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Enhancing the radionuclide theranostic concept
through the radiohybrid approach

Tobias Kronke, ©2° Klaus Kopka @2°°¢ and Constantin Mamat @ *2°

Radionuclide theranostics - a fast-growing emerging field in radiopharmaceutical sciences and nuclear
medicine - offers a personalised and precised treatment approach by combining diagnosis with specific
and selective targeted endoradiotherapy. This concept is based on the application of the same molecule,
labelled with radionuclides possessing complementary imaging and therapeutic properties, respectively. In
radionuclide theranostics, radionuclide pairs consisting of the same element, such as *¥54*Cu/%’Cu, 2%*Pb/
22pp or 12312483 gre of significant interest due to their identical chemical and pharmacological
characteristics. However, such “true matched pairs” are seldom, necessitating the use of complementary
radionuclides from different elements for diagnostics and endoradiotherapy with similar chemical
characteristics, such as 2°™Tc/®%188Re, 8Ga/Y’Lu or ®8Ga/??°Ac. Corresponding combinations of such
two radionuclides in one and the same radioconjugate is referred to as a “matched pair”. Notably, the
pharmacological behavior remains consistent across both diagnostic and therapeutic applications with
“true matched pairs”, which may differ for “matched pairs”. As “true matched pairs” of theranostic
radioisotopes are rare and that some relevant radionuclides do not fit with the diagnostic or therapeutic
counterpart, the radionuclide theranostic concept can be expanded and improved by the introduction of
the radiohybrid approach. Radiohybrid (rh) ligands represent a new class of radiopharmaceutical bearing
two different positions for the introduction of a (radio)metal and (radio)halogen in one molecule, which
can be then used for both therapeutic and diagnostic purposes. The following review will give an insight
into recent developments of this approach.

completely fulfil the radionuclide theranostic concept by
allowing radiolabelling of the same molecule with two

The combination of two binding sites in the same molecule
for the binding of different radionuclides for either
therapeutic or diagnostic applications is called the
radiohybrid approach within the theranostic concept. Such
radiopharmaceuticals ~ bearing  these two  different
radiolabelling positions are called radiohybrid (rh) ligands.
Using this concept, a consistent pharmacological behaviour
of the resulting radioconjugate is achieved. In contrast to the
well-known radionuclide combinations used in the classic
theranostic concept such as **Cu/*’Cu as a true matched pair
or °®Ga/"’Lu or °®Ga/***Ac as matched pairs, radiohybrid
ligands do not use two radiometals, but combine a (radio)
metal with a (radio)halogen instead.>™ These ligands
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different radionuclides, thus generating an adapted definition
of a true theranostic pair - a “radiohybrid pair”. When
labelled with a radiohalogen, the other site is coordinated
with the nonradioactive metal, and when labelled with a
radiometal the other site bears the nonradioactive halogen
like *°F or "*"1.*

The rationale behind this approach is to address the
shortcomings of existing medical radionuclides, which are
limited by their inherent constraints. The introduction of a
radiohybrid approach aims to bridge this gap by providing a
means to overcome the lack of suitable nuclides for the
opposite nuclear medicine application. For example, a
therapeutic analogue for fluorine-18 or a diagnostic
counterpart for actinium-225 are unknown, but both could
be combined using two different labelling moieties in the
one molecule (Fig. 1). In this special case, both positions
(complexing agent and halogen binding position) can be
labelled independently of each other, thus ideally separating
the respective radiolabelling process.’

The classic radionuclide theranostic concept® (Fig. 1)
involves the use of radiometals usually being complexed by a

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Comparison of the classic radionuclide theranostic concept
and the radiohybrid approach showing different binding sites of the
radionuclides.

multidentate chelator (selection in Fig. 2). The radionuclides
clinically used so far, such as ****sc, ®*Ga, °°y, *'In and
77Lu, can be inserted in the same chelator, such as DOTA
(2,2',2",2"-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)
tetraacetic acid). However, this may result in different
coordination spheres and thus different chemical structures
of the metal complexes.””® For example, a hexadentate
complex is formed by the complexation of trivalent gallium
with DOTA, while an octadentate complex is formed with
trivalent lutetium.”" These “matched pairs” are in fact very
similar, but often demonstrate non-identical pharmacological
behaviour.*'"" In this case, [*®Ga]Ga-DOTA-TATE is used for
diagnosis and  ["’Lu]Lu-DOTA-TATE  for  targeted
endoradiotherapy of neuroendocrine tumours but both
radiotracers show pharmacokinetic differences.”'® This is in
contrast to rh-ligands, which are per se chemically identical
and provide the same pharmacokinetic characteristics as
“true matched pairs”.> Notably, the combination of [**Ga]Ga-
PSMA-11 (Illuccix, Locametz or isoPROtrace-11) with [*”"Lu]
Lu-PSMA-617 (Pluvicto) is a prominent clinically established
example using different chelators. HBED-CC (N,N-bis-[2-
hydroxy-5-(carboxyethyl)benzoyljethylenediamine-N,N"-diacetic
acid) and DOTA are used, respectively, which significantly
influences the pharmacological behaviour of the given
radiotracer resulting in different distribution profiles of the
tracers in the body.’®"" Even the use of PSMA-617 with DOTA
as a chelator for both radionuclides shows a change in the
in vivo kinetics.'® In this context, the introduction of the
radiohybrid approach offers a promising solution to assure
identical biodistribution behaviour. In contrast, the influence
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Fig. 2 Cyclic and open-chain chelators
radiopharmacy and nuclear medicine.

commonly used in
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of the chelator plays a minor role like in the case of ['''In]In-
ibritumomab for SPECT and [*°Y]Y-ibritumomab for therapy
of non-Hodgkin's lymphoma as the behaviour is largely
dependent on the macromolecular antibody.'***

Opposite to the classic concept, rh ligands contain an
additional binding site for a covalently bound radiohalogen.
This makes the combination of metals and non-metals easily
possible without changing the chemical structure of the
molecule. Consequently, the radiohybrid approach elegantly
extends the limited number of matched pairs for
radionuclide theranostic applications (Fig. 3),” which opens
up new possibilities for clinical applications.

