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Abstract: Hepatocellular carcinoma (HCC), the most common form of primary liver tumors, is the
fifth cancer in the world in terms of incidence, and third in terms of mortality. Despite significant
advances in the treatment of HCC, its prognosis remains bleak. Transarterial radioembolization with
radiolabeled microspheres and Lipiodol has demonstrated significant effectiveness. Here we present
a new, simple radiolabeling of Lipiodol with Yttrium-90, for the potential treatment of HCC.

Keywords: hepatocellular carcinoma; hinokitiol; lipiodol; radionuclide therapy; yttrium-90

1. Introduction

Liver tumors, either primary or metastatic, are a leading cause of death throughout
the world. Primary liver cancers rank third in cancer-related deaths, behind lung and
colorectal cancers [1,2], the latter being the major cause for metastatic liver cancers [3].
In 2020, primary liver cancers accounted for circa 906,000 new cases and 830,000 deaths
worldwide. Primary liver cancers include essentially hepatocellular carcinoma (HCC)
(representing approximately 75% of the cases) and intrahepatic cholangiocarcinoma [4,5].
Most HCC cases arise in Asia and sub-Saharan Africa, with China alone accounting for half
the number of cases and deaths [6,7]. Incidence and mortality rates of liver cancer seem to
be decreasing in high-risk countries, but incidence is increasing in India, Oceania, Europe
and the Americas [8,9]. HCC is an aggressive disease with a grim prognosis. Median
survival from the time of diagnosis is often only 6 to 20 months. Patients frequently present
with advanced disease or suffer from chronic liver disease, which restricts their treatment
options [10,11]. Notably, few patients are eligible for a curative treatment. In this context,
loco-regional therapies are commonly used and have demonstrated some effectiveness in
the management of HCC [12]. In particular, based on the fact that HCC has a vascular sup-
ply mostly dependent on the hepatic artery, while healthy liver parenchyma is essentially
irrigated through the portal vein, intra-arterially delivered treatments represent a treatment
method of choice for intermediate stage HCCs [13]. Transarterