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A B S T R A C T   

Introduction: Radioligand therapy (RLT) is an expanding field that has shown great potential in the fight against 
cancer. Radionuclides that can be carried by selective ligands such as antibodies, peptides, and small molecules 
targeting cancerous cells have demonstrated a clear improvement in the move towards precision medicine. Poly 
(ADP-ribose) polymerase (PARP) is a family of enzymes involved in DNA damage repair signalling pathway, with 
PARP inhibitors olaparib, talazoparib, niraparib, veliparib, and rucaparib having FDA approval for cancer 
therapy in routine clinical use. Based on our previous work with the radiolabelled PARP inhibitor [18F]rucaparib, 
we replaced the fluorine-18 moiety, used for PET imaging, with iodine-123, a radionuclide used for SPECT 
imaging and Auger electron therapy, resulting in 8-[123I]iodo-5-(4-((methylamino)methyl)phenyl)-2,3,4,6-tet-
rahydro-1H-azepino[5,4,3-cd]indol-1-one, ([123I]GD1), as a potential radiopharmaceutical for RLT. 
Methods: [123I]GD1 was synthesized via copper-mediated radioiodination from a selected boronic esters pre-
cursor. In vitro uptake, retention, blocking, and effects on clonogenic survival with [123I]GD1 treatment were 
tested in a panel of cancer cell lines. Enzymatic inhibition of PARP by GD1 was also tested in a cell-free system. 
The biodistribution of [123I]GD1 was investigated by SPECT/CT in mice following intravenous administration. 
Results: Cell-free enzymatic inhibition and in vitro blocking experiments confirmed a modest ability of GD1 to 
inhibit PARP-1, IC50 = 239 nM. In vitro uptake of [123I]GD1 in different cell lines was dose dependent, and 
radiolabelled compound was retained in cells for >2 h. Significantly reduced clonogenic survival was observed in 
vitro after exposure of cells for 1 h with as low as 50 kBq of [123I]GD1. The biodistribution of [123I]GD1 was 
further characterized in vivo showing both renal and hepatobiliary clearance pathways with a biphasic blood 
clearance. 
Conclusion: We present the development of a new theragnostic agent based on the rucaparib scaffold and its 
evaluation in in vitro and in vivo models. The data reported show that [123I]GD1 may have potential to be used as 
a theragnostic agent.   

1. Introduction 

Solid tumors are generally treated with a combination of surgery, 
chemotherapy, and radiotherapy. External beam radiotherapy (EBRT), 
which induces DNA damage and can lead to apoptosis and tumour 
regression, is used in approximately 50 % of cancer patients [1,2]. 
However, EBRT is not effective for treating metastatic or occult out-of- 

field disease [3,4]. Over the past decades, radioligand therapy (RLT) 
has emerged as a promising tool in the fight against cancer [5]. RLT is 
markedly distinct from classical EBRT: a radiolabelled compound is 
administered parenterally or orally and localizes to tumorous tissue 
where it emits ionizing radiation in the form of alpha, beta or Auger 
electron (AE) particles [6]. This causes DNA damage, tumour cell death, 
and tumour regression. 123I emits short-range Auger electrons that 
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deposit their energy over nanometre distances, resulting in high liner 
energy transfer (LET) [7]. Therefore, it is crucial that the radioactive 
drug localizes close to its most effective target, the DNA within the 
tumour cell nucleus. This also avoids potential crossfire effects to sur-
rounding healthy cells [8]. To achieve selective delivery of AE-emitting 
radionuclides to tumors for cancer treatment, the radionuclide is 
attached to a targeting ligand [9]. Thanks to PARP-1 nuclear localization 
selective PARP inhibitors seem excellent candidates as vehicles for 
Auger-electron emitting radionuclides [10]. 

PARP enzymes (PARP-1, PARP-2, and PARP-3) play a central role in 
DNA damage repair signalling pathway and become active by binding to 
damaged DNA [11]. When a PARP inhibitor binds to the PARP enzyme, 
it can trap the enzyme to the damaged DNA impairing the process of 
single-strand break repair by inhibiting the catalytic activity of the DNA 
damage repair enzyme. Therefore, the complex formed by the trapped 
DNA and PARP enzyme causes the stalling and collapse of replication 
forks leading to double-strand break formation. These damages require 
homologous recombination (HR) for being repaired, therefore, cancer 
cells with anomalies in HR genes, such as BRCA1/2, cannot repair DSBs, 
causing cell death [12]. Thanks to this DNA trapping, in addition to the 
increased expression of PARP protein in tumour tissue versus sur-
rounding normal tissue and the short range of AEs, AE-radiolabelled 
compounds targeting PARP represent an excellent vehicle for radio-
ligand therapy [13]. Several research groups, including Reiner [14–16], 
Mach [17–19] and Morgenroth [20], have already developed radio-
labelled PARP-binding compounds for RLT based on a variety of PARP 
inhibitor scaffolds, mainly built on olaparib and rucaparib variants 
(Fig. 1). Our group recently reported the radiosynthesis of [18F]olaparib 
[21], [18F]AZD2461 [22] and [18F]rucaparib [23,24], demonstrating 
the strength of copper mediated radiofluorination as a useful method-
ology to overcome the challenge of C–18F bond formation [25,26] and 

that radiolabelled versions of PARP inhibitors can prove to be useful PET 
imaging agents [27,28]. Radioiodinated versions of PARP inhibitors 
have previously been evaluated for tumour imaging and therapy. 
However, the latter application has so far necessitated the use of local or 
intratumoural delivery, or required multiple administrations of large 
activities. This maybe improved upon. With this in mind, we present the 
synthesis, radiosynthesis and preclinical evaluation of iodine-123 
labelled rucaparib analogue, 8-[123I]iodo-5-(4-((methylamino)methyl) 
phenyl)-2,3,4,6-tetrahydro-1H-azepino[5,4,3-cd]indol-1-one, [123I] 
GD1, as a potential radiotracer for RLT, via copper mediated radio-
iodination building on our previous work with [18F]rucaparib [23,24]. 

2. Material and methods 

Unless otherwise indicated, all reagents were purchased from Sigma- 
Aldrich and used without further purification. Olaparib, rucaparib, 
veliparib, and talazoparib were purchased from Stratech Scientific Ltd. 
(UK). Sodium [123I]iodide was produced by GE Healthcare as no carrier 
added [123I]sodium iodide in 0.05 M NaOH. Radiosynthesis was per-
formed using a NanoTek® automated microfluidic device (Advion). 
HPLC analysis was performed using a Dionex Ultimate 3000 dual 
channel HPLC system equipped with shared autosampler, parallel UV- 
detectors and LabLogic NaI/PMT-radiodetectors with FlowRam analog 
output. The radio-signal is offset by 0.1–0.3 min from the UV signal. All 
reported activity yields (AYs) and radiochemical yields (RCYs) are non- 
decay corrected. 

2.1. Synthesis of GD1 

GD1 was prepared as described in SI. 

Fig. 1. Olaparib- and Rucaparib-based PARP-targeted RLT agents. In 2022 Hoffman and co-workers have described a bromine-77 labelled rucaparib-derived PARP 
inhibitor, but chemical structure has not been disclosed yet [29]. 
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2.2. Radiosynthesis of [123I]GD1 

[123I]GD1 was synthesized as described in Fig. 2. A stock solution of 
Cu(OCOCF3)2 (14 mg, 0.05 mmol) and 1,10-phenanthroline (8 mg, 
0.044 mmol) in MeOH:H2O (4:1, 10 mL) was freshly prepared. Of this 
stock solution, 0.3 mL was used to rinse and collect [123I]NaI into a V- 
vial containing a magnetic stirrer bar and tert-butyl methyl(4-(1-oxo-8- 
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,6-tetrahydro-1H- 
azepino[5,4,3-cd]indol-5-yl)benzyl)carbamate precursor 10 (4 mg, 7.5 
μmol, see SI), the synthesis of which has been described by us before 
[23]. The reaction vial was heated to 80 ◦C with stirring for 30 min. 
Trifluoro acetic acid (300 mL) was added and the reaction mixture was 
stirred at 80 ◦C for a further 25 min. The reaction mixture was dried 
under nitrogen flow at 105 ◦C for 5 min, diluted with 0.5 mL of MeCN/ 
H2O (45:55) and purified by HPLC employing a Gemini LC 250 × 10-mm 
column (Phenomenex) with flow rate 4 mL/min, monitoring with UV 
(220 nm) and radioactive traces. [123I]GD1 was obtained with an ac-
tivity yield of 45 % and a molar activity up to 20 GBq/mmol over two 
steps in 150 min. HCl (1 M, 100 mL) was added during ethanol evapo-
ration, just before the final reformulation step with 10 % DMSO in 
phosphate buffer saline (PBS). 

2.3. Cell-free inhibition assay 

A commercially available PARP-1 Chemiluminescent Assay Kit (BPS 
Bioscience, catalog #80551, San Diego, CA, USA) was employed to 
measure catalytic inhibition of PARP activity by GD1 compared to 
rucaparib, following the manufacturer's instructions. 

2.4. Cell culture 

Human pancreatic ductal adenocarcinoma cells AsPC-1 and PSN-1, 
and non-small cell lung carcinoma H1299 cells were purchased from 
ATCC (UK) and maintained in Roswell Park Memorial Institute (RPMI) 
cell culture medium supplemented with 10 % fetal bovine serum (FBS, 
Gibco), 2 mM L-glutamine, 100 units/mL penicillin, and 0.1 mg/mL 
streptomycin (Gibco). Oesophageal adenocarcinoma cells FLO-1 and 
OE-33 were kindly provided by Professor Katherine Vallis (University of 
Oxford). H1299, and FLO-1 cells were maintained in Dulbecco's Modi-
fied Eagle Medium (DMEM) with 10 % fetal bovine serum (FBS, Gibco), 
2 mM L-glutamine, 100 units/mL penicillin, and 0.1 mg/mL strepto-
mycin (Gibco). OE-33 cells were maintained in RPMI supplemented with 
10 % FBS (Gibco), 2 mM L-glutamine, 100 units/mL penicillin, and 0.1 
mg/mL streptomycin (Gibco). Cells were grown in a humidified envi-
ronment at 37 ◦C and 5 % CO2. Cells were harvested and passaged using 
trypsin-EDTA solution and were used no >25 passages following 
resuscitation from liquid nitrogen storage. Cells were authenticated by 

the provider and additional STR profiling and tested regularly for the 
absence of mycoplasma contamination. 

2.5. Western blot 

Western blot analysis was performed to compare the total PARP-1 
and PARP-2 expression between cell lines. Total protein lysates were 
prepared at 4 ◦C using RIPA buffer (50 mM Tris – pH 8.0, 1 % NP40, 0.5 
% sodium deoxycholate, 0.1 % sodium dodecyl sulphate, 150 mM so-
dium chloride, and complete protease inhibitor cocktail (Sigma- 
Aldrich)) and extracts were clarified by centrifugation (8000 rpm at 4 ◦C 
for 5 min). Protein concentrations were measured using the BCA protein 
assay (Thermo Scientific) and normalised with RIPA buffer. Protein ly-
sates were denatured in NuPage® LDS sample buffer (Invitrogen) with 
heating at 100 ◦C for 5 min, then 30 μg samples were resolved on a 
NuPage® 4–12 % Bis-Tris gel in MOPS running buffer (Novex) and 
transferred to PVDF membrane at 20 V for 10 min using an iBlot2 system 
(Invitrogen). Membranes were blocked in 5 % skimmed milk in PBS with 
5 % Tween-20 (PBST) then western blot was performed using the 
following antibodies: anti-PARP-1 antibody (HPA045168; 1:500); anti- 
PARP-2 antibody (HPA052003; 1:500) (Atlas Antibodies-Sigma 
Aldrich, UK), and secondary goat anti-rabbit-HRP antibody (1:3000 
dilution; R&D Systems HAF008). All blots were repeated on at least two 
separate occasions with new cell lysates for validation. To control 
sample loading and protein transfer, the membranes were also stained 
for b-Actin (1:1000, clone 3E5, 5125S, Cell Signalling Technologies). 