Fluorine-18 and/or gallium-68?

In principle, the use of radionuclides such as **Ga and *""Lu
represents a viable radionuclide theranostic strategy, as is the
case with PSMA-I&T.'® However, the hybrid combination of
8F and '""Lu offers several advantages over gallium. '*F has a
more comfortable half-life of 110 minutes, almost twice as
long as ®®Ga with a physical half-life of 68 minutes (Table 1).
A longer handling in combination with imaging at later time-
points could be favourable for providing more comprehensive
data on the biodistribution and clearance of the
radiopharmaceutical; e.g, a particular advantage of
combining *F and '“Lu in one molecular structure for a
more accurate dosimetric calculation.® The lower positron
energy of fluorine-18 results in a higher resolution and better
quality of the PET images, with the advantage to even detect
smaller metastases."”

The production methods are also different. The fact that
8Ga is obtained by elution from a generator means that only
limited activity can be achieved, but at least more frequently
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Fig. 3 The radiohybrid approach adds new “rh pairs” to the number
of “true matched pairs™.
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Table 1 Comparison of radionuclides discussed in this review
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Radionuclide Production Half-life Energy

8p 80(p,n)**F 110 min 0.65 MeV (B4
%8Ga 8Ge/**Ga generator 68 min 1.90 MeV (B")
1231 124%e(p,2n)"**Cs — **Xe — 1 13.2h 0.159 MeV (EC)
7L 7eLu(n,y)"""Lu 6.7d 0.498 MeV (B7)
2HAt *09Bi(a,2n)*" At 7.2h 5.87 MeV (o)
225Ac *27Th decay 9.9d 5.8 MeV (first o)

and cyclotron-independent.”® With '®F as a cyclotron-
produced radionuclide, much higher activities can be
obtained during production. This means that fluorine-18 can
be produced on a large scale for significantly more
patients."*°

Matched pair radiohalogen/radiometal complexes

Various attempts have been made in the past to combine a
diagnostic radiohalogen (*®F, ') with a therapeutic
radiometal. One of these is based on the AI'®F approach,
which is based on the chelating system for radiometal
coordination.”*  Advantageously, the aluminium-fluorine-
bond is one of the strongest bonds and the labelling with
[*®F]fluoride works in acceptable yields in a short period of
time in most cases without azeotropic drying. The NOTA
chelator (2,2',2"-(1,4,7-triazacyclononane-1,4,7-triyl )triacetic
acid) or open-chain chelators like RESCA 2,2"-(((1S,25)-2-
((carboxymethyl)(4-(carboxymethyl)benzyl)amino)cyclohexyl)
azanediyl)diacetic acid or HBED-CC are required to stably
bind the AIF moiety. One example of a successful dual
labelling is presented in Fig. 4 for FAPoa-radioconjugates
realising the combination of the diagnostic radionuclides "F/
®8Ga using the same precursor molecule.*

Radiolabelling with °®Ga delivered both radiotracers [**Ga]
Ga-NOTA-OncoFAP and [**Ga]Ga-NODAGA-OncoFAP in high
radiochemical yields (RCYs) of >88% in high molar activities
(Am) of 26-39 GBq umol " and radiochemical purities (RCPs)
>99% in an automated radiosynthesis procedure (5-10 min,
95 °C). In contrast, radiolabelling with '*F (radiosynthesis
time ca. 25 min, 95 °C) delivered [**F]AIF-NOTA-OncoFAP in
20% RCY (A, = 3-9 GBq umol ™), whereas ['*FJAIF--NODAGA-
OncoFAP was obtained in only 2% RCY (4,, = 0.4 GBq
umol ™). For radiolabelling with ’Lu, the chelator was

F N J\/\n/N
N N ( \ o %8Ga
(o} 2N o 0 \)J\
N NI e

NODAGA-OncoFAP

Fig. 4 FAPa-conjugates for hybrid radiolabelling using radiometals
and the AI*®F technique.
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changed to NODAGA leading to an altered radioconjugate.
With this approach, a change in the pharmacological
behaviour of the radioconjugates cannot be ruled out due to
the different binding situations (AlF vs. radiometal) in the
chelator.??

Radiohybrid ligands

To date, only a limited number of radiohybrid conjugates are
known (Fig. 5), including [“F]F-rhPSMA-7.3 (recently
approved as Posluma; flotufolastat F18),>* LuFL, DOTAGA-
rhCCK1, DOTA-RGD, mcp-M-alb-PSMA and DOTA-AMBF;-
PSMA. All conjugates facilitate radiolabelling according to the
radiohybrid approach to fulfil the theranostic concept. Most
of the examples shown are based on the combination of '*F
and "’Lu. One combination is based on the alpha emitter
>MAt with ®®*Ga (DOTA-RGD-alb) and one is based on **°Ac
with **I (mcp-M-alb-PSMA).

DOTA or DOTAGA serve as preferred chelators for the
complexation of **Ga or "’Lu in all the conjugates depicted
in Fig. 5, except of the macropa-based mcp-M-alb-PSMA.>* In
this example, macropa was used for the complexation of
2°Ac to overcome obstacles with the in vivo stability of >**Ac-
DOTA-complexes. Furthermore, '®F was introduced by the
isotopic exchange reaction via the silicon-fluoride acceptor
(SiFA) moiety or using the BF; unit located in the periphery.*®
The rh-approach can be applied to various targeting
molecules such as prostate specific membrane antigen
(PSMA) binders,**® the fibroblast activation protein
inhibitor (FAPI),® the cholecystokinin-2 receptor targeting
minigastrin'’ or the o,f; integrin targeting cyclic peptide
sequence RGD (arginine-glycine-aspartic acid).>* The easy
transfer of the radiohybrid approach to many different
biological targets makes it a comprehensive tool for various
cancer entities.

rhPSMA conjugates

The PSMA protein is overexpressed in malignant prostate
tissue, whereas it is expressed only at low levels in healthy
tissue. This makes PSMA an excellent biological target for
diagnosis and treatment of prostate cancer.’® A high number
of PSMA-targeting radioligands are known, including the
diagnostic gold standard [°*®Ga]Ga-PSMA-11 and the
therapeutic counterpart ['”’Lu|Lu-PSMA-617.%"

In a first report in 2020, six different radiohybrid PSMA
ligands (named as rhPSMA ligands of the rh-PSMA-7 series)

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00591k

Open Access Article. Published on 25 November 2024. Downloaded on 2/28/2026 3:44:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

View Article Online

Review

HN

o o

O NH O, o NN
OfH X VAR VAN 0\5; Oy OH el n DOTA:RGD
ol Y cn
: )OL <N M/N) : )OL
HOL Ay N oM \_) HOL Ay N oM
F o H H o d b o H H g HN
—/ mcp-M-alb-PSMA
M = La, Ac

W ou\ O,
N O
W\N 5 “SoH o S NH
=Ll ] 9
Oa\,N/ \ '\ (0]
N\\« j\
{ HO. NN OH d
rhPSMA-7.3 O o

r—

o

(R)-DOTAGA-rhCCK-1

o j;;
Vot Oy -OH Oy -OH O OH o OH 5
N O
o /_/ j\; j/ j/ NH (W NH
Y\’?‘\L./, N 2 Y 4w @ fwQ FwQ 9 vo9 o9 e 9
0"<</ /N\/\)J\N/ﬁrN N/ﬁrN N/ﬁrN N/ﬁrN\;)J\N N\)J\N N\:)J\N N\:)J\NHZ
o~ N~ A H o H 3 H 3 H § & H § H § & H § &
o~ ~o \k \©
07 oH 07 oH 07 oH

DOTA-AMBF 3-PSMA

Fig. 5 Overview over ligands and conjugates applied in the radiohybrid approach including the recently approved [*®FlGa-rhPSMA-7.3.

were evaluated®*?* and compared with the commonly used

'8p-labelled  PSMA  radioconjugates [**F]F-DCFPyL
(piflufolastat) and ['*®F]F-PSMA-1007.>” All radiohybrid
compounds contain the 4-(di-tert-butylfluorosilyl)benzoyl

residue allowing the isotope exchange according to the SiFA
route.*® Furthermore, different chelators DOTA, DOTAGA and
NOTA-based TRAP were used for radiolabelling with **Ga and
177Lu.27

The peptide structure with the PSMA-binder was prepared
by solid-phase peptide synthesis via the Fmoc protecting
group strategy. The 4-(di-tert-butylfluorosilyl)benzoyl moiety
was introduced as supplemental fluorine binding site and
DOTAGA anhydride as chelator for the radiometal.”” The
labelling with "”’Lu was carried out in a NaOAc buffer (pH
5.5) with 20-50 MBq [""’LuJLuCl; at 90 °C for 30 minutes,
achieving a RCP of over 99%.* For the isotope exchange
reaction of fluorine, aqueous ['®F]fluoride was first dried
using an anion exchange cartridge, eluted with X, , , /KOH,
neutralised with oxalic acid and reacted with the precursor in
anhydrous DMSO. The radiolabelling was completed after 5
a RCY of

cartridge

minutes at
approximately
purification.?”
Compared to ['F]JF-DCFPyL and ['®F]F-PSMA-1007,
rhPSMA-7 showed an improvement in internalisation and
binding affinity.”” Consequently, rhPSMA-7.3 was selected as
the lead compound on the basis of preclinical biodistribution
data including a general lower uptake in liver and kidneys
paired with a lower blood circulation and a high tumour

room temperature and offers
60% after a convenient

This journal is © The Royal Society of Chemistry 2025

uptake.***® The next generation has already been published
as the successor. ['”’Lu]Lu-thPSMA-10 (Fig. 6) is expected to
have an even faster clearance from healthy tissue such as the
kidneys. The charge was reduced by replacing DOTAGA by
DOTA.”’

DOTA-AMBF;-PSMA

One advantage of the AMBF; ((alkyldimethylammonio)
methyl)-trifluoroborate group is that it can be radiolabelled
quickly and under mild conditions with [**F]fluoride via
isotope exchange. The fluorine binding site was introduced
by binding AMBF; to Fmoc-azidolysine using the Cu-catalyzed
azide-alkyne click reaction.”® The carboxylic acid of the
clicked compound was then converted to the NHS active ester
and bound to PSMA-617-NH, synthesized by solid phase
peptide synthesis. The chelator was introduced as DOTA-NHS

e
Si
ol
W b T
041 u.HN\/\/\/nY\)OL
Y NH
° OJ\OH © o
X,

rhPSMA-10

Fig. 6 Molecular
rhPSMA-10.

structure of the pharmacologically improved
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ester as well. Radiofluorination was performed by adding [**F]
fluoride (74 GBq) eluted from an anion exchanger to the
precursor (80 nmol) dissolved in aqueous pyridazine-HCl
buffer solution (pH 2). The reaction was heated to 80 °C for
25 minutes, but the RCY was only about 1%. It is stated here
that the reaction is still unoptimised and higher yields can be
expected in the future. Labelling with *”’Lu was performed by
adding about 1 GBq [*"LuJLuCl; to the precursor (10 nmol)
dissolved in acetate buffer (pH 4.5). The solution was heated
to 90 °C for 15 min and a radiochemical yield of 41% was
obtained.*

Typically, significantly higher RCYs were reached with
the SiFA method, which in turn favours the clinical
application of SiFA. Additionally, the relatively mild SiFA
method is capable of labelling temperature sensitive
compounds, whereas the BF; method invariably necessitates
heating. However, with AMBF;, an [“*F]F/[*®*0O]H,O-mixture
can be used for radiolabelling, obviating the necessity for
an additional drying step.”> Both methods have their
respective advantages, but the SiFA method appears to be
superior.

