IRE-
Elit, Fleurus, Belgium) requiring a remarkable small volume of 1.1 mL HCI (0.1 M), has been
developed and accepted by authorities, for clinical application. As a result, the eluate can be
used immediately for radiolabeling without any concentration steps. However, the drawback of
this generator is its limitation of use by total volume of the intern hydrochloric acid due to the
missing refill option.

General requirements on ®Ge/*®Ga-generators are sterility and the absence of other metal ions.
Metal ions like ubiquitous Fe*, Zn** derived from decay, ®Ge*" due to breakthrough and resin-
desorbed Ti*" or Sn** can govern or competitively hinder **Ga-complexation. Especially the
presence of germanium-68 is a critical parameter due to its long half-life and poorly investigated
pharmacological behavior and biodistribution. Consequently, authorities have to assume the
worst case scenario in which this radioactive species accumulates in bone marrow and lasts
there eternally.> To this end, the ®Ge-content in the final radiopharmaceutical has to be below
0.001% of the starting activity.> As a result, several eluate-processing techniques are

contemporary applied which are compiled within the next chapters.



Cyclotron Produced Gallium-68

An alternative to **Ge/*®*Ga-generators is the production of gallium-68 via cyclotron. Besides
solid targets that are subjected to a variety of hurdles described elsewhere *®, liquid targets have
been developed for an impairment of this cyclotron production process within the last
years.””®%® For the production of gallium-68 a zinc-68 enriched target is bombarded with
protons resulting in gallium-68 and an ejected neutron (**Zn(p,n)®Ga). On the one hand, the
advantage of cyclotron production is the increased activity of up to 6 GBq and the potential of an
upscaling to 40 GBq by enhancing the content of the enriched nuclide.>® On the other hand, the
production procedure is prolonged due to the additional beaming duration and purification

process. Finally, cyclotron produced gallium-68 may flourish in the future as the number of

cyclotron equipped facilities is rising.”®

Elution Protocols and Post Processing

Most recently available *®Ge/*®Ga-generators have to be eluted with hydrochloric acid in a
particular concentration. Typical elution volumes are 5-10 mL except the elution volume of
GalliEo and Galli Ad® that are eluted with 1.1 mL HCl. Volumes of 5-10 mL are relatively high
considering the low amount of [®Ga]Ga*"-ions that are dissolved (4.69 - 10" atoms/800 MBq
gallium-68).>° Therefore, it is beneficial to reduce the volume of the eluate to obtain a higher
activity concentration, which can

be managed by the application of Elution profile of a ®2Ge/®*®Ga-generator

3500
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An exemplary elution profile is

illustrated in figure 6 and shows Figure 6: Representative elution profile of a 8Ge/Ga-
that the first and the last few denerator with highlighted main fraction.

milliliters contain a relatively low amount of activity and are discarded. Only the fraction that

incorporates the highest amount of activity (main fraction) of about one to two milliliters is used
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for labeling. The drawback of this method is that about 80% of the eluate’s total activity is

employed for the labeling procedure.®*%

Furthermore, metal impurities like Zn(ll), Ti(IV), Ge(IV)
and Fe(lll) are co-eluted and are able to disturb the complexation reaction, but their content in
the main fraction is lower than in the total eluate.®® The advantage of this method is its easy
handling and direct application of the eluate for radiotracer synthesis without any time loss due
to purification procedures.

For a minimization of the elution volume, but retaining more than 90% of its activity, the eluate
can be concentrated by application of ion exchange columns. This strategy is implemented by
using an anion exchange cartridge, a cation exchange cartridge or a combination thereof by
exploiting the chemically different forms of gallium-68 (Fig. 7). The first one demands a high
concentration of chloride to obtain the gallate-complex [%8Ga][GaCl,] which is usually realized by
addition of HCI. [®®Ga][GaCl,] is retained at the cartridge and can be easily eluted with H,0.** A
cation exchange resin adsorbs the eluate directly and gallium-68 can be eluted with high

chloride concentrations of HCl/Aceton or NaCl.>>%™’

elufion elution 8Gq
> S :
5-10 mL 1-2 mL labeling
ion exchange
cartridge

%8Ge/%Ga-generator

Figure 7: Scheme of elution of a *®Ge/*®Ga-generator with subsequent concentration.

Chelators for ®Ga-Complexation

Ideally, a chelator for radiometals should provide thermodynamic stability and kinetic inertness
of the complex to ensure stability under physiological conditions. Besides, a chelator should
preferentially form only one isomer due to a potential shift in pharmacokinetics of different
isomers.®® For isomeric forms that show the same behavior, this effect becomes negligible.
Additionally, the metal complex must be able to stand radiolysis up to activities which are used
in realistic settings. However, the choice of chelator has to be well considered in terms of the
stability of the biomolecule during the labeling procedure: Usually, small molecules are able to

withstand high temperatures during the radiolabeling process. In contrast, peptides and
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especially antibodies are prone to fragmentation. By this, temperature sensitive biomolecules
should be linked to a chelator that is capable of complexing at respective labeling parameters.
Additionally, a metal exchange of the labeled biomolecule with transferrin should be avoided
and therefore, complexes should reveal a high stability constant.”> Nowadays, radiotracers are
often designed to address theranostic approaches. In this way, the chelator moiety of
biomolecules has to be amenable for complexing the diagnostic as well as the therapeutic
nuclide. Consequently, the chelator may not be perfect for gallium-68 by means of e.g. the ionic
radius, but has to be the best compromise for the intended radiometals. For the application of
theranostic approaches, it should be considered that the radiotracer’s pharmacological behavior
may alter due to a different coordination geometry and charge. Finally, there is no “perfect”
chelator for a certain nuclide; the properties have to be in accordance with the envisaged

application.

The first Ga-chelators used in nuclear medicine were linear chain chelators, like citrate and
EDTA.® The latter one was used for the labeling of proteins and monoclonal antibodies.
However, those chelators show an appreciable hydrophilic nature.” Therefore, more lipophilic
chelators were investigated that should evoke a higher in vivo stability.””” Furthermore, a major
aspiration was the crossing of the blood brain barrier, which could not be achieved so far.
Nowadays, the mostly used chelators for ®Ga-complexations are macrocyclic chelators like
DOTA (1,4,7,10-tetraazacyclododecane-tetraacetic acid) or NOTA (1,4,7-
triazacyclononanetriacetic acid) as they show kinetic inertness and are feasible for fast and
relatively mild labeling (Fig. 8).”* Especially the NOTA chelator proofed to be beneficial for *Ga-
complexations in comparison to DOTA as the ionic radius of the trivalent ion fits in perfectly.”>’®
DOTA suffers the disadvantage of requiring high labeling temperatures for achieving high
conversions with gallium-68, but its benefit lies in the feasibility to complex a wealth of metal
ions.”” In recent years, research still puts effort in the development of new and improved
chelators for ®Ga-radiolabeling, which resulted in the development of second generation

7880 Additionally, several derivatives of

macrocyclic compounds like TRAP, NOPO and many more.
DOTA and NOTA (e.g. DO3A, DOTAGA or NODAGA) were investigated as they offer a further
carboxylic entity for metal chelation and alter the overall charge and therefore, the
pharmacokinetic behavior of a biomolecule. Besides, novel linear chain chelators were employed

for 68Ga-labeling as well like CP256, DFO, THP or HBED-CC.**"®® On the one hand, the advantage
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of linear chain chelators lies in the fast labeling kinetic in contrast to macrocyclic chelators. On

the other hand, macrocyclic chelators usually provide a higher stability.

o E N R2 0 OH
. N N\/&H R’ H—dOH Ho:@ﬂ
TN L

Figure 8: Chemical structure of A: DOTA (R'=linkage with biomolecule, R*=H) and
DOTAGA (R'=0H, R2=Linkage with biomolecule); B: NOTA (R1=/inkage with biomolecule,
R’=H) and NODAGA (R'=OH, R’=Linkage with biomolecule) and C: HBED-CC (R=Linkage
with biomolecule).
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®8Ga-Radiotracers

[?®Ga]Ga-DOTA-Octreotides

*®Ga-octreotides ([®*Ga]Ga-DOTA-TOC, [*Ga]Ga-DOTA-TATE and [®Ga]Ga-DOTA-NOC (see

section: Abbreviations) widely displaced their SPECT-counterpart, [**!

In]In-octreotide, due to
their associated ameliorated spatial resolution of the scans.®* Those compounds incorporate an
octapeptide moiety that is linked to a DOTA chelator for radiometal-complexation. As
somatostatin (SST) analogues, they are targeting the somatostatin receptor (SSTR) that is
overexpressed in neuroendocrine tumors (NETs). Consequently, they visualize NETs and their
metastases in an agonistic fashion. [®Ga]Ga-DOTA-TOC, [*®Ga]Ga-DOTA-TATE as well as
[®®*Ga]Ga-DOTA-NOC are targeting the receptor subtype SSTR2, but as they show structural
differences, their affinities to other SSTR subtypes differs (Fig. 9). In this way, [**Ga]Ga-DOTA-
TOC and [®Ga]Ga-DOTA-TATE both incorporate tyrosine at position three, but differ in position
eight they contain threonine and its alcohol, respectively, in their amino acid sequence. In
[®®*Ga]Ga-DOTA-NOC, tyrosine is substituted by naphthalene resulting in an altered aromatic
entity. Position eight is Thr(ol) likewise [**Ga]Ga-DOTA-TOC. As a consequence, those SST

88 Furthermore, DOTA-octreotides are

analogues reflect neoplastic tissue in a different manner.
perfect candidates for theranostic approaches by complexing lutetium-177 instead of gallium-

68.%°
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Figure 9: Molecular structure of [%Ga]Ga-DOTA-TOC, [*®Ga]Ga-DOTA-TATE and
[®Ga]Ga-DOTA-NOC, and the SSTR subtypes they are showing the highest affinity to.
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[*Ga]Ga-PSMA-11
[®Ga)Ga-PSMA-11 was described by Eder et al. in 2012, which set a milestone in diagnosis of
prostate cancer and its metastases.® This relatively new radiotracer engenders better contrast
images than the commonly used "®F-choline derivatives and offers a good availability.®” Hence,
diagnostic tool attracted appreciably high attention from radiopharmacy departments and ranks
among the most successful PET-tracers in clinical trials within the recent years.2*® This
molecular imaging vector targets the prostate specific membrane antigen (PSMA), which is a
transmembrane enzyme and shows folate hydrolase | (FOLHI) as well as glutamate
carboxypeptidase Il (GCPII) activity.90 This enzyme is highly overexpressed in most prostate

d.” The targeting entity

cancer tissue and serves as eponym of the ®Ga-labeled compoun
contains an urea derivative, Glu-NH-CO-NH-Lys, that shows affinity of the carboxylic groups with
Zn**-ions of the enzyme’s active center (Fig. 10).>*® This binding motif is linked with a HBED-CC
chelating moiety. [®Ga]Ga-PSMA-11 provides the special feature that the aromatic chelator is
pivotal for the affinity as it interacts with a second lipophilic pocket of PSMA’s active binding

side.®? Besides, HBED-CC offers *®Ga-labeling within a few minutes even at room temperature.
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Figure 10: Assumption of potential binding of [?*Ga]Ga-PSMA-11 to PSMA adapted from

Liu et al.”
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[?Ga]Ga-NODAGA RGD

[®®Ga]Ga-NODAGA-RGD is a cyclic pentapeptide that is attached to the macrocyclic NODAGA
chelator and is described in form of two different amino acid sequences: 1) NODAGA-RGDfK that
incorporates a phenylalanine within the cyclic peptide and 2) NODAGA-RGDyK (Fig. 11) in which

9779 The kinked tripeptidic vector arginine-glycine-

the phenylalanine is substituted by a tyrosine.
aspartate (RGD) targets a,Bs-integrin, which is a transmembrane glycoprotein. *® This receptor is
overexpressed in activated endothelial cells and therefore involved in angiogenesis and tumor
progression.’® Hence, [*®Ga]Ga-NODAGA-RGD is a potential PET-tracer for gaining information
about the localization, invasiveness as well as metastatic potential of a tumor. In contrast to the

demanding production of ®F-labeled RGD derivatives, *®*Ga-labeling of NODAGA-RGD is quite

simple and works quantitatively.'®

COLH
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Figure 11: Simplified representation of the chemical structure of [®Ga]Ga-NODAGA-
RGDyK.
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Labeling Methods

Basically, ®®Ga-labeling is commonly performed by adding the ®®Ga-eluate (main fraction or
concentrated eluate) to the respective progenitor in buffer solution. The reaction mixture is
heated for several minutes, cooled down and retained on a reversed phase (RP) C18 solid phase
extraction (SPE) cartridge, while unbound [®Ga]Ga® is washed through the cartridge.
Subsequently, the labeled compound is eluted with ethanol and colloidal ®Ga-species remain on
the cartridge. Finally, the radiotracer is formulated and sterile filtered (Fig. 12). Therefore, %Ga-
labeling is an easy performable process requiring relatively cheap instrumentation compared to
radiotracer production associated with a cyclotron. Accordingly, radiopharmaceutical
institutions are delighted by theoretically unlimited access to ®*Ga-radiotracers. Those tangible
benefits spur the flourishing appearance of *®Ga-laboratories in nuclear medicine facilities as
well as the interest of industry in producing fully automated *®Ga-radiolabeling synthesizers, so
called modules. Beside various commercially available devices like ‘fixed tubing based’- and
‘cassette based’—systems for clinical routine, unconventional approaches as microfluidic
techniques and microwave assisted synthesis are investigated.'®'** All synthesizers for
radiolabeling incorporate a reactor, a heating unit, storage containers for adding the reagents

and a controlling unit that is usually a laptop with the respective software.
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Figure 12: Scheme of commonly performed 6gGa—labeIing processes.
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Fixed Tubing Based Systems

This kind of synthesizer comprises a reactor and storage vessels which are permanently attached
(Fig. 13). Hence, all vessels and connections between them have to be washed properly prior
synthesis. Nowadays, those modules are mostly used for 'C-labeling and sparsely for routine
®8Ga-productions. The advantage of those easy accessible vials is the opportunity to perform
versatile synthesis sequences. Resultantly, those synthesizers are often applied as research
instruments, which also evolved from the fact that the focus of clinical routine production has

shifted towards cassette based systems.'®

N %

P TRACERIlab FX =2

Figure 13: Synchrom Ga from raytest (left), Modular-Lab Standard from Eckert & Ziegler
(middle) and TRACERIab FX from GE (right).105
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Cassette Based Systems

An innovative approach in ®Ga-synthesizer development was the production of modules
applying disposable cassettes. The cassettes and the reagent KITs are fabricated in accordance
with GMP and sterilized with gamma irradiation, which is of utmost importance as most
countries are restricted to a GMP compliant production of radiopharmaceuticals. Cassettes are
intended for single use resulting in an obviation of any contaminations by chemicals, bacteria,
etc. The manifolds of the cassettes are designed to be easily mounted on the synthesizer by any
technical staff. However, the correct connection of the tubes have to checked prior synthesis

start as an intervention during the synthesis process is not possible.'®®

|
® g FASTlab

Figure 14: Modular-Lab PharmTracer from Eckert & Ziegler (left) and FASTlab from GE
(right).®
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KIT Based Approaches

Radiotracer production has to be uncomplicated and easily performable by any operator. A
widespread implementation of this approach is given by the KIT based production of *™Tc-
radiotracers. Ideally, freeze dried reagents are directly mixed with ®Ga-eluate and after a few
minutes a quantitative conversion is achieved. Resultantly, no expensive synthesizer is required
for radiolabeling. The creation of such KITs is subjected to the condition that every compound of
the lyophilisate is compatible in terms of a safe administration. Furthermore, the precursor has
to be suitable for quantitative labeling due to the absence of a purification step. However,

106

several KIT-based approaches have been reported in literature.”™ One of the authorized KITs is

SomaKit® TOC for diagnosis of NETs and many novel Kits involve the ‘blockbuster-compound’

[®®*Ga]Ga-PSMA-11 or other PSMA targeting tracers (e.g. [*°Ga]Ga-THP-PSMA, ‘Galliprost®’).®'%’~

111
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Figure 15: Scheme of 6gGa—Iabeling via KITs.
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Microfluidic Synthesis

Microfluidics developed from analytical systems like gas chromatography or HPLC, was
harnessed for microanalysis like DNA sequencing among others. The establishment of this
technique was even supported by the US Department of Defense within projects of the
Advanced Research Projects Agency (DARPA) to detect chemical and biological weapons in the
1990s.''? Beside analytical applications, microfluidics is contemporary applied in synthesis of

13718 The appreciably high interest in microfluidic devices

versatile organic compounds.
originates from their high efficiency and superiority to macroscale synthesis in terms of short
synthesis times, tremendously low amounts of reagents and suppression of byproduct

formation.* %

From the physical point of view, fluids have the same direction and flow speed in this
miniaturized situation, which engenders a prevalent laminar flow.'*® Accordingly, the Reynolds
number (Re), that describes the ratio between inertial forces and viscosity, is in a low range of
Re<10’. In contrast, liquids in traditional macroscale reaction performed in round-bottomed
flasks are churned resulting a turbulent flow and high Reynolds numbers of Re>10%.** However,
the fundament of every chemical reaction is the encounter of molecules, which is realized by
mixing of the reactants. In a laminar flow the mixing of components is constrained by diffusion
that is relatively slow in macroscale flow regiments due to large distances of mass transfer. In
contrast, mixing within a laminar flow is extremely time efficient in typical microfluidic

118

dimensions of 100 um.™™* Microfluidic tools are not restricted to a laminar flow: turbulences can

7 Hence, this technique offers

be induced by an adequate design of the channel’s geometry.
abroad range of geometrically different micro reactor set ups. Basically, microfluidic reactors are
grouped in two main reactor categories, namely chip reactors and tubular continuous flow

tools.**

Since small amounts of starting materials and minimal synthesis durations are highly relevant in
PET-tracer production, microfluidic-assisted syntheses have become quite attractive in the field
of radiochemistry. As a result, several proof of principle studies of well-known radiotracer
synthesis labeling have been accomplished like the synthesis of workhorse [**F]FDG, **™Tc-

11 123-132
C-."**7* Furthermore, dose-on-demand approaches have

labeling of KITs, radioiodinations and
been successfully performed by radiofluorination of different PET tracers. ***** The benefits of
microscale approaches are attributed to distinct physical features: The small size of the reactor

causes a highly efficient heat transfer, which allows fast heating and cooling. Additionally, the
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usage of high pressure enables the implementation of an unusually high temperature above the
boiling point of the respective solvent. The application of elevated temperatures can initiate
enhanced conversion rates.”® As a consequence, microfluidic systems offer the application of
reduced reagent amounts without a loss of yield, which is a weighty argument for radiochemical
applications considering the high costs of GMP-certified precursors and low amounts of

radionuclides.

Prerequisites for materials of microfluidic devices are solvent resistance and capability to
withstand a high temperature, a dramatically elevated pressure and radiolysis. Hence, favorable
materials for the production of these reactors are metals, glasses, silicones and
polydimethysiloxane (PDMS). The choice of the material strongly depends on the particular
purpose.’®® An example of a commercially available system incorporating a continuous flow
reactor is distributed by Advion (NanoTek) and is used for microfluidic synthesis within this
thesis. For the sake of a better understanding, the scheme of a NanoTek synthesizer (Fig. 16) and

a cursory explanation is given below.

The NanoTek device incorporates two storage loops in which the reactants are loaded. Two
pumps simultaneously transfer the reagents from those loops into a preheated continuous flow
reactor where the labeling is performed. Reaction parameters like flow rate and the
temperature of the reactor have to be set prior the synthesis. The reactor is a two meter long
silica capillary with a volume capacity of 15.6 pL. After the reaction mixture passes the reactor, it

is collected in a dedicated vial.

-
Loop 1
Reagent 1

Reactor
(100 pm x 2 m)

Product Vial

Figure 16: : Schematic arrangement of a NanoTek microfluidic synthesizer and image of
the device (adapted from Pfaff et al.”*’)
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Microwave Assisted Synthesis

Microwaves are electromagnetic waves with a wavelength of 1 mm to 1 m with respective
frequencies of 0.3 to 3 GHz. Commercially available microwave heaters irradiate with a
frequency of 2.45 GHz. This kind of irradiation contains a magnetic and an electric component,
but only the latter one is predominately involved in the heating process. For a successful heating
process, the solvent has to be capable of absorbing the microwave energy and reveal a dipole
moment. The electric field initiates dipolar polarization as well as ionic conduction. As the
electric field is oscillating, the irradiated molecule changes its alignment within the
corresponding frequency and is continuously reorienting with a small phase difference (Fig. 17).

Consequently, molecular friction and collisions are caused, which results in dielectric heating.'*®

Electric field

Figure 17: Alignment of a H,0 molecule in the electric field adapted from Kappe et al.*®

In synthesis chemistry, microwave heating provides a homogenous heating of a reaction mixture
in contrast to the classical thermal heating of round bottom flasks (Fig. 18). In the latter one, a
built up heat gradient starting from the flask’s wall can lead to localized over-heating of the
solvent and reagents resulting in a slow, insufficient energy transfer to the “inner” solution.
Hence, microwave assisted synthesis is able to yield appreciably increased conversions in

139,140

reduced reaction times. Due to the enhanced efficient energy transfer, microwave heating

is also termed a “green” process.***
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Conventional heating Microwave-assisted heating
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Figure 18: Conventional heating (left) showing a heterogeneous temperature distribution
with a higher temperature at the reactor walls. Microwave heating (right) showing
dielectric heating within the solution for an almost homogenous heating.

The advantages of microwave assisted synthesis were recognized by chemical and radiochemical
institutions resulting in an increased interest in this technology. Therefore, various
radiochemical labeling processes exploited this high yielding approach for radiofluorinations, **C-

labeling as well as metal complexations.*****

Hence, the radiolabeling peptides is an interesting
perspective as they are prone to decomposition due to overheating. Accordingly, in several
publications the advantage of ®*Ga-radiolabeling via microwave heating was highlighted and

radiolabeling by applying this technique could be a flourishing approach in the future.'***°
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HEPES as Buffer for ®®Ga-Labeling

For successful ®Ga-radiolabeling a particular pH range (about 3.5-5.1) is demanded to guarantee
the presence of the reactants in their active form. Therefore, the reaction mixture for
complexations has to be buffered. Accordingly, several buffer systems have been evaluated,
which revealed acetate, succinic acid and -4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES) as the most suitable ones for ®Ga-complexations (Fig. 19)."*°

Moreover, Velikyan et al.
showed that the latter one achieved the highest radiochemical yield at low precursor amounts of

DOTATOC.**

i"“OH
|

HEPES

Figure 19: Chemical structure of HEPES.

HEPES is a zwitterionic taurine derivative that is able to form weak complexes with gallium-68
which may prevent the formation and precipitation of ®Ga-hydroxy-and *Ga-oxygen-species for

higher radiochemical yields.****

In contrast, a detrimental *®Ga-complexation by NOTA was
reported at low precursor amounts and high HEPES concentration. However, the formation
constant of the Ga-HEPES complex is logKi=1.99+0.01 mol dm™ and the coordination sites are

provided by the oxygen and one or two nitrogen atoms, respectively (Fig. 20).”"**
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Figure 20: Possible chemical structure of Ga-complexes of HEPES based on Martin et
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Although HEPES should be the buffer of choice for ®Ga-radiolabeling, this compound suffers
from the drawback of an accompanied semi-quantitative, prescribed testing procedure by the
Ph. Eur. as it is defined as an impurity. Theoretically, HEPES should be removed by a purification
procedure using a C18 reversed phase cartridge, but a TLC assay has to ensure that the buffer
substance is below a certain limit.** The stipulated limit of HEPES is 200 pg per recommended
administration volume (V) and the formulated product has to undergo a visual comparison via
iodine stained TLC plate with reference solution that contains the maximum concentration.>
This analysis is highly dependent on the operator and not quantitative nor reliable.”® As a
consequence, novel analysis assays by means of HPLC were investigated by several working

groups 153-155

The obstacle in HEPES quantification is that this buffer belongs to the group of “Good’s buffers”
and is designed for not disturbing any analytical method by its own signals. Hence, HEPES should
be undetectable by using conventional parameters and shows a UV signal at 195 nm. Ultimately,
most commercially available methods for ®Ga-radiolabeling in clinical routine are performed by
using sodium acetate as an alternative buffer to circumvent the onerous HEPES testing
procedure, although HEPES may provide an enhanced radiochemical yield. In this light, the
background and reasonability of the remarkably low limit of 200 pg/V is questionable as this

substance precludes toxicity issues.'****°

Furthermore, commercial suppliers report a relatively
high oral LDso of 2 g/kg HEPES in rats (comparison: NaCl has an oral LDs, of 3 g/kg in rats). The
data safety sheet describes no reported toxicity symptoms, no germ cell mutagenicity in
escherichia coli and salmonella typhimurium, no chromosome aberrations in human
lymphocytes and no toxicity in a target organ.” Moreover, HEPES is used for a plethora of

biological experiments, which indicates, that it does not negatively affect living cells.”* ™!

Additionally, this buffer has been used for several years for in vitro fertilization (IVF). Although
the influence of HEPES on IVF is controversial, studies that report a negative impact of HEPES,
provide a vast leeway for data interpretation with respect to the experimental set up and

162,163

reproducibility. However, HEPES is still used in artificial reproductive technologies e.g. in an
oocyte in vitro maturation phase 3 study that started in December 2018 (gov Identifier:
NCT03773263)."** Besides, HEPES demonstrated anti-inflammatory effects in vitro and in

165,166

vivo. In another study by Theodore et al. the toxicity of HEPES in dogs was assessed by

administering 88 times a remarkably high dose up to 400 mg/kg intravenously. The study
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revealed that the highest dose could start to cause hematopoietic and reticuloendothelial

changes.

Theodore et al. found indications that HEPES could positively influence the immune system.'®® A
case report by this working group showed that HEPES is able to act as painkiller in three cancer
patients with bone metastases. In this study, HEPES was repeatedly administered in 1000 mg or
5000 mg doses intravenously and no adverse events were reported. Furthermore,

167

administration of HEPES reduced tumor markers in other studies.”™" A patent about HEPES as

analgesic agent, anti-tumor drug and for stabilization of cells recommends the administration of

168

70-75 mg/kg orally or parentally.” Finally, all the mentioned studies indicate that the limit of

200 pg/V HEPES is probably too low and is worth a reconsideration.
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Carbon-11

Carbon-11 is a PET-nuclide with a relatively short half-life of 20.4 min that appeared in 1939 for

169

the first time.'® This nuclide is predominantly produced by bombardment of N, with

accelerated protons (**N,(p,a)*'C) by usage of cyclotron.'”

The most frequently used primordial
synthons for 'C-labeling strategies are [*'C]CH, and [*'C]CO, whose formation is governed by
adding sparse contents of either oxygen (20-20000 ppm) or nitrogen (5-10%) to the target gas,
respectively.”” Due to the ubiquitous presence of natural carbon that prevalently consists of
carbon-12, "C-labeling reactions are prone to be contaminated with this perturbing nuclide.
Both nuclides show the same reactivity resulting in a certain ratio of the radiolabeled
biomolecule and the non-radioactive content of the compound (*'C- and "™'C-labeled) which is
described as molar activity A,, (measured activity per mole of compound in GBg/umol).”® As both
compounds behave identically regarding pharmacology (neglecting the isotopic effect), a low
molar activity promotes enhanced target occupancy by the cold compound. By this, the risk of
pharmacological effects and a poor image quality is increased.””* In contrast, tremendous
advantages of carbon-12’s pervasive nature are versatile opportunities for isotopic substitution
without changing the pharmacological properties of a compound. In the last decades, several
YC-labeling pathways have been established.’> Some of them are comprised in figure 21. In
theory, the whole spectrum of organic chemistry can be employed for *'C-radiotracer production
subject to the condition of a rational synthesis duration considering the half-life. Resultantly,
radiolabeling a plethora biomolecules and derivatives thereof have been reported like
endogenous ["'C]lmethionine, [*'C]choline or [*'C]acetate for oncological applications or ligands
to target neurological disorders like ["'C]PIB, ["'Clharmine or (+)-["'CIPHNO ((+)-4-Propyl-
3,4,4a,5,6,10b-hexahydro-2H-naphtho[1,2-b][1,4]oxazin-9-ol).”* "
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Figure 21: A selection of **C-labeling reactions starting with [*:C]CO..

Although a vast range of "'C-labeling reactions is accessible, the widest applied one is SN,
methylation of heteroatoms via the [''C]CHsl-route, which was described in 1973 and is
nowadays called the “wet” method. Thereby, [*'C]CO, is reduced to methanol and converted
with HI to [*'C]CH;l."*® This approach was superseded by the “gas phase” method by Larson et
al. which starts with a catalytic reduction to [*'C]CH, with hydrogen and continues with free
radical iodination at 720°C. The iodination is a circular process for a better conversion and ends

up with an improved molar activity of the radiopharmaceutical (Fig. 21)."®

A further intriguing approach for "C-radiolabeling is depicted by application of a Grignard
reagent for the introduction of versatile organic groups. Grignard reactions are moisture and
oxygen sensitive and performed by using aprotic ethers like THF for stabilization of the Grignard
reagent. In detail, the organo-magnesium halide performs a nucleophilic attack to carbonyl
group under formation of a new covalent C-C bond. Thereby, a six-membered transition state is

formed (Fig. 22).""
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Figure 22: A cursory view of Grignard reaction mechanism.

In case of *C-labeling, [**

C]CO, is released to the Grignard reagent solution with a flow of <10
mL/min. Subsequently, the obtained carboxymagnesium halide can be hydrolized with water to
obtain the respective carboxylic acid or transformed to an acid chloride for further reactions

with amines.'®8

From the technical point of view, the Grignard reaction can be performed in a
vial (“wet” method) or in a PE loop. For latter one, the Grignard reagent is pushed through a
loop of a distinct length in an inert gas stream. Consecutively, [*'C]CO, is passed through the
impregnated loop and forms the carboxymagnesium halide.'®™®® This method is used for the

synthesis of [''Clacetate, ["'C]way-100635 and (+)-["'C]PHNO."**"®
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(+)-["*C]PHNO for Imaging the Dopaminergic System

The dopamine receptor subtypes D, and D3 are believed to play a crucial role in several

neurological disorders like Parkinson disease, schizophrenia and pathological gambling.'®**

Accordingly, development of several antipsychotic drugs focuses on targeting this receptor. The

D, receptor is a G-protein coupled receptor (GPCR) that is present in two interconvertible states:

A G-protein coupled state (D,"") which is functional and binds its endogenous ligand dopamine,

|0W)'192

and the uncoupled low affinity state (D, In contrast, a high and low affinity state of the Ds-

subtype could not be proven so far, but it is known that the Ds-subtype has a 20 fold higher

affinity for dopamine than D,-receptor.’”**°

To assess the physiological processes in psychological disorders, several radiotracers have been
developed. Those imaging agents can be subdivided in antagonists, that do not differentiate

between high- and low affinity states and agonist, that selectively bind to the high affinity state

197 r11
[

of the D,-receptor. Clraclopride belongs to the first class and was widely used for imaging of

the dopaminergic system.”® A rational design of the molecular structure could elicit agonist

behavior of radiotracers like [**C]PHNO that accumulates in D,/s-receptor rich brain regions like

199

caudate putamen and globus pallidus (Fig. 23).”” As a consequence, the application of (+)-

["'CJPHNO provided improved insights into the dopaminergic system.”® The emphasis of
investigations by using (+)-[*"C]JPHNO lies in the exploration of physiological processes in patients

suffering from schizophrenia.
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Figure 23: Simplified scheme of synaptic D,-receptors showing high/low affinity states
and the behavior of agonists.
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(+)-[**C]PHNO Synthesis

C-labeling of the progenitor (+)HNO to obtain (+)-[*'CJPHNO was firstly described by Wilson et
al.*®* This method starts with a Grignard reaction of [*'C]CO, and EtMgBr as described in chapter
‘Carbon-11’. The ddition of phtaloyl dichloride fuels the formation of propionic acid chloride that
is distilled in a vial containing the precursor. Accordingly, the intermediate amide is formed and
subsequently reduced to (+)-[*'CIJPHNO at temperatures less than -30°C. Finally, the product is
purified by reversed-phase HPLC. This synthesis was fully automated on a commercially available

202

synthesizer by Plisson et al. in 2012.”° In 2013, Rami-Mark et al. reported a further automated

h.””® This work skips the distillation process and

approach applying an ‘in-loop’ approac
introduces the acid chloride directly into the reactor. Resultantly, the application of chloride
donating agent with a high boiling point is redundant and thionyl chloride is used instead of

phtaloyl dichloride (Table 2, Fig. 24).

Wilson et al. Plisson et al. Rami-Mark et al.
2005 2012 2013
Robotic arm,
Synthesis Fully automated Automated
automated
Gignard reaction In-vial In-vial In-loop
Acid chloride formation Phtaloyl dichloride Phtaloyl dichloride sSodl,
distillation Yes Yes No
Acylation reactio 60°C 80°C 80°C
Lithium aluminum
<-30 -15°C -15°C
hydride (LAH) addition
Synthesis duration 40 min 35 min 37 min

Table 2: Comparison of (+)-["'C]PHNO synthesis methods of Wilson et al., Plisson et al. and Rami-

Mark et al,*’#?°%2%
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Figure 24: Synthesis scheme of (+)-[":CJPHNO according to Rami-Mark et al.*”

In contrast to other 'C-labeling methods, the synthesis of (+)-[*'CIJPHNO is highly sophisticated
four step procedure. The production prerequisites harsh reaction conditions and inertness as it
is sensitive to humidity resulting in a high technical effort. As a consequence, (+)-[""CIPHNO
synthesis is prone to errors and demands a time intensive trouble shooting after a failed
synthesis. In this light, the production procedure is worth an optimization and exploration of

error sources.
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IIl. Aim

This doctoral thesis deals with the improvement of PET-tracer synthesis and the associated
quality control by means of HEPES quantification. In particular, [**Ga]Ga-DOTA-NOC, [*®*Ga]Ga-
PSMA-11 and [*®*Ga]Ga-NODAGA-RGDyk should be synthesized by applying a continuous flow
microfluidic device. In this proof of principle study, temperature and precursor amount should
be evaluated.

Additionally, ®®Ga-complexations of DOTA-NOC, PSMA-11 and -NODAGA-RGDyk should be
performed by microwave assisted synthesis to achieve an enhanced conversion due to
homogeneous, dielectric heating. Furthermore, a comparison of NaOAc and HEPES as buffer
substances should proof the superiority of HEPES for ®Ga-labeling. As HEPES quantification prior
radiopharmaceutical release is prescribed by the Ph. Eur., existing analytical methods via TLC
and HPLC should be evaluated and a novel and robust TLC method should be developed.
Moreover, the relatively low limit of HEPES in radiopharmaceuticals was questioned resulting in
the task of in vitro assessment of this substance. Hence, MTT assays using PC3 cells, PSMA-
expressing PC3 B9 cells and PC3 B3 vector control cells should be performed to investigate the
impact of HEPES on cell viability. The influence of HEPES on [*®Ga]Ga-PSMA-11 uptake should be
clarified by uptake experiments in PC3 B9 and PC3 B3 cells.

A further aim of this thesis was the improvement of (+)-["'CIPHNO synthesis for reduction of
failed synthesis and not possible scans in clinical studies due to an insufficient activity yield.
Therefore, the four step synthesis should be performed without heating and cooling steps after
["'C]CO, release to reduce synthesis duration and radioactive decay. Besides, the role of all
involved reagents and their influence on byproducts as well as intermediate formation should be
assessed for an ameliorated troubleshooting protocol.

In summary, this study should provide novel approaches for PET-tracer synthesis and quality
control in order to facilitate the performance of clinical routine procedures and studies.
Moreover, in vitro investigations on HEPES should evoke a reconsideration of the low HEPES

limit resulting in a convenient use of this substance for clinical applications.
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Positron emission tomography (PET) as a tool for molecular imaging of cancer has gained huge interest
in the last few years. Gallium-68 is a popular PET nuclide due to its favorable characteristics, like
advantageous half-life (68 min) and independency of a cyclotron on-site for its production. Accordingly,
several ®8Ga-complexes for cancer imaging via PET have been made available during the last few years.
In this work, ®®Ga-labeled compounds were synthesized applying a commercially available microfluidic
device for the first time. Therefore, a proof of principle study using three important radiotracers,
[68GalGa-PSMA-11, [°8GalGa-NODAGA-RGDyk and [°®GalGa-DOTA-NOC, was designed. For all three

Received 12th January 2018, radioligands, various synthesis parameters were evaluated and the feasibility of using a continuous flow

Accepted 26th March 2018
DOI: 10.1039/c8dt00158h

reactor was assessed. All of the precursors were successfully radiolabeled with a radiochemical yield
higher than 80%, proving the principle that a microfluidic set-up is a suitable approach for the production

rsc.li/dalton of ®8Ga-labeled tracers.

