e

e DG T
A LRI T (A

£ XY IR
N Jw&m& mmm«\ JM O
] PO .,,( TN Y

P
R
2, W%%w i N
R AR R,
@‘ ; ﬁvfﬁv 4“&0 a»m«w §.fw,>“%
Win i ® oW e

O, P» X
M,ﬂ’ L_,\\v‘, s ‘\w,\ ,ﬁmb@

i »“ / X ;.\R‘nh,
2N AL AN CAT AL
N B NG NN

\7

I YEARS

Pages 17005-17508
ANNIVERSARY

Number 37
7 October 2025

Volume 16

T =\ A
\ a?& N

N L,
C )

%)
0
O
i)
©
(]
e
(]
Q
Ke)
@©
o
(o}
©
e
@©
%
(0]
£
-
(o}
%]
(]
<
el
©
ie)
]
=
£
(0]
e
(0]
©
~
e
>
<
C
@©
©
©
©
>

for receptor-targeted °°"Tc, ¢4Cu and '®®Re radiotracers

~

&
o

o}

©
>
i
L
©
<
L
>
©
=
s

S
Z
ui
©
<

O

©
[ae

ISSN 2041-6539
EDGE ARTICLE

Ience

|
OF CHEMISTRY

ROYAL SOCIETY

»
-«

©
-m
c
0
c
O

rsc.li/chemical-science

Sc




Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 2025. Downloaded on 01.02.2026 12:55:45.

(cc)

Chemical
Science

EDGE ARTICLE

i '.) Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 17112

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 18th March 2025
Accepted 13th August 2025

DOI: 10.1039/d55c02110c

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue

Maleic anhydride derived diphosphines: adaptable
chelators for receptor-targeted *°™Tc, ®*Cu and
188pe radiotracers

Rachel E. Nuttall, ©*? Ingebjerg N. Hungnes,? Truc T. Pham, &2

Oliver W. L. Carter, ©?2 Alex Rigby, © 2 Natasha Patel,? Zilin Yu, ©2 Julie Cleaver,?
Jennifer D. Young,@ab Gary J. R. Cook, 2 Lefteris Livieratos, @ ac

Jane Sosabowski,” Hong Hoi Ting, @ ¢ Nicholas Vetter,® Paul G. Pringle & ¢

and Michelle T. Ma ®*2

The diagnostic imaging radionuclide, °®™Tc, used in Single Photon Emission Computed Tomography
(SPECT), has extraordinary potential for enabling economical molecular receptor imaging in oncology,
provided suitable chelators are available to enable kit-based radiolabelling. We report the development
of two new bis(phosphino)maleic anhydrides, DPA" and DPMEP, that exhibit increased electron donor
capacity and concomitant increased radiochemical yields compared to their first-generation diphosphine
analogues. Both DP”" and DPMEP can be reacted with a wide range of biological targeting vectors,
including receptor-targeted peptides, carbohydrates, vitamins and small-molecule inhibitors. Exemplar
diphosphine-peptide bioconjugates, DPA"-PSMAt and DPMEP-PSMAt (which target the prostate-specific
membrane antigen, PSMA), can be formulated into kits to enable near-quantitative, one-pot
radiosynthesis of new %°™Tc radiotracers, cis/trans-[>>"TcO,(DPA"-PSMALY),]* and cis/trans-
[°°™TcO,(DPMEP-PSMAL),]T, respectively. We demonstrate that the two exemplar ®*™Tc radiotracers, cis/
trans-[>>"TcO,(DPA"-PSMAL),]* and cis/trans-[>>"TcO,(DPMEP-PSMAL),]*, display favourable SPECT
imaging properties in murine prostate cancer models, including high tumour uptake, fast clearance from
circulation, excretion via a renal pathway and high metabolic stability. The same diphosphine-peptide
bioconjugates can also be radiolabelled with the Positron Emission Tomography (PET) isotope, **Cu, and
the radiotherapeutic B~-emitting isotope, 18Re, in high radiochemical yields. The new DPA" and DPMEP
chelator platforms thus enable development of novel molecular imaging radiopharmaceuticals for °>™Tc

rsc.li/chemical-science

Introduction

In oncology, receptor-targeted molecular imaging using Single
Photon Emission Computed Tomography (SPECT) or vy-scin-
tigraphy has utility in diagnosis, disease staging and clinical
decision-making. One class of radiotracer used for this purpose
consists of a peptide attached to a chelator, which in turn is
complexed to a radioactive metal ion. Two of the most prom-
inent SPECT radiotracers employed for this purpose are *''In-
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SPECT, ®*Cu PET and 88Re systemic radiotherapy.

DTPA-octreotide and °*™Tc-EDDA/HYNIC-octreotide: both
target the somatostatin receptor 2 that is overexpressed in
neuroendocrine cancers." Whilst SPECT/y-scintigraphy proce-
dures with these radiotracers have been superseded in some
healthcare settings by more sensitive Positron Emission
Tomography (PET) imaging coupled with the PET radiotracer
%8Ga-DOTA-octreotate,? they are still widely used in many clinics
where PET is not available.

There are several factors that have led to the prevalence of
SPECT/y-scintigraphy imaging procedures. First, worldwide,
there is simply more SPECT and vy-scintigraphy infrastructure
than PET infrastructure, including in lower and middle income
countries.** Second, **™Tc (& = 6 h; 90% v, 140 keV) is widely
distributed and available from bench-top *’Mo/**™Tc genera-
tors in the form of °*™TcO,” in aqueous saline solution.®
Third, °*™Tc radiotracers, which are routinely used in 30-40
million procedures globally each year, are produced using
simple one- or two-step Kits in near-quantitative radiochemical
yields.>”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Kits for the preparation of **™Tc radiopharmaceuticals
typically contain buffering salts, a reducing agent to reduce
99m1eV0, ™, a chelator derivative that ultimately complexes the
99™MTe metal ion to form the desired radiopharmaceutical, and
other reagents including weak chelators, which serve to sta-
bilise **™Tc intermediates.>” The majority of **™Tc radiophar-
maceuticals are for imaging perfusion or anatomical
processes.>” Molecular imaging using °°™Tc-EDDA/HYNIC-
octreotide is not as prevalent, in part because of the low inci-
dence of neuroendocrine cancer.

However, recognising the utility and availability of molecular
SPECT/y-scintigraphy infrastructure, in recent years, several
new “°™Tc-labelled peptides have been clinically evaluated for
receptor-targeted molecular imaging of the prostate-specific
membrane antigen (PSMA) overexpressed in prostate cancer.
These include **™Tc-MIP-1404 (also known as °°™Tc-Trofola-
stat),®® **™Tc-PSMA-I&S'*" and **™Tc-EDDA/HYNIC-iPSMA, >3
which have been shown to be viable alternatives to efficacious
PET diagnostic agents that similarly target PSMA.

There is an additional incentive for development of **™Tc
radiotracers: in some cases, chemically analogous Re complexes
are accessible, providing access to pairs of “theranostic” **™Tc
and '®®Re radiopharmaceuticals for diagnosis and therapy,
respectively. The rhenium radionuclide, ***Re (& = 17 h; 100%
B, Emax = 2.12 MeV; 15% v, 155 keV), which can also be
produced from a bench-top generator like *™Tc, emits cytotoxic
B~ particles. "®*Re radiopharmaceuticals can be effective ther-
apeutics. For example, the lipophilic '®*Re-labelled radiophar-
maceutical '**Re-lipiodol is not only clinically efficacious for
treatment of inoperable liver cancer,™ but is also economically
viable in lower and middle income countries where supplies of
other B -emitting radiopharmaceuticals are limited due to
economical and/or geographical barriers.”>'® Indeed, a newly
developed pair of °°™Tc/'®*Re-labelled PSMA-GCKO1 thera-
nostic agents has shown favourable properties in preclinical
and initial first-in-human studies,” demonstrating the feasi-
bility of molecular imaging and therapeutic **™Tc/***Re pairs.

View Article Online
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We have recently explored diphosphine derivatives as potential
platforms for radiolabelling receptor-targeted biomolecules."*>
These diphosphines include 2,3-bis(diphenylphosphino)maleic
anhydride (DP™)>* and 2,3-bis(di-p-tolylphosphino)maleic
anhydride (DP") (Fig. 1) which react with the primary amine
groups of peptides to furnish diphosphine-peptide (DP-peptide)
conjugates.”*?*t The DP-peptide derivatives coordinate
[TcO,]" or [ReO,]" motifs to yield complexes of the type
cis/trans-[MO,(DP-peptide),]" (M = Tc, Re); radiolabelled **™Tc
and '®Re isotopologues are also synthetically accessible. We
have also demonstrated that the resulting *°™Tc and '*°Re
radiotracers retain affinity for their cognate target receptors
in vitro and in vivo, and have favourable biodistribution pathways
including rapid clearance from the bloodstream via a renal
pathway.'®* We note that these derivatives also coordinate the
PET imaging isotope, *'Cu (t; = 12.7 h; 18% B, Emax = 653 keV),
rapidly at room temperature, furnishing radiotracers of formula
[Cu(DP-peptide),]" that show high stability in serum.*?22

However, DP-peptide derivatives of DP*" do not provide
radiotracers in sufficiently high radiochemical yield to enable
preparation using a one-step kit without subsequent purification
to remove unreacted °°™Tc precursors.” Furthermore, radio-
chemical yields of '®*Re derivatives are relatively low (<50%).2°
DP-peptide derivatives of DP™ (which contains p-tolyl substitu-
ents in place of phenyl groups) have shown increased electron
donor capacity and concomitant increased radiochemical yields
compared to DP*® derivatives.'® However, even with the improved
reactivity of DP™, we have not been able to obtain radiochemical
yields of [**™TcO,(DP-peptide),]” compounds above ~85-90%.
This is a barrier to clinical translation.

To address this, we have synthesised two novel diphosphine
maleic anhydrides, DP** and DPM®® (Fig. 1), which possess
either p-anisyl or p-(2-methoxyethoxy)phenyl groups on the
phosphines, respectively. Bioconjugates of these diphosphine
maleic anhydride platforms enable near-quantitative radio-
chemical syntheses of °°™Tc radiotracers. In our most
comprehensive report yet, we have explored the scope of

99rn

+

Ar, O Ar Ar, O Ar, O
Ar,P. bloconjugatlon p,,2 || \\pz |:>,,2 || \\p 2 OH
| ©
ArP radlolabelllng p/|| P/H\
f2 Ar, O A Ar, O Ar,
DP c:s-[MOz(DP-peptlde)z]* trans-[MOz(DP-peptlde)z]*
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Fig. 1 Structures of cis/trans-IMO,(DP-peptide),]* complexes, where M = Tc or Re 18-2°
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possible bioconjugation reactions with both DP*" and DPM*P
using a range of biological targeting vectors. We have attached
DP*" and DP™® to a PSMA-targeted dipeptide (PSMAL),
enabling comparison of DPA"-PSMAt and DP™*'-PSMAt with
our prior conjugate, DP""-PSMAt, including formation of *™Tc,
8%Re and ®*Cu complexes. Lastly, our novel *™Tc radiotracers
have been assessed in murine models of prostate cancer using
SPECT/CT imaging. We have therefore demonstrated the full
utility of our novel and improved DP*" and DPM** platforms for
enabling economical and accessible production of pairs of
receptor-targeted theranostic radiotracers.

Experimental

Details of experimental procedures are included in the SI. All
animal experiments and procedures were ethically reviewed and
approved by the Animal Welfare & Ethical Review Boards at
either King's College London or Barts Cancer Institute. All
animal experiments and procedures were then carried out in
accordance with approvals from these committees and review
boards, alongside the Animals (Scientific Procedures) Act 1986
UK Home Office regulations governing animal experimentation.

Results
Synthesis of DP”" and DPM* and their PSMAt conjugates

Two novel bis(phosphino)maleic anhydrides were synthesised
bearing either p-anisyl (DP*") or p-(2-methoxyethoxy)phenyl

0
Cl NEt, Ar,P.
| O + 2ApPH ———» | O
cl B0 Ar,P
o}
DPA™ 89%

DPMEF 1%

DPAM, Ar = §©—0Me
PSMAt—NH,
DPME",Ar:EO—O OMe DIPEA, DMF
/
o}
Ar,P
- " oH
o
ArzP
iN-psmat

DPA"_PSMAt 34%
DPMEP_PSMAt 37%

0
HN)LMO%,\/R“
HO._O
PSMAt
)OL :
HO _OH
NN
o M H/E

Scheme 1 Synthesis of bis(phosphino)maleic anhydrides, DPA" and
DPMEP.
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(DP™*?) substituents. By reaction of the required Ar,PH with
2,3-dichloromaleic anhydride in the presence of triethylamine
base, DPA" and DP™** were synthesised in 89% and 61% yield,
respectively (Scheme 1). The syntheses of all precursors,
including both diarylphosphines, are described in the SI.

Next, both diphosphines, DP*" and DPM**, were conjugated to
a PSMA-targeting dipeptide, PSMAt-NH,. Using the pendant
primary amine in PSMAt-NH, under mild basic conditions, the
maleic anhydrides readily ring-opened to form diphosphine
bioconjugates, DP*"-PSMAt and DPM**-PSMAt in 34% and 37%
isolated yield, respectively (Scheme 1). As previously reported for
this type of ligand,'®'* DP*"-PSMAt and DP™**-PSMAt were stable
in the solid state; however, they both slowly oxidised in solution
under atmospheric conditions. Under acidic conditions, a reverse
reaction occurred to reform DPA™™EP and PSMAt-NH,.

MEP
P

Bioconjugation reactions of DP*" and D with bioactive

small molecules and peptides

To investigate the versatility of this DP platform, the reaction of
each of DP*" and DPM®® with a range of biologically active
amines (Fig. 2) was assessed, including:

e Glucosamine (GlcN), a monosaccharide, as an exemplar
carbohydrate;

e Biotin, a vitamin, which binds strongly to streptavidin
protein; the biotin/streptavidin pair is used for purification and
detection in biotechnology applications;***

e Folic acid, a vitamin which targets the folate receptor,
overexpressed in ovarian, lung, breast and kidney cancers;***’

¢ RGD, a cyclic pentapeptide, which targets the a,p;-integrin
receptor overexpressed in inflammation, neovasculature and
many cancers;*®

e Glutathione (GSH),
tripeptide;

e FAPi, a small molecule receptor-targeted inhibitor, which
targets the fibroblast activation protein of fibroblastic cells,
associated with hard-to-treat cancers (e.g. pancreatic, lung,
ovarian cancers).> Notably, the FAPi motif is a secondary amine
(R,NH), whereas all other amine derivatives above contain
primary amines (RNH,).

The crude reaction mixtures were analysed by LC-MS (Table
1, see SI for full chromatograms). All reactions underwent >95%
consumption of the respective DP and/or amine (except for folic
acid which showed no reaction). The lack of reactivity of folic
acid with either DP*" or DP™** is presumably due to the low
nucleophilicity of the primary amine on the pteridine ring.
While both reactions with GSH showed full consumption of
DPA™™EP ‘multiple species were detected by LC-MS. Analysis by
*'p{"H} NMR spectroscopy indicated that although the desired
amide derivative was formed, additional reactions also
occurred, which we attribute to the reactive thiol group of GSH
(see SI). When 1-propanethiol was separately reacted with DP*",
multiple *'P{"H} NMR signals with similar chemical shifts were
observed. In short, both new DP*™ and DP™*? compounds react
with thiols to give multiple products: consideration should be
taken when a biomolecule with a free thiol group is reacted with
these diphosphine compounds.

a thiol-containing antioxidant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structures of R—-NH; and RR’=NH amines.

Table1 Summary of DP-amine conjugations
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ArzP R DIPEA AP~ ~on
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Ar,P DMF Ar,P \RR A= §@O DPMEP
DP R'=H or R group 0
DP-X OMe

Entry DP R-NH, or RR'-NH" DP-X Expected m/z for [M + H]" Observed m/z Conversion®
1 DPA" Biotin-(PEG),-NH, DP*"-biotin 961.3 961.7 >95%
2 FAPi DP*"-FAPi 1073.4 1072.9 >95%
3 Folic acid DP*"-folic acid 1028.3 — NR*
4 Glucosamine (GlcN) DP*"-GleN 766.2 766.3 >95%
5 Glutathione (GSH) DP*".GSH 894.2 894.4 ~83%"°
6 RGD DP*"-RGD 1190.5 1190.8 >95%
7 DPMEP Biotin-(PEG),-NH, DPM**-biotin 1138.4 1138.0 >95%
8 FAPj DP™*"-FAPi 1249.5 1249.8 >95%
9 Folic acid DPMFPfolic acid 1204.4 — NR®
10 Glucosamine (GlcN) DPY*-GlcN 942.3 942.6 >95%
11 Glutathione (GSH) DPM*F-GSH 1070.3 1071.1 ~86%"
12 RGD DP"*P-RGD 1366.6 1366.9 >95%

% RR'-NH only applies to the reaction with FAPi, which contains a secondary amine. ?
NR = no reaction.

(280 nm) in HPLC chromatogram(s). See SI for full chromatograms. ¢

Evaluating the donor properties of DP*", DPM** and
derivatives: IR spectra of Mo complexes

The IR stretching frequencies of CO ligands (vgo) in metal
complexes can be used to assess the binding properties of
ligands, and complexes of the type cis-[Mo(CO),L,] have previ-
ously been utilised for this purpose.* Strong o-donors, such as
phosphines, increase m-back-bonding from Mo to CO ligands,
resulting in lower CO stretching frequencies.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Approxlmate conversion was calculated using the UV signal
4 Mixture of products.

Ligands DP*" and DP™*?, alongside the progenitor DP™ (for
comparison) were reacted with cis-[Mo(CO),(nbd)] to give cis-
[Mo(CO)4(DP)] complexes (Scheme 2). Additionally, each of
these complexes was reacted with (2-methoxyethyl)amine (MOE-
NH,) to yield ring-opened compounds of the type [Mo(CO),(DP-
NH-MOE)]~," which all contained an amide bond, to model DP-
peptide conjugate species (Scheme 2). These complexes were
isolated as salts of MOE-NH;".

Chem. Sci., 2025, 16, 17112-17126 | 17115
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o _
CO Ar
AP [Mo(CO)(nbd)] | OC,, | WPe £
o) Mo. I O
DCM oc” | ‘P]:((
ArP co A, O
DP cis-[Mo(CO)4(DP)]
DPPh Ar= CGH5
’ oM
DPA" Ar = p-(MeO)CgHq Ho N~
DPMEP, Ar = p-(MeOCH,CH,0)CgHq DCM
CO Ar, O
oc, | .P o~
Mo |
oc” | >p N
Co Ar, & 7\
OMe

cis-[Mo(CO),(DP-NH-MOE)|

Scheme 2 Mo(0) complexation of DP ligands to give cis-[Mo(CO)4(DP)]
and subsequent ring-opening to give cis-[Mo(CO)4(DP-NH-MOE)] .

The IR v data for these cis-[Mo(CO),L,] complexes (along-
side *'P{'"H} NMR and selected "*C{'"H} NMR data) are shown in
Table 2. There was a decrease in v¢o in the order [Mo(CO),(nbd)]
> [Mo(CO),(DP™)] > [Mo(CO),(DP*)] ~ [Mo(CO),(DP**)] >
[Mo(CO),(DP*™-NH-MOE)]" > [Mo(CO),(DPA"-NH-MOE)]~ >
[Mo(CO),(DP™**-NH-MOE)] . Importantly, complexes of DP*"

View Article Online
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and DPM® and their amide conjugates exhibited lower vco
values compared with analogous DP™™ complexes, indicating
that the new DP*" and DP™** ligands possess increased elec-
tron donor capacities compared to DP™ derivatives.

The vco stretches were all lower for the amide conjugates,
[Mo(CO),(DP*-NH-MOE)]~ (X = Ph, An, MEP), compared with
the precursor species, [Mo(CO),(DP¥)] (X = Ph, An, MEP),
indicating that DP-NHR ligands are significantly better elec-
tron donating ligands than the highly electron withdrawing
bis(phosphino)maleic anhydride precursor ligands.

99m1c and '®Re radiolabelling using generator-produced
eluate

We next elected to study the reactions of DP*"-PSMAt and
DPMFP.pSMAt derivatives with generator-produced °*™Tc and
88Re. For this, the DP*"-PSMAt and DP™**-PSMAt conjugates
were incorporated into lyophilised kits containing all compo-
nents required for labelling: reducing agent (SnCl,), stabilising
chelator (sodium tartrate) and buffer (sodium bicarbonate)
(Table S1).

For **™Tc radiosyntheses, the kits were reconstituted using
generator produced *°™TcO,” (200 MBq) in saline solution
(500 uL) alongside an analogous DP*-PSMAt kit for comparison.
The mixtures were then heated at 100 °C for 10 min before radio-
iTLC and radio-HPLC analyses. Both [**™TcO,(DP*"-PSMAt),]"
and [*°™TcO,(DPM**-PSMAt),]* were consistently formed in

Table 2 Spectroscopic data for Mo complexes of DPP?, DPA™ and DPMEP ligands and their derivatives

Compound veo” (em ™) *1p{'"H} NMR (ppm) 13C{"H} NMR (ppm) of M—-CO ligands“
pp™" — —20.5 (s)° —
DPA" — -22.3 (s)” —
DpMFP — —22.4 (s)° —
[Mo(CO),(nbd)] 2041, 1951, 1888 — —
[Mo(CO),4(DP™™)] 2031, ~1939, 1920 51.7 (s)? 215.2 (m, COcq), 208.9

(t, *Jp,c = 8.5 Hz, COL)"°
[Mo(CO),(DP*")] 2028, ~1932, 1916 49.0 (s) 215.9-215.5 (m, CO.q), 209.1

(t, ’Jp,c = 8.6 Hz, COy,)
[Mo(CO),(DPME?)] 2028, ~1932, 1915 48.9 (s)° 215.8-215.4 (m, COgq), 209.0

[MOE-NH;][Mo(CO),(DP*"-NH-MOE)] 2024, ~1931, 1902

[MOE-NH;][Mo(CO),(DP*"-NH-MOE)] 2023, ~1928, 1899

[MOE-NH,][Mo(CO),(DP™**-NH-MOE)] 2021, 1927, 1897

(t, ’Jp,c = 8.6 Hz, COy,)
217.9 (m, COgq), 210.0

(t, *Jp,c = 8.6 Hz, CO,)"°
218.0-217.5 (m, COcq), 209.7
(t, ’Jp,c = 8.5 Hz, COy,)
218.3-217.8 (m, CO.g), 209.8
(t, ’Jp,c = 8.5 Hz, COy,)

72.5 (d,J = 3.3 Hz), 70.2
(d,J = 3.3 Hz)
69.3 (s), 67.4 (s)°

69.1 (d,J = 2.7 Hz), 66.4
(d,J = 2.7 Hz)®

@ CH,Cl,, 1 mg mL™ ", “~” denotes shoulder peak. b 162 MHz, CDCl,. € 162 MHz, CD,Cl,. ¢ 126 MHz CD,Cl,.

Table 3 RCYs of [*°™TcO,(DP-PSMAL),]* and [*28ReO,(DP-PSMAL),* complexes

Complex RCY (%)

Mean difference compared to [**™TcO,(DP**-PSMAt),]"

99MTcO,(DPY-PSMAL),]"
29MTcO,(DPA"-PSMAL),]"

[ 76.9 £ 1.9 (n=4)
[

[°*™TcO,(DPV*P-PSMAL),]"

[

[

95.1 + 0.7 (n = 6)
953+ 1.3 (n=7)
84.7 + 7.1% (n = 4) —
83.1 + 6.8% (n = 4) —

188Re0,(DP*"-PSMAL),]"
185Re0,(DPM*P-PSMAL),|*

1716 | Chem. Sci, 2025, 16, 17112-17126

Comparator
Mean difference = 18.2, 95% confidence interval = 15.3 to 21.1%, p = 0.0001
Mean difference = 18.9, 95% confidence interval = 15.9 to 21.8%, p = 0.0002
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=95% RCY (Table 3), whilst side-by-side radiolabelling
reactions of DP".PSMAt yielded <80% RCY. The major
radiochemical impurity in these reactions was **™Tc colloidal
species. Analytical reverse-phase radio-HPLC chromatograms of
reactions containing either [*™TcO,(DP*"-PSMAt),]* or
[*°™TcO,(DPM*-PSMAL),]" showed only one major radioactive
species, which we attributed to a mixture of cis- and trans-
[**™TcO,(DPA"-PSMAt),]” or cis- and trans[*"™TcO,(DP"**-
PSMAL),]" (Fig. 3). Under these HPLC conditions, cis and trans
isomers were not resolved, however using alternative HPLC
conditions (vide infra), cis and trans isomers for [**™TcO,(DP*"-
PSMAL),]" could be discerned (see Fig. 5).

For '®®Re radiosyntheses, generator-produced '**Re0Q,~ was
first reduced to a '*®Re"-citrate precursor, using a mixture of
sodium citrate and SnCl,, as previously described.**** Then,
aqueous solutions of '**Re"-citrate (49-130 MBq, 85 uL) were
added to the contents of two kits containing DP*"-PSMAt or
DP™*P-PSMAt (Table S1), and the mixtures heated to 90 °C for
30 min. The radiochemical yield of [***ReO,(DP*"-PSMAt),]"
measured 84.7% + 7.1% (n = 4), and [***ReO,(DPM*F-PSMAL),]"

View Article Online
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measured 83.1% =+ 6.8% (n = 4). Analytical reverse-phase radio-
HPLC chromatograms (Fig. 4) showed that the reaction prod-
ucts, ["**ReO,(DP*"-PSMAL),]" and ['**ReO,(DP™**-PSMAL),]",
formed one major radiochemical species, with the species
observed at 2-3 min attributed to unreacted *®*Re0, /'**Re"-
citrate precursor(s). Signals attributed to the desired '**Re-
radiolabelled products were broadened at the baseline, and it
is possible that there are minor '**Re-radiolabelled side prod-
ucts present in this final kit-based reaction solution.

The log Docrypes of the new *°™Tc and '*®Re radiotracers was
measured (Table 4), with radiotracers isolated from unreacted
99m1c/'88Re precursor where required, prior to partition coeffi-
cient studies. The log Docrpps values of all four new radio-
tracers were less than —3.0, indicating that all are highly
hydrophilic.

%9¢Tc radiolabelling

To verify that DP*"-PSMAt and DP™*"-PSMAt form analogous
complexes, the long-lived Tc radionuclide, ***Tc (& = 2.1 x 10°
years), was utilised.

(@)  [*™TcO,(DPA™-PSMAL),]* in kit solution (b)  [*™TcO,(DPMEP-PSMAL),]* in kit solution
4
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Fig. 3 Radiochromatograms of reactions containing (a) [°°™TcO,(DPA"-PSMAt),]* and (b) [°°™TcO,(DPMEP-PSMAL),]*, including radiochro-
matograms of *°™Tc samples after either incubation in human serum at 37 °C, or after administration to a mouse, followed by collection of urine
2 hours post-administration. Radio-HPLC analyses of serum and urine samples indicate that 99MT¢ radiotracers possess high stability in the

presence of serum proteins and in vivo.
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(b)  ['®ReO,(DPMEP-PSMAL),]* in kit solution
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Fig. 4 Radiochromatograms of reactions containing (a) [*®ReO,(DPA"-PSMAL),]* and (b) [**8ReO,(DPMEP-PSMAL),]*, including radiochro-
matograms of 188Re-labelled samples after purification and then incubation in human serum at 37 °C. Radio-HPLC analyses of serum samples
indicate that *®8Re radiotracers possess high stability in the presence of serum proteins.

