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BOLD-100 (formerly IT-139, KP1339), a well-established chemotherapeutic agent, is currently being
investigated in clinical trials for the treatment of gastric, pancreatic, colorectal, and bile duct cancer. Despite
numerous studies, the exact mode of action is still the subject of discussions. Radiolabeled BOLD-100 could
be a powerful tool to clarify pharmacokinetic pathways of the compound and to predict therapy responses in
patients using nuclear molecular imaging prior to the therapy. In this study, the radiosyntheses of carrier-added
(c.a) [P”*93RuIBOLD-100 were performed with the two ruthenium isotopes ruthenium-103 (1°Ru; 7, y) and
ruthenium-97 (*’Ru; EC, v)., of which in particular the latter isotope is suitable for imaging by single-photon
emission computed tomography (SPECT). To identify the best tumor-to-background ratio for diagnostic
imaging, biodistribution studies were performed with two different injected doses of c.a. ['°*RulBOLD-100 (3
and 30 mg kg™ in Balb/c mice bearing CT26 allografts over a time period of 72 h. Additionally, ex vivo auto-
radiography of the tumors (24 h p.i.) was conducted. Our results indicate that the higher injected dose (30 mg
kg™ leads to more unspecific accumulation of the compound in non-targeted tissue, which is likely due to an
overload of the albumin transport system. It was also shown that lower amounts of injected c.a. ['°*Ru]
BOLD-100 resulted in a relatively higher tumor uptake and, therefore, a better tumor-to-background ratio,
which are encouraging results for future imaging studies using c.a. [*’RulBOLD-100.
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1. Introduction

Radiolabeling of chemotherapeutic agents with radiometals
was already performed in the 1970s with platinum com-
pounds, such as cisplatin using platinum-195 m." The lack of
commercial availability of other suitable radiometals and the
sometimes complex or multi-step synthetic procedures, are the
main reasons why examples of radiolabeling studies of metal-
based chemotherapeutic agents are relatively scarce. Aside
from platinum compounds, one of the most promising ruthe-
nium(m) anticancer complexes is BOLD-100 (formerly IT-139
or KP1339, Fig. 1), which is currently undergoing clinical
investigation.>* The exact mode of action of BOLD-100 and the
underlying mechanisms of its cytotoxic effects are still not
fully characterized. Several studies report on the binding of the
Ru(m) complex to blood proteins, such as albumin, in a first
step.*”® This is followed by the reduction of the prodrug to an
active Ru(m) species within the hypoxic tumor environment,” in
which the albumin-Ru conjugate is accumulated by the
enhanced permeability and retention effect.>® In vitro studies
have shown that BOLD-100 induces endoplasmic reticulum
stress in combination with down-regulation of the glucose-
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Fig. 1 The clinically studied ruthenium(i) complex BOLD-100.

regulated protein (GRP78),'%'! and apoptotic effects that were
gu P pop

demonstrated in 2D and 3D cell culture assays.*** The induc-
tion of reactive oxygen species'® and the triggering of immuno-
genic cell death'® are alternative pathways reported for the
anticancer activity of BOLD-100. Recently, BOLD-100 has been
shown to target directly the onco-metabolism by inhibiting gly-
colysis, downregulating lactate release, and altering epigenetic
gene expression via interaction with histone acetylation.'” Still,
multiple studies have been and are being conducted to evalu-
ate the mode of action in detail.'®'® Nevertheless, after a dose
escalation clinical phase I study,”® BOLD-100 is currently
undergoing phase Ib/IIa trials in combination with FOLFOX
for the treatment of gastric, pancreatic, colorectal, and bile
duct cancer (NCT04421820).>' The first results of this study
have shown that this combination represents a well-tolerated
treatment in heavily pre-treated stage IV biliary tract and
gastric cancer patients,* as well as in pre-treated advanced col-
orectal cancer parients.”®

Despite all the new insights into the mode of action of
BOLD-100 obtained by various studies in the recent past,’”™*°
the radiolabeling of BOLD-100 is of great interest. A radio-
labeled version of BOLD-100 would not only facilitate biodistri-
bution experiments of the drug for the assessment of its phar-
macokinetic and pharmacodynamic properties, but also
enable diagnostic imaging such as single-photon emission
computed tomography (SPECT) to predict the therapy response
in a personalized medicine approach. In this context, the radi-
olabeling of BOLD-100 without any structural modifications
made possible by the employment of radioactive ruthenium
isotopes would be the best choice, because the biological pro-
perties of the drug should remain unchanged. Although the
medical relevance of ruthenium-97 (*’Ru) and ruthenium-103
(*°*Ru) was already discussed in 1970 >* and 1981,>® there are
only few literature reports on radioactive ruthenium complexes
and preclinical studies thereof in the last decades. This is
likely the result of the limited commercial availability of these
radionuclides, whose large-scale production is not yet estab-
lished. The P~ emitter 'Ru can be produced by the
irradiation of natural ruthenium ("*Ru, composition: “°Ru
(5.54%), **Ru (1.87%), “°Ru (12.76%), "*°Ru (12.60%), '°'Ru
(17.06%), *°>Ru (31.55%), and '°*Ru (18.62%)) or of enriched
"Ru with thermal neutrons via the '"’Ru(n, y)'”’Ru
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reaction.”®?” ’Ru can be produced by alpha particle induced
nuclear reaction on natural molybdenum ("**Mo) via "**Mo(a,
xn)°’Ru,*®*° by the irradiation of enriched °°Ru with thermal
neutrons via the °°Ru(n, y)”Ru reaction or by proton
irradiation of long-lived technetium-99 (°°Tc) via °°Tc(p,
3n)”Ru reaction.*® “’Ru decays by 100% electron capture,
releasing photons with energies of 216 keV (86%) and 324 keV
(11%), the former of which is within the energy window of
clinical SPECT detectors. Additionally, the two ruthenium iso-
topes (*’Ru and '°>Ru) could represent a possible theragnostic
pair, the first for SPECT imaging and the latter for therapy
(Table 1).*'?

In a previous study, we reported that the radiolabeling of
BOLD-100 with '®Ru did not affect the biological behavior
because the biodistributions of both radioactive and non-
radioactive compounds were similar.** However, due to limit-
ations of the analytical method used for the non-radioactive
complex (inductively coupled plasma mass spectrometry
(ICP-MS)), the administered amount of drug was quite high
(30 mg kg™', 1.2 pmol per mouse) and above the molar
amount of mouse serum albumin (MSA; approx. 0.3-0.4 umol
per mouse).*> We hypothesized that blood proteins, which are
supposed to be the main transporters of BOLD-100,>° were
overloaded with the drug in these first experiments. As a
result, some of the injected BOLD-100 remained unbound in
serum that in turn effected a higher and unspecific uptake in
various organs, such as the liver or kidneys. In an effort to
lower the uptake in organs and tissue other than the tumor,
we here investigated the effect of lowering the applied dose of
c.a. ["RuJBOLD-100 on the biodistribution of the drug.
Furthermore, to find a suitable timepoint for future imaging
studies with c.a. [*’RuJBOLD-100, we aimed to obtain a better
tumor-to-background ratio with a lower applied dose of c.a.
['**Ru]BOLD-100.

Consequently, we radiolabeled BOLD-100 with c.a. '®*Ru
and c.a. °’Ru. Due to the availability of higher effective specific
activities and its longer half-life, the low-amount biodistribu-
tion study was performed with [*%*Ru]BOLD-100.
Furthermore, autoradiography was performed with CT26
tumors (24 h p.i.) to examine the heterogeneity of the drug
uptake.

c.a.

2. Results and discussion
Production of *’Ru

9’Ru was produced by irradiation of "*Mo foil with a particles
for approximately 10 h, resulting in >300 MBq at the end of
the irradiation (EOI). The target foil was dissolved and bulk
Mo from the target was separated by two subsequent ion
exchange columns, from which °’Ru was obtained in the
eluate. The final ®’Ru solution contained impurities of molyb-
denum (0.9-2.0 pg) and minor radioactive impurities in the
form of **Ru (t1,, = 1.6 h), ®™Tc (¢, = 61 d), and *Tc (¢, =
20.0 h) (see ESI, Fig. S11). The radiochemical yield of °’Ru was
40-56%, resulting in deliverable activities of 87-123 MBq

This journal is © The Royal Society of Chemistry 2024
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Table 1 Physical properties of °*Ru, °’Ru and clinically used *in.**
Nuclide Half-life [days] Decay mode Energy [keV] (intensity) Use
1%%Ru 39.3 B~ (100%) Ep-, max = 227 (92%), 113 (7%) Therapy

E, =497 (91%), 610 (6%)
“’Ru 2.9 EC (100%) E, =216 (86%), 324 (11%) SPECT imaging
1} 2.8 EC (100%) E, =171 (91%), 245 (94%) SPECT imaging

(74-106 MBq mL™"). Due to the remaining amount of molyb-
denum and the modest recovery yield, the target workup
process is currently being optimized.

Production of *®*Ru

"2Ru metal foils were enclosed in quartz ampoules and irra-
diated in a thermal neutron flux of (5-10) x 10** n em™ s™* for
6-8 days, leading to activities up to 1049 MBq at the EOI. After
the decay of shorter-lived nuclides, such as '®>Ru (¢, = 4.4 h),
1%Rh (ty, = 35.3 h) and “Ru (t1,, = 2.8 d), the target was dis-
solved in alkaline, aqueous NaOCl, then the mixture was
quenched with concentrated HCL. c.a. *®*Ru was obtained in
radiochemical yields of 81-82% (up to 648 MBq), molar activi-
ties up to 19.4 MBq pmol™" (249 MBq mL™"), and a radio-
nuclide purity of >99.9% (ESI, Fig. S21). This production
method of '®Ru enabled us to perform radiosyntheses with
high activities that enabled biodistribution studies with lower
amounts of the injected drug. In order to avoid co-production
of **S and *°Cl radionuclides, the production of '%*Ru was per-
formed by irradiation of "*Ru metal instead of previously used
MaRuCl; powder.*