Introduction

Treatment of cancer and its detection and evaluation using
molecular diagnostics have become a hot topic in modern pre-
cision medicine. The application of radiotracers dramatically
facilitated molecular tumor imaging and, even more impor-
tant, tumor staging (e.g. detecting lymph node involvement
and/or distant metastases). Additionally, this noninvasive tech-
nique is much sought-after in the field of personalized medi-
cine. Thus, diversity and availability of radiotracers and
especially radioligands for positron emission tomography
(PET) in medical research are expanding fast. One favorable
PET nuclide is gallium-68 as it offers production using a radio-
nuclide generator and it has a suitable half-life (i.e. 68 min).
Its breakthrough is attributed to ®*Ga-labeling of DOTA-octreo-
tides used in the assessment of neuroendocrine tumors
(NETs)." Since then, investigations in developing novel **Ga-
radiotracers have become a new and relevant focus in nuclear
medicine and the number of ®®Ga-related publications has
been increasing dramatically.”> Another reason for this
nuclide’s popularity is given by the fast and easy preparation
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of ®®Ga-complexes, provided that the design of the precursor is
feasible and an accurate system for labeling is present. In clini-
cal routine, several devices for labeling with radionuclides
including gallium-68 have been developed and commercia-
lized in order to meet the demands of radiation protection
and high quality standards of radiopharmaceuticals.
Commonly used synthesizers are fully automated and either
set up as fixed vessel based systems or single use cassette
based systems. Moreover, several techniques like microfluidic
syntheses have already been tested for production of PET
tracers in general.” These approaches should broaden the
range of versatility of synthesis devices for individual synthesis
optimization as well as facilitate the handling and enhance
the radiochemical conversion. Especially for '°F-labeling,
microfluidic systems achieved higher conversions than conven-
tional synthesizers or even enabled syntheses that failed using
other modalities.*> Additionally, Selivanova et al. reported a
microfluidic approach viable even for radiolabeling of pep-
tides.® These results were obtained by applying a flow through
reactor featuring the technical characteristics of an extremely
high surface to volume ratio that leads to an enhanced mass
transfer.” Furthermore, the small diameters of the reactor
capillaries result in a high pressure offering the opportunity to
heat solvents to a temperature above their boiling point
making a higher chemical conversion rate possible. Besides,
microfluidic techniques are highly suitable for optimizing syn-
thesis parameters as they enable a high throughput evaluation
using small volumes and therefore only require a minimum
amount of precursor.®® Additionally, microfluidic synthesizers
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enable the preparation of only small product fractions in dose
on demand mode."® For example, Pascali et al. described the
successful set-up of a dose on demand study labeling different
choline derivatives with fluorine-18 to produce [‘*F]fluor-
methylcholine, ['®F]fluorethylcholine and ['®F]fluropropyl-
choline, respectively, with remarkable yields."""** Additionally,
Liang et al. demonstrated that radiopharmaceuticals prepared
within a continuous flow microreactor can be applied in a
clinical setting."?

In the literature, there are only a very limited number of
publications reporting ®®Ga-labeling in a microfluidic synthesi-
zer so far.>''> As a consequence, this work aims at designing
an experimental set up using a commercially available, micro-
fluidic, flow-through system and demonstrating its principal
feasibility for ®®Ga-complexation reactions. Furthermore, pre-
clinical investigations of ®®Ga-radiotracers do not require high
amounts of radioactivity. Thus, this study additionally aims at
the production of ®®Ga-radiotracers following a dose on
demand concept forthcoming.

For evaluation of radiolabeling applying a microfluidic
flow-through reactor [*®Ga]Ga-PSMA-11 (Glu-CO-Lys(Ahx)-
[[*®Ga]Ga(HBED-CC)]), [*®Ga]Ga-NODAGA-RGDyk (cyclo[-Arg-
Gly-Asp-p-Tyr-Lys[NODAGA([**Ga]Ga)]]) and [**Ga]Ga-
DOTA-NOC  (DOTA([**Ga]Ga)-n-Phe-Cys-1-Nal-n-Trp-Lys-Thr-
Cys-Thr(ol), cyclic disulfide) were chosen as representative
8Ga-radiotracers as they provide three different chelating
systems (i.e.,, DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid), NOTA (2,2',2"-(1,4,7-triazacyclononane-1,4,7-
triyl)triacetic acid), and HBED (N,N'-di(2-hydroxybenzyl)
ethylenediamine-N,N'-diacetic acid))'®™® (Fig. 1). These chela-
tors are widely used in radiotracer development as well as in
established imaging agents. In this study, the reaction para-
meters, e.g., reaction temperature and precursor concentration,
for ®®Ga-labeling of the respective precursors were optimized.
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In parallel to our investigations, Maté et al. recently
reported *®Ga-complexation in a self-made microfluidic system
comprising a PEEK loop as the reaction vessel and focusing on
two different RGD-compounds and their chelating moieties.®
In contrast, the aim of this study was the first use of a com-
mercially available device incorporating a silica capillary with a
volumetric capacity of 15.6 pL as the reaction tube that is
applied to three different classes of compounds, including
PSMA-11 (targeting the prostate specific membrane antigen),
NODAGA-RGDyk (targeting o,f; integrin receptor) and
DOTA-NOC (targeting somatostatin receptors).

Experimental
Materials

Gallium-68 was obtained from a **Ge/**Ga-generator (1.85GBq,
Galliapharm, Eckert & Ziegler, Berlin, Germany) that was
eluted with sterile, GMP certificated 0.1 M HCI purchased
from ROTEM (Mishor Yamin D.N Arava, Israel). The GMP-
grade precursors (PSMA-11, DOTA-NOC and NODAGA-RGDyKk)
as well as HEPES buffer were obtained from ABX (Radeberg,
Germany). TraceSELECT® water from Fluka (Neu-Ulm,
Germany) was used for washing the microfluidic synthesizer.
All other chemicals were of analytical grade, purchased from
Sigma Aldrich, Merck (Vienna, Austria) or Fluka and used
without further purification. High pressure liquid chromato-
graphy (HPLC) was performed using an Agilent Technologies
HPLC system (Series 1200) with a variable wavelength detector,
a scintillation detector from Elysia Raytest (Gabi Star 2 x 2")
and a Chromolith® Performance, RP-18e, 100-4.6 mm from
Merck (Germany). Radio thin layer chromatography (TLC) was
performed using silica gel impregnated paperstrips purchased
from Agilent Technologies (Santa Clara, USA). ITLC (instant

Fig. 1 Chemical structures of the precursors for ®Ga-labeling: PSMA-11 (A), DOTA-NOC (B), NODAGA-RGDyk (C).

5998 | Dalton Trans., 2018, 47, 5997-6004

This journal is © The Royal Society of Chemistry 2018



Dalton Transactions

TLC) strips were analyzed with a Canberra-Packard Instant
Imager (PerkinElmer, Watford, UK). All syntheses were con-
ducted in a lead-shielded hot cell (Comecer, Castel Bolognese,
Italy). The labelling reactions were performed using an Advion
NanoTek microfluidic synthesizer (Ithaca, NY, USA) containing
a concentrator unit (CE) and a liquid flow reaction unit (LF)
operated by a dedicated control software (Advion, version
1.3.2). The microreactor is made of a fused silica tube
(@ =100 pm, length 2 m, volume 15.6 pL) embedded in a brass
ring for optimized heat transfer.

General procedure

Gallium-68 was obtained by eluting a ®®Ge/**Ga-generator with
0.1 M HCI according to a fractionized protocol and the fraction
containing the highest amount of activity (“main fraction” ca.
2 mL) was used for radiolabeling."® For all one-step complexa-
tion reactions, the ®*Ga-eluate was placed in the concentrator
unit and the HEPES-buffered (5.5 M) precursor solution was
prepared in an Eppendorf vial next to pump 1 that is respon-
sible for transferring the solution (see Fig. 2). The two reac-
tants, i.e., the precursor and ®®Ga-eluate, were loaded into the
intended respective storage loops via pump 1 and pump 2.
Preset volumes (up to the whole volume of the loop;
20-370 pL) were used for the complexation reactions.
Accordingly, the chosen volumes of the reaction solutions were
simultaneously pumped through the pre-heated flow through
reactor at a flow rate of 50 uL. min~" for complexation reactions
at 25 °C and 80 pL min~" at 100 and 150 °C, respectively. After
finishing the reactants’ transfer, the system was swept with
highest purity water (TraceSELECT®). No washing steps were
performed between the reactions. The synthesizer was washed
before loading of the loop and after the performed experi-
ments with TraceSELECT® water. The crude product was
collected and TLC- and HPLC-measurements were performed
for determining conversion rates.

Recovery experiments of [**Ga]Ga®" ions were performed by
applying the same set up, but without a precursor.

Precursor

Reactor
(100 pm x 2 m})

Product Vial

Fig. 2 Scheme of the Advion Nanotek LF synthesizer used for radio-
labeling of DOTA-NOC, NODAGA-RGDyk and PSMA-11 with gallium-68.

This journal is © The Royal Society of Chemistry 2018
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Calculation of the radiochemical yield (RCY)

The starting activity of the *®*Ga-eluate varied for each experi-
ment from 9-250 MBq, depending on the chosen volume of
the bolus and the time of elution. The crude product’s activity
yield was determined by calculating the starting activity per
unit volume and, further on, the corresponding activity of the
initial volume of the eluate. Accordingly, the radiochemical
yield was determined as follows:

+ The activity of the main fraction of the eluate (A.) with a
specific volume (V, [uL]) was measured with a dose calibrator.

« The theoretically used activity per experiment (4,) was cal-
culated using the respective volume (V;) in pL.

Ae
—Vi=4
Ve

« The activity of the crude mixture (4.) in the product vial
was measured.

« The radiochemical conversion rate (RCR [%]) of the crude
mixture was determined via HPLC and TLC.

« The product activity (4p) was then calculated by multiply-
ing the total radioactivity measured in the crude product (4.)
with the RCR and corrected for decay. (Half-life ®*Ga = 67.8 min;
At is the time between measurement of A. and 4,.)

RCR

Ac X ——
_ 100
_ In2xAt

e 678

Ap

« Finally, the RCY [%] was calculated by dividing the
product activity (Ap) by the initial starting activity (4;) and is in
accordance with nomenclature guidelines.>”

A
RCY =~ x 100[%]
Aq

For comparison reasons, also the radiochemical conversion
rate (RCR [%]) which is often given in published work was
determined. RCR directly reflects the RCP and is determined
by analyzing all impurities via HPLC and TLC.

Reaction conditions

For evaluation of ®®Ga-labeling using a microfluidic device,
gallium-68 was complexed by PSMA-11, DOTA-NOC and
NODAGA-RGDyk applying the parameters shown in Fig. 3.

Chromatographic analyses

Radiochemical purity was determined by HPLC and TLC. For
HPLC measurements, the mobile phase was a mixture of aqua
bidest (A) and acetonitrile (B), both containing 0.1% TFA with
a flow rate of 2 mL min~" (gradient: 0.0-0.6 min 95% A, linear
reduction to 50% A from 0.6 to 6.0 min, isocratic flow with
50% A from 6.0 to 7.0 min). Radio TLC was performed by spot-
ting the product on silica gel impregnated paper and using
two solvent mixtures: (1) 0.1 M citrate solution (pH 5); (2) 1 M
NH,OAc/MeOH (1:1).
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Fig. 3 Overview on reaction parameters tested for the complexation reaction of gallium-68 with DOTA-NOC, NODAGA-RGDyk and PSMA-11.

Statistical analyses

If not stated otherwise, all data are given as arithmetic
means * standard deviation. Statistical analysis of the mean
values of experimental data (n > 3) was performed using a one-
way or two-way ANOVA multiple comparison test according to
Tukey (or Sidak’s analytical comparison of two concentrations
at three temperatures for DOTA-NOC and NODAGA-RGDyk)
within GraphPad Prism (Graphpad software, California, USA).
Differences of data with P < 0.05 were considered as statisti-
cally significant. All figures display only highly significant (P <
0.01) differences.

Results & discussion

The here presented study shows the successful synthesis of
three different gallium-68 labeled compounds by means of a
commercially available microfluidic continuous flow system
for the first time. Three precursors, namely PSMA-11,
DOTA-NOC and NODAGA-RGDyk, were chosen due to their
clinical relevance. In this study, temperatures of 25, 100,
and 150 °C as well as different precursor concentrations
were evaluated. All tested compounds were successfully
labeled with gallium-68 when adequate reaction conditions
were applied.

Flow rate

In general, the flow rate was set as high as possible in order to
minimize the reaction time to counteract decay. A flow rate of
80 uL min~" was chosen according to the pressure limit of the
synthesizer. Furthermore, preliminary experiments showed
that a reduced flow rate to 60 pL min~" did not influence the
results of the experiments. Nevertheless, this flow rate was too
high for labeling at 25 °C and caused overpressures due to the
higher viscosity of liquids at lower temperature. Therefore, all
further experiments at 25 °C were conducted with a reduced

flow of 50 uL min ™.

Compound concentration & temperature

There was a trend of enhanced RCY at higher temperatures
observable within the tested radiotracers. However, results
showed distinct discrepancies between the radiochemical yield
(RCY) and the radiochemical conversion rate (RCR). Therefore,
it is of high interest to have a closer look on these differences.
In the following section, RCY, RCR, and the reproducibility of
the syntheses of [**Ga]Ga-PSMA-11, [**Ga]Ga-DOTA-NOC, and
[*®Ga]Ga-NODAGA-RGDyk are described in detail.

[*®*Ga]Ga-DOTA-NOC

%8Ga-labeling of DOTA-NOC was investigated in two concen-
trations 30 and 40 pg mL™" at 25, 100 and 150 °C (Fig. 4). The

Hﬂﬂﬂm] RCY 20 pg/mL
|:| RCR 20 pg/mL
% RCY 40 pug/mL
. RCR 40 pg/mL

P<0.001 ***

P:0.00M"" [58Ga]Ga-D0TA-NOC
120
100
80

¥ 60
40
.
- .
20
.
0 - .
25 100

Temperature [°C]

150

As there was no highly significant difference between 25 and 100°C, significance signs (*) are related to the same conditions at 150°C.

Fig. 4 Comparison of RCY and RCR (conversion) of the radiolabeling of DOTA-NOC with gallium-68 conducted using different concentrations as

well as temperatures.
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highest turnover in radiolabeling was achieved at 150 °C in
terms of RCR and RCY. Labeling-temperatures below 100 °C
resulted in poor conversion rates for DOTA-NOC, as already
published elsewhere for DOTA peptides.*' A higher precursor
concentration caused a trend of enhanced RCR at all tempera-
tures. An increased temperature from 25 to 150 °C showed a
highly significant (P < 0.001) enhancement of the RCR as well
as RCY for both concentrations. Accordingly, higher RCYs
were obtained by increasing the temperature from 100 to
150 °C (P < 0.0001).

Besides, reproducibility increased at higher temperatures
and an enhanced precursor amount. Furthermore, a higher
precursor concentration shows a trend of higher reproducibil-
ity at 25° and 100 °C although the used precursor concen-
trations showed no significant difference in terms of RCY and
RCR. Furthermore, enormous discrepancies occurred between
the RCR and RCY for the reaction conducted at 25 and 100 °C.
These results implicate a high unspecific binding to the
synthesizer material of either [**Ga]Ga-DOTA-NOC or gallium-68
species at 25 and 100 °C, which will be discussed later in
this section. However, by increasing the temperature to 150 °C,
the results for the RCR and RCY could be successfully approxi-
mated. This advantageous application of temperatures above
the boiling point of the aqueous reaction mixture can be per-
formed easily in a microfluidic device with respect to applied
high pressures (at 150 °C the water’s vapor pressure is
~470 KkPa). As a result, *®*Ga-labeling of DOTA-NOC might be
favorably performed exploiting microfluidic devices, leading to
almost quantitative conversion.

[*®*Ga]Ga-NODAGA-RGDyk

The reaction of gallium-68 with NODAGA-RGDyk was per-
formed at lower concentrations (5, 10, 15 and 20 pg mL ™), but
at the same temperatures as for [**Ga]Ga-DOTA-NOC (Fig. 3
and 5). The complexation did not work at the lower precursor
concentrations of 5 and 10 pg mL™". A concentration of at

Paper

least 15 pg mL™" was necessary to obtain the °*Ga-labeled
product. The RCR of NODAGA-RGDyk was comparable to the
one observed for DOTANOC at different temperatures.

The highest RCY of 127.2 + 65.0% was found at 150 °C and
a precursor concentration of 15 pg mL™' (Fig. 5). An RCY
exceeding 100% can be explained by two possible reasons:
[*®Ga]Ga®" ions are not distributed equally within the eluate
that is pumped into the storage loop, which is contrary to our
basic assumption for calculating the RCY (described above).
Hence, one bolus can contain more [**Ga]Ga®" ions than calcu-
lated and results in an RCY surpassing 100%. The second reason
could be sticking of uncomplexed or complexed gallium-68
species in the microreactor which are released at the following
higher temperature reaction. However, an enhancement of the
concentration from 15 pg mL™" to 20 pg mL™" did neither
improve RCY nor reproducibility. Ultimately, both concen-
trations demonstrated a trend of a higher RCY at labeling
temperatures of 100 and 150 °C. RCY and RCR are comparable
for both concentrations, which is in contrast to results
observed for [**Ga]Ga-DOTA-NOC. More than 90% of gallium-
68 could be incorporated at 100 and 150 °C and both precursor
amounts.

[*®*Ga]Ga-PSMA-11

%8Ga-complexation with PSMA-11 was performed with precur-
sor concentrations ranging from 1 to 5 pg mL™" (Fig. 6).
PSMA-11 showed excellent RCRs and RCYs even at low precur-
sor concentrations and temperatures, which is in good accord-
ance with the literature.”>*? Interestingly, a precursor concen-
tration of 1 pg mL™" showed the poorest RCR at the highest
temperature unlike other radiotracers. These results could be
attributable to a possible decomposition of the precursor at high
temperatures. However, concentrations of 3 and 5 pg mL™"
enabled conversion rates of more than 95% at all tested tem-
peratures. In contrast, RCYs are following the scheme of higher
RCY at higher temperatures. The best RCY (114.4 + 4.0%) for

[**Ga]Ga-NODAGA-RGDyk

200 - e

180 -
160 A
140 A
120 4
X 100 4
80 A
60 -
40 4

20 4

RCY 15 pg/mL
RCR 15 pg/mL
RCY 20 pg/mL

RCR 20 pg/mL

W=

25 100

Temperature [°C]

150

Fig. 5 Comparison of RCY and RCR (conversion) of the radiolabeling of NODAGA-RGDyk with gallium-68 conducted using different concen-

trations as well as temperatures.
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Fig. 6 Comparison of RCY and RCR (conversion) of the radiolabeling of PSMA-11 with gallium-68 conducted using different concentrations as well

as temperatures.