Table 4 LogDoct/pes values of [MO,(DP-PSMAt),]* complexes,

where M = °™T¢ or 88Re

log Docrypes

99mTc 188Re
[MO,(DP*"-PSMAt),]" —3.22 £ 0.04 —3.47 £ 0.05
[MO,(DPM*P-PSMAL),]" —3.35 4+ 0.12 —3.91 + 0.10

998Tc0O,~ (0.06 kBq) was reacted with the contents of either
a DP*"-PSMAt or DP™*"-PSMAt kit (Table S1), and analysed by
LC-MS. Two prominent signals were observed by UV at 330 nm
for each kit-based reaction containing either [***TcO,(DP*"-
PSMAL),|" or [**$TcO,(DP™*"-PSMALt),]" (Fig. 5). The first signal
corresponded to the desired product, as evidenced by the
appearance of a signal in the associated mass spectrum corre-
sponding to species with a formula of either [**®TcO,(DP*"-
PSMAt),]" ([M + HJ*": obs m/z = 1218.8, calc m/z = 1218.9) or
[°°8TcO,(DPMFP-PSMAL),|" ([M + HJ*": obs m/z = 1394.9, calc

1718 | Chem. Sci., 2025, 16, 17112-17126

mf/z = 1394.5). The second signal corresponded to that of
unreacted DP*"-PSMAt or DPM*F-PSMAt.

Each of [**™TcO,(DP*"-PSMAL),]", [*"TcO,(DP"F*-PSMAL),]",
['®*ReO,(DP*"-PSMAL),|" and [***ReO,(DP"*"-PSMAL),|" was also
analysed using the same analytical reverse-phase radio-HPLC
(Fig. 5). Analogous °°*Tc, *™Tc and '**Re compounds exhibited
highly similar HPLC retention times, with tracers based on
DP*"-PSMAt giving rise to two closely eluting peaks (for
[*™TcO,(DP*"-PSMAt),|" ¢z = 18.18 and 18.23 min; for
['*®Re0,(DP*"-PSMAL),]" tx = 17.98 and 18.05 min). We
attribute the observation of these two radioactive signals to the
formation of cis/trans isomers (Fig. 1). Tc and Re complexes of
DPM®P_pSMAt also likely result in formation of cis/trans isomers,
but under these HPLC conditions, these isomers cannot be
resolved  ([*™TcO,(DPM**-PSMAt),]" t; = 17.82 min; for
['*®*Re0,(DPM*P-PSMALt),]" tx = 17.75 min). The similar HPLC
behaviours of analogous **™Tc and '**Re radiotracers is consistent
with analogous pairs of “™Tc/**Re compounds being
isostructural.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a-i) and (a-ii) UV chromatogram and radiochromatograms of reactions containing [MO,(DPA"-PSMALt),]* (M = °°9Tc, °°™Tc or 188Re);
(a-iii) mass spectrum showing signal corresponding to [°°9TcO,(DPA"-PSMALt),]*. (b-i and b-ii) UV chromatogram and radiochromatograms
of reactions containing [MO,(DPMEP-PSMAL),]* (M = %°9Tc, °°™Tc or '®8Re); (b-iii) mass spectrum showing signal corresponding to

[°99TcO,(DPMEP-PSMAL),]*.

®Cu radiolabelling

We and others have previously demonstrated that diphosphines
can both (i) reduce **Cu®* to **Cu” in aqueous solution, and (ii)
coordinate to the resulting °*Cu’ radionuclide to yield
[**Cu(diphosphine),]".****?* In these radiochemical reactions, the
diphosphine is in large excess compared to the **Cu radiometal.

To demonstrate the utility of these new compounds for
radiolabelling with ®*Cu for PET, each of DP*"-PSMAt (50.0 g,
43.3 umol) and DPM*P-PSMAt (57.7 pg, 43.3 umol) were reacted
with ®*Cu®** (7-8 MBq) in an aqueous solution (0.1 M ammo-
nium acetate, pH 7) at ambient temperature for 10 min. For
each reaction, analyses by analytical reverse-phase radio-HPLC
(Fig. 6) showed the formation of a single major product,

© 2025 The Author(s). Published by the Royal Society of Chemistry

which we attributed to [**Cu(DP*"-PSMAt),]" (tx = 12.78 min,
79% RCY), and [**Cu(DP™**-PSMAL),|" (tx = 12.67 min, 87%
RCY). The radioactive signals of these products were coincident
with the UV signal of the non-radioactive species, ["*'Cu(DP*"-
PSMAt),]" (tx = 12.71 min), and ["*'Cu(DP™**-PSMAt),]"
(tr = 12.52 min), prepared and characterised as described in
the SL.**

The new radiotracers, [**Cu(DP*"-PSMAt),]' and
[**Cu(DPM®P-PSMAL),]", were purified using reverse-phase
HPLC, reformulated in aqueous PBS (phosphate buffered
saline) solution, and incubated with human serum at 37 °C.
Radio-HPLC (Fig. 6, and SI) indicated that both
[**Cu(DP**-PSMAL),]" and [**Cu(DP™*"-PSMAt),]" were

Chem. Sci., 2025, 16, 17112-17126 | 17119
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Fig. 6 Radiochromatograms of (a-i) [**Cu(DPA™-PSMALt),]* and (b-i) [**Cu(DPMEP-PSMAL),]*, including radiochromatograms of ®4Cu samples
after purification and then incubation in human serum at 37 °C. Radio-HPLC analyses of serum samples indicate that ®*Cu radiotracers possess
high stability in the presence of serum proteins. UV chromatograms of (a-ii) ["*Cu(DPA"-PSMAL),]* and (b-ii) ["*Cu(DPMEP-PSMAL),]*.

present after a 24 h incubation period, with <4.1% dissociated
®Cu detected. Both °*Cu radiotracers were also stable in
aqueous PBS solution (see SI).

In vitro uptake of **™Tc tracers in prostate cancer cells

To compare the relative uptake and specificity of the new
radiotracers for PSMA, [**™TcO,(DP*"-PSMAL),]",

17120 | Chem. Sci., 2025, 16, 17112-17126

[*™TcO,(DP*"-PSMAt),]" and  [*™TcO,(DPM**-PSMAt),]"
(50 kBq) were purified from unreacted °°™Tc precursors and
excess DP-PSMAt peptide, and each incubated with PSMA-
expressing DU145-PSMA+ prostate cancer cells®® or LNCaP
prostate cancer cells (5 x 10> cells). After 1 h incubation,
uptake of each radiotracer was quantified. Each radiotracer
was also (i) co-incubated with the PSMA-inhibitor, PMPA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In vitro uptake of [°°™TcO,(DPP"-PSMAt),]*, [°°™TcO,(DPA"-
PSMAL),|* and [°®™TcO,(DPMEP-PSMAL),|* radiotracers in PSMA-
expressing cell lines (DU145-PSMA+ and LNCaP), in the presence of an
excess of PSMA inhibitor (PMPA) in PSMA-expressing cell lines, and in
a cell line that does not express PSMA (DU145).