Synthesis

The three-step synthesis of radiolabeled BOLD-100 was per-
formed as previously published (Scheme 1).>* c.a. ['**Ru]RuCl;
(0.6-3.0 MBq pmol™") and c.a. [*’RuJRuCl; (0.2-0.5 MBq
pumol™") were employed for the preparation of radiolabeled
BOLD-100. In brief, either [*’Ru]RuCl; or ['*Ru]RuCl; was
refluxed in HCl (37%) and ethanol, to ensure the absence of

7 and then reacted with indazole at elevated

Ru(v) species,’
temperatures. The obtained indazolium complexes 1a and 1b
were converted at room temperature (RT) into the corres-
ponding cesium salts 2a and 2b upon treatment with an
excess of cesium chloride. The cation exchange from cesium to
sodium was performed in an aqueous solution of sodium
aluminum sulfate. Pure products 3a and 3b were obtained by
precipitation from acetonitrile/methyl tert-butyl ether. The
yields, based on the initial amount of radioactive RuCl;, were
good, ranging from 61% (1a) and 90% (1b) for the indazole
salt, to 55% (2a) and 78% (2b) for the cesium salt, and for the
final product, 8% (3a) and 35% (3b), respectively. All com-
plexes were characterized by RP-HPLC chromatography (see
the ESIf) and the radiochemical purity of compounds 1a-3a
and 1b-3b was >99%. The overall radiochemical yield was 8%
for 3a and 35% for 3b, whereas the overall chemical yield
determined by the weight of isolated intermediates and pro-
ducts was 13% for 3a and 39% for 3b. Specific activities at the
end of synthesis ranged from 0.1 MBq mg™" for 3a to 4.1 MBq
mg~"! for 3b, which translates into a distinctly higher molar
activity of 3b (2.1 MBq pmol™") than of 3a (0.05 MBq pmol™).

The differences in the final radiochemical yields of the two
radionuclides might be explained by the use of different target
materials and workup procedures. Presumably, the target
workup and chemical separation of “’Ru from the bulk
material needs to be improved to obtain higher radiochemical
yields of the synthesis of c.a. [°’RuJBOLD-100.

However, the overall chemical yield of c.a. [*’Ru]BOLD-100
could be increased by a longer reaction time in the first step,

o o o
H
H  [RuRuCl SNV ON s NH s NH
N DRURWCL - TaNele v b [enNel © ¢ lewNal o
* or - fM~ - rM~ Cs — fM~ Na
[T"RURuCls HN S HNT S HN S

1a, M = [*’Ru]Ru
1b, M = ['°*Ru]Ru

2a, M = [*Ru]Ru
2b, M = ['%Ru]Ru

3a, M = [*'Ru]Ru
3b, M = ['%Ru]Ru

Scheme 1 Synthetic route for 3a (ca. [°’Ru]BOLD-100) and 3b (ca. ['*°*Ru]BOLD-100). (a) HCI (37%), ethanol, reflux, and 3 h; (b) CsCl, ethanol, RT,

and 2 h; and (c) CsCl, aq. NaAl(SO4); (1.1 M), RT, and 24 h.

This journal is © The Royal Society of Chemistry 2024
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from 13% to 33% for the radiolabeling with °’Ru, which is
comparable to the radiolabeling results of '®*Ru (39%). In par-
ticular, the specific activity of “’Ru needs to be increased,
because the shorter half-life (2.9 days) also needs to be taken
into consideration. Since the multi-step synthesis of BOLD-100
takes about three days, half of the initial activity is already
decayed during the synthesis. Although we have shown that
the radiolabeling of BOLD-100 with °’Ru is possible, the radio-
chemical yield and the specific activity are currently being
improved in order to allow for SPECT imaging with c.a. [*’Ru]
BOLD-100 in the future.

Biodistribution experiments

The tissue distribution of c.a. ['*Ru]BOLD-100 (3b) was
studied in female Balb/c mice bearing CT26 allografts over a
time period of 72 h. Additionally, blood samples were taken
via the facial vein 5 min and 30 min post injection (p.i.).