[*®Ga]Ga-PSMA-11 was found for a concentration of 3 pg mL ™"
at 150 °C. Additionally, results showed that concentrations of
3 and 5 pg mL™" are superior to 1 pg mL™" in terms of repro-
ducibility (i.e., lower standard deviations).

In general, ®*Ga-complexation using a microfluidic work-
flow showed best results for PSMA-11 at all temperatures,
followed by NODAGA-RGDyk at 150 °C and with the lowest
turnover for DOTA-NOC. This is probably attributable to the
different chelating units. In contrast to DOTA and NODAGA,
PSMA-11’s chelator, HBED-CC, is an acyclic chelating unit.
Hence, formation of the °®Ga-complex is much faster in

[(8Ga]Ga-DOTA-NOC
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Fig. 7 Overview on the recovery observed for the reaction of gallium-68
[°8GalGa®* without complexation agents.
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comparison with the cyclic DOTA and NODAGA ligands.
%8Ga-complexation of NODAGA is superior to DOTA as the ion
radius and coordination number of gallium are more suitable
for incorporation into NODAGA.

Recovery

Having a closer look on the results regarding unspecific
binding to materials of the synthesizer, the obtained data indi-
cate a correlation between the temperature and overall recov-
ered radioactivity. The quantification of recovery is depicted in
Fig. 7; subsequently, the decay-corrected radioactivity of the

P <0.001 ***
P <0.0001 ****
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with DOTA-NOC, NODAGA-RGDyk, PSMA-11, respectively, as well as for
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crude product (sum of all ®*Ga-species present; as percentage
of the starting activity) was plotted against the temperature for
each tracer.

All compounds showed a clear trend of increased recovery
at higher temperatures. Differences between the ligands and
chemical species are evident. Furthermore, values higher than
100% were observed supporting the assumption that the
respective compound, which was adsorbed in previous runs,
could be partially recovered in later experiments.

In this context, also the elucidation of the adsorption of
unbound [**Ga]Ga®" ions in the microfluidic device was
assessed. For this purpose, the reaction conditions were
mimicked using ®®Ga-eluate, HEPES buffer in the absence of
the precursor. Then, these two solutions were pumped at
different temperatures through the reactor and collected in a
product vial. The adsorption of the unbound [**Ga]Ga®" ions
proved to be dependent on the temperature and showed a
trend of lower activity loss at higher temperatures. A possible
explanation for this phenomenon is an enhanced vibration
and rotation of molecular bonds in the reaction solution
(or even in the synthesizer materials), which result in lower
capability of unspecific binding. Consequently, these results
suggest to apply higher reaction temperatures for successful
increase of the recovered activity.

Having demonstrated that a microfluidic set-up can be suc-
cessfully used for ®*Ga-radiosyntheses, its advantages regard-
ing radiation protection for the operators during optimization
of the reaction conditions and its usefulness in dose-on-
demand preparation of different radiotracers from one single
batch of radionuclide can now be fully exploited. As research
in radiochemistry is mainly based on manual radiolabeling
experiments resulting in a high radiation exposure to the oper-
ators, the results of this study additionally lay the foundation
for performing high throughput screening of synthesis para-
meters applying the proposed microfluidic set-up in the
future. Consequently, a drastic reduction of the radiation dose
could be achieved by the researchers. Besides, it is now poss-
ible to design a dose-on-demand production also for
%8Ga-radiotracers according to recently published work using
other radionuclides."® Especially, in view of upcoming
production options for gallium-68 in high amounts and radio-
activity concentrations using cyclotrons,>! the possibility to
produce two or more radiotracers back to back from one single
batch of the radionuclide is tempting and could reduce radi-
olysis as already shown for fluorine-18.>> These opportunities
could provide a boost to the field of microfluidics in radio-
pharmaceutical preparations.

Conclusions

%8Ga-incorporation for radiotracer production was successfully
performed for the first time by means of a commercially avail-
able microfluidic continuous flow synthesizer using gallium-
68 and several clinically relevant compounds. This study
clearly demonstrated the suitability of a microfluidic device for

This journal is © The Royal Society of Chemistry 2018
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%8Ga-incorporation for radiotracer production. Optimized
labeling conditions for three representative compounds, ie.,
[®®Ga]Ga-PSMA-11, [*®*Ga]Ga-DOTA-NOC, and [**Ga]Ga-
NODAGA-RGDyk, were determined. However, discrepancies
between RCR and RCY were observed that were effectively
reduced by applying higher temperatures, which lead to a
substantial increase in recovery of radiolabeled species.
Summarizing, all tested precursors were successfully radio-
labeled with high radiochemical yields, proving the principal
suitability of this approach. Hence, setting up a dose on
demand approach with its already described advantages is
possible for ®®Ga-radiopharmaceuticals in the future.
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Abstract

and additionally offers quantitative analysis.

Background: HEPES is a favorable buffer for ®®Ga-complexations in radiochemical laboratories. The drawback of this
buffer is its prescribed limit of 200 ug per recommended application volume in the final formulation. Currently, a TLC
test according to the European Pharmacopoeia (Ph. Eur) has to be performed for quantification, but this analysis
suffers from low reliability and reproducibility and is based on a subjective, semi-quantitative visual evaluation. In this
study, the TLC method according to the Ph. Eur. and two literature-known HPLC assays for HEPES quantification were
evaluated. Additionally, the development of an improved TLC method was performed.

Results: The assay according to Antunes et al. provided a reasonable quantification of HEPES using HPLC. Additionally,
a reliable and conclusive TLC method was developed, which facilitates quantitative analysis by means of a pixel-based
evaluation. A comparison of those two methods with the Ph. Eur. TLC assay pinpoints the superiority of the HPLC as
well as the new TLC assay. Furthermore, evaluation of HEPES contents using both TLC assays by 28 subjects supported
the conclusion that the newly developed TLC method is clearly favorable.

Conclusion: The TLC method according to the Ph. Eur. provides unsatisfactory results in terms of conclusiveness and
reproducibility. In contrast, a reported HPLC assay showed valid results, with the drawback of high technical effort. An
optimized alternative is provided by the improved TLC method described in this work that results in reliable outcomes

Keywords: HEPES, Gallium-68, ®®Ga-radiotracer, TLC, HPLC, Quality control, PET

Background

Radiopharmaceutical chemistry deals with short-lived
nuclides, especially PET nuclides. Therefore, syntheses
of PET radiotracers in this small niche of chemistry have
to fulfill special prerequisites like short synthesis dur-
ation and minimal radiation exposure of the operator. In
the first line, the duration of the semi- to fully auto-
mated production should be kept as short as possible to
reduce the decay of the nuclide during the synthesis to a
minimum. As a result, reaction conditions have to be
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optimized to meet the demands of rational PET tracer
production.

In this article, the emphasis is put on one important
parameter, the pH value that has to be taken into ac-
count, especially for complexations with radiometals. At
a low pH, the coordinating moieties of the chelator can
be protonated and therefore inactivated [1]. Focusing on
gallium-68, the pH must be in a range of 3.5 to 5.5 due
to the fact that gallium starts to form insoluble colloids
and hydroxides at a higher pH that are not available for
complexation [2, 3]. Correspondingly, pH buffering sys-
tems are necessary for a successful product formation.
Appropriate buffers for ®®Ga-labeling are supposed to
be weak gallium-complexing agents that hinder hy-
drolysis to hydroxides and keep the metal in its active
ionic state [4, 5]. Sodium acetate (NaOAc), sodium

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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succinate, and 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) were reported as the most favor-
able buffers for 68Ga—labeling so far [6]. Nevertheless,
the latter one was reported to result in better radio-
chemical yields for [8Ga]Ga-DOTATOC than the first
ones at low precursor amounts [7]. Hence, HEPES
should be the buffer of choice for clinical routine pro-
ductions and especially scientific labeling approaches.
However, the drawback of using HEPES is that the
European Pharmacopoeia (Ph. Eur.) defines HEPES as
an impurity that has to be below a specified limit [8].

One of the standard purification techniques prior to
the final formulation of ®*Ga-radiopharmaceuticals is the
solid-phase extraction using reversed phase cartridges
(e.g., SepPak C18 RP), followed by washing steps and fi-
nally the elution of the product. While in theory, the
buffer should be removed completely during this pro-
cedure, in reality, those separations are rarely quantita-
tive, and thus, the remaining content of the buffer has to
be quantified prior to administration to patients [9]. For
the development of a feasible analytical method, the
chemical and physical properties of HEPES should be
considered.

HEPES (Fig. 1) is one of the so-called Good’s buffers
that is designed to meet several demands for biological
experiments, for instance, a high water solubility being
helpful for ®®Ga-labeling in aqueous media [10]. Further-
more, this buffer should not interfere with analytical de-
termination, e.g, UV/vis absorption by its intrinsic
absorbance below 200 nm, which impedes the quantifi-
cation at a low concentration range.

The Ph. Eur. sets a limit of 200 ug HEPES per max-
imum administration volume (V) (maximum recom-
mended dose in milliliters). V' depends on the total
activity of the formulated product (Ap) (see model calcu-
lation in Fig. 2). The higher the product activity is, the
lower is the recommended administered volume (V) that
contains the activity which is preferably administered to
a patient (A,4) and vice versa. Therefore, V' depends on
the starting activity (4) which is limited by the capacity
of the used ®*Ge/*®Ga-generator. As a result, V cannot
be determined until the activity of the product is known.

HO
_\_ 0

L,

o

Fig. 1 Chemical structure of HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid)
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The Ph. Eur. stipulates a certain chromatographic testing
method to determine the HEPES concentration of the
final formulated product in comparison with a reference
solution that requires V for its calculation. The pre-
scribed thin-layer chromatography (TLC) analysis is per-
formed by spotting the product solution next to a
reference solution. The latter contains the limiting
HEPES concentration (which depends on the product
activity as explained above) in water. The spotted vol-
ume of each solution has to be the recommended ad-
ministration volume V (in mL) divided by 2000 and
spotted in 1 pL steps. After development of the TLC
plate, HEPES is visualized by iodine staining and any
spot must not be more intense than the reference solu-
tion, consequently containing only an equal or lower
amount of HEPES.

This TLC assay was reported as neither reliable nor
suitable and an improvement of this method would be
highly advantageous [11]. As a result, a lot of effort has
been made in the optimization and validation of an im-
proved method for quantification of HEPES in radio-
pharmaceuticals by means of HPLC chromatography
according to Kvaternik et al. and Antunes et al. [11-13].

The aim of this study was the comparison and evalu-
ation of the TLC method, proposed by the European
Directorate for the Quality of Medicine and Healthcare
(EDQM), and established methods described in litera-
ture for quantification of HEPES in a complex matrix
such as a formulated radiopharmaceutical. Finally, we
aimed towards the development of a new, reliable, and
reproducible method for quantitative HEPES analysis
dealing with identified drawbacks as well as keeping the
technical demands as low as possible.

Methods

Materials

All chemicals were used without further purification.
The precursors, Pentixafor and PSMA-11 (both GMP
grade), for ®®Ga-labeling were provided from ABX
(Radeberg, Germany). All other chemicals were obtained
from Sigma Aldrich, Merck, Fluka, or Honeywell. Syn-
theses were performed using a synthesizer (GRP?) from
Scintomics (Furstenfeldbruck, Germany) with disposable
single-use cassettes. TLC for radiochemical purity as-
sessment was done by applying chromatography paper
impregnated with silica gel iTLC-SG plates) purchased
from Agilent Technologies (Santa Clara, USA). HEPES
testing was performed using silica gel 60 F245 20 x
20 cm aluminum plates and aluminum oxide plates 60
F254 20 x 20 cm obtained from Merck. HPLC analysis
was performed using a VWR Hitachi Chromaster sys-
tem (VWR International, Radnor, USA; pump 5160,
column oven 5310, UV detector 5410) and separate
scintillation detectors Gabi Star (2x2 mm) and
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Assumption:

starting activity (A,) = 800 MBq

product activity (Ap) = 400 MBq

prefered administered activity (A,) = 200 MBq
product volume (V) = 16 mL

Model Calculation of Maximal HEPES Concentration & Spotting Volume

Calculation:

recommended volume of application (V) =V, x (Ax/Ap) =8 mL
maximal HEPES concentration (c,,.y): 200 ug/8 mL = 25 ug/mL
spotting according to Eur. Ph.: V/2000 mL in 1 pL steps

Fig. 2 Model calculation of the product volume that has to be spotted on the TLC plate according to the Ph. Eur.

4 pLin 1 plL steps

Ramona from Elysia-Raytest (Straubenhardt, Germany)
controlled by a clarity software from Data Apex (Prague,
Czech Republic).

Radiochemical synthesis of ®Ga-labeled PET tracers
Radiolabeling was performed according to a cationic
purification protocol described elsewhere [14]. Briefly,
the [**Ga]Ga>*-containing eluate was concentrated using a
P-SH+ cartridge. Gallium-68 was eluted with NaCl solution
(5 M) and transferred to a reactor containing either 40 pg
Pentixafor or 2.5-10 pg PSMA-11 in 1.5 mL HEPES buffer
(I M). The reaction mixture was heated to 126 °C for
6 min and subsequently purified applying a SPE cartridge
(C-18, Sep-Pak Light). The purified product was di-
luted with PBS buffer and transferred to a sterile vial.
The product was tested for its HEPES content using
HPLC and/or TLC aside from all other routine quality
control tests.

HPLC methods for HEPES quantification

The injection volume was 20 pL of reference solution
and the product sample, respectively. All solutions were
injected undiluted.

HPLC method according to Kvaternik et al. [12]

An isocratic flow of 0.5 and 0.8 mL/min was set using
an Obelisc N column (5 pm, 4.6 x 150 mm, Sielc, USA).
The mobile phase consisted of 80/20 H,O/ACN (% v/v)
under addition of 0.05% H3;PO,. Absorbance was mea-
sured at 195 nm.

HPLC method according to Antunes et al. [11]

An isocratic flow of 0.7 mL/min was used. As mobile
phase, ammonia formate (pH 9.5) and, as stationary
phase, an XBridge C18 column (5 pm, 4.6 x 150 mm,
Waters, Austria) were used. The UV channel was re-
corded at 195 nm.

Thin-layer chromatography methods for HEPES
quantification

TLC analysis was performed according to the Ph.
Eur. for comparison reasons, and the following pa-
rameters were evaluated for improving the assay: dif-
ferent spotting methods, stationary phases, mobile

phase compositions (Table 2), various forms of iodine
staining, and quantification instruments.

TLC assay according to Ph. Eur. [8]

The Ph. Eur. stipulates for product solutions with a cer-
tain maximum volume of administration V' [mL] a spot-
ting method of “V/2000”-times 1-pL droplets of product
solution next to a reference solution containing the
maximum allowed concentration (see the “Background”
section for a more detailed explanation and a model cal-
culation in Fig. 2). The TLC plate was developed in
ACN/H,O (3/1 v/v) as mobile phase. After drying, the
TLC plate rested in an iodine chamber for 4 min. The
two resulting HEPES spots (R;=0.3) were compared
visually. For release, the product solution spot has to be
less or equally intense than the one of the reference
solution.

Schedule for creating a new and improved TLC assay

In order to develop a new TLC assay, the reference solu-
tion was prepared in the same composition as the prod-
uct solution. Afterwards, the spotting volume and
spotting method were optimized for a focused HEPES
spot that was comparable or even more focused than
spotting according to the Ph. Eur. assay. Different mo-
bile phases were tested to obtain an even more focused
spot compared to the diffuse spot of the product solu-
tion according to the Ph. Eur. All evaluations were per-
formed using a warmed iodine chamber.

Reference solution

A reference solution was freshly prepared for every product
activity concentration containing the maximum allowed
HEPES concentration (200 pg/recommended administra-
tion volume). The reference solution was further adjusted
to the product solution of “*Ga-radiopharmaceuticals pro-
duced with a Scintomics GRP synthesizer. Therefore, the
matrix consisted of PBS/EtOH/H,O (16/1/1, v/v/v).

Sample spotting

For TLC spotting, five different patterns were tested to
enhance interpretability of results: 8 puL in 1 pL steps,
8 pL in 2 pL steps, 16 pL in 2 pL steps, 25 pL in 5 pL
steps, and 40 pL in 5 pL steps.
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Mobile phase
Ten mobile phases were tested that are listed in Table 1.

Optical determination of the HEPES content

Initially, iodine-dyed TLC plates had to be observed
visually and the HEPES content was subjectively deter-
mined. Judgment whether HEPES was below the allowed
limit or not and if the used method was able to give use-
ful information had to be done in a non-standardized
manner only based on visual inspection. To improve this
procedure, a photo of the TLC plate was analyzed by
Image] free software to evaluate the contents of HEPES
[15, 16]. Therefore, the photo was set to 32 bit. Regions
of interest (ROIs) were drawn manually, and the same
frame was used across the row. Afterwards, the spots
were plotted and the area was measured. Comparison of
the ROIs of the HEPES sample and a set of reference so-
lutions enabled standardized relative quantification.

Evaluation of different methods by determining the
HEPES content of a product sample

For the comparison of the tested method, a HEPES-con-
taining product sample synthesized using a Scintomics
GRP module was measured using the different methods,
ie., TLC (Ph. Eur.), TLC (improved), and HPLC (Antunes
et al.). The TLCs were additionally quantified using Image].

Evaluation of different TLC methods by using a
questionnaire

For evaluation whether the new TLC conditions were
more reliable or not, 28 volunteers completed a ques-
tionnaire consisting of photographed TLC plates which
were performed according to the Ph. Eur. method and
the new assay, respectively. Accordingly, a sample with a
HEPES concentration unknown to the subjects had to
be compared with a spot of a reference solution and de-
termined if the sample contained more or less HEPES
than the reference. In this case, a recommended volume
of V=8 mL was arbitrarily chosen. Consecutively, the

Table 1 Composition of the tested mobile phases

Mobile phase Composition (v/v)

A (Ph. Eur) ACN/H,O (3/1)

B ACN/H,O/MeOH (15/3/2)

C ACN/0.25 M NaOAc (3/1)

D ACN/H,O/MeOH (15/5/1)

E H,O/MeOH (1/1)

F ACN/H,O/MeOH (13/3/4)

G ACN/NaOAc/MeOH (15/3/2)
H ACN/MeOH (4/1)

ACN/H,O/MeOH (11/4/3)
ACN/MeOH (1/1)
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maximum allowed HEPES concentration was calculated
as 25 pg/mL.

Results

In order to implement an HPLC-based quantification
method for HEPES in our facility, two literature-known
assays were tested for suitability: the methods according
to Kvaternik et al. and Antunes et al,, respectively [11, 12].
In parallel, the TLC method according to the Ph. Eur. was
refined in order to obtain reliable and reproducible results,
even when conducted by different operators.

Comparison of different HPLC assays

The HPLC assay according to Kvaternik et al. [11, 12]
was not possible to establish on our VWR Hitachi HPLC
system. The VWR Hitachi HPLC device was not capable
of separating the HEPES peak from the NaCl peak even
if the flow rate was reduced from 0.8 to 0.5 mL/min
(Fig. 3).

The method developed by Antunes et al. could be suc-
cessfully adapted on the VWR Hitachi HPLC system. A
quantifiable HEPES peak was found applying a flow rate
of 0.7 mL/min and a mobile phase of 15 mM ammo-
nium formate at pH 9.5. The HEPES peak was baseline
separated from all other components of the formulation
and quantifiable at a retention time of 3.64 min as depicted
in Fig. 4. The respective calibration curve shows a high lin-
earity with an R* = 0.9905 (Fig. 5).

Comparison of different TLC methods

The TLC assay according to the protocol of the Ph. Eur.
gave different shapes of iodine spots of product samples
(same formulation as the synthesized radiopharmaceu-
tical) and the reference solution (in water). Figure 6
shows that the spot of the reference solution was more
focused, whereas the product spot appeared more dif-
fuse. Furthermore, iodine staining of the TLC plate was
not reproducible.

Improvement of the TLC method involved the evalu-
ation of different spotting patterns, using the same for-
mulation of the reference standard and sample solution,
testing different mobile phases, pre-heating of the iodine
chamber, and developing a method as well as image
analysis.

Several spotting methods were tested (ie, 8x1 pL,
4x2 pL, 8x2 uL, 5x5 pL, 8x5 L), and results
showed that spotting four times 2 uL gave intense spots
after staining. For preparation of the reference solution,
dissolving HEPES in a solution of the same composition
as a clinically used product formulation resulted in a
similar shape of the stained spots, but the spot shape
was still quite diffuse (see Fig. 6). Accordingly, a new
mobile phase consisting of ACN/H,O/MeOH (15/3/2)
(mobile phase B) was used that resulted in more focused
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Fig. 3 Representative HPLC chromatogram of HEPES (1 mg/mL) obtained by the method according to Kvaternik et al.
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spots and showed a short time of development of less
than 10 min. The retention factor (Rr) was about 0.35
using this mobile phase. Additionally, warming the iod-
ine chamber to 30-40 °C achieved uniform staining [17].

The evaluation of the validity of both methods was ex-
ecuted by 28 subjects who filled out a questionnaire that
contained photos of a set of TLC strips. These fictive
quality controllers had to determine whether or not
samples contained more HEPES than a corresponding
reference solution. This examination leads to the fol-
lowing results:

e The concentration of HEPES in the solution was
underestimated for the method according to Ph.
Eur. This resulted in a high rate of false assignments
at concentrations of 20 and 30 pg/mL which were
above the allowed maximum concentration assumed
for a maximum amount of 200 pg in 8 mL (Fig. 7).

e Evaluation of the stained TLC plates was
additionally interpreted by means of a pixel-based
analysis (using Image] software). Applying this
quantitative analysis, only at two concentrations

(30 and 35 pg/mlL, respectively), one false assignment
was observed out of two measurements.

Using the newly established method, the subjects
overestimated the HEPES content in the sample at
lower concentrations (Fig. 7).

Pixel-based evaluation of those TLC plates also led
to two false results at concentrations 15 and 30 pg/mL
for one out of two measurements.

For both TLC methods, a calibration curve was drawn
for the pixel-based analysis. The method for the Ph.
Eur. method showed a limit of linearity (LOL) at
about 35 pg/mL (Fig. 8). Additionally, values at 20
and 30 pg/mL showed a high standard deviation of
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Fig. 4 Representative HPLC chromatogram of HEPES (35 pg/mL) obtained by the method according to Antunes et al.
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Fig. 5 Calibration curve of HEPES applying the HPLC assay according to Antunes et al. (n=3)
.

21,210 £ 5875 (28% CoV) and 27,041 + 6702 (25% CoV) Determining the HEPES content of three
area under the curve, respectively. [°®Ga]Ga-Pentixafor product samples

TLC analysis using the improved method and Ima- The HEPES concentrations determined by HPLC and
ge] for evaluation gave a calibration curve with an ex-  ImageJ analysis of TLC (improved) gave comparable results
cellent R*=0.9956 throughout a linear range of 10 to  for all three product samples (Table 2). In contrast, the
70 ug. Image] analysis of TLC (Ph. Eur.) gave only comparable

Fig. 6 Representative images of iodine-stained TLC plates (35 pg/mL HEPES) with the sample (“P") spotted in the left column and the maximum
allowed concentration (“max,” 25 pg/mL in this experimental setup) in the right column of each plate. The plates were processed according to

the Ph. Eur. (left image) and the improved method (right image) and were used for the operator questionnaire
. J
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Fig. 7 Evaluation of the questionnaires. Correct assignments of HEPES concentration in comparison to the reference solution using
visual inspection

results in accordance with the other methods for product
sample 2. The other two measurements using this assay re-
sulted in a concentration deviation of more than 100%
without a trend to higher or lower values.

For a model calculation of a potential applicable pa-
tient dose of 150 MBq and an achieved product activity
of 900 MBq in 16 mL, the maximum concentration of
HEPES according to Ph. Eur. is 75 pg/mL. Therefore,
the standard TLC (Ph. Eur.) resulted in one false nega-
tive result, whereas our improved TLC method as well
as the HPLC method by Antunes et al. led to release of
all three product batches.

Discussion

Advantages and limitations of the HPLC method

The HPLC assay according to Kvaternik et al. could not
be set up or adapted with a reduced flow of 0.5 mL/min
using our HPLC device. Kvaternik et al. described this
HPLC assay by applying an Agilent system. In contrast,

we used a VWR Hitachi system that was not feasible for
a baseline separation of the HEPES peak.

The HPLC method according to Antunes et al. was
valid in our laboratory setup and achieved an excellent
linearity in a concentration range of 5-50 pg/mL HEPES
(Fig. 5) for a reliable HEPES quantification. However, a
second HPLC run using the same HPLC system as for
routine quality control requires proper pre-conditioning
of the column after switching methods. This process in-
cluding column changing, conditioning, and the HPLC
run takes a rather long period of about 30 min that is not
feasible for the quality control procedure of short-lived ra-
diopharmaceuticals due to substantial radioactive decay.
As an alternative, a second HPLC system for performing
two simultaneous runs could be an adequate option. Ba-
sically, most radiochemical laboratories are equipped with
only one HPLC system for the quality control of radio-
pharmaceuticals. Therefore, this approach is not imple-
mentable in all radiochemical laboratories due to the high
effort in equipment. In contrast, every radiochemical
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)
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-
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Fig. 8 Calibration curves of HEPES concentration obtained from a pixel-based analysis method by means of ImageJ applied to the Ph. Eur. and

the improved assay
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Table 2 Model calculation for maximum allowed HEPES concentration and determination of HEPES content in exemplary
[®®Ga]Ga-Pentixafor product samples measured with HPLC and TLC (Image))

Model calculation
Product volume
16 mL

Product activity
900 MBq
Determination of HEPES concentration in a radiopharmaceutical

Method [®3Ga]Ga-Pentixafor 1 [ug/mL]
TLC (Ph. Eur.)
TLC (improved) 71.6
HPLC (Antunes et al.) 65.97

169.4 (no release)

Activity for administration
150 MBq (in 2.67 mL)

[®8Ga]Ga-Pentixafor 2 [ug/mL]

Calculated max. HEPES concentration
200 pg/2.67 mL =75 pg/mL

[%8Ga]Ga-Pentixafor 3 [ug/mL]

237 26
23.9 6.6
19.17 883

laboratory is provided with TLC equipment. Thus, a reli-
able TLC analysis is definitely preferred to meet the de-
mands of a feasible quality control in terms of a
manageable instrumental setup and time efficiency.

TLC limitations and comparison

The TLC method according to the Ph. Eur. was found to
be neither reliable nor fully conclusive. The spots of ref-
erence and product solution displayed diverging spot
shapes, which made them incomparable. This work
showed that this problem originates from different for-
mulations of the HEPES solutions (Fig. 6). The matrix of
the reference solution was water while the product solu-
tion contained PBS and ethanol. Hence, we refined this
method using the same composition of the matrix for
both, the reference and the product solution, which re-
sulted in spots with a similar shape. However, the shape
was still quite diffuse, which indicated the necessity of
a different mobile phase. Among the tested mobile
phases (Table 1), the composition of ACN/H,0O/MeOH
(15/3/2) attained highly focused spots after iodine
staining (Fig. 6).

Another error source was the iodine chamber that was
assumed to contain an inhomogeneous distribution of
iodine, which resulted in unreliability and irreproducibil-
ity. Thus, the iodine chamber was pre-heated for an
even distribution of the gas, which achieved reprodu-
cible iodine staining of the HEPES spot. Further changes
in the spotting method could facilitate the TLC assay. A
spotting method of spotting four times 1 pL gave a rela-
tively weak staining according to the low amount of
HEPES in 4 pL and was prone to pipetting errors. If the
recommended application volume is more than 8 mL
with regard to the activity of the generator and, accord-
ingly, the product, the spotting (V/2000 mL in 1 pL
steps, see Fig. 2) is time consuming, especially consider-
ing that a maximally focused spot had to be achieved by
letting the spotted microliters dry before the next one
was added. Therefore, using this method for the radio-
active probe is not ideal in terms of radiation protection
and decay of the product.

On the basis of the high number of error sources, a
low validity and reproducibility of the assay according to
Ph. Eur. was not surprising. However, this TLC method
and subsequent evaluation by comparative, visual quan-
tification is still a semi-quantitative method, which is
worthwhile to be substituted by quantitative analysis.
Eventually, this could be managed by application of a
pixel-based analysis by means of Image]. As a result, er-
rors caused by subjective evaluation and inter-observer
variability are potentially erased. For evaluations of the
TLC methods using Image] analysis, a calibration curve
with an impressive R*> of 0.9956 was created for the
newly developed TLC assay, in contrast to the calibra-
tion curve of the TLC method according to Ph. Eur. in
which it was not possible to assign a reasonable linearity.
Those results confirm that a refinement of the TLC
assay according to Ph. Eur. is of imperative urgency.

For evaluation, all three methods were compared in a
realistic setting: Three samples of [°8Ga]Ga-Pentixafor
obtained from routine production were analyzed by
HPLC and both TLC methods. The HPLC assay by
Antunes et al. and the improved TLC method resulted
in comparable HEPES concentrations, whereas the TLC
method according to Ph. Eur. was only for one sample
in a comparable range with the other methods.

A correct assignment of the HEPES content deter-
mined by HPLC and the new TLC method seems more
reliable and reproducible than the method proposed in
Ph. Eur. However, in clinical routine, it is not necessary
to determine the exact HEPES content; a limit test to
determine whether or not the HEPES amount in the
sample is below the maximum limit is sufficient. There-
fore, a direct comparison with the maximum concentra-
tion provides sufficient information. For evaluation, a
questionnaire involving 28 subjects was set up providing
information about the feasibility of the assay according
to Ph. Eur. and the improved method when the sample
solution is spotted next to the reference solution with the
maximum concentration. The HEPES content according
to the Ph. Eur. method was basically underestimated,
which facilitated the release of radiopharmaceuticals that
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might fail the required quality criteria. In contrast, many
subjects overestimated the HEPES concentration using
the new TLC method, which provided an improvement in
terms of inherent safety. On the other hand, a radiotracer
that is in accordance with the guidelines may not be re-
leased in this case. To overcome this inter-observer vari-
ability, a pixel-based evaluation of the TLC plates using
Image] software was introduced and proved to be reliable
and time effective.

Therefore, the optimum setup for quick results consists
of a TLC analysis applying the improved method and per-
formance of a visual evaluation. The product sample can
directly be spotted on a TLC strip next to the reference
solution. If the HEPES spot is not clearly distinguishable
from the reference spot of 200 pg/V, a subsequent
pixel-based analysis is recommended, which takes about
3 min. Overall, the novel procedure offers a significant im-
provement to the available methods for HEPES testing.

Conclusion

In the present work, different available methods for the
determination of HEPES content in radiopharmaceutical
formulations were evaluated. It was shown that the TLC
assay according to Ph. Eur. was neither reliable nor re-
producible to determine the HEPES content in radio-
pharmaceutical product formulations in our laboratory
setting. Since a previously presented HPLC method gave
satisfactory results, but required a high additional tech-
nical effort, we developed an improved, simple, and valid
TLC assay that proved its feasibility for visual evaluation
and additional software-based, quantitative analysis. In
summary, the newly developed TLC method facilitates
HEPES determination substantially and is worth to re-
place the TLC assay proposed in Ph. Eur. for a straight-
forward evaluation of the HEPES content.
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Abstract

(+)-[*'CIPHNO, a dopamine D,; receptor agonistic radiotracer, is applied for investigating the
dopaminergic system via positron emission tomography (PET). An improved understanding of
neuropsychiatric disorders associated with dysfunctions in the dopamine system and the
underlying mechanism is a necessity in order to promote the development of new potential
therapeutic drugs. In contrast to other broadly applied 'C-radiopharmaceuticals, the production
of this radiotracer requires a challenging four-step radiosynthesis involving harsh reaction
conditions and reactants as well as inertness. Consequently, the production is prone to errors
and troubleshooting after failed radiosyntheses remains time consuming. Hence, we aimed to
optimize the radiosynthesis of (+)-[''CJPHNO for achieving better activity yields without loss of
product quality. Therefore, we synthesized (+)-["'C]IPHNO and omitted all heating and cooling
steps leading to higher activity yields. As a result, radiosynthesis at room temperature led to a
highly time-reduced production procedure that saves about 5 min, which is an appreciable
decay-prevention of around 15% of the activity yield. Additionally, we established a
troubleshooting protocol by investigating reaction intermediates, byproducts and impurities.
Indeed, partial runs enabled the assignment of byproducts to their associated error source.
Finally, we were able to generate a decision tree facilitating error detection in (+)-[*'CIPHNO

radiosynthesis.
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Introduction

The dopamine system is a key player in many neuropsychiatric disorders like schizophrenia,
Parkinson’s disease or attention deficit hyperactivity disorder.'” (+)-PHNO ((+)-4-propyl-
3,4,4a,5,6,10b-hexahydro-2H-naphtho[1,2-b][1,4]oxazin-9-ol hydrochloride) is a well-described
agonist for the dopamine D,/ receptor subtypes.*® This compound binds to dopamine D,
receptors in their high affinity states and has high affinity for dopamine D; receptor subtypes,
making it a virtual D3 selective probe in ventrobasal striatium and brainstem dopaminergic
nuclei. It is the current gold standard for measuring changes of extracellular dopamine, as it can
be easily displaced by endogenous dopamine in so-called competition experiments, where
dopamine-releasing agents such as amphetamine are administered.>” This compound was
radiolabeled using the positron emission tomography (PET) radionuclide carbon-11 to image the
involvement of the dopaminergic system in in vivo mechanisms of schizophrenia. (+)-[''CJPHNO
shows high potential to bring new insights into poorly understood physiological processes of a
variety of neuropsychiatric disorders. Recently, the application of this tracer in healthy subjects
and patients suffering from schizophrenia showed an enhanced dopamine release in patients
with schizophrenia.?? Basically, the synthesis of *'C-radiopharmaceuticals is highly challenging
due to the relatively short half-life of carbon-11 (20.4 min). Consequently, a prerequisite for
achieving a reasonable activity yield is a reliable production within two to three half-lives.*
Furthermore, a fundamental requirement for this particular radiotracer is high molar activity as
pharmacological doses cause side effects, like e.g. nausea.™ (+)-["'C]PHNO radiosynthesis has
been published by several working groups describing synthetic routes via carbon-11
radiolabeling either on the 1-position or the 3-position of the propyl moiety (see Fig. 1)."*™*°
Radiolabeling of the carbonyl position is possible by using [*'C]propionic acid chloride, which can
be obtained by a Grignard reaction from [*'C]CO, and ethylmagnesium bromide and subsequent

16-18

conversion with thionyl chloride (SOCI,) (Fig. 1, compound 1 and 2). This highly reactive acyl
chloride readily reacts with the precursor ((+)-HNO) to give an intermediate amide (Fig. 1,
compound 3). Finally, the amide is reduced and the product is purified by semi-preparative high
performance liquid chromatography (HPLC). However, this radiolabeling procedure is very
demanding as inert conditions and extremely harsh reagents are required. Therefore, the
automated synthesis needs high technical effort. As an alternative to the conventional vessel-

based approach our working group reported an in-loop method for (+)-[**CJPHNO synthesis. This

method facilitates the establishment of (+)-["'C]PHNO in other PET facilities.™
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Figure 1: Synthesis scheme for the four-step radiosynthesis of (+)-[''CJPHNO starting from

cyclotron-produced [*'C]CO,and ethylmagnesium bromide.

Although this method improved the production of (+)-["'CIJPHNO, the susceptibility to humidity
as well as oxygen contamination remains an unsolved problem. As a consequence, (+)-[''CJPHNO
synthesis has the highest failure rate within our facility. After a failed production run, an
extensive validation process starts for investigating which of the numerous steps led to the
radiosynthetic failure. During troubleshooting, the impact of the reaction temperature needs
special considerations. Wilson et al. reported that the applied temperature regulated the
formation of byproducts: the reduction of the carboxyl-group at temperatures below —30°C
results in a lower number of side products compared to higher temperatures.*?

By this, the major goal of this study was to reduce the duration of the radiosynthesis by
shortening heating and cooling times and to validate the impact of these omitted temperature
regulating procedures. Furthermore, we aimed to evaluate each reaction step in order to
understand the influence of the individual reagents on the production process. The assignment
of reaction intermediates (Fig. 2) and their chromatographic patterns directs to a better
understanding of the error-prone reaction steps and consequently, to stable radiotracer

production.
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Figure 2: Chemical structure of the desired intermediate amide (compound 3) as well as non-
reduced form of the side products (compound 4 and 5) and the reduced side products

(compound 6 and 7).