PSAt-3-Ga

Radioconjugates containing >''At and the iodine isotopes **’I

and "*'1, have been extensively studied for their potential use
in imaging and therapy. Due to their shared chemical
similarities as halogens, astatine and iodine exhibit similar
behaviour in biological systems and have the ability to form
compounds with similar properties.’* Isotopes of both
elements are suitable for medical applications, including
targeted radionuclide therapy and diagnostic imaging. While
iodine radioisotopes are more commonly used in clinical
practice, >''At is gaining recognition for its potential
therapeutic properties, especially in targeted alpha therapy.*’
The on-site cyclotron production of *''At (*°°Bi(ca,2n)*'"At)
could be one advantage of >''At over other alpha-emitters like
?»>Ac. Furthermore, At can chemically be handled as a
halogen. Thus, radiolabelling is achievable by electrophilic
destannylation in the same manner as for (radio)iodine.
However, it should be noted that the carbon-astatine-bond is
susceptible to deastatination due to the lower energy of the
At-C-bond, as shown by in vivo data.*'

Astatination reactions commonly executed as
electrophilic aromatic substitutions (SgAr) requiring an
electrophilic leaving group such as boronyl, stannyl or silyl.
For this purpose, the desired trimethylsilyl precursor was
synthesized using a solid phase peptide synthesis using an
Fmoc-protecting group strategy. The binding site for the
astatine labelling was attached wusing 3-(trimethylsilyl)
phenylalanine, = which  was  prepared  beforehand.
Radiolabelling with astatine was carried out under oxidative
conditions by adding the precursor, N-chlorosuccinimide and
TFA to [*''At]At". After the labelling at 70 °C for 10 minutes,
the complexation with "*Ga(NO); was performed in NaOAc-
buffer (pH 5.5) to obtain the final ***At-radioconjugate [>'*At]

were

1860 | RSC Med. Chem., 2025, 16, 1856-1864
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Fig. 7 Molecule structures of [**!At]PSAt-3-Ga and [ssGa]Ga-PSGa-Z.28

PSAt-3-Ga (Fig. 7) with a RCY of 35% after cartridge
purification. To obtain the diagnostic counterpart, the
iodine-containing precursor was used for radiolabelling with
[*®GalGa®" (pH 4.0, 95 °C, 5 min), whereby a radiochemical
conversion (RCC) of 98% was achieved for [*®Ga]Ga-PSGa-3
(Fig. 7). Compared to PSMA-617, PSAt-3-Ga has a 50% lower
tumour residence time, which is attributed to the irradiation
of tumour cells with alpha particles and their subsequent
death. However, the compound also shows a slight
deastatisation with an accumulation in the thyroid gland of
around 4% ID g *.*®

LuFL

The fibroblast activation protein (FAP) is known as a versatile
target present in a variety of malignancies with high
expression in or close to tumors but negligible expression in
healthy tissues. It is a membrane-bound protease with high
expression in the tumor microenvironment of many solid
cancer entities due to its presence on cancer-associated
fibroblasts,**** a central component of the tumor
microenvironment in primary and metastatic tumors.**
DOTAGA and SiFA represent the basis for radiolabelling in
this radiohybrid example to prepare radioconjugates targeting
FAP. The basic precursor was synthesized over a 20-step
synthesis. For radiofluorination, the precursor was first
coordinated with lutetium by adding "LuCl; in NaOAc (pH
5) at 95 °C for 2 h. After purification by HPLC, the
radiofluorination was carried out for 5 minutes at ambient
temperature by adding oxalic acid and the "*Lu-containing
precursor to previously dried [“*F]F~ eluted with K,,,
achieving a RCY ranging from 18 to 62% after cartridge
purification. For the labelling with "Lu, the unmodified
precursor was dissolved in NaOAc, ['"’Lu]LuCl; was added
and the mixture was heated at 90 °C for 10 minutes reaching
an RCY of >99% (A, = 9.5-37.1 GBq umol').” This
combination even enables a kit-like production of both the
8p- and the ""’Lu-radioconjugate. LuFL shows higher cellular
uptake, binding affinity, tumour uptake and retention time
in vivo compared to FAPI04.”