2.6. In vitro uptake and binding selectivity of [123I]GD1 

AsPC-1 and PSN-1 cells were added separately to 24-well plates (5 ×
104 cells/well) with 300 μL growth medium and allowed to adhere 
overnight. Cells were washed twice and exposed to [123I]GD1 (33 nM, 
25.1 GBq/μmol in a total of 300 μL growth medium) and incubated at 
37 ◦C for increasing lengths of time (0 to 120 min). To assess [123I]GD1 
binding selectivity, unlabelled PARP inhibitors were added in excess 
(100 μM) for 60 min at 37 ◦C before addition of [123I]GD1 (33 nM, 25.1 
GBq/μmol in growth medium), and the cells incubated at 37 ◦C for 60 
min. Cell culture medium was removed and cells were washed with PBS 
twice. Cells were lysed using RIPA buffer (300 mL) for 15 min at room 
temperature, then washed with PBS (300 μL) and the amount of 123I in 
the cell lysates was measured using an Wizard2 Automatic Gamma 
Counter (PerkinElmer). Uptake in AsPC-1, PSN-1, H1299, FLO-1 and 
OE-33 cells was additionally measured following exposure to [123I]GD1 
(75 nM, 13.1 GBq/μmol in a total of 300 μL growth medium) following 
the above procedure. 

Fig. 2. A) Radiosynthesis of [123I]GD1 from precursor 9, B) Radiosynthesis of [123I]GD1 from precursor 10.  
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2.7. Cell retention of [123I]GD1 

AsPC-1 and PSN-1 cells were seeded as above and exposed to [123I] 
GD1 (33 nM, total 300 μL, 25.1 GBq/μmol) for 60 min. Cell culture 
medium was removed, and cells were washed with PBS, followed by the 
addition of fresh growth medium (300 μL). Cells were then further 
incubated at 37 ◦C. Cell culture medium was removed and cells were 
washed with PBS at different times (0–24 h). Cells were lysed and the 
amount of 123I in the lysates was measured as above. Using these results, 
radiation absorbed doses were calculated for PSN-1 and AsPC-1 cells, 
over the 24 h range. S values were obtained from the report by Goddu 
et al. [30], assuming a cell radius (RC) of 8 mm and a cell nucleus radius 
(RN) of 6 mm. 

2.8. Clonogenic survival following exposure to [123I]GD1 

AsPC-1, PSN-1, H1299, FLO-1 and OE-33 cells were exposed sepa-
rately, in aliquots of 5 × 103 cells in a 0.5 mL Eppendorf, to [123I]GD1 
(13.1 GBq/μmol) at different concentrations (0.025–1.2 MBq) in a total 
volume of 300 mL of growth medium. Cells were incubated with [123I] 
GD1 at 37 ◦C for 60 min. After one hour the tube was centrifugated 
(5000 rpm, 5 min), medium was removed, followed by the addition of 
fresh growth medium and cells were then seeded in 6-well plates, in a 
total of 2 mL growth medium. Cells were incubated at 37 ◦C for 10 days, 
washed once with 300 mL PBS, twice with 300 mL ddH2O, and stained 
with 1 mL of crystal violet solution overnight, and washed three times 
with water. The number of colonies relative to control conditions and 
relative to the number of cells seeded was determined using a Gelcount 
system. 

2.9. SPECT/CT imaging and biodistribution of [123I]GD1 

All animal procedures were performed in accordance with the U.K. 
Animals (Scientific Procedures) Act 1986 and with local ethical com-
mittee approval. C57BL/6 mice (n = 3, all male) aged 15–20 weeks were 
purchased from a UK supplier. Animals were housed in IVC cages, up to 
6 per cage, in an artificial day-night cycle facility. Food and water were 
provided ad libitum. Mice were administered [123I]GD1 (1.16–1.42 MBq 
in 100 μL of PBS, Am = 7 GBq/μmol, DMSO concentration < 10 %) by 
intravenous injection via the lateral tail vein (n = 3). Dynamic SPECT 
images (over 2 h) were acquired using a MILabs VECTor4 camera, 
equipped with an ultra-high resolution rat/mouse collimator (1.8 mm), 
followed by a cone-beam CT scan (55 kV, 0.19 mA) for anatomical 
reference and attenuation correction. Anaesthesia was maintained using 
2.5 % isoflurane throughout the duration of image acquisition. SPECT 
images were reconstructed using U-SPECT-Rec3.22 software (MILabs, 
Utrecht, The Netherlands), applying a pixel-based algorithm, ordered 
subset expectation maximization (OSEM) with 4 subsets, 4 iterations 
and 0.6 mm voxel size for Iodine-123 (energy window settings 
141.3–172.7 keV). Reconstructed SPECT and CT images were viewed 
and analysed using PMOD v.3.37 (PMOD Technologies, Zurich, 
Switzerland). Either 2 h or 24 h after radiolabelled compound injection 
(1.16–3.63 MBq in 100 μL of PBS, Am = 7–9 GBq/μmol), animals were 
euthanised. Selected organs, tissues and blood were removed, and the 
percentage of the injected dose per gram of tissue (%ID/g) was deter-
mined, using a HIDEX automated gamma counter from Perkin Elmer. 

3. Statistical analysis 

All data was obtained at least in triplicate. All statistical analyses and 
nonlinear regression were performed using GraphPad Prism v9 
(GraphPad Software, San Diego, CA, USA). Data were tested for 
normality and analysed as appropriate by one-way ANOVA analysis. 
Results are reported as mean ± SD, unless stated otherwise. 

4. Results 

4.1. Radiosynthesis 

Radiosynthesis modified from that developed previously for [18F] 
rucaparib [23] resulted in [123I]GD1. Two radiosynthetic approaches 
were tested: a two-step radiolabelling from the appropriate boronic 
pinacol ester containing an aldehyde handle to be further functionalized 
(precursor 9), and another from a Boc-protected benzylamine boronic 
pinacol ester (precursor 10) followed by deprotection (Fig. 2). With both 
precursors 9 and 10 in hand, we set up a series of pilot experiments using 
each precursor under different copper-mediated radioiodination condi-
tions previously described by Wilson. et al. [31] Radioiodination of 
precursor 9 quantitively yielded the radioactive aldehyde intermediate 
[123I]11 (Fig. 2A), yet when this underwent reductive amination, no 
conversion to the product was observed. Instead, degradation of [123I] 
11 and a high amount of inorganic iodine-123 were detected by radio- 
HPLC. We reasoned that the presence of the copper may interfere with 
the second step, therefore, a passage through a filter (0.22 mM porous 
diameter) helped the process by removing all precipitate formed during 
the first reaction step. [123I]11 then reacted in the reductive amination 
step, obtaining for the first time [123I]GD1 in a 20 % radiochemical yield 
(RCY) by HPLC with an activity yield (AY) after semi-preparative HPLC 
of 10 % and a molar activity (Am) of 20 GBq/mmol. Precursor 10 
behaved similarly under radioiodination conditions quantitatively 
yielding [123I]12 (Fig. 2B). [123I]GD1 was obtained by deprotection 
with TFA, with a 90 % radiochemical yield (based on HPLC analysis of 
the crude product) and only small traces of free iodine were observed. 
When precursor 10 was evaluated in radiosynthesis followed by pre-
parative HPLC purification, [123I]GD1 was synthesized in 150 ± 10 min 
(n = 4) isolated with radiochemical purity always higher than 95 % and 
it was afforded in 45 % ± 7 % (n.d.c., n = 4) AY and Am ranging from 7 
to 84 GB/μmol. At the end of the radiosynthesis we observed some 
precipitate. Rucaparib possesses a low water solubility and the intro-
duction of an iodine atom seemed to have decreased this even more, 
causing precipitation [32]. Since rucaparib is usually administrated in 
clinic as camsylate salt, this problem was investigated by changing the 
final reformulation of [123I]GD1. Rucaparib solubility is enhanced by 
salt formation and HCl salt is capable of increasing solubility up to 4 
times, as shown in patent [33]. With this in mind, 100 mL of 1.0 M HCl 
aq. was added during ethanol evaporation, just before the final refor-
mulation step with 10 % DMSO in PBS. The soluble [123I]GD1 HCl salt's 
purity and identity was confirmed by radio-HPLC before and after acid 
addition. 

4.2. In vitro evaluation of [123I]GD1 

A first in vitro uptake assay of [123I]GD1 on PSN-1 and AsPC-1 cell 
lines shown a plateau reached within one hour. The higher amount of 
radiolabelled compound was absorbed by PSN-1, around 20 pmol/cell. 
(Fig. 3A). A second set of experiments was performed to understand if 
increased uptake is observed when higher amounts of [123I]GD1 are 
presented to the cells. A comparison between two different concentra-
tions (33 nM, 25.1 GBq/μmol vs 75 nM 13.1 GBq/mmol) is shown in 
Fig. 3B underlying a massive variance in radioactive compound uptake 
when [123I]GD1 is more concentrated (20 pmol/cell vs 228 pmol/cell for 
PSN-1). When this higher concentration was presented to other 
cancerous cell lines, H1299, FLO-1 and OE-33, [123I]GD1 uptake was 
>50 pmol/cell (Fig. 3C). [123I]GD1 efflux was fast at first for all cell 
lines, in the first hour the concentration dropped almost by half (to 6–9 
pmol/cell). The activity in the cells then decreased slowly to 5 pmol/cell 
over 2 h, consistent with first-order efflux. At 24 h, a small amount of 
compound, around 0.5–1 pmol/cell, was still present (Fig. 3D). 

The ability of non-radiolabelled GD1 to inhibit the catalytic activity 
of PARP-1 in a cell-free system was initially compared with rucaparib as 
a proxy for their binding affinity. This showed IC50 values of 239 nM and 
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1.07 nM, for GD1 and rucaparib, respectively [34], for PARP-1 inhibi-
tion (see SI). 

Binding selectivity of [123I]GD1 was also evaluated by blocking 
assay with structurally different PARP inhibitors, olaparib, rucaparib, 
talazoparib and veliparib (Fig. 3E). Partial blocking of [123I]GD1 uptake 
was shown by a panel of PARP inhibitors, however they were unable to 
significantly reduce the radioactive signal in all the cell lines [22,31]. 
Radiation absorbed doses in vitro were calculated as 1.54–23.1 Gy for 
PSN-1 and from 1.25 Gy - 18.7 Gy for AsPC-1 cells. 

4.3. Clonogenic survival 

[123I]GD1 significantly reduced colony formation of PSN-1 and 
AsPC-1, with a GC50 of 52 kBq (95 % CI 22–66) for PSN-1 and GC50 of 89 
kBq (95 % CI 18–130) for AsPC-1 (Fig. 3F). H1299, FLO-1 and OE-33 cell 
lines were less susceptible to [123I]GD1 with a GC50 up to 312 MBq (95% 
CI 297–354) for OE-33 cells (Fig. 3F). 

4.4. Western blot analysis 

Western blot revealed that expression of PARP-1 was higher in PSN-1 

and FLO-1 cells than others, consistent with previously reported data 
[24], while expression of PARP-2 was higher in OE-33 and H1299 
(Fig. 3G). PARP-1 expression was plotted versus GC50 obtained from 
experimental results, apart from AsPC-1 and FLO-1, the other cell lines 
OE-33, H1299 and PSN-1 potentially fit more in the correlation between 
a low GC50 and high PARP-1 expression (Fig. 3G). 

4.5. In vivo evaluation 

[123I]GD1 biodistribution was characterized in vivo in C57BL/6 mice 
at 2 and 24 h following an intravenous bolus administration. SPECT-CT 
imaging showed renal and hepatobiliary clearance (Fig. 4A and B), with 
biphasic blood clearance with a calculated weighted half-life of 1.7 min 
(95 % CI, 1.2–2.8 min) (Fig. 4C). The same biphasic pattern was found 
also in [18F]Rucaparib with a slightly longer calculated weighted half- 
life of 4.3 min [23]. 

5. Discussion 

We found precursor 10 to be a superior starting material for the 
radiosynthesis of [123I]GD1, through copper-mediated radioiodination. 

Fig. 3. A) Uptake of [123I]GD1 (33 nM, 25.1 GBq/μmol) in PSN-1 and AsPC-1 cells over 2 h. B) Uptake of [123I]GD1 33 nM, 25.1 GBq/μmol vs 75 nM 13.1 GBq/mmol 
in PSN-1 and AsPC-1 cell lines. C) Uptake assay of [123I]GD1 (75 nM 13.1 GBq/mmol) in PSN-1, ASPC-1, H1299, FLO-1 and OE-33 cell lines. D) Retention of [123I] 
GD1 (33 nM, 25.1 GBq/μmol) in selected cell lines over 24 h. E) Blocking of [123I]GD1 (33 nM, 25.1 GBq/μmol) uptake in PSN-1 and AsPC-1 cells with one of a panel 
of cold, unlabelled PARP inhibitors (100 μM). F) Representative clonogenic survival following a one-hour exposure to [123I]GD1 (75 nM 13.1 GBq/mmol). G) PARP-1 
expression in different cell lines vs calculated GC50 from clonogenic survival assay and western blot of PARP-1 and PARP-2 protein expression in PSN-1, ASPC-1, 
H1299, FLO-1 and OE-33 cell lines. Asterisks indicate levels of significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. 
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Precursor 9 was susceptible to the presence of metal traces as possible 
promoters of side-reactions [21,25]. Copper itself has a limited ability to 
participate in haloarene functionalization, and this behaviour has been 
attributed to its relatively low rate of oxidative addition in comparison 
to other metals such as nickel and palladium [35,36]. Indeed, the most 
robust copper cross-coupling reactions are limited to transmetallating 
reagents such as organoboronic acids or esters, specifically to bypass the 
challenge of oxidative addition [37]. Even if elegant studies have 
allowed for improvements in the rate of oxidative addition for certain 
substrate classes, functionalization of aryl halides by copper catalysis 
remains largely restricted to aryl iodides and activated aryl bromides 
under harsh reaction conditions [38]. We reasoned that the presence of 
copper may interfere with the reductive amination step leading to a 
coupling side reaction between [123I]11 and the starting material 9, 
which can also explain the loss of iodine-123 from the molecule. The 
presence of Boc-protected benzylamine chain in precursor 10 circum-
vents these problems, leading to robust radiosynthesis of [123I]GD1. 

Consistent with previously reported data [24], an increased con-
centration of radiotracer given to cancer cells resulted in increased cell 
uptake of radioactive material as shown in Fig. 3B. We may explain the 
different [123I]GD1 uptake ratio between PSN-1 and AsPC-1 by the non- 
identical PARP-1 expression, where we had a similar trend for both [18F] 

rucaparib uptake in the same cell lines and [18F]Olaparib uptake in 
U251MG compared to U87MG cells [39]. However, when [123I]GD1 was 
tested on other cell lines such as H1299, FLO-1 and OE-33 the degree of 
uptake observed was intriguing since the correlation cited before was 
more blurred. We hypothesise that this may be due to differences in 
intrinsic expression of PARP-1 and 2 in the selected cell lines, off-target 
binding of [123I]GD1, PARP trapping effects and potential upregulation 
of PARP expression for DNA damage response caused by radiation [38]. 
The retention assay showed a good ability of [123I]GD1 to remain in 
cells, potentially trapped to DNA. Only cell-level dosimetry analysis 
were performed using experimental data from retention assay. The 
calculated absorbed doses for both PSN-1 and AsPC-1 cell lines are in 
line with the ones obtained experimentally from Pirovano and co- 
workers [15] using [123I]MAPi for glioblastoma treatment supporting 
the high-LET of iodine-123 as Auger emitter which may also reflect a 
high relative biological effectiveness [40,41]. 

The modest ability of GD1 to interact with PARP-1 is likely explained 
by the switch of a fluorine atom with an iodine. This replacement not 
only brings a change in the electronic properties but also in the atom size 
(F = 147 pm vs. I = 198 pm), presumably hampering the interactions 
with GD1 in the PARP-1 catalytic pocket since the fluorine atom of 
rucaparib fills a small cavity present in the binding site (defined by 

Fig. 4. In vivo studies evaluating [123I]GD1 biodistribution in wild type mice. A) Biodistribution of [123I]GD1 in selected tissues in wildtype mice, 2 or 24 h after 
intravenous administration of [123I]GD1 (1.3 MBq, 7 GBq/μmol), compared to [18F]rucaparib [24]. B) SPECT/CT scan images, following intravenous administration 
of 1.16–3.63 MBq in 100 μL of PBS, Am = 7–9 GBq/μmol. C) Time activity curves based on VOI analysis of dynamic SPECT images (n = 3). 
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Phe897, Ala898, Lys903, and Glu988 residues in PARP-1) [42]. As ex-
pected, in vitro blocking of [123I]GD1 resulted in only partial blocking of 
the radioactive molecule by an excess of a variety of PARP inhibitors, in 
agreement with the inhibition binding assay, confirming possible non- 
specific or off-target specific binding. 

Clonogenic survival of pancreatic cancer cells after exposure to [123I] 
GD1 showed promising results. [123I]GD1 significantly reduced colony 
formation in both PSN-1 and AsPC-1 cells, with GC50 values in the kBq 
range. Previously, several pre-clinical studies demonstrated the use of 
radiolabelled modified PARP inhibitors to reduce tumour growth in 
high-PARP expressions malignancies [12–18]: for example, [123I]MAPi 
was used on glioblastoma cancer cells U251 and it possess a comparable 
clonogenic survival reduction with [123I]GD1, a GC50 slightly higher 
than 50 kBq [15]. On the other hand, the group of Makvandi showed 
that [125I]KX1can inhibit cell colonies formation with a GC50 around 13 
kBq, while the iodine-123 labelled counterpart was not reported [43]. As 
expected selective PARP inhibitors bearing potent a particle, such as 
astatine-211, display a high cytotoxicity using just a few kilobecquerels 
of radioactive agent [19]. Recently, Hoffman and co-workers have re-
ported a bromine-77 labelled version of PARPi, this compound was 
screened on several cell lines showing a general GC50 higher than 100 
kBq [29]. Although FLO-1 cells showed lower PARP-1 expression levels 
compared to PSN-1 by western blot, the former were less susceptible 
towards [123I]GD1, the possible explanations for such disparity may be 
the result of higher PARP-2 levels, or other genomic differences and 
intrinsic radiosensitivity. The reasons for such discrepancies warrant 
additional investigation [16]. 

Biodistribution (Fig. 4A) together with dynamic imaging (Fig. 4B) 
following administration of [123I]GD1 to wild type C57BL/6 mice (n =
3) showed that [123I]GD1 is eliminated via hepatobiliary and renal 
pathways. The clearance pattern of [123I]GD1 over 2 h is similar to that 
of [18F]rucaparib [23], but signal from [123I]GD1 was lower at 2 h post 
administration in the spleen, large intestine, pancreas and muscle, while 
it was more present in small intestine and kidneys, when compared with 
its radiofluorinated counterpart. At 24 h, [123I]GD1 resides mainly in 
the abdominal region, explained by its more lipophilic character [36]. 
The prolonged retention of [123I]GD1 in the body, mainly concentrated 
in the abdominal region, could possibly lead to long term toxicity due to 
radiation. However, due to its shorter half-life and absence of beta 
particles, 123I carries a reduced radiation burden to normal tissue 
compared to beta or alpha-emitting radionuclides, allowing for a higher 
administered activity [44].The development of PARP inhibitors bearing 
AE emitters as theragnostic shows great potential for the fight against 
cancer [45,46,47]. 

6. Conclusion 

Here, we evaluated a new theragnostic agent based on a rucaparib- 
like scaffold and in preclinical models of cancer. Taken together, in 
vitro and in vivo studies demonstrated the potential of [123I]GD1 as a 
possible theragnostic agent, showing a pharmacodynamics and in vitro 
uptake similar to [18F]rucaparib. [123I]GD1 may have potential as a 
theragnostic agent towards pancreatic cancer cell lines, warranting 
further investigation. 
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