Blood proteins are the main transporters of BOLD-100%°
and in a study from 2016, it was shown by X-ray and ICP-MS
analysis that on average approx. 1.7 moles of BOLD-100, and
therefore Ru, are bound per mole of human serum albumin.?
As in a previous study, in which the applied molar amount of
drug was much higher than the molar amount of MSA,** we
designed an experimental setup in which c.a. [***Ru]BOLD-100
was injected in sub-equimolar amounts relative to MSA (a
reduction by a factor of 10; 3 mg kg™, 0.1 pmol per mouse). In
this concentration regime of radiolabeled BOLD-100, we
expected a general reduction of unspecific uptake of radioac-
tivity in organs such as the kidneys and the liver, which are
reported to be the excretion and clearance organs.** To
examine the overload of blood proteins, a blood sample ana-
lysis (5 and 30 min p.i.) was also performed and compared
with experiments using the higher injected amount of c.a.
['*“*Ru]BOLD-100 (30 mg kg™', 1.2 umol per mouse).
Additionally, we aimed at the identification of the time point

60

40-
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with the most appropriate tumor-to-background ratio for
future SPECT imaging studies utilizing c.a. [*”Ru]BOLD-100.

Fig. 2 shows the amounts of '*Ru accumulated in selected
organs for the lower dose (3 mg kg™") and a comparison with
the results of previous biodistribution experiments applying
the higher dose of 3b (30 mg kg™*).>* Blood clearance data can
be found in Table 2 and selected tumor-to-organ ratios are pro-
vided in Table 3. The data for all organs and the calculated
tumor-to-organ ratios can be found in the ESI (Fig. S15-518,
Tables S1-S27).

As BOLD-100 binds to blood proteins such as albumin in
the first step,” it was not surprising that the highest uptake of
3b was found in the blood serum within 24 h, which also
reflects the biological half-life of albumin in mice (¢1/5 piol. =
1.2 days)®® (Fig. 2, Table 2). Interestingly, at all studied time
points, the relative amount of the circulating radioactivity in the
blood serum was significantly higher for the 3 mg kg™ injection
compared to the 30 mg kg™ dose (Table 2 and ESI, Table S17).
However, it should be noted that within the first 30 min, the
blood clearance of radioactivity was faster for the lower dose of
3b (3 mg kg ') while the level of radioactivity stayed nearly con-
stant for the high amount injection (30 mg kg™'). The slower
blood clearance of the high amount injection could be an indi-

Table 2 Blood clearance of 3b (c.a. [***Ru]BOLD-100) in Balb/c mice
bearing CT26 allografts over 24 h with injected amounts of 3 and 30 mg
kg~2. Values are means + standard deviations of n > 4 per time point. %
ID g~* = percent injected dose of *°*Ru per gram tissue

Tissue 5 min 30 min 4h 24 h

%ID g~ tissue of c.a. ['**Ru]BOLD-100 (3 mg kg™ ")
Serum 97.22 +42.39 88.21+7.37 44.17+6.90 20.82 £2.51
Blood cells  20.66 + 0.60 16.87 £4.56 12.82+3.81 5.39+1.61

%ID g~ " tissue of c.a. ["**Ru]BOLD-100 (30 mg kg ™)
54.32+4.85  55.39+8.46 29.22+4.56 11.01+4.54
17.91+3.41  1539+2.05 10.90+1.94 4.67 + 1.66

Serum
Blood cells

3 mg/kg 30 mg/kg

NN 4h mm
NN 24h HE
\ NN 48h ==
-

NN 72h

Liver Kidneys Muscle Serum

Fig. 2 Tissue distribution of the high and low doses of compound 3b (c.a. [1°*>Ru]BOLD-100) in selected organs (%ID of 1°*Ru g™ tissue). Values are
means, and error bars represent standard deviations of n > 3 per time point. Values of biodistribution experiments 4-72 h p.i. with 30 mg kg~* were
previously published and are included for comparison.>* For the data of all organs see the ESI (Fig. S15-S18, Table S1}).
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Table 3 Tumor-to-organ ratio of selected organs for the high and low
dose application of 3b (c.a. ['°*Ru]BOLD-100). Values are means + stan-
dard deviations with n > 3 per time point. Values of 30 mg kg~* are
included for comparison and slight variations from previously published
ones can be ascribed to additionally obtained data.>* For the data of all
tumor-to-organ ratios see the ESI, Table S27

Organ 4h 24 h 48 h 72 h
Tumor/organ ratio of c.a. ['**>’Ru]BOLD-100 (3 mg kg™ ")

Liver 0.6 +0.1 1.2+0.2 1.3+0.2 1.3+0.1

Kidneys 0.9+0.3 1.2+0.2 1.1+0.1 1.1+0.0

Muscle 6.9+ 3.3 11.5+1.3 12.9 £2.2 9.8+1.6

Serum 0.2+0.1 0.7 0.1 1.2+0.1 1.5+0.1
Tumor/organ ratio of c.a. ['**Ru]BOLD-100 (30 mg kg™")

Liver 0.2+0.2 0.5+0.1 0.4+0.1 0.4+0.1

Kidneys 0.4+0.1 0.5+0.1 0.5+0.1 0.4£0.2

Muscle 44+1.4 11.4+1.8 10.6 +1.4 7.6+2.4

Serum 0.2 +0.0 0.8 £0.1 1.3+0.4 1.4+0.3

cation for the overload of blood proteins because the bound drug
can circulate for a longer time in the blood, whereas the free/
unbound drug can accumulate unspecifically in tissue.

Despite the high serum uptake, the relative tumor uptake
of 3b was also increased for the low amount injection (3 mg
kg™") at all studied time points (Fig. 2, ESI Table S1}). The
highest tumor uptake of 3b was found 24 h p.i. and, in con-
trast to the high amount injection, the radioactivity decreased
only slowly and stayed nearly constant from 24 h to 72 h at
approx. 13% ID g~ '. This result is also important for potential
radionuclide therapy because the clearance from the tumor
seems slower for doses that are sub-equimolar with respect to
albumin. Furthermore, the relative uptake of 3b in the liver
and kidneys was slightly decreased for the low amount injec-
tion but it was still significant, which indicates unspecific
uptake of 3b in these organs, especially in the kidneys (Fig. 2,
ESI Table S1}). For organs with high blood flow, such as the
heart or lung, the relative amount of radioactivity was almost
the same for both injected doses (ESI, Table S1%). Slightly
higher uptake at some time points for the low amount injec-
tion could be explained by the higher radioactivity in serum
and blood cells because these organs were not sluiced out
after harvesting. In most other organs, such as the stomach,
pancreas, or colon, the relative amount of radioactivity was low
and did not change significantly over time. Thus, the tumor-
to-organ ratios remained almost constant.

To obtain suitable differentiation of the tumor from the
background and surrounding tissue in diagnostic imaging
studies, a high tumor-to-organ ratio is needed. Looking at the
tumor-to-organ ratios of this study, there is clearly an improve-
ment recognizable for the low amount injection of 3b. The rela-
tively higher tumor uptake of radioactivity in the low amount
injection experiments led to increased tumor-to-organ ratios for
nearly all organs at all investigated time points in comparison
with the high amount injection. The best tumor-to-background
ratios were obtained 48 h and 72 h p.i. (Table 3, ESI Table S27).
Presumably, this ratio could be further increased when even
lower or trace amounts of radiolabeled BOLD-100 are adminis-

This journal is © The Royal Society of Chemistry 2024
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30 mg/kg

Min.

Fig. 3 Autoradiography results of tumor sections of four different CT26
tumors. Red colors indicate high °*Ru uptake, and blue colors indicate
low 1%3Ru uptake.

tered, or when later time points than 72 h are evaluated. Studies
investigating the effect of further decreased amounts of applied
radioactive BOLD-100 are currently ongoing.

To conclude, sub-equimolar amounts of c.a. [***Ru]
BOLD-100 to albumin resulted in a relative higher and pro-
longed tumor uptake of over 72 h, which is beneficial for
therapeutic applications. Furthermore, this led to better
tumor-to-background ratios at 48 h and 72 h, which is
encouraging for future diagnostic SPECT imaging studies with
c.a. [”’Ru]BOLD-100.

Autoradiography

The phenomenon of tumor heterogeneity is already known
and has been studied for a long time.*>*° It can be visualized
in vitro, in vivo, or ex vivo by multiple techniques, including,
for example, SPECT imaging.”' Here, ex vivo autoradiography
was implemented to prove the heterogeneous uptake of c.a.
['*Ru]BOLD-100 in tumor tissue. Two tumors per group (3 mg
kg™' and 30 mg kg™, 24 h p.i.) were cut into slices and ana-
lyzed using a phosphor imaging reader. As shown in Fig. 3, a
high uptake of '®*Ru in the rim of the tumor was detected in
all cases, whereas lower '°*Ru uptake was found in the tumor
core. These findings are in good agreement with the studied
morphology of CT26 tumors in Balb/c mice.”* The lower
uptake of radioactivity in the tumor core can be explained by
damaged vascularization in this necrotic region in the tumor.
These results underline once again that the analysis of the
whole tumor is necessary for obtaining meaningful values for
the exact uptake throughout the tumor. This is because for
some analytical methods, such as ICP-MS analysis, only small
parts of the tumor are usually used for analysis of content.

3. Conclusion

After the radiolabeling of BOLD-100 with c.a. “’Ru and c.a.
193Ru, an in vivo comparison of two different injected doses of
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c.a. ['’Ru]BOLD-100 gave new insights into the biodistribu-
tion of the compound. A faster blood clearance was found for
the lower injected dose of c.a. ['**Ru]BOLD-100 at early time
points; however, the level of radioactivity in the blood was
much higher over 72 h than for the higher injected dose. The
relative tumor uptake was found increased for the lower dose
of c.a. ['®RuJBOLD-100, while the liver and kidney uptake
were decreased. In all other investigated organs, the uptake
was similar for both injected amounts. However, in the end,
better tumor-to-background ratios were obtained when sub-
equimolar amounts of drug relative to MSA were injected. This
is an important finding for future SPECT imaging studies with
c.a. [”’RuJBOLD-100 that bear the potential of clinical appli-
cation, for example, in patient stratification. In the future, the
production and target workup of °’Ru needs to be improved,
as well as the radiochemical yield for the synthesis of c.a.
[*’Ru]BOLD-100. To identify the best protocol for preclinical
SPECT imaging studies, tissue distribution experiments with
doses of radiolabeled BOLD-100 even lower than herein
reported are planned and will be reported in due time.