(2-phosphonomethyl pentanedioic acid), in the presence of
either DU145-PSMA+ cells or LNCaP cancer cells and (ii) incu-
bated with parental DU145 cells that do not express PSMA. All
three radiotracers exhibited uptake in PSMA-expressing pros-
tate cancer cells (Fig. 7). This uptake was specific: DU145-
PSMA+ and LNCaP cell uptake of each tracer could be blocked
with PMPA, and there was negligible uptake in parental DU145
cells.

The PSMA-specific uptake of [**™TcO,(DP*"-PSMAt),]" was
significantly higher than that of either [**™TcO,(DP*"-PSMAt),]"
and [*°™TcO,(DPM*P-PSMAt),]" in both DU145-PSMA+ cells and
LNCaP cancer cells. For example, in DU145-PSMA+ cells,
[**™TcO,(DP*"-PSMAL),]" measured 15.4 + 1.9 %AR (% added
radioactivity), [**™TcO,(DP*"-PSMAL),]" measured
8.9 + 2.1 %AR (mean difference = 6.5 %AR, p = 0.02) and
[*°™TcO,(DPM*P-PSMAL),]" measured 2.7 £+ 0.8 %AR (mean
difference = 12.7 %AR, p = 0.003). The PSMA-specific uptake of
[°™TcO,(DP*"-PSMAL),]" was significantly higher than that of
[*°™TcO,(DPMFF-PSMAL),]" in both DU145-PSMA+ cells and
LNCaP cancer cells. For example, in DU145-PSMA+ cells, mean
difference = 6.2 %AR (p = 0.03).

In vivo SPECT/CT and biodistribution studies of **™Tc tracers
in mice bearing prostate cancer xenografts

The biodistribution of [*™TcO,(DP*"-PSMAt),]" and
[*°™TcO,(DPMF*-PSMAL),|* was studied using SPECT/CT
imaging and ex vivo biodistribution methods. In these
studies, [**™TcO,(DP*"-PSMAt),]" and [**™TcO,(DP™*"-
PSMAL),]" were used directly from kit-based formulations,
without further purification, mimicking procedures used in
clinical radiopharmacies and nuclear medicine departments.
Mice were injected with [*™TcO,(DP*"-PSMAt),]" or
[*°™TcO,(DPM*"-PSMAL),|* (4-5 MBq), containing 3 pug
(2.6 nmol) of DPA"-PSMAt or 3.5 pg (2.6 nmol) of (DP™*"-PSMAL)
via the tail-vein, and culled 2 h post-injection, followed by
dissection, organ/tissue weighing and counting.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SPECT/CT studies were undertaken in male SCID/Beige mice
bearing DU145-PSMA+ prostate cancer xenografts administered
[P™TcO,(DP*"-PSMAt),]* and  [*™TcO,(DPM*P-PSMAL),]".
SPECT images were acquired from 15 to 120 min post-injection
of radiotracer. In SPECT/CT scans of mice administered either
[P*™TcO,(DP*"-PSMAt),]"  or  [*™TcO,(DPM*P-PSMAL),]",
tumours (T) could be delineated, with higher tumour to back-
ground ratios at later time points (Fig. 8). The kidneys (K) and
bladder (B) were also clearly visible across all these timepoints
with low background levels, indicating that both the radio-
tracers are rapidly cleared from the blood pool via a renal
pathway.

Quantification of SPECT/CT images (acquired at 15-30 min,
30-60 min, 60-90 min and 90-120 min post-injection, Fig. 8)
indicated that tumour uptake of [*™TcO,(DP*"-PSMAt),]" was
higher than that of [*™TcO,(DP™**-PSMAt),]", consistent with
in vitro uptake studies and ex vivo biodistribution data (vide
infra). Additionally, for the mouse administered [**™TcO,(DP*"-
PSMAt),]", the °°™Tc tumour concentration noticeably
increased from 30 min until 2 h post-injection.

SPECT/CT indicated that **™Tec residualised in salivary
glands for animals administered either [**™TcO,(DP*"-
PSMAL),]" or [*°™TcO,(DP"**-PSMAL),]". Two well-documented
mechanisms of radiotracer uptake likely account for salivary
gland uptake:

(i) PSMA is expressed at low levels in the salivary glands,
kidneys and small intestine, with PSMA-targeted radiotracers
showing uptake in the salivary glands, in both mice and human
patients.>**® Indeed, the salivary glands are considered dose-
limiting organs, and uptake of radiotherapeutic PSMA-
targeted radiopharmaceuticals can lead to xerostomia in pros-
tate cancer patients.>®

(ii) TcO,”, bearing a single negative charge and with
a similar polyatomic radius to that of the iodide anion, acts as
a substrate for the sodium iodide symporter in vivo,*” and
therefore accumulates in organs expressing the sodium iodide
symporter - in mice, this includes the thyroid, salivary
glands and stomach.*® SPECT imaging quantification (consis-
tent with biodistribution data, vide infra) indicated that
9™Tc concentrations were higher in the salivary glands for
the mouse administered [**™TcO,(DP™**-PSMAt),]" compared
to the mouse administered [**™TcO,(DP*"-PSMAt),]".
Indeed, °*™Tc concentrations in the salivary glands increased
over time for the former subject. This suggests that
[*°™TcO,(DP™*P-PSMAL),]" could possess lower in vivo stability
than [*™TcO,(DP*"-PSMAt),]", with complex dissociation and
oxidation of the [*™Tc'0,]" motif resulting in formation of
99MTe0,” in vivo, and increased *™Tc accumulation in the sali-
vary glands for animals administered [**™TcO,(DP"""-PSMAt),]".

The biodistribution of [**™TcO,(DP*"-PSMAt),]" and
[*™TcO,(DPME-PSMAL),]" was further studied in (i) male
SCID/Beige mice bearing DU145-PSMA+ prostate cancer xeno-
grafts (Fig. 8) and (ii) male nude mice bearing PSMA-expressing
LNCaP prostate cancer xenografts (see SI).