Materials and methods

Ethylmagnesium bromide (EtMgBr, 3.0 M in diethylether, in Sure-Seal™), thionyl chloride (SOCI,)
(99%), triethylamine (TEA; 99.5%) and tetrahydrofurane (THF, anhydrous, 299.9%, inhibitor-free)
were purchased from Sigma Aldrich (St. Louis, USA). Lithium aluminum hydride (LAH) (1.0 M in
THF), (+)-PHNO standard and the precursor (+)-HNO hydrochloride (GMP and non GMP) were
obtained from ABX (Advanced Biochemical Compounds, Radeberg, Germany). All reagents were
used without further purification. Sterile water and 0.9% saline solution were purchased from B.
Braun (Melsungen, Germany). Sterile phosphate-buffered saline solution (0.021 M phosphate
buffer, 0.188 M NaCl, pH 7.7) was obtained from the Vienna General Hospital’s Pharmacy
(Vienna, Austria). The loop for the Grignard reactions is made of a 90 cm polyethylene (PE)
tubing (fine bore polythene tubing REF 800/100/280; ID: 0.86 mm OD: 1.52 mm, Smiths Medical
International Ltd.; Kent, UK). Ascarite Il (20—30 mesh) was purchased from Thomas Scientific
(Swedesboro, USA). Removal of acetonitrile was performed by using solid phase extraction (SPE)
cartridges (SepPak C18-plus) from Waters (Waters Cooperation; Milford, MA, USA). [''C]CO, was
produced by a GE PETtrace cyclotron 860 (General Electric Medical Systems; Uppsala, Sweden)
via the “N(p,a)''C nuclear reaction by irradiation of a gas target (aluminum, irradiation
parameters: 16 MeV protons, 10-25 mA) filled with high purity N, (+1% O,) (Air Liquide Austria
GmbH, Schwechat, Austria). Automated syntheses were performed on a TRACERIab™ FX C Pro
synthesizer (GE Healthcare, Uppsala, Sweden) including a semi-preparative HPLC system
featuring a Linear Instruments Model 200 UV/Vis detector and a LaPrep HPLC pump (VWR

International GmbH; Vienna, Austria). For analytical HPLC an Agilent 1260 infinity system
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(Agilent Technologies GmbH; Santa Clara, USA) incorporating a quaternary pump (G1311B), a
column oven (G1316A), a manual injector (G1328C), a multi wavelength UV-detector (G1365D)
and a Nal (Tl) detector from Berthold Technologies (Bad Wildbad, Germany) was used. The HPLC
device is controlled by GINA Star v5.9 SP17 controlling software (Elysia-Raytest; Straubenhardt,

Germany).

Time optimization on the automated synthesizer

A reduced reaction time was achieved by omitting all heating and cooling steps with exception
of CO,-trap heating. In particular, the target chamber was flushed twice with target gas prior to
["'C]CO, production and molecular sieves were preheated to 400°C for at least 15 min to
minimize the content of non-radioactive ["*C]CO, within the target chamber and synthesizer.
Afterwards, respective lines and tubings of the synthesizer were flushed with helium. After the

production of the required amount of radioactivity, [**

C]CO, was released to the synthesizer and
trapped on molecular sieve. Subsequently, the trapped ['C]CO, was released by heating to
400°C under a He stream (5 mL/min) to a PE tube, which was beforehand impregnated with a
solution of ethylmagnesium bromide (EtMgBr) in THF. The impregnation was performed by
diluting 500 pL EtMgBr with 1000 pL THF and pushing the solution trough the column, then the
loop was flushed with helium for around 5 sec to remove the excess of the impregnation
solution. After the [*!C]CO, reaction with EtMgBr that last for around 5 min, SOCl, was pushed
through the tube to obtain the acid chloride and the solution was simultaneously transferred to
a reactor containing a solution of (+)-HNO (1.9-2.4 mg) in TEA (50 uL) and THF (400 pL). The
intermediate amide species was obtained after 5-6 min stirring at room temperature.
Afterwards a solution of 120 pL lithium aluminum hydride (LAH) in THF (400 puL) was added to
reduce the intermediate amide. The reaction was quenched by addition of aqueous HCI (1 M,
900 pL) and neutralized with aqueous NaOH (1 M, 900 pL). The resulting suspension was filtered
over cotton wool and purified by semi-preparative HPLC. The collected product peak was diluted
in 80 mL water and trapped on a C18-SPE cartridge. Afterwards, the product was eluted with 1.5

mL ethanol, diluted with phosphate buffered saline and sterile filtered.

Evaluation of temperatures for the reduction step with lithium aluminium hydride (LAH)

In order to evaluate the influence of the reaction temperature on the efficacy of the reduction of
the intermediate amide with lithium aluminum hydride (LAH) to (+)-[*'C]PHNO, the synthesis
was carried out using the following conditions:

e —40°C (experimental set up as for —15°C)
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e —15°C (as previously published by our group™)

e 22°C(shortened synthesis time, no heating and cooling)

Partial runs for the investigation of failed syntheses

Small scale reactions and partial runs were conducted in borosilicate glass vials sealed with
plastic septa as reaction vessel at room temperature. For all syntheses including the formation of
the intermediate amide, a precursor solution of (+)-HNO (1-2 mg) in THF (400 uL) and TEA (50
pL) was used. The reaction was quenched by addition of H,0 (1 mL). For the identification of

byproducts and investigation of the impact of individual reagents leading to failed synthesis,

partial runs were performed as depicted in Fig. 3.

F
500 pL H,0 m
HO Y NH
CH3CH,MgBr THF 3\) 1) DAt
THF SOCI,, THF A
"N (p,a) "'CO, > > > 2) H,0
N\
HO” : :: VNH 1) LiAIH, E
H THF
Et3N (o) D > C
THF 2) H,0
R » G ——>» H
5 uL H,0 SOCl,, THF

CH3CH,MgBr N (p,0) ''CO, /@O\ " #:_ﬁ!H“
THF Ho Y

Y 2) H,0
500 pL H,0 Et;N 3\)

1) LiAIH,
CH,CH,"'cocl THF J
_— _—
HO NH I

\) 2) H,0

THF, Et;N, 20 uL H,0

Ol

71



Figure 3: Reaction scheme of partial runs for investigation of reaction intermediates formed

during (+)-[*'C]PHNO radiosynthesis.

1) Absence of TEA: The synthesis was conducted as described above, but without the use of
triethylamine. The reaction was stopped either after the amide formation (A) or at the end
of the whole production scheme (B).

2) Absence of SOCI,: The synthesis procedure was performed either without the addition of
SOCl, (C) or in absence of both, SOCI, and LAH (D).

3) Absence of LAH: The synthesis was stopped before LAH addition to simulate a failed

reduction of the amide (E).

Small scale reactions and partial runs for the analysis of insufficient inertness
As Grignard reactions are especially sensitive to moisture, the impact of insufficient inertness
and therefore contamination of the reagents with traces of water was investigated.
a) Influence of moisture on the Grignard reaction
The effect of moisture before and after trapping of [*'C]CO, in EtMgBr was investigated as
follows:
® The PE tube was impregnated with a mixture of 0.5 mL Grignard solution (3 M in Et,0) in
1 mL THF and then the activity was released through the loop. To quench the reaction
and hydrolyse the radioactive intermediate, 0.5 mL of water were pushed through the
impregnated loop and the reaction mixture was analyzed (F).
e 5l of water were added to the Grignard reagent solution and the reaction was stopped
after amide formation (G) or after the reduction step (H).
e The PE tube was impregnated with the Grignard reagent solution and the loop was
flushed with 0.5 mL of water. The reaction was stopped after amide formation (G1) or

after the reduction step (H1).

b) Influence of moisture on acylation
The impact of moisture on the amide formation was investigated by adding H,0 (20 pL) to a
solution of (+)-HNO (1-2 mg) in THF (400 pL) and TEA (50 uL) prior to the addition of
[11

C]propionic acid chloride (I). Additionally, the same synthesis was performed and the resulting

reaction mixture further treated with LAH (J).

Analytical and semi-preparative HPLC measurements
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All crude, small scale reaction mixtures were analyzed by analytical HPLC measurements. The
stationary phase was an X-Bridge BEH Shield RP-18, 4.6 x 50 mm, 2.5 um, 130 A column (Waters
Cooperation; Milford, MA, USA). The mobile phase consisted of solvent A (ammonia phosphate
buffer (100 mM), sodium-1-octasulfonate (5 mM), pH 2.1 adjusted with H;PO,); solvent B (90%
acetonitrile (ACN) / 10% water); solvent C (water); and solvent D (ammonium phosphate buffer
(50 mM), pH 9.3 adjusted with NaOH). The gradient started with a composition of 33% A, 17% B,
17% C, and 33% D. Subsequently, B is increased over 2 min from 17% to 34% whereas C is
reduced from 17% to 0%. The UV/Vis signal was detected at a wavelength of 280 nm with a
reference wavelength of 450 nm. The initial flow rate (1.5 mL/min) was decreased after 25 s to
1.0 mL/min. The retention time was compared to the reference standard of (+)-PHNO.

A part of the partial runs where additionally investigated on a semi-preparative HPLC system
with a Phenomenex Luna C18 column (250 x 10 mm, 10 um; Phenomenex Ltd., Aschaffenburg,
Germany) as stationary phase. The mobile phase consisted of 25 mM phosphate buffered saline
(PBS) (pH 7.0)/ACN (60/40 v/v) with a flow rate of 5.8 mL/min. The UV/Vis signal was measured
at 280 nm. The peaks were collected and correlated with the respective peaks of the analytical

HPLC.

Assignment of the chromatographic peaks of ['C]CO, and ["*C]propionic acid
[''C]CO, was trapped in THF and the solution was analyzed by analytical HPLC. The intermediate
product propionic acid was injected to the analytical HPLC and its retention time was compared

to the radioactive impurity peaks of the crude mixture.

Synthesis of 3 using ["*'C]CO,

The intermediate amide 3 was synthesized by using ["*C]CO, gas that was bubbled through an
EtMgBr solution (15 pL, 3.0 M in Et,0) in THF (200 pL) for 3 min under He atmosphere.
Afterwards, a solution of SOCI, (5 uL) in THF (400 uL) was added to generate the acyl chloride.
After 4 min, the precursor solution of (+)-HNO (5 mg, non GMP) in TEA (50 uL) and THF (200 pL)
was added to the reaction mixture. The resulting suspension was extracted three times with
CH,Cl, (about 500 pL). The combined organic phases were injected into the semi-preparative

HPLC system. The collected peaks were analyzed by analytical HPLC.

Characterization of intermediate compounds and side products

Characterization and identification of the compounds separated by HPLC was performed by high

resolution mass spectrometry (HRMS) on a Bruker maXis UHR-TOF device (electrospray
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ionization (ESI); gQ-TOF, mass accuracy < 5 ppm) in either positive or negative mode depending

on the respective molecular structure.

Definition of yield determination
According to the consensus of nomenclature, the activity yield is defined as the amount of
product that is obtained after a synthesis in MBq or GBq and is not corrected for decay. This

term can be expressed in [%] as radiochemical yield not corrected for decay.”

Statistical analysis

Study’s data were obtained from all syntheses performed in our department between 01/2017
and 08/2017 with starting activity of 100-150 GBq at the end of bombardment (EOB) of [*'C]CO.,.
Values are given as mean values + SD as calculated with Microsoft Excel 2010 if not stated
otherwise. Statistical analysis was performed by using a t-test as implemented in Graph Pad

Prism 6 (GraphPad Software, La Jolla, USA).

Results and Discussion

Optimization of radiosynthesis duration

The previously described radiosynthetic process for (+)-["'"CIPHNO preparation by Rami-Mark et
al. involves a heating step to 80°C for the acylation reaction, followed by the addition of LAH at —

15°C." Afterwards, the residual THF is removed via distillation (Fig. 4).

Main risk: Main risk:
infroduction of loss of reactivity of LAH
humidity to precursor

A A

-15°C

[ [**C]CO, production ] [ Precursor + TEA + THF H Amide reduction ]
'y Purification
80°C 80°C and
4 A 4 formulation

[ Grignard reaction ]—b[ Acyl chloride formofion] [ Destillation

Main risk: Main risk:
mrroduc_:h_on of loss of reactivity of
humidity SOCI
2

Figure 4: Reaction steps of (+)-[''CIPHNO production according to Rami-Mark et al.'® with the

corresponding main risk for each reaction step.
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In the improved method all reaction steps of (+)-["*C]PHNO synthesis were performed at room
temperature. In detail, the acylation with [*'C]propionic acid chloride was performed without
heating and cooling as well as the addition of LAH. Additionally, (+)-[""C]IPHNO synthesis was
conducted as previously described by our group (Fig. 4).* Furthermore, LAH was added at —40°C
as described by Wilson et al. for comparison. Performing all reaction steps at room temperature
realized a tremendous reduction of the overall synthesis time by 5 min (13% in comparison to
the previously published synthesis'®). This time reduction is especially beneficial for the
production of a "'C-radiotracer as it impedes loss of radiolabeled product by decay of around
15% (Fig. 5). As a result, the activity yield was dramatically increased in comparison to previously
published synthetic procedures. Synthesis at room temperature led to a significantly increased
isolated radiochemical yield not corrected for decay of 1.4 + 0.8%. Indeed, the experiments in
which the reduction was carried out at —15 or —40°C resulted in 0.53 £ 0.17% and 0.50 + 0.11%
isolated radiochemical yield without decay correction, respectively (Fig. 5). Thus, this study
clearly showed that (+)-["'C]JPHNO synthesis can be successfully performed at room temperature

without a forfeit of activity yield.
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Figure 5: Left: Comparison of the synthesis duration of (+)-["'C]IPHNO synthesis at room
temperature (n=16) and according to our previously published method including heating and
cooling (n=9). Right:

Influence of the temperature at LAH addition on the isolated radiochemical yield not corrected

for decay (22°C: n=16, —15°C: n=9, —40°C: n=3)

The limiting parameter of the reaction at room temperature is the reactor volume as the solvent
is not evaporated and an overflow of the reaction mixture must be avoided. If an adequate
reactor is available, this facilitated four-step synthesis procedure can be performed in every

radiochemistry laboratory that is equipped with a cyclotron.
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In terms of reaction intermediates, all experiments showed a similar pattern in semi-preparative
as well as analytical HPLC chromatograms, but a different intensity of the peaks (Fig. 6).
However, after purification by semi-preparative HPLC, (+)-[""CIPHNO could be obtained in an

excellent purity of >95% for all applied methods.
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Figure 6: Analytical HPLC chromatograms of the crude reaction mixtures obtained by addition of

LAH at room temperature (A) or at —40°C (B).

Investigations of failed synthesis and associated byproducts

Partial runs of the synthesis were performed to assign characteristic patterns of the
chromatograms to the respective failure in the synthesis procedure. Within (+)-["'C]JPHNO
synthesis, radioactive reaction intermediates and byproducts were shown at retention times of
2-3 min, 3-4 min, 4.8 min, 6 min and 8 min within semi-preparative HPLC, as well as of 20 s, 45 s

and 2.5 min in analytical HPLC, respectively (see Fig. 6 A).

Partial runs for the investigation on failed synthesis

Absence of triethylamine

Simulation of failed (+)-HNO deprotonation was realized by performing a small scale preparation
of the intermediate amide (A) or until the end of synthesis (B). In route A, semi preparative HPLC
showed the main species at a retention time of 2.5-3 min (Fig. 7). Further peaks with smaller
intensities were observed at higher retention times (4.5 min and 6 min). Therefore, those minor
impurities are assumable potential formed carbonyl byproducts (compounds 3, 4 or 5) resulting

from an insufficient deprotonation of the precursor, which impede the acylation process. In
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analytical HPLC the main peak was observed at 15-20 s and comprised about 66.8 + 0.2%, usually
representing small hydrophilic compounds (Fig. 8). Hence, this early eluting peak presumably
incorporates hydrolyzed acid chloride, namely [*'C]propionic acid. In contrast, reaction scheme B
includes a reduction step that enhanced the content of species that elute at 15-20 s to 73.6 *
0.7%. The pattern of the other main impurities was similar in analytical HPLC. Furthermore, no

product formation was observed. Hence, deprotonation of (+)-HNO is pivotal for a successful (+)-

["'C]PHNO synthesis.
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Figure 7: Chromatogram of semi-preparative HPLC of full synthesis at room temperature (A),
route A synthesis without TEA and LAH (B), route E without LAH (C) and route F in which the

reaction is quenched after Grignard reaction (D).
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byproducts of a crude (+)-["*C]PHNO mixture with 16% radiochemical conversion (n=2).

Absence of SOCI,

All experiments which were performed without SOCI,, either stopped after theoretical amide
formation (C) or after the reduction step (D), showed no conversion to (+)-[''CJPHNO. Semi-
preparative HPLC showed only peaks with retention time <3.5 min in experiments without SOClI,.
A similar picture was observed for analytical HPLC, where the main radioactive peak was at a
retention time of 15-20 s of 83.8 + 13.0% and 90.5 + 6.9% for routes C and D, respectively (Fig.
8). Thus, absence of high retention-time peaks indicates inactivation of SOCI, presumably by

hydrolysis.

Absence of LAH

Simulation of a failed LAH reduction step was done by stopping prior the reduction step (E).
Here, a radioactive peak at a retention time of 6 min could be observed in semi-preparative
HPLC. This peak also occurred in other experiments without LAH (see route B). Hence, this peak
potentially represents a carbonyl species, namely 3, 4 or 5. This peak could further be assigned
to the 45 s peak in analytical HPLC. In accordance, the crude reaction mixture showed the most
prominent signal at 45 s of 51.2 + 22.1%. (Fig. 8) To that end, a highly dominant peak in the semi-
preparative HPLC chromatogram at 6 min without product formation points to problems
regarding the LAH reduction. As a consequence, a new bottle of LAH should be used for

following syntheses and special attention should be paid to inertness.
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Small scale reactions and partial runs for the analysis of insufficient inertness

Grignard reactions are known to be extremely moisture sensitive. Therefore, the radioactive
impurities were analyzed that are formed by adding water to the Grignard reagent before
addition of ['C]CO,. Additionally, the influence of the hydrolysis of the Grignard reagent on the

following acylation was investigated.