4. Experimental part
Materials and methods

All solvents were purchased from commercial sources and
used without any further purification. Millipore water (Milli
Q® 8/16 Direct System, Merck), acetonitrile (ACN, for HPLC,
gradient grade >99%, Sigma-Aldrich), and trifluoroacetic acid
(TFA, Sigma Aldrich) were used for HPLC. Ru foil (99.9%,
Goodfellow), Mo foil (99.9%, Goodfellow), ruthenium(ur) chlor-
ide hydrate (Johnson Matthey), hydrogen peroxide (reagent
grade, 30%), ion exchange resin Dowex® 1-X8 (Sigma Aldrich),
hydrochloric acid (37%, VWR & p.a., Carl Roth), sodium
hydroxide (p.a., Merck), sodium hypochlorite (12% Cl, techni-
cal grade, Carl Roth), acetonitrile (ACN; VWR), ethanol (absol-
ute, EMPROVE® exp Ph Eur, BP, JP, USP, Merck), methyl tert-
butyl ether (MTBE; anhydrous 99.8%, Sigma Aldrich), indazole
(Polivalent-95), cesium chloride (99+% pure, Acros Organics),
sodium sulfate (99% extra pure, anhydrous, Acros Organics),
aluminum sulfate octadecahydrate (98+%, extra pure, Acros
Organics) were used for the target work up and syntheses. All
solutions of chemicals were prepared shortly before use.

Gamma-ray spectrometry measurements for *’Ru (at the
Arronax facility) were performed using a high-purity germa-
nium (HPGe) detector (Canberra, France). Calibration of the
detector in energy and efficiency was implemented with *’Co,
%0Co, and "*Eu calibrated sources from LEA-CERCA (France).
The spectra were recorded with the LVis software from Ortec®.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) measurements were performed on an ICP-OES XP
Pro DUO from Thermo Fisher.

Gamma-ray spectrometry measurements for '*>Ru were per-
formed using a high-purity germanium (HPGe) detector
(ORTEC) connected to a loss free counting module. Efficiency
calibration of the detector was performed by calibration solu-

6036 | Dalton Trans., 2024, 53, 6031-6040

View Article Online

Dalton Transactions

tion with certified activities of >*'Am, '°°Cd, *>"Co, '*°Ce, ***Hg,
1138n, #38r, 1¥7Cs, ¥Y and *°Co (Eckert & Ziegler). Spectra were
recorded and evaluated using Genie2k software.

HPLC analysis was performed with a Chromolith® perform-
ance RP-18e 100_4.6 mm column (Merck) on a Merck Hitachi
L-6200A intelligent pump with a Merck Hitachi UV detector
L-7400 and a Packard Radiomatic Flo-One Beta detector
equipped with a bismuth germanium oxide (BGO) cell for
radioactivity detection in serial arrangement. For analysis, a
gradient was applied using acetonitrile with 0.1% TFA (solvent
A) and Milli Q water with 0.1% TFA (solvent B): 0-3 min, 10%
A; 3-14 min, 55% A; 14-16 min, 95% A; 16-19.5 min, 95% A;
19.5-21 min, 10% A; 21-22 min,10% A (A + B = 100%, flowrate
= 3 mL min™", total run time = 22 min, UV wavelength =
220 nm). All samples were filtered through a 0.22 pum filter
(Millex®-GV) before injection.

The radioactivity of the samples was measured on a VDC-
405 dose calibrator V3.26. Calibration was performed with the
delivered ruthenium solutions and conversion factors were
determined using **™Tc settings for ®’Ru (factor 360) and
37Cs settings for '®*Ru (factor 0.915). For centrifugation
during synthesis a Fisherbrand™ Mini-Centrifuge from Fisher
Scientific was used (max. 2000g, 5-30 s.). Organ samples were
measured on PerkinElmer Wizard> gamma counter. A micro-
cryotome (Microm HM 560, HistoCom) from Thermo Scientific
(Wiener Neudorf, Austria) was used for the cryo-cutting of
tumors, which were fixed with Tissue-Tek® (O.C.T.™ com-
pound, Sakura Finetek Europe) on superfrost slices from
Thermo Scientific (Menzel-Gldser SUPERFROST® PLUS, micro-
scope slides, Braunschweig, Germany). The Cyclone phosphor
imager (Cyclone Plus storage phosphor system) and phosphor
imaging plates (Multisensitive phosphor screens long type MS,
PPN7001724) were purchased from PerkinElmer (Corporate
Headquarters, Waltham, Massachusetts, USA), and lead
shielded cassettes (Fisher Biotech Autoradiography Cassette
FBCS 1417) from Fisher Scientific (Pittsburgh, USA). Image
analysis was performed with the OptiQuant® data processing
software Version 5.0.