For all animals, significant concentrations o
activity (2-5 %ID g~ ') were measured in PSMA-expressing
h *™Tc¢ tumour

f *°™Tc radio-

tumours 2 h post-injection, and althoug
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Fig. 8 Whole body SPECT/CT maximum intensity projections and image quantification of SCID/Beige mice bearing DU145-PSMA+ tumours
administered either (a) [°°™TcO,(DPA"-PSMAt),] " or (b) [*°™TcO,(DPMEP-PSMAL),]*. T = tumour, K = kidneys, B = bladder. (c) Biodistribution (2 h
post-injection) of [?°™TcO,(DPA"-PSMAL),I* or [*°"TcO,(DPMEP-PSMAL),]* in SCID/Beige mice bearing DU145-PSMA+ prostate cancer xeno-
grafts (mean + SD, n = 3-4).
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concentrations were consistently higher for animals adminis-
tered [*°™TcO,(DP*"-PSMAt),]", there were no statistically
significant differences between [*°™TcO,(DP*"-PSMAt),]" and
[**™TcO,(DP™*P-PSMAL),]" in either mouse model. For both
tracers, there were also significant concentrations of **™Tc
radioactivity in the spleen, which is known to express low levels
of PSMA and accumulate PSMA-targeted radiotracers,>* and
the liver. Importantly, clearance from the blood pool and
subsequent excretion was largely via a renal route, with
concentrations of 40-90 %ID g~ ' measured in kidneys.

We also noted that for both SCID/beige and nude mice
studies, higher °°™Tc concentrations were observed in the
stomach and salivary glands for animals administered
[°™TcO,(DPMFF-PSMAL),]" compared to animals administered
[*°™TcO,(DP*"-PSMAL),]", although these differences were not
statistically significant. This observation is consistent with
observations from SPECT/CT imaging studies, and further
supports our conjecture that [**™TcO,(DP"**-PSMAt),]" has
lower in vivo stability than [*°™TcO,(DP*"-PSMAL),]", with in vivo
formation of **™TcO, from dissociation of [**™TcO,(DPM**-
PSMAL),]" resulting in higher levels of **™Tc activity in organs
expressing the sodium iodide symporter.

Overall, the in vivo biodistribution demonstrates that both
[*°™TcO,(DPA"-PSMALt),]" and [*°™TcO,(DPM**-PSMALt),]" are
useful SPECT or vy-scintigraphy imaging agents for PSMA
expression in prostate cancer.

Stability of [MO,(DP*"-PSMAt),]" and [MO,(DP™*"-PSMAt),]"
(M _ 99mTC, 188Re)

Both [**™TcO,(DP*"-PSMALt),]" and [**™TcO,(DPM**-PSMAL),]",
prepared using kits, were incubated at 37 °C in human serum
for up to 24 h. Analytical reverse-phase radio-HPLC (Fig. 3)
demonstrated that >98% of both radiotracers remained intact
in serum. ['*®*ReO,(DP*"-PSMAt),]* and ['**ReO,(DPM**-
PSMAL),]", prepared using kits and then isolated using reverse-
phase HPLC in >98% radiochemical purity, were also incubated
in human serum under the same conditions. Radio-HPLC
(Fig. 4) similarly showed that '®*Re-labelled radiotracers were
stable in serum over 24 h, with <1.5% of "**Re dissociating over
this time. These *°™Tc and '®*Re radiotracers were also stable
when left to stand in kit-based reaction solutions, or in PBS
solution (see SI for full chromatograms).

Urine was also collected in in vivo °*™Tc biodistribution
experiments (from male SCID/Beige mice bearing DU145-
PSMA+ prostate cancer xenografts at 2 h post-injection) and
analysed using reverse-phase radio-HPLC (Fig. 3). Radio-
chromatograms indicated that both [**™TcO,(DP*"-PSMAt),]"
and [*°™TcO,(DPMFF-PSMAL),]" were excreted in urine intact,
indicating that both radiotracers have high stability in vivo.

Discussion

We have recently reported DP*™ and DP™ derivatives of the 2,3-
bis(diphenylphosphino)maleic anhydride platform, and shown
that the resulting °**™Tc and '®*Re radiotracers have desirable
properties as molecular theranostic agents."** Here, we have

© 2025 The Author(s). Published by the Royal Society of Chemistry
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optimised this platform technology through development of
DP*" and DP™**, and demonstrated that these compounds can
be attached to a variety of amine-containing bioactive mole-
cules, including peptides, carbohydrates, vitamins and small
molecule inhibitors. The resulting diphosphine conjugates can
be radiolabelled with *°™Tc, '®®Re and ®’Cu, thus enabling
formation of radiotracers for molecular SPECT imaging, radio-
therapy and molecular PET imaging, respectively.

Significantly, as hypothesised, the increased o-donating
ability of DP*” and DPMF® derivatives, due to para substituents
on aryl rings of the phosphines, leads to further increased
RCYs within this family of diphosphine chelators (DP*" ~
DPM*® > pp™ > DP™). The kit formulations of DP** and
DPM®? conjugates developed here use relatively small amounts
of DPA"-PSMAt and DPM*P-PSMAt diphosphine bioconjugates
(110 nmol, 113-145 pg), minimising competitive target
receptor binding of unreacted ligand present in formulations
administered to in vivo subjects. The high RCYs (=95%) of
[°°™TcO,(DPA"-PSMAL),]" and [**™TcO,(DP™**-PSMAL),]" ach-
ieved using our one-step kit formulation negate the need for
time-intensive and often complicated purification procedures
to remove unreacted *°™Tc precursors. In a clinical context,
rapid, one-step radiolabelling and formulation protocols
using kits are desirable: this simplicity of producing a radio-
pharmaceutical for immediate patient injection makes wide-
spread clinical adoption feasible. We are yet to optimise ***Re
radiolabelling protocols including kit formulations for new
188pe radiotracers, however, we note that the radiochemical
yields (>83%) are significantly improved compared to RCYs of
prior DP*® and DP" conjugate derivatives.?® In these previous
reactions, '*®*Re radiotracer yields were often highly variable,
and commonly less than 30%.

The log Docrees values observed here are all lower than
those previously reported for [**™TcO,(DP*™'.PSMAL),]"
derivatives, consistent with the more hydrophilic methoxy and
methyl ethylene glycol substituents of aryl rings, compared to
DP™ and DP™ analogues. This also poses potential advantages
for receptor-targeted biomolecular vectors that are significantly
more hydrophobic than the PSMAt pharmacophore tested here.

We observe decreasing uptake of [*™TcO,(DP*-PSMAt),]"
(X = Ph, An, MEP) radiotracer analogues in PSMA-positive
prostate cancer cells in the order Ph > An > MEP and we note
that this corresponds with increasing size and hydrophilicity of
the para substituents: H < OCH; < OCH,CH,OCHj3;. It is well
documented that aromatic groups are important in PSMA
affinity, due to the hydrophobic binding pocket of PSMA.**** We
postulate that the para substituents interfere with binding of
the radiotracer to PSMA.

In the biodistribution experiments undertaken for this work,
prostate cancer tumour uptake of [**™TcO,(DP*"-PSMAt),]" and
[**™TcO,(DPMEP-PSMAL),]" was lower than previously reported
for [*™TcO,(DP™™-PSMAt),]" and [**™TcO,(DP™-PSMAt),]" in
the same murine tumour models.*® This was expected: here, kit-
based formulations of [*™TcO,(DP*"-PSMAt),]" and
[°°™TcO,(DP™*P-PSMAL),|" were not purified from unreacted,
excess DP*"-PSMAt and DP™*F-PSMAt respectively, prior to
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Table 5 Comparison of biodistribution of >™Tc-labeled PSMA-targeted radiotracers

Radiotracer (time post-injection) Blood* Liver® Kidney”
[°°™TcO,(DP*"-PSMAL),]" (athymic nude, 2 h) 0.11 + 0.04 0.90 + 0.15 87.6 + 13.3
[°°™TcO,(DPMFP-PSMAL),]" (athymic nude, 2 h) 0.17 £ 0.10 7.38 + 3.98 46.4 + 23.2
[*°™TcO,(DP*'-PSMAL),]" (athymic nude, 2 h)* 0.23 + 0.05 0.35 + 0.05 203.56 + 13.67
[**™TcO,(DP"-PSMAL),]" (athymic nude, 2 h)*° 0.28 + 0.05 0.52 + 0.05 212.23 + 29.49
99™Tc-MIP-1404 (athymic nude, 1 h)® 0.13 £ 0.03 0.14 + 0.03 105 + 37
99MTe-PSMA-I&S (SCID, 1 h)*° 1.73 £ 0.50 1.58 + 0.24 186 4 23

9™ Te-EDDA/HYNIC-iPSMA (athymic, 1 h)™? 0.18 + 0.08 2.18 £ 0.19 23.63 =+ 3.56

%% ID g ', + standard deviation.

injection. It is likely that DP*"-PSMAt and DPM*P-PSMAt
compete for binding to PSMA receptor in vivo.

Liver concentrations of [**™TcO,(DP*"-PSMAt),]" and
[*°™TcO,(DPM*P-PSMAL),|" were observed to be higher than that
previously measured for first-generation [**™TcO,(DP™-
PSMALt),]" and [**™TcO,(DP"*-PSMALt),]" radiotracers in the
same murine models. An increased liver accumulation of
a tracer can correlate with increased hydrophobicity of
compounds, but we note that log Docr/pps Values indicate that
[*°™TcO,(DPA"-PSMALt),]" and [*°™TcO,(DPM**-PSMAt),]" are
both more hydrophilic than their predecessors. We therefore
attribute the higher liver accumulation of [**™TcO,(DP*"-
PSMAt),]” and [*™TcO,(DPM*P-PSMAt),]" to either their
increased size, or alternatively, the different formulation of the
radiotracer dose, which includes unlabelled bioconjugate
precursor, which could affect the biodistribution.

Compared to animals administered [**™TcO,(DP*"-
PSMAt),]", animals administered [*°™TcO,(DPM**-PSMAt),]"
presented higher **™Tc concentrations in salivary glands and
the stomach. This could indicate that [**™TcO,(DP™*"-
PSMAL),|" exhibits a degree of instability in vivo, as both the
salivary glands and the stomach express the sodium iodide
symporter and are known to take up **™TcO, .%® 1t is also
possible that some salivary gland uptake is due to known sali-
vary gland PSMA expression.**** However, except for the
possible formation of small amounts of **™TcO," in vivo, both
[*™TcO,(DPA"-PSMAt),]" and  [*™TcO,(DPM*F-PSMAL),]"
demonstrated high metabolic stability, as evidenced by their
excretion intact in urine, and their high stability in serum (ex
vivo) over 24 h.

Our new diphosphine chelator technology has advantages
over other °"Tc and '®®Re radiolabelling platforms. For
instance, the radiosynthesis and purification of °°™Tc-MIP-
1404, which is based on the [**™Tc(CO);]" synthon, is time-
consuming. It requires (i) formation of an intermediate fac-
[°™Tc(CO);3(H,0);]" precursor prior to (ii) chelation with the
tridentate MIP-1404 chelator-peptide, and finally (iii) purifica-
tion and formulation before administration.® Other molecular
9™Te-radiopharmaceuticals, including °°™Tc-EDDA/HYNIC-
octreotide® and °°™Tc-EDDA/HYNIC-iPSMA,*® utilise the 6-
hydrazinopyridine-3-carboxylic acid (HYNIC) platform, which
coordinates to *™Tc and acts as the attachment point for the
bioactive receptor-targeting vectors. The ethylenediamine co-
ligand chelates to the remaining coordination sites on the Tc

17124 | Chem. Sci, 2025, 16, 17112-17126

metal centre. Whilst some of these HYNIC-based radiophar-
maceuticals can be prepared from a single kit,** their structures
remain ill-defined:**** it is unknown whether HYNIC coordi-
nates to Tc via the hydrazine group only, or as a bidentate
ligand, via the hydrazine and pyridyl groups. Importantly,
HYNIC-based bioconjugates are not known to provide iso-
structural Tc and Re derivatives,*>**> and therefore cannot be
used to develop dual **™Tc/***Re theranostic tracers.

Compared with the existing °°™Tc-radiolabeled PSMA-
targeted tracers, *°™Tc-MIP-1404, *°™Tc-PSMA-I&S, and °*™Tc-
EDDA/HYNIC-iPSMA, the new [**™TcO,(DP*"-PSMAt),]" and
[**™TcO,(DP*P-PSMAt),|" radiotracers demonstrate either
increased or comparable blood clearance at 1-2 h after
administration (Table 5). [*°™TcO,(DP*"-PSMAt),]" exhibits
either decreased or comparable residualisation in murine liver
compared to these other PSMA-targeted tracers.

These diphosphine chelators also enable simple, one-pot
preparation of stable molecular radiotracers based on radioac-
tive copper isotopes, such as ®'Cu for PET imaging, and its
“theranostic” companion, “Cu (& = 61.9 h; 100% B,
Emax = 561 keV; 44% vy, 185 keV), which emits B~ particles and
has utility for systemic radiotherapy.*® Critically, this allows
application of the same diphosphine-peptide bioconjugate for
theranostic radiopharmaceuticals that span both SPECT and
PET imaging.

Concluding remarks

In summary, our new and highly versatile bis(phosphino)
maleic anhydride platforms, DP*" and DP™*", enable facile
preparation of diphosphine bioconjugates that can be simply
radiolabelled with °*™Tc for SPECT imaging, ®’Cu for PET
imaging and "®®Re for systemic radiotherapy, leading to the
possibility of theranostic radiotracers. Importantly, these *°™Tc
radiotracers can be prepared in high radiochemical yields
(=95%) using a single step kit. This is a critical advance upon
our prior DP™ and DP™ technology, as it allows for simple,
one-step formulation of peptide-based °°™Tc radiotracers, and
presents new opportunities for economical molecular imaging
using widely available *™Tc production infrastructure and vy-
scintigraphy/SPECT cameras. We are currently expanding the
application of DP*" and DP™®® chemistry to other therapeuti-
cally relevant receptor targets, to develop a versatile suite of
molecular SPECT, PET and radiotherapeutic tracers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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