Moisture-sensitivity of the Grignard reagent

For evaluation of impurities that are formed in the presence of water, [''C]CO, was released to
EtMgBr and water (500 plL) was added (F). The quenched species were loaded onto the semi-
preparative HPLC column, which showed signals at retention times of 2-3 min, 3-5 min and 6.0-
6.5 min (Fig. 8). In this respect, analytical HPLC displayed main signals at a retention time of 15-
20 s (75.3 + 6.9%). Surprisingly we also observed peaks at 45 s and 2.5 min: Addition of water
after release of radioactivity is expected to lead to the formation of radioactive propionic acid
and [*'C]CO,, which are expected to be eluted relatively early on a C18-column. However, signals
at similar retention times were observed in other experiments. Accordingly, Fig. 6B shows two

not baseline separated peaks at a retention time of 2 min 20 s and 2 min 30 s.

Continuing synthesis until amide formation after Grignard quenching

Simulation of a Grignard reaction with insufficient inertness on the acylation was performed by
directly adding 5 pL water to the Grignard reagent (G). The reaction process was stopped after
amide formation. Semi-preparative HPLC measurements showed four main peaks, including a
relatively intensive peak at 6 min, which suggests a successful amide formation (Fig. 9). Hence,
the occurrence of this peak shows that 5 puL water are not quenching the Grignard reaction
completely due to stoichiometric reasons: 15 mmol of EtMgBr are used for the reaction and 0.28
mmol H,0 were added. Besides, the peaks of the semi-preparative HPLC and analytical HPLC
were correlated to each other as follows: below 3 min (semi-preparative) equals peak at 20 s
(analytical), the peaks between 3 min and 5 min 30 s are similar to the one at 2 min 30 s and the
6 min peak to the one at 45 s. Accordingly, the two peaks of 3-5 min 30 s and 6 min in semi-
preparative HPLC switched their retention order in the analytical run. A similar reaction was
performed by applying 500 puL water (G1). Only one radioactive product occurred at 15-20 s in
the analytical method, therefore, 500 uL water quenched the Grignard reagent completely. (Fig.
10)
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Figure 9: Semi-preparative HPLC chromatogram of partial run G and the corresponding analytical
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Figure 10: Radioactive peaks within the analytical HPLC chromatogram obtained by the
reaction routes G, G1, H1, |, J (all n=1) and H (n=2).

Continuing the whole production procedure after Grignard quenching

Addition of 5 pL water to the Grignard solution and performing the whole synthesis scheme (H)
lead to minor amounts of (+)-["'CIPHNO. Further investigation of quenching the Grignard
reagents by addition of 500 pL of water (H1) showed one peak at 15-20 s in analytical HPLC (Fig.
10). Both results agree with the data obtained from G and G1, respectively.

Influence of moisture on acylation

To get a better understanding of the influence of water on the acylation process, 20 uL water
were added to the precursor solution (400 puL THF, 50 uL TEA, 0.9-1.4 mg (+)-HNOQ)) prior to
addition of intact propionic acid chloride. The synthesis was stopped after formation of the
amide (l) or after the reduction (J). For partial run | the ratio of the reaction intermediates was as
follows: 15-20 s and 45 s with 37.5% and 34.0%, respectively. Due to the high intensity of the
peak at 45 s, it can be assumed that the reaction was not completely quenched and one of the
carbonyl species were partly formed (Fig. 10). Performing the entire synthetic route for (+)-
["'C]JPHNO production and adding 20 pL water to the precursor solution (J) lead to a peak at 1

min 26 s with 8.3% conversion, but no signal at 2 min for the product.

Assignment of the chromatographic peaks of [™'C]propionic acid and [*'C]CO,

One intermediate of (+)-[*'C]JPHNO synthesis is ['C]propionic acid, which were identified by the

nat

non-radioactive reference compound [ C]propionic acid. The chromatogram showed a signal at
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15-40 s at 280 nm wavelength (Fig. 11). Furthermore, [*'C]CO, was trapped in THF to assign the
respective peak as well. The signal was found at an early retention time of 20-40 s similar to
[nat

. . . . . 11 11 . .
. . ’ ’ 2
C]propionic acid (Fig. 11). Hence, both compounds, dissolved [ "C]CO, as well as [ C]propionic

acid, were present in nearly every analytical chromatogram.
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Figure 11: Top: UV/Vis-chromatogram of [“C]propionic acid. Bottom: Radio-channel

chromatogram of [*'C]CO,

Synthesis of 3 using ["*'C]CO, for assignment of HPLC peaks

The cold synthesis of the intermediate amide resulted in a crude reaction mixture that was
transferred onto semi-preparative HPLC. The fractions were collected and measured by HRMS
(high resolution mass spectrometry). The respective signal of the precursor, as well as of
compounds 3, 4 and 5 could be identified (see materials). As 3 and 4 have the same molecular

weight, those two molecules cannot be differentiated by mass spectrometry.

Establishment of a troubleshooting protocol

As shown in this study, failure of (+)-["'CIPHNO radiosynthesis can be attributed to various
reasons, but the chromatogram of the semi-preparative HPLC provide information on error
sources. Based on our results, we created a decision scheme that helps troubleshooting in case
of a failed (+)-["'C]PHNO production (Fig. 12). The presence of intensive and broad peaks in the
region of 5-7 min shows a successful carbonylation, but a failed reduction to (+)-[*'C]PHNO.
Consequently, the LAH should be renewed. If there is at least one broad peak with low intensity
in this range, the amide formation was incomplete, which is mainly attributed to moisture. In

addition, a single, sharp peak between 5-7 min suggests the presence of water after the
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Grignard reaction. A chromatogram that is missing those signals indicates a failure in the
coupling and can be assigned to poor inertness or decomposed SOCI,. Hence, the SOCI, should
be changed. This scheme will facilitate troubleshooting and lead to an improved rate of

successful (+)-["'C]PHNO.

(+)-[1:CTPHNO-formation?

Signals at 5-7 min in semi-preparative HPLC?

v v v

No, only <4 min lor2 inT_ensive, Poor signals
\L broad signals \J/
N |
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Figure 12: Schematic decision tree aiding troubleshooting after a failed (+)-[*"C]PHNO formation.

Conclusion

The complex synthesis of (+)-[''CIPHNO is a challenge for every radiochemist in terms of time
efficiency, reduction of failed syntheses and error evaluation. Here, we present a new method
allowing a tremendous reduction of the radiosynthetic duration of approx. 5 min by omitting
heating and cooling steps, which enhances the activity yield significantly. Moreover, the

investigation of side products and intermediate species facilitates the error evaluation after a
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failed synthesis. Accordingly, we propose a decision tree to support troubleshooting and

facilitating a stable and continuous radiotracer production that is a necessity for clinical studies.
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Manuscript IV: Microwave Assisted ®Ga-Labeling

Materials and Methods

DOTA-NOC (GMP), NODAGA-RGDyk and PSMA-11 (GMP) for *®Ga-labeling were provided by ABX
(Radeberg, Germany). A ®Ge/*®Ga-generator was purchased from Obninsk (Cyclotron Co., Ltd,
Obninsk, Russia). GMP certificated 0.1 M HCl was provided by ROTEM (Mishor Yamin D.N Arava,
Israel). All other chemicals were obtained from Sigma Aldrich or Merck (Vienna, Austria). All
chemicals were used without further purification. High performance liquid chromatography
(HPLC) was conducted using a HPLC system from Agilent Technologies (Series 1200) including a
variable wavelength detector, a scintillation detector obtained from Elysia Raytest (Gabi Star
2x2"”") and a Chromolith® Performance column, RP-18e, 100-4.6 mm from Merck (Germany).
Radio thin layer chromatography (ITLC, instant TLC) was carried out using silica gel impregnated
paperstrips obtained from Agilent Technologies (Santa Clara, USA). A Canberra-Packard Instant
Imager (Perkin Elmer, Watford, UK) was used for ITLC measurements. Syntheses were
performed by using a microwave emitting Discover PETwave from CEM Corporation (Matthews,

United States) incorporating a controlling unit and a synthesis unit.

®8Ga-complexations of DOTA-NOC, PSMA-11 and NODAGA-RGDyk were performed using 660 plL
of the respective precursor solution in HEPES (1.5 M, pH=5.5). [®*Ga]Ga®" in HCl (0.1 M) was
obtained by elution according to a fractionized elution protocol. 900 pL of the **Ga-eluate (100-
250 MBg/mL) were added to the precursor solution to obtain a pH of 4 - 4.5. Respective reaction
conditions (comprised in Fig. 25) were set using the microwave controlling unit. Syntheses were
performed by applying a full power mode by which the respective power is used to heat the
reaction solution to the set temperature. Furthermore, each radiotracer was synthesized in a

NaOAc buffered solution for comparison.
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Figure 25: Scheme of tested parameters for microwave assisted synthesis of [®*Ga]Ga-

Radiochemical conversion rate (RCR) was assessed by HPLC and TLC. For HPLC measurements a

mobile phase consisting of aqua bidest. (A) and ACN (B), both containing 0.1% TFA, was used.

DOTA-NOC, [*®Ga]Ga-PSMA-11 and [*®Ga]Ga-NODAG-RGDyk.

For [®*Ga]Ga-NODAGA-RGDyk the following assay was used at a flow rate of 2 mL/min: 0.0 - 2.0

min 97% A. From 2.0 min to 8.0 min the content of A was reduced to 40%. From 8.0 - 9.0 min A

was further reduced to 95% and subsequently enhanced to 97% within 0.5 min for equilibration.

[®Ga]Ga-PMSA-11 and [*®Ga]Ga-DOTA-NOC were measured at a flow rate of 2 mL/min (gradient:

0.0-0.6 min 95% A, linear reduction to 50% A from 0.6 to 6.0 min, isocratic flow with 50% A from
6.0 to 7.0 min). Radio TLC was performed by spotting the product on silica gel impregnated
paper and using two solvent mixtures: (1) 0.1 M citrate solution (pH 5); (2) 1 M NH,OAc/MeOH

(2:2).
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Data are given as mean values * SD as calculated with Microsoft Excel 2010 or GraphPad 6 Prism
(GraphPad Software, La Jolla, USA), if not stated otherwise. Statistical analyses were carried out

by applying a t-test via GraphPad Prism 6 (GraphPad Software, La Jolla, USA).

Results

All compounds were successfully radiolabeled with gallium-68 via microwave assisted synthesis.
The reaction time was dependent on the time of microwave heating, but all complexations could

be performed in less than 1 min. Detailed results are comprised below.

[*®Ga]Ga-DOTA-NOC

®8Ga-labeling of DOTA-NOC using different precursor concentrations at a temperature of 85°C or
90°C and a power of 50 W showed a trend of enhanced RCR within increasing concentrations

and temperatures (not involving the concentration of 2.12 pug/mL) (Fig. 26 and 27).

100 e : 100- o
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0.85 1.27 1.69 212 282 085 1.27 1.69 212 282 4.23
Concentration [ug/mL] Concentration [ug/mL]
P=50 W, T=85°C P=50 W, T=90°C

Figure 26: Left: Conversion of [?Ga]Ga-DOTA-NOC at a temperature of (left) 85°C or
(right) 90°C and a power of 50 W applying different precursor concentrations.

93



100 —
100 & — v Y —e—
. A
—_ Y
= 501 = 504
o o
Q e v
® o e Ty v 0-
50
50 : . . : . . ; :
85 90 95 100 85 20 950 100
Temperature [°C] Temperature [°C]
c=2.12 yg/mL, P=50 W c=2.82 ug/mL, P=50 W

Figure 27: Conversion of [**Ga]Ga-DOTA-NOC with a precursor concentration of (left)
2.12 ug/ml or (right) 2.82 ug/mlL and a power of 50 W applying different temperatures.

Statistical analysis of complexations at 85, 90, 95 and 100°C showed no significant difference in
conversion at both precursor concentrations of 2.12 pg/mL and 2.82 pg/mL. Furthermore, no

difference was found in power settings of 50 W and 100 W for a precursor concentration of 2.12

pug/mL and a temperature of 95°C.

[®*GalGa-PSMA-11
*®Ga-complexations of PSMA-11 were assessed at a concentration range of 0.04 - 0.42 pg/mL

with an applied temperature of 100°C and 100 W. Results showed an enhanced RCR within

increasing precursor concentrations (Fig. 28).
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Figure 28: Left: Conversion of [?®Ga]Ga-PSMA-11 at a temperature of 100°C and a power
of 100 W applying different precursor concentrations. Right: Influence of temperature on
the conversion at a precursor concentration of 0.11 ug/mL and 100 W.

Power settings of 25, 50 and 100 W at a precursor concentration of 0.11 pg/mL and a
temperature of 100°C showed conversions of 49.4+4.9%, 64.7+5.8% and 60.0+0.4%, respectively
(Table 3). Statistical analysis using an unpaired t-test resulted in a significant difference in power

settings of 25 W and 50 W (P<0.5).

Conversion at 100°C, 0.11 pg/mL PSMA-11

Power 25 W (n=3) 50 W (n=2) 100 W (n=3)

RCR 49.4+4.9% 64.7+5.8% 60.0+0.4%

Table 3: Influence of power on the conversion at a precursor concentration of 0.11 pg/mL and
100°C.

[**Ga]Ga-NODAGA-RGDyk

Microwave assisted synthesis of [**Ga]Ga-NODAGA-RGDyk showed a clear trend of enhanced
conversion within increasing precursor concentration until a concentration of 0.42 pg/mL at
100°C and 100 W (Fig. 29). At this concentration the curves starts to reach a plateau resulting in
a nearly quantitative conversions of >95%. The influence of temperature was assessed by
applying a precursor concentration of 0.09 pg/mL and 100 W. Results showed a trend towards

increased yield at enhanced temperatures of 80 and 100°C. Different power settings of 50 W and
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100 W did not influence the conversion at a similar concentration and 100°C and gave RCRs of

60.9+13.8% and 59.2+6.9%, respectively.
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Figure 29: Conversion of [*®Ga]Ga-NODAGA-RGDyk at a
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temperature of 100°C and a

power of 100 W applying different precursor concentrations. Right: Influence of
temperature on conversion at a precursor concentration of 0.09 ug/mL and 100 W.

Buffer System

*%Ga-complexation was performed in HEPES as well as sodium acetate. Results for [**Ga]Ga-

DOTA-NOC in NaOAc buffer showed a higher RCR than for HEPES buffered solution, but

statistical analysis revealed no significant difference (Fig. 30) . In contrast, synthesis of [**Ga]Ga-

PSMA-11 and [*®Ga]Ga-NODAGA-RGDyk revealed a highly significant enhancement of RCR by

applying HEPES.
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Figure 30: Comparison of RCR using HEPES or NaOAc for
NOC, PSMA-11 and NODAGA-RGDyk.
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Discussion

®®Ga-radiolabeling of DOTA-NOC, PSMA-11 and NODAGA-RGDyk was performed via microwave

assisted synthesis in high radiochemical conversion rates.

[*®Ga]Ga-DOTA-NOC

®®Ga-labeling of DOTA-NOC was carried out using different precursor concentrations at a
temperature of 85°C and 90°C, respectively. A temperature of 85°C showed high standard
deviations at concentrations below 2.12 pg/mL (1.40 uM) and no trend of RCR. Interestingly,
standard deviation of radiolabeling at 90°C was higher applying this precursor concentration and
RCR was lower at 90°C. Basically, there was a trend of enhanced RCR within increasing precursor
concentrations, but due to the high standard deviations either the concentration range or the
labeling temperature was probably not at optimum. Hence, ®*Ga-labeling applying different
temperatures was assessed resulting in high standard deviations for a concentration of 2.12
pug/mL. A recent study by Yagi et al. proving the superiority of microwave heating over
conventional heating showed that a RCR of over 95% could be achieved for [*®Ga]Ga-DOTATOC
in 2 min at a concentration of 3.5 pM.?®® Therefore, ®Ga-labeling of DOTA-NOC may be
improved by expanding the reaction time to 2 min and increasing the precursor amount.
However, Velikyan et al. reported quantitative RCYs by microwave heating of HEPES buffered

DOTA-comprising precursor solutions in the nanomolar range within 1 min.**

Discrepancies
within those results may be attributed due to the application of different microwave devices.
However, results indicate that the used experimental set up is immature and its improvement
will be pursued to exploit reported advances of microwave assisted synthesis for radiolabeling of

DOTA-NOC.

[®®Ga]Ga-PSMA-11

Microwave assisted 68Ga-complexations of PSMA-11 showed a clear, linear trend of enhanced
RCR within increasing precursor concentrations. The chosen precursor concentrations are in a
relatively low sub-micromolar range and started to achieve quantitative, reproducible RCR at an
applied concentration of 0.42 pg/mL (0.40 uM). For evaluation of the temperature, a precursor

concentration that gave a moderate RCR was used to visualize the impact on RCR. Resultantly,
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the optimum temperature for ®Ga-labeling of PSMA-11 was found at 100°C as this setting
displayed the lowest standard deviation. Comparison of applied power settings resulted in a
significant difference of RCR between 25 W and 100 W. Although there was no significant
difference for the conversion between 50 W and 100 W, higher power may be beneficial in

terms of a faster synthesis.

[®®Ga]Ga-NODAGA-RGDyk

%8Ga-labeling of NODAGA-RGDyk using different concentrations showed likewise [®Ga]Ga-PSMA-
11 a linear trend of increased RCR at higher precursor concentrations. Furthermore,
radiolabeling of NODAGA-RGDyk started to give quantitative RCRs at 0.42 pg/mL (0.41 uM),
similar to [**Ga]Ga-PSMA-11.

Buffer System

A comparison of HEPES and NaOAc with respect to the RCR showed a superiority of HEPES for
[*¥GalGa-PSMA-11 and [*GalGa-NODAGA-RGDyk. Radiolabeling of PSMA-11 showed a
tremendous difference of the RCR at low precursor amounts that converges at a higher
precursor amount. This phenomenon was already reported by Velykian et al. for microwave
assisted *®Ga-labeling of DOTA-TOC.' Interestingly, results for [®*Ga]Ga-DOTA-NOC showed a
higher RCR in a NaOAc buffered system, although the reported results should be similar in
theory as both compounds incorporate the same chelator. However, SD-values are quite high
and, as already discussed above, it is assumed that the experimental set up for microwave
assisted DOTA-NOC synthesis will be improved. Consequently, obtained results are presumably

not representative.

Finally, parameters for microwave assisted synthesis has to be further evaluated for [®*Ga]Ga-
DOTA-NOC. In contrast, ®Ga-labeling of PSMA-11 and NODAGA-RGDyk resulted in striking RCRs
at low precursor amounts. Hence this technique is definitely worthwhile a consideration for
routine. Moreover, HEPES showed a superior performance for ®*Ga-complexation of PSMA-11
and NODAGA-RGDyk compared to NaOAc suggesting the application of this buffer for improved

syntheses in clinical routine.
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Manuscript V: HEPES: Impact on Cell Viability and [**Ga]Ga-PSMA-11
Accumulation

Materials and Methods

PC3 cells were provided by ATCC®. PMSA transfected PC3 cells (PC3 B9) and PC3 vector cells
(PC3 B3) were a generous gift from the working group of Denise O’Keefe from the University of
Texas Health Science Center, San Antonio (Department of Urology). RPMI medium 1640 (1X),
0.05% Trypsin-EDTA (1X), Accutase, FBS (qualified, HI), L-glutamine and DPBS buffer were
obtained from Gibco® (Paisley, UK). For absorption measurements, a Synergy HTX Multi-Mode
Reader controlled by a Gen5 software version 2.09 (BioTek® Instruments, Inc., Winooski, U.S.A.)
was used. ICsy values were also obtained from the calculation of Gen5 software. HEPES, DMSO,
and Thiazolyl Blue Tetrazolium bromide (MTT) were provided by Sigma Aldrich (Sigma-Aldrich
GmbH, Steinheim, Germany). PSMA-11 (GMP) for %Ga-labeling was obtained from ABX
(Radeberg, Germany). Osmolality was determined using a Wesco Vapro® osmometer (Sanoya
Medical Systems, Vienna, Austria). A wizard® 3" 2480 automatic Gamma Counter controlled by a

dedicated Wizard” software was obtained from PerkinElmer (Singapore).

MTT-Assay

The influence of HEPES on cell viability was assessed by means of an MTT-assay of PC3 cell lines.
By this, PC3, PC3 B3 and PC3 B9 cells were cultivated in RPMI 1640 media containing 1% L-
glutamine and 10% FBS. For each cell line, 9 x 10° cells per well in 100 pL were seeded in a 96-
well plate (0.32 cm? growth area) and were allowed to settle for 24 h. Then, the cells were
treated in triplicates with 100 pL of a solution of 1000, 500, 250, 125, 62.5, 31.25, 15.63, 7.81,
and 3.91 mM HEPES in RPMI 1640 as well as untreated wells as control. After 48 h incubation at
37°C, the media was removed and the cells were treated with an MTT (5 mg/mL in DPBS)/RPMI
solution (1:10). After 4 h of incubation, the MTT solution was removed and 100 uL DMSO were
added to every well and shaken until all formazane crystals were dissolved. Subsequently, the
96-well plate was analyzed with a multi-mode reader at 490 nm and a reference wavelength of
650 nm. The inhibitory concentration at which 50% of cells lost viability (ICsp) was calculated by

Gen5 software. All experiments were performed in at least three repetitions.
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Influence of HEPES on [**Ga]Ga-PSMA-11 Accumulation

For the evaluation of the impact on HEPES on [®Ga]Ga-PSMA-11 accumulation on PC3-B9 cells,
cells were cultivated as described above and 27 x 103 cells/well in 1.5 mL were seeded in 6-well
plates (9.6 cm?® growth area) 24 h prior experiments. The cells were treated with 1 mL of a
[**Ga]Ga-PSMA-11 solution in DPBS with HEPES concentrations of 20, 20 x 10°, 20 x 10° and 20 x
10° pM to obtain a final volume of 2 mL with an activity concentration of 1 MBg/mL. One
triplicate was performed in wells without cells as blank to assess the unspecific binding to the
plate material and control wells were treated with [®Ga]Ga-PSMA-11 not containing HEPES.
After the cells were incubated for 1 h, the solution was removed and the cells were washed with
1 mL DPBS. Subsequently, the cells were digested with 200 pL trypsin or accutase. After the
typsinization was complete (about 5 min), the enzyme was quenched with 800 pL RPMI. 200 plL
cell suspension of each sample were transferred into a vial for measuring the activity in a

gamma-counter device.

Results

MTT-Assay

An MTT assay for evaluation of the impact of HEPES on viability of different PC3 cell lines was
performed and all ICsq values were in the micromolar range. In particular, HEPES showed ICs, at
concentrations of 321432 mM, 36+13 mM and 93120 mM for PC3, PC3 B3 and PC3 B9 cells,
respectively (Fig. 31). A potential reason for the antiproliferative effect can be attributed to high

osmolality. Osmolality of a 1 M HEPES solution was measured and resulted in 796 mmol/kg.
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Figure 31: Cell viability of PC3, PC3 B3 and PC3 B9 cells after treatment with different
concentrations of HEPES.
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Influence of HEPES on [**Ga]Ga-PSMA-11 Accumulation
[®Ga)Ga-PSMA-11 accumulation experiments without HEPES showed an absolute uptake of 1.03
1 0.03% after an incubation time of 1 h and an applied radiodose of 2 MBq in 2 mL in stable PSA
transfected cells PC3 B9. In contrast, the control cell line PC3 B3 (PSMA non expressing) showed
0.18 + 0.02% [**Ga]Ga-PSMA-11 accumulation (Fig. 32).
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Figure 32: Uptake of [*®Ga]Ga-PSMA-11 in PC3 B9 and PC3 B3 cells

Normalized data in figure 33 show that HEPES had no or only minor impact on the accumulation

of [®Ga]Ga-PSMA-11 throughout the whole concentration range.
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Figure 33: [6860]Ga—P5MA—11 uptake of solutions with different HEPES concentrations
relative to a solution without HEPES.
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Discussion

The low limit of HEPES in radiopharmaceutical formulations of 200 pg/V raises the question if
the compound is toxic in biological material or influences the behavior of pharmaceuticals.
Consequently, the impact of HEPES on cell viability was assessed by means of an MTT assay using
PC3 cells stable transfected with PSMA (PC3 B9) and the according control cell line (PC3 B3).
Furthermore, the HEPES’ influence on [*®Ga]Ga-PSMA-11 accumulation in PC3 B9 cells was

investigated.

Results of the MTT assay showed that HEPES treatment of all three cell lines reveals 1Cs, values
in the millimolar range but differ from 36213 mM for PC3 B3 to 321+32 mM for PC3 cells. HEPES
concentrations until 3.91 mM did not evoke any impairment of cell viability. In comparison, the
limit according to the Ph. Eur. for a recommended administration volume of 8 mL is 1.05 uM
which is more than 10° fold lower. Those results indicate that the prescribed limit can probably
be increased. Furthermore, the highest HEPES concentration in medium for treating cells
showed an tremendously high osmolality of 796 mmol/kg. Consequently, cells treated with high
concentrations of HEPES presumably died due to hyperosmosis. Those assumptions are in
accordance to literature stating that HEPES administration is in compliance with safety.'®®*®
Moreover, in a clinical case study were 5 g HEPES per day intravenously administered to humans
resulting in a reduction of pain and no adverse events. Therefore, toxicity is probably not a

reasonable cause for the low limit for HEPES administration subject to the condition of a

physiological pH and osmolality.

A possible constraint on the administration of HEPES is a potential synergistic effect with the

applied radiotracer. Resultantly, [*®

Ga]Ga-PSMA-11 accumulation in PC3 B9 cells in the presence
of different HEPES concentrations was investigated. Preliminary results showed a normalized
uptake in a range of 89-114%. The relatively small differences of uptake within the HEPES
concentrations will probably be relativized by future experiments. However, HEPES is an
outstanding buffer for ®Ga-radiolabeling as described in the section ‘Microwave Assisted
Synthesis’. Hence, further in vitro and in vivo data proving that HEPES is not actuating any

detrimental effects are imperatively needed for a convenient and safe application of *®Ga-

radiopharmaceuticals obtained from a HEPES-buffered synthesis.
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IV. Discussion

Improvement of Radiotracer Synthesis

One aim of this thesis was the improvement of radiotracer synthesis by implementation of
different approaches. In particular, three different *®Ga-radiotracers, namely [**Ga]Ga-DOTA-
NOC, [®*Ga]Ga-NODAGA-RGDyk and [*®Ga]Ga-PSMA-11, were synthesized by using a microfluidic
continuous flow device and performing microwave assisted synthesis. Additionally, the highly
error prone synthesis of (+)-[""C]PHNO was significantly improved.

One of the most important factors in radiochemical optimization is to reduce the synthesis
duration to a minimum due to the short half-life of PET-nuclides. Hence, this parameter was
optimized for all investigated radiotracers and synthesis devices. Synthesis time of microfluidic
®Ga-labeling depends on the set flow rate and the volume. In contrast microwave assisted
synthesis and (+)-[''C]JPHNO synthesis are performed in a vial and therefore, have a fixed
synthesis duration. For the proof of principle study using the microfluidic device, the flow rate
was set as high as possible to keep the reaction time at a minimum subject to a feasible pressure
range. Likewise, the synthesis duration of microwave assisted ®Ga-labeling was performed in an
appreciable short duration of one minute. However, synthesis of [®Ga]Ga-DOTA-NOC is
probably improvable by extending the synthesis time. The time limiting parameters in (+)-
["'CJPHNO synthesis are the heating and cooling procedures. Therefore, the synthesis was
performed at room temperature skipping all heating and cooling steps. Consequently, the
activity yield could be increased by constraining the time for decay. Those results show that (+)-
["'CJPHNO synthesis is relatively independent from the applied temperature. In contrast,
successful microfluidic ®Ga-labeling was strongly associated with the temperature setting as
radioactive species showed a reduced sticking in the device at high temperatures. Experiments
using a microwave showed an advantageous outcome at enhanced temperatures as well. As
®Ga-complexations are performed in aqueous media, the feasibility of NaOAc and HEPES were

tested to obtain an optimized set up for microwave assisted synthesis. In contrast, an inert

atmosphere is pivotal for (+)-[''CJPHNO synthesis.
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Microfluidics vs. Microwave Assisted Synthesis

In order to compare RCR obtained by microfluidic and microwave assisted ®Ga-labeling, similar
concentrations for radiolabeling were consulted (table 4). ®®Ga-complexation of PSMA-11
showed a similar RCR for both devices. In contrast, RCR of [*®Ga]Ga-DOTA-NOC and [®Ga]Ga-
NODAGA-RGDyk obtained by microwave assisted synthesis dramatically surpassed RCR achieved
by microfluidic syntheses. Therefore, microwave assisted synthesis of those radiotracers was

proven superior in terms of RCR.

Synthesis using a microfluidic

100 °C Microwave assisted synthesis
device
o Concentration RCR+SD Concentration RCR+SD
Ga-complex
[ng/mL] (%] [ng/mL] [%]
[*®Ga]Ga-DOTA-NOC 15.00 57.9+20.0 4.23 80.3+21.9
[®Ga]Ga-PSMA-11 0.50 93.3+7.5 0.42 91.0+2.1
[*®*Ga]Ga-NODAGA-
7.50 92.5+14.4 0.42 95.7+1.1
RGDyk

Table 4: Comparison of RCR of [**Ga]Ga-DOTA-NOC, [**Ga]Ga-PSMA-11 and [**Ga]Ga-NODAGA-

RGDyk via microfluidic and microwave assisted **Ga-labeling.

Microwave assisted synthesis achieved a reaction time of less than one minute and is more
flexible as a feasible reaction vessel for the volume of the reaction mixture can be chosen (Fig.
34). In contrast, reaction time using the microfluidic device was more than one minute
depending on the applied reaction volume and set flow rate. Moreover, the preparation
procedure of the microfluidic synthesizer takes more time as the reactants have to be loaded
into the dedicated loops. Hence, implementation of a microwave is highly time efficient.
However, a microfluidic device is amenable for a dose on demand approach for future
perspectives regarding high activities of gallium-68 via cyclotron production. Additionally, an
enhanced radiolysis due to high activities could be alleviated. In contrast, an advantage of
microwave assisted synthesis is its feasibility for a preparation according to KIT like approach
that contains an appreciably low amount of precursor.

From the scientific point of view, a microfluidic device is capable of performing a huge number
of batches consecutively. In this way, this technique is perfectly applicable for a fast screening of

reaction parameters and synthesis optimization.
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Figure 34: Advantages of microfluidic synthesis and microwave assisted synthesis

Finally, both synthesizers reveal excellent features for respective purposes. However, a
prediction about a superior feasibility of a microfluidic device or a microwave for a particular
synthesis cannot be made in advance. Hence, both approaches have to be evaluated for finding

an optimal technique for radiolabeling.

Improved Troubleshooting after (+)-[''CJPHNO Synthesis

Besides optimization of (+)-[''CJPHNO synthesis, awareness of the error source after a failed
synthesis is essential for a continuous workflow in clinical routine. Hence, possible byproducts
and intermediates by omitting the addition of particular reagents were synthesized in order to
assign chromatogram patterns to the origin of an error. As a consequence, a decision tree for

finding the error source was created, which dramatically facilitated troubleshooting.

Reliable and Quantitative HEPES Determination

The superiority of HEPES compared to NaOAc was shown by means of microwave assisted ®Ga-
labeling within this thesis. However, the content of this substance in radiopharmaceutical
formulations has to be tested prior release and the prescribed TLC method by the Ph. Eur. is

described as not reliable. Evaluation of the TLC assay and alternative HPLC methods revealed the
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impracticability of first one and good results for the latter one. As an HPLC assay demands high
technical effort, a new TLC method was developed by stepwise analysis of the obstacles within
the method according to the Ph. Eur. and adjusting all parameters (reference solution, mobile
phase, spotting method, iodine staining and quantitative analysis) to obtain reproducible and
reliable assay. Consequently, HEPES determination of radiopharmaceutical solutions within
quality control is tremendously facilitated, which may enhance the number of facilities working
with HEPES for clinical applications. Furthermore, the application of a software for quantitative
analysis prevents subjective interpretations by individual operators resulting in a standardized

method.

Biological Data of HEPES in Three PC3 Cell Lines

The reasonability of the appreciable low HEPES limit was questioned within this thesis.
Therefore, the influence of HEPES on cell viability was investigated by means of an MTT assay
that is broadly applied for gaining cytotoxicity data. Results showed no impact on cell viability up
to a HEPES concentration that exceeds the prescribed limit more than a thousand fold.
Additionally, the influence on radiotracer uptake was evaluated by treating PSMA-expressing cell
lines with [®®Ga]Ga-PSMA-11 in presence of HEPES in different concentrations. The obtained

data support the hypothesis that the HEPES limit should be reconsidered
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V. Summary and Outlook

Radiochemistry is a small niche field in chemistry with special prerequisites which can cause
challenging radiotracer synthesis. Hence, an important aspect is the development of improved
synthesis procedures and associated quality control assays. Accordingly, this work provides
studies of successfully performed ®®Ga-labeling via two unconventional approaches: microwave
assisted synthesis and application of a microfluidic device. Both of them achieved high
conversion in a HEPES buffered system, which is associated with cost effectiveness. Resultantly,
those devices show a great potential for further routine and scientific applications. Furthermore,
a novel TLC assay for determining the HEPES concentration in radiopharmaceutical formulations
was developed. This method is conclusive and reliable in contrast to the prescribed method by
the Ph. Eur. As a result, the new assay facilitates HEPES quantification in clinical routine
dramatically. Hence, the developed assay is currently considered for publication in Ph. Eur.
Additionally, the HEPES limit set by the Ph. Eur. was questioned and in vitro tests investigating
the influence of HEPES on 1) cell viability and 2) [®Ga]Ga-PSMA-11 accumulation were
performed. Preliminary results show no influence on cell viability in concentrations that exceed
the prescribed limit by a factor of 10%. The first experiment of the impact on radiotracer
accumulation leads to the assumption that there is no difference caused by HEPES.
Consequently, the HEPES limit should be reconsidered and further investigations regarding
HEPES are needed. Besides, the challenging synthesis of (+)-["'CJPHNO was optimized by
skipping all heating and cooling steps after release of [*'C]CO, leading to a dramatic time
reduction of 5 min. A consecutive study of byproducts and impurities formation led to a scheme
of HPLC chromatogram patterns of failed (+)-[''CIPHNO formation which are assigned to
probable error sources. Therefore, time intensive troubleshooting after a failed synthesis will
help tremendously.

Ultimately, this work describes the improvement of various radiotracer synthesis and HEPES
testing during the quality control procedure. The prescribed limit of HEPES was reasonably
questioned and reconsidered on base of in vitro assays. Resultantly, pursuing the implemented
approaches within this thesis could appreciably facilitate radiosynthesis and quality control in

clinical studies and routine.
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VI. Abbreviations

ACN acetonitrile

AUC Area under the curve

CcT Computed tomography

DOTA-NOC L-Cysteinamide, N-[[4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododec-1-yl]acetyl]-D-phenylalanyl-L-cysteinyl-3-
(1-naphthalenyl)- L-alanyl-D-tryptophyl-L-lysyl-L-threonyl-N-
[(1R,2R)-2-hydroxy-1-(hydroxymethyl)propyl]-, cyclic (2—7)-
disulfide

DOTA-TATE DOTA-D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr-OH, cyclic
disulfide

DOTA-TOC L-Cysteinamide, N-[[4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododec-1-yllacetyl]-D-phenylalanyl-L-cysteinyl-L-
tyrosyl-D-tryptophyl-L-lysyl-L-threonyl-N-[(1R,2R)-2-hydroxy-
1-(hydroxymethyl)propyl]-, cyclic(2—7)-disulfide

EDTA Ethylenediaminetetraacetic acid

EtMgBr Ethylmagnesium bomide

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HPLC High performance liquod chromatography

LAH Lithium aluminum hydride

LOR Line of response

MeOH Methanol

MR Magnetic resonance
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MTT

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid

NaOAc

Sodium acetate

NODAGA-RGDyk

Cyclo[L-arginylglycyl-L-a-aspartyl-D-tyrosyl-N6-([[4,7-
bis(carboxymethyl)-1,4,7-triazonan-1-ylJacetyl])-L-lysyl]

PET Positron emission tomography

Ph. Eur. European Pharmacopoeia

PSMA Prostate specific membrane antigen

PSMA-11 Glu-NH-CO-NH-Lys(Ahx)-HBED-CC

RCR Radiochemical conversion rate

RCY Radiochemical yield

SD Standard deviation

SST Somatostatin

SSTR Somatostatin rezeptor

TEA Triethylamine

TLC Thin layer chromatography

(+)-HNO 2H-Naphtho[1,2-b]-1,4-oxazin-9-ol, 3,4,4a,5,6,10b-
hexahydro-hydrochloride

(+)-PHNO (+)-4-Propyl-3,4,4a,5,6,10b-hexahydro-2H-naphtho[1,2-

b][1,4]oxazin-9-ol
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