DOTA-RGD

A cyclo-RGD peptide containing an additional phenylalanine
moiety was used as the binding unit to target o,f;
integrin.®®> The phenyl group facilitates introduction of

This journal is © The Royal Society of Chemistry 2025
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radioiodine and astatine wvia electrophilic aromatic
substitution. Radiohybrid conjugates based on the RGD
peptide were synthesized by solid phase peptide synthesis
using a Fmoc protecting group strategy. In this case,
phenylalanine of the original RGD peptide was exchanged by
4-iodophenylalanine. DOTA was used as chelator and
introduced as the tris-ter¢t-butyl protected motif. To allow for
the radiohalogenation under electrophilic aromatic
substitution conditions, the iodo-containing peptide was
stannylated by a tin-iodine exchange. Radiolabelling with
2MAt was carried out as electrophilic aromatic substitution
using N-chlorosuccinimide (NCS)/acetic acid as the oxidizing
reagent. The tin-precursor was dissolved in acetonitrile, the
[*''AtJAt" solution and NCS were added, and the reaction
mixture was heated to 80 °C for 15 minutes. The final
deprotection was carried out with TFA prior to labelling with
"Ga, followed by HPLC purification to obtain the *''A
radioconjugate in 16% RCY.>’ In this case, the protected
precursor Sn-DOTA-RGD (Fig. 8) was used for radiolabelling
to avoid loss of the acid-labile stannyl group and subsequent
radioiodination via tin-iodine exchange, which was shown
to fail with the deprotected peptide precursor.>®

Due to its longer half-life of 78 hours, °’Ga (suitable for
SPECT) was used for radiolabelling instead of ®*Ga (PET).
Therefore, the precursor with nonradioactive iodine was
dissolved in ammonium acetate buffer (pH 5.0) and [*’Ga]
GaCl; (1.6 MBq) was added and reacted at 80 °C for 5
minutes. A RCY of 97% was obtained after purification using
RP-HPLC.”

Biodistribution experiments in tumour-bearing mice
showed a similar distribution pattern of the radioiodine
(["Ga,"*1]I-DOTA-RGD) and astatine (["*Ga,*''At]At-DOTA-
RGD) radioconjugates.”® Due to the chemical similarity of
iodine and astatine, this radiohybrid approach can be
readily transferred to the ®®Ga/*''At combination.

Sn-DOTA-RGD
SnBuj

0 O 0 }O,/EN Nj\ro'/OH
HOJJ\/N\_/N\)?\OH

Sn-DOTA-RGD-alb

Fig. 8 Molecule structures of the ‘Bu-protected RGD-stannyl
precursor Sn-DOTA-RGD and the stannyl-precursor Sn-DOTA-RGD-
alb with albumin binder.

This journal is © The Royal Society of Chemistry 2025
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To improve the pharmacokinetics of the radioconjugate,
the structure was modified to include the albumin binding
4-(iodophenyl)butyrate group.*> For this purpose, the
albumin binder 4-(iodophenyl)butyrate was additionally
attached, allowing radiolabelling with ***I and *''At on this
motif instead of the previously used phenylalanine of the
RGD moiety. As a result, a prolonged blood clearance
together with an enhanced tumour accumulation and
retention was observed with the altered *''At-radioconjugate
including the albumin binder. Tumour growth was
significantly inhibited in tumour-bearing mice.”> The
respective stannylated precursor Sn-DOTA-RGD-alb (Fig. 8)
without protecting groups was used for radiolabelling. *’Ga
was used as a SPECT nuclide.

rhCCK conjugates

The peptidic minigastrin derivative PP-F11N to target CCK-2R
for addressing thyroid cancer was previously developed.*® (R)-
DOTAGA-ThCCK-1 was initially designed on this basis using
DOTA as chelator and SiFA for '®F-introduction as part of this
radiohybrid approach.'” In order to optimize elevated kidney
retention, two new radioconjugates DOTAGA-thCCK-16 and
DOTAGA-ThCCK-18 (Fig. 9) were investigated.”” Interestingly,
the insertion of the SiFA unit resulted in a higher receptor
affinity as well as internalisation due to the higher binding to
human serum albumin.

The peptide backbone was synthesized by solid phase
peptide synthesis using the Fmoc protecting group strategy."’
Radiolabelling with "’Lu for both conjugates was performed
at 90 °C for 15 min in NaOAc-buffered HCIl (pH 5.5) with
quantitative RCYs and RCP with >95%. The radiofluorination
of ["Lu]Lu-DOTA-ThCCK-18 was performed at 60 °C for
5 min using previously dried ['®F]fluoride via an isotopic
exchange reaction at the SiFA site, followed by a cartridge
purification with RCYs between 10 and 30% as well as RCPs
> 95%."* In vivo, F-["”’Lu]Lu-DOTA-thCCK-18 shows very high
tumour accumulation after only 1 h. A better detection rate is
predicted for [**F]F-Lu-DOTA-thCCK-18 compared to other
CCK-2R or SSTR2-targeting compounds, suggesting a clinical
translation.*’

mcp-M-alb-PSMA

The combination of radioiodine for SPECT and **°Ac for
targeted alpha therapy with a PSMA-binding vector based on

(R)-DOTAGA-rhCCK-16 (n = 6)
(R)-DOTAGA-rhCCK-18 (n = 8)

Fig. 9 Molecular structures of (R)-DOTAGA-rhCCK-16 and -18.
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PSMA-617 represents a further enhancement of the
radiohybrid approach. Macropa was used as a chelating
system for the Ac coordination due to the formation of more
stable complexes in contrast to DOTA.*® Concurrently, the
albumin binder in the form of iodophenylbutyric acid was
used to introduce the SPECT nuclide "**I through using a tin
precursor strategy.” The new radiohybrid pair of '*’I and
*»>Ac was thus created. As no stable isotope of actinium is
known, nonradioactive lanthanum can be used as a
surrogate.”® The aforementioned difference of gallium and
lutetium in the metal complexation plays a minor role for
actinium and lanthanum as both have the same coordination
properties and similar ion radii.”*

Two albumin-binding radioconjugates containing the
4-iodophenyl butyrate moiety and macropa as chelator for
225A¢ were developed. In this special case, the albumin
binder converted to radiolabelling with
radioiodine. The PSMA-617-derivatised vector molecule was
synthesized in solution using an Fmoc strategy.”> Macropa
was connected to an azidolysine moiety via the Cu-catalysed
azide-alkyne click reaction. For radioiodination, the iodine
binding site is introduced via an 4-(trimethylstannyl)
phenylbutyric acid-PNP active ester or, in the nonradioactive
case, 4-(iodo)phenylbutyric acid. Radioiodination is carried
out as an electrophilic aromatic substitution with iodogen as
the oxidising reagent. To ensure radioiodination with '*°I,
the stannyl-precursor was dissolved in dimethyl sulfoxide
and treated with ["**I]I” solution (up to 1 GBq) in a iodogen
reaction tube and reacted at room temperature for 20
minutes. A RCY of approximately 10% was obtained.*
Radiolabelling with **Ac was performed by dissolving the
iodophenylbutyrate-precursor in an ammonium acetate
buffer (pH 6) and adding [**°Ac]AcCl; at room temperature
for 15 minutes with a RCY > 99%.*®

A significant difference is that two different precursor
molecules are required in this example for the iodination or
complexation of actinium, which is not the case when SiFA in

was allow

combination with chelator are used. Nevertheless, the
resulting radioconjugates ultimately have the same
properties.

Conclusion and outlook

Within the theranostic concept, the radiohybrid approach
offers a new opportunity to combine radionuclides that
previously had no therapeutic or diagnostic counterpart. For
the first time, a true theranostic approach is possible for the
PET nuclide '®F, which can be now combined with, e.g.,
7Ly, ?**Ac or other therapeutic radionuclides. To achieve
the radiohybrid approach, existing chelator-based
radiopharmaceuticals could be extended, e.g., by a SiFA unit
or existing iodinated albumin binders could be used.
However, the introduction of a SiFA binding site can lead to
an increased lipophilicity which can cause an alteration of
the pharmacological behaviour.” In the case of the rhCCK
conjugates, a higher tumour uptake was observed. As a
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drawback, isotopic labelling can also lead to '°F-
radioconjugates with reduced molar activity.

An advantage of iodinated radioconjugates over fluorine
isotope exchange compounds is that significantly higher
molar activities can be achieved due to the use of precursors
with leaving groups. The use of extra precursors for the
radioiodine labelling and an additional purification step
could be seen as a drawback here. *''At tracers must be
studied preclinically with particular care to avoid
deastatisation®® due to the relatively weak astatine carbon
bond.

The radiohybrid approach is, like all other conventional
radiolabelling ~ methodologies,  usually  limited to
radionuclides of elements which also have a nonradioactive
isotope.”” Astatine-211 and actinium-225 are exceptions. The
use of iodine and lanthanum,”**® respectively, as
nonradioactive surrogates for analytical characterisation and
for identification is a good compromise due to their similar
chemical properties. The transfer of the radiohybrid
approach within the theranostic concept is conceivable for all
compounds and conjugates containing a halogen on the
periphery of the molecule and a chelating system such as
PSMA I&T'® (Fig. 10). In this case, the iodinated tyrosyl
residue could provide the combination of radioiodine and
7Lu. However, it should be noted that the body's
deiodination enzymes could lead to deiodination processes.>®

RPS-074>” and PSMA-trillium®® (Fig. 11) are other
examples for a possible transfer of the radiohybrid concept.
As realized for mcp-M-alb-PSMA with >*Ac and '*°I, the
albumin binders in RPS-074 and PSMA-trillium are eligible to
be radioiodinated in same way. However, in the clinical trial
(NCT06217822), [**"In]In-PSMA-trillium containing the DOTA
chelator was used as the SPECT-diagnostic counterpart and
[**>Ac]Ac-PSMA-trillium with a macropa chelator was used for
dose escalation studies.

In comparison to the classic theranostic concept, it could
be easier to translate compounds into the clinic, as the same
biodistribution for patient application will bring advances in
the combination of diagnosis and therapy. The inclusion of
an additional binding site for a covalently bound
radiohalogen in radiohybrid ligands opens up the possibility
of combining metals and non-metals. Without altering the
molecule pharmacologically, a significant advance in
oncology research and clinical application is achieved. This
was demonstrated  successfully by = SiFA-containing
compounds where the introduction of the fluorine group

/ _\HOKO/W I/@ ofH
oio} AR

Fig. 10 Molecular structure of PSMA 16T with DOTAGA chelating unit
(blue) and the possibility for a radioiodine labelling (green).

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Molecular structures of RPS-074 and PSMA-trillium with
macropa chelator (blue) and the possibility for labelling with
radioiodine (green) using the albumin binder.
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does have a significant effect on the pharmacokinetics as
could be shown with LuFL. One potential disadvantage is the
increased effort required for the precursor synthesis.
However, this flexibility enables the creation of innovative
radiopharmaceutical compounds that can be targeted
towards specific oncological sites, the amplification of
radionuclides without a diagnostic or therapeutic counterpart
to perform both diagnostic and therapeutic functions in a
single (radio)conjugate. The integration of metals and
radiohalogens in a single ligand as the basis of the
radiohybrid approach thus represents a significant step
forward in the further development of precise and
individualised medical applications in nuclear medicinal
research and clinical practice.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this review.

Author contributions

T. Kronke, C. Mamat: methodology, investigation,
visualization, writing - original draft. T. Kronke, C. Mamat:
review & editing. K. Kopka: supervision & review. All authors
have read and agreed to the published version of the
manuscript.

Conflicts of interest

There are no conflicts to declare.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

Acknowledgements

The research was partially funded by the Wilhelm-Sander
Stiftung. The authors would like to thank Dr. Adam C.
Kennedy for assistance with proof-reading of this manuscript.

References

1 C. Lawhn-Heath, A. Salavati, S. C. Behr, S. P. Rowe, J. Calais,
W. P. Fendler, M. Eiber, L. Emmett, M. S. Hofman and T. A.
Hope, Radiology, 2021, 299, 248.

2 W. Jones, K. Griffiths, P. C. Barata and C. J. Paller, Cancers,
2020, 12, 1367.

3 A. Ahmedova, B. Todorov, N. Burdzhiev and C. Goze, Eur. J.
Med. Chem., 2018, 157, 1406.

4 A. Wurzer, J. P. Kunert, S. Fischer, V. Felber, R. Beck, F
Rose, C. D'Alessandria, W. Weber and H. J. Wester, J. Nucl.
Med., 2022, 63, 1489.

5 J. H. Turner, Br. J. Radiol., 2018, 91, 20170893.

6 S.S. Kelkar and T. M. Reineke, Bioconjugate Chem., 2011, 22,
1879.

7 R. Mikolajezak, N. P. van der Meulen and S. E. Lapi,
J. Labelled Compd. Radiopharm., 2019, 62, 615.

8 T. Yang, L. Peng, ]J. Qiu, X. He, D. Zhang, R. Wu, ]. Liu, X.
Zhang and Z. Zha, Eur. J. Nucl. Med. Mol. Imaging, 2023, 50,
2331.

9 A. Sainz-Esteban, V. Prasad, C. Schuchardt, C. Zachert, J. M.
Carril and R. P. Baum, Eur. J. Nucl. Med. Mol. Imaging,
2012, 39, 501.

10 C. A. Umbricht, M. Benesova, R. M. Schmid, A. Tirler, R.
Schibli, N. P. van der Meulen and C. Miiller, EJNMMI Res.,
2017, 7, 9.

11 C. Miller, J. Rousseau, C. F. Ramogida, A. Celler, A. Rahmim
and C. F. Uribe, Theranostics, 2022, 12, 232.

12 T. J. Wadas, E. H. Wong, G. R. Weisman and C. J. Anderson,
Chem. Rev., 2010, 110, 2858.

13 Y. Sanli, I. Garg, A. Kandathil, T. Kendi, M. J. B. Zanetti, S.
Kuyumcu and R. M. Subramaniam, AJR, Am. J. Roentgenol.,
2018, 211, 267.

14 J. Ballinger, Br. J. Radiol., 2018, 91, 20170969.

15 K. S. Ajish Kumar and A. Mathur, Eur. J. Med. Chem. Rep.,
2021, 3, 100014.

16 M. Weineisen, M. Schottelius, J. Simecek, R. P. Baum, A.
Yildiz, S. Beykan, H. R. Kulkarni, M. Lassmann, I. Klette, M.
Eiber, M. Schwaiger and H.-J. Wester, J. Nucl. Med., 2015, 56,
1169.

17 N. Holzleitner, T. Giinther, R. Beck,
Wester, Pharmaceuticals, 2022, 15, 1467.

18 F. Sudbrock, T. Fischer, B. Zimmermanns, M. Guliyev, M.
Dietlein, A. Drzezga and K. Schomécker, EJNMMI Res.,
2014, 4, 36.

19 C. Kesch, C. Kratochwil, W. Mier, K. Kopka and F. L. Giesel,
J. Nucl. Med., 2017, 58, 687.

20 V. N. Pashentsev, At. Energy, 2015, 118, 405.

21 S. Schmitt and E. Moreau, Coord. Chem. Rev., 2023, 480,
215028.

C. Lapa and H. .

RSC Med. Chem., 2025, 16, 1856-1864 | 1863


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00591k

Open Access Article. Published on 25 November 2024. Downloaded on 2/28/2026 3:44:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

F. Bartoli, P. Elsinga, L. R. Nazario, A. Zana, A. Galbiati, J.
Millul, F. Migliorini, S. Cazzamalli, D. Neri, R. H. J. A. Slart
and P. A. Erba, Pharmaceuticals, 2022, 15, 958.

Y. A. Heo, Mol. Diagn. Ther., 2023, 27, 631.

R. Chakravarty and S. Chakraborty, Am. J. Nucl. Med. Mol.
Imaging, 2021, 11, 443,

V. Bernard-Gauthier, J. J. Bailey, Z. Liu, B. Wingler, C.
Waingler, K. Jurkschat, D. M. Perrin and R. Schirrmacher,
Bioconjugate Chem., 2016, 27, 267.

M. L. Lepage, H. T. Kuo, A. Roxin, S. Huh, Z. Zhang, R.
Kandasamy, H. Merkens, J. O. Kumlin, A. Limoges, S. K.
Zeisler, K. S. Lin, F. Bénard and D. M. Perrin, ChemBioChem,
2020, 21, 943.

A. Wurzer, D. Di Carlo, A. Schmidt, R. Beck, M. Eiber, M.
Schwaiger and H.-J. Wester, J. Nucl. Med., 2020, 61, 735.

M. El Fakiri, N. Ayada, M. Muller, L. Hvass, T. H. Gamzov,
A. S. Clausen, N. M. Geis, N. Steinacker, E. Hansson, S.
Lindegren, E. Aneheim, H. Jensen, A.-C. Eder, A. I. Jensen,
C. B. M. Poulie, A. Kjaer, M. Eder and M. M. Herth, J. Nucl.
Med., 2024, 65, 593.

K. Ogawa, H. Echigo, K. Mishiro, S. Hirata, K. Washiyama, Y.
Kitamura, K. Takahashi, K. Shiba and S. Kinuya, Mol
Pharmaceutics, 2021, 18, 3553.

G. Capasso, A. Stefanucci and A. Tolomeo, Eur. J. Med.
Chem., 2024, 263, 115966.

O. C. Neels, K. Kopka, C. Liolios and A. Afshar-Oromieh,
Cancers, 2021, 13, 6255.

S. W. Oh, A. Wurzer, E. J. Teoh, S. Oh, T. Langbein, M.
Kronke, M. Herz, S. Kropf, H.-J. Wester, W. A. Weber and M.
Eiber, J. Nucl. Med., 2020, 61, 702.

L. Gower-Fry, T. Kronemann, A. Dorian, Y. Pu, C. Jaworski,
C. Wingler, P. Bartenstein, L. Beyer, S. Lindner, K.
Jurkschat, B. Wingler, J. J. Bailey and R. Schirrmacher,
Pharmaceuticals, 2021, 14, 701.

T. Langbein, H. Wang, I Rauscher, M. Kroenke, K.
Knorr, A. Wurzer, K. Schwamborn, T. Maurer, T. Horn, B.
Haller, H.-J. Wester and M. Eiber, J. Nucl. Med., 2022, 63,
1334.

A. Wurzer, M. Parzinger, M. Konrad, R. Beck, T. Giinther, V.
Felber, S. Féarber, D. Di Carlo and H.-]. Wester, EJNMMI Res.,
2020, 10, 149.

A. Wurzer, F. De Rose, S. Fischer, M. Schwaiger, W. Weber, S.
Nekolla, H.-J. Wester, M. Eiber and C. D'Alessandria,
EJNMMI Radiopharm. Chem., 2024, 9, 18.

A. Roxin, C. Zhang, S. Huh, M. Lepage, Z. Zhang, K.-S. Lin,
F. Bénard and D. M. Perrin, Bioconjugate Chem., 2019, 30,
1210.

V. Bernard-Gauthier, J. J. Bailey, Z. Liu, B. Wingler, C.
Waingler, K. Jurkschat, D. M. Perrin and R. Schirrmacher,
Bioconjugate Chem., 2016, 27, 267.

1864 | RSC Med. Chem., 2025, 16, 1856-1864

39

40

41

42

43

44

45

46

47

48

49

50

51
52

53

54

55

56

57

58

View Article Online

RSC Medicinal Chemistry

F. Guérard, C. Maingueneau, L. Liu, R. Eychenne, ].-F.
Gestin, G. Montavon and N. Galland, Acc. Chem. Res.,
2021, 54, 3264.

M. R. Zalutsky and G. Vaidyanathan, Curr. Pharm. Des.,
2000, 6, 1433.

P. Albertsson, T. Béck, K. Bergmark, A. Hallqvist, M.
Johansson, E. Aneheim, S. Lindegren, C. Timperanza, K.
Smerud and S. Palm, Front. Med., 2023, 9, 1076210.

M. Sollini, M. Kirienko, F. Gelardi, F. Fiz, N. Gozzi and A.
Chiti, Eur. J. Nucl. Med. Mol. Imaging, 2021, 48, 4396.

T. Lindner, F. L. Giesel, C. Kratochwil and S. E. Serfling,
Cancers, 2021, 13, 5744.

D. Yang, J. Liu, H. Qian and Q. Zhuang, Exp. Mol. Med.,
2023, 55, 1322.

H. Echigo, K. Mishiro, M. Munekane, T. Fuchigami, K.
Washiyama, K. Takahashi, Y. Kitamura, H. Wakabayashi, S.
Kinuya and K. Ogawa, Eur. J. Nucl. Med. Mol. Imaging,
2023, 51, 412.

A. W. Sauter, R. Mansi, U. Hassiepen, L. Miiller, T. Panigada,
S. Wiehr, A.-M. Wild, S. Geistlich, M. Béhé, C. Rottenburger,
D. Wild and M. Fani, J. Nucl. Med., 2019, 60, 393.

T. Glinther, N. Holzleitner, D. Di Carlo, N. Urtz-Urban, C.
Lapa and H.-J. Wester, Pharmaceutics, 2023, 15, 826.

F. Reissig, K. Zarschler, Z. Novy, M. Petrik, K. Bendova, D.
Kurfirstova, J. Bouchal, M. C. Ludik, F. Brandt, K. Kopka, M.
Khoylou, H. J. Pietzsch, M. Hajduch and C. Mamat,
Theranostics, 2022, 12, 7203.

T. Kronke, K. Zarschler, F. Reissig, K. Kopka, S. Stadlbauer
and C. Mamat, Nuklearmedizin, 2024, 63, 111.

N. Thiele and ]J. Wilson, Cancer Biother. Radiopharm.,
2018, 33[8), 336-348.

A. Kovacs, ACS Omega, 2020, 5, 26431.

F. Reissig, D. Bauer, K. Zarschler, Z. Novy, K. Bendova, M.-C.
Ludik, K. Kopka, H.-J. Pietzsch, M. Petrik and C. Mamat,
Cancers, 2021, 13, 1974.

M. Munekane, T. Fuchigami and K. Ogawa, Anal. Sci.,
2024, 40, 803.

B. J. B. Nelson, J. D. Anderson and F. Wuest, Nucl. Med.
Biol., 2022, 110-111, 59.

S. A. Brithlmann, M. Kreller, H.-J. Pietzsch, K. Kopka, C.
Mamat, M. Walther and F. Reissig, Pharmaceuticals,
2022, 15, 1167.

L. Cavina, D. van der Born, P. H. M. Klaren, M. C. Feiters,
O. C. Boerman and F. P. J. T. Rutjes, Eur. J. Org. Chem.,
2017, 3387.

J. M. Kelly, A. Amor-Coarasa, S. Ponnala, A. Nikolopoulou, C.
Williams Jr., N. A. Thiele, D. Schlyer, J. J. Wilson, S. G.
DiMagno and J. W. Babich, J. Nucl. Med., 2019, 60, 649.

K. Hébert, P. Bodin-Cufi, C. Fersing and E. Deshayes, Eur.
Urol. Focus, 2024, 13, SZ405-4569(24)00154-8.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00591k

	crossmark: 