Radionuclide production

9Ru. A foil of ™Mo with a thickness of 75 um and a dia-
meter of 20 mm (approximately 250 mg) was placed in a home-
made target system between the a-particle beam and a water-
cooled aluminum nose of the target. Alpha particles were
extracted from a cyclotron with 67.4 MeV and sent in vault A2
at the Arronax facility (Saint-Herblain, France), which is
equipped with a carbon degrader that allows reduction of the
a-particle energy to 26 MeV on the Mo target foil. The intensity
on the target was 15 pA and irradiation was performed for
approximately 10 h, yielding 310 MBq at the EOI. After the
irradiation, the Mo foil was dissolved in 15 mL of H,O, (30%)
at 70 °C. The solution was loaded onto an ion exchange
column, packed with Dowex® 1-X8 resin (3.7 g). *’Ru was
eluted with 25 mL of H,0, (30%) and directly loaded onto a
second column packed with Dowex® 1-X8 (3.7 g of resin). After
the elution of ®’Ru with 35 mL of H,0,, the solution was evap-
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orated to dryness, and recovered in 0.8-1.7 mL of HCI (8 M),
yielding deliverable activities of 74-106 MBq mL™" (0.2-0.3
GBg/nmol). The total amount of Mo and Ru in the final solu-
tion was determined by ICP-OES (0.5-2.5 mg L' Mo and
31.7-36.6 pg L™ Ru) and the radiochemical yield of ®’Ru was
40-56%. Radioactive impurities of **Ru (¢;, = 1.6 h), **™Tc
(tip = 61 d) and *°Tc (4, = 20.0 h) were observed (ESI,
Fig. S11). For the synthesis of radiolabeled BOLD-100, "*RuClj
was added as a carrier to enable isolation of intermediates and
the final product.

193Ru. Pieces of 6.6 mg and 4.2 mg 1 mm thick "Ru metal
foil were enclosed in quartz ampoules under 500 mbar helium
for improved cooling and to prevent radiation-enhanced oxi-
dation during irradiation. The samples were irradiated in the
high flux position V4 of the high flux reactor of Institut Laue-
Langevin (Grenoble, France) in a thermal neutron flux of
about 5 x 10" n em™2 s7* for 6.0 days and with a flux of 1 x
10" n em™? s7! for 8.2 days. After the decay of short-lived
radionuclides (**’Ru, '°’Rh, and *’Ru), the target material was
processed further (CLIP, Vienna). The activity at the EOI was
643-1049 MBq (9.8-25.2 MBq pmol ).

The irradiated capsule was opened 15 days and 119 days
after irradiation and the '®Ru metal (78.5-805 MBq) was
transferred into a conical 5 mL vial with a Teflon septum and
a stirring bar. Sodium hydroxide (0.35 M, 200 pL) and sodium
hypochlorite (12% Cl, 150 pL) were added, and the reaction
mixture was stirred at room temperature for 24 h, resulting in
a color change from colorless to dark reddish brown of the
solution. The mixture was quenched by the addition of HCI
(37%, 2.5 mL), which caused precipitation of NaCl as a granu-
lar solid. Activity measurements indicated no loss of '®’Ru.
After 120 min, a perfluoroalkoxy alkane (PFA) tubing was
inserted through the septum, and the dark red solution was
transferred into a shielded receiver flask by application of
negative pressure. This procedure yielded 64.7-648.2 MBq of c.
a. 'Ru (81-82% radiochemical yield) in a total volume of
2.6-3.0 mL and a radionuclide purity >99.9% (determined by
gamma ray spectroscopy, ESI, Fig. S21). The molar activity after
the target workup was 1.2-19.4 MBq pmol .

Syntheses

[’Ru]kP1019  ([*’Rulindazolium trans-tetrachloridobis
(indazole)ruthenate(u)]) (1a). RuCl;-xH,0 (6 mg, 29 pmol, 1
eq.) was dissolved in 0.5 mL conc. HCl (37%) and ethanol
(1 mL). 0.5 mL of the “’Ru-solution (18 ng Ru, 6.3 MBq, in
HCl, 8 M) was added, and the mixture was refluxed for 3 h.
Indazole (23 mg, 192 umol, 6.64 eq.) dissolved in H,O (0.1 mL)
and conc. HCl (37%, 0.4 mL) was added to the ruthenium
solution. The reaction mixture was refluxed for 3 h. After
cooling to RT, the formed suspension was centrifuged, and the
supernatant was removed. The remaining solid was washed
three times with 2 M HCI (1 mL). The obtained product
(10 mg, 61%, 3.1 MBq; yields were determined henceforth by
the ratio of isolated radioactivity to starting radioactivity) was
analyzed using HPLC.
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HPLC: tg (Hind") = 5.17 min, tz ([*’Ru][Ru(ind),Cl,]") =
7.56 min (UV), 7.81 min (radiochannel).

Radiochemical yield (RCY): 61%.

Radiochemical purity (RCP): >99%.

[’’Ru]Cesium trans-[tetrachloridobis(indazole)ruthenate(m)]
(2a). Indazolium salt 1a (11 mg, 18 umol) was suspended in
ethanol (0.75 mL), CsCl (14 mg, 81 pmol, 2.8 eq.) was added
and the mixture was stirred at RT for 2 h. The solid was separ-
ated by centrifugation, washed twice with ethanol (0.5 mL),
and stirred in a 2:1 v/v ethanol water mixture (0.75 mL) for
15 min at RT. The product (10 mg, 55%, 2.7 MBq) was centri-
fuged, washed twice with ethanol (0.5 mL), and analyzed using
HPLC.

HPLC: t; ([*’Ru][Ru(ind),Cl,]") = 7.36 min (UV), 7.64 min
(radiochannel).

RCY: 55%.

RCP: >99%.

[*’Ru]BOLD-100 ([*’Ru]sodium trans-[tetrachloridobis(inda-
zole)ruthenate(m)]) (3a). Cesium salt 2a (10 mg, 16 umol) was
suspended in a solution of NaAl(SO,),-18H,0 (1.1 M, 1 mL),
CsCl (spatula tip, catalytic amount) was added, and the
mixture was stirred at RT for 24 h. The crude solid product was
obtained by centrifugation and washing with a saturated
Na,SO, solution. The obtained moist solid was stirred in ACN
(0.5 mL) for 15 min at RT. The suspension was centrifuged
and washed with ACN (two times, 0.5 mL). The filtrates were
combined, diluted with MTBE (5 : 1), and set aside for 1 h. The
precipitated brown needles were collected by centrifugation,
washed with MTBE, and dried on air to yield pure c.a. [*’Ru]
BOLD-100 (1.2 mg, overall radiochemical yield: 0.2 MBq, 8%;
overall chemical yield determined by weighing the substance:
1.9 mg, 13%).

HPLC: t; ([*’Ru][Ru(ind),Cl,]") = 7.03 min (UV), 7.45 min
(radiochannel).

RCY: 8%; overall chemical yield: 13%.

RCP: >99%.

All chromatograms can be found in the ESI (Fig. S3-S87).
The synthetic procedure (1b-3b) of c.a. ['**Ru]BOLD-100 (3b)
can be found in the ESI and was performed as published
earlier.**

Animals

Female Balb/c mice were purchased from Envigo (San Pietro al
Natisone, Italy). The animals were kept in a pathogen-free
environment and every procedure was done in a laminar
airflow cabinet. The experiments were performed according to
the regulations of the Ethics Committee for the Care and Use
of Laboratory Animals at the Medical University Vienna (ethic
number BMWF-66.009/0394-V/3b/2018), the U.S. Public Health
Service Policy on Human Care and Use of Laboratory Animals
as well as the United Kingdom Coordinating Committee on
Cancer Prevention Research’s Guidelines for the Welfare of
Animals in Experimental Neoplasia.

For an evaluation of organ distribution, CT26 cells (5 x 10°
in serum-free medium) were injected subcutaneously into the
right flank of Balb/c mice. The animals were controlled for dis-
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tress development every day and tumor size was assessed regu-
larly by caliper measurement. CT26 cells were inoculated 10
days prior to drug application. Tumor volume was calculated
using the formula: (length x width?) and tumors reached a size
of approx. 500 mm®. Animals (14-18 weeks old) were treated
once by intravenous tail-vein injection of 3b at a dose of 3 or
30 mg kg™ (dissolved in 0.9% NaCl, 0.6 mg per 100 pL per
20 g mouse or 0.06 mg per 100 pL per 20 g mouse) and a
specific activity of 0.76-3.80 MBq mg '. The mice were
anesthetized and sacrificed by cervical fracture 4, 24, 48, and
72 h p.i., with n > 4 for each time point. Samples of tumor,
liver, kidneys, muscle, heart, lung, spleen, pancreas, stomach,
colon, small intestine, brain, bone, and blood were collected
from each mouse. For some mice (n = 4), blood was collected
5 min and 30 min p.i. via the facial vein. After clotting at RT,
serum was isolated from the collected blood samples by cen-
trifugation at 3000 rpm for 2 x 10 min and stored together
with the collected tissue samples at —20 °C. Finally, the ruthe-
nium content was determined via gamma counting.

Autoradiography

Snap-frozen tumor tissue samples were stored at —80 °C until
further proceeding. Tumor samples were stored at —20 °C for
24 h, embedded in mounting medium, and cut into 20 pm
thick tissue sections. Cryosections were mounted on adhesion
slides, imaged with phosphor imager plates in lead shielded
cassettes for up to 5 days, and analyzed with a Cyclone phos-
phor imager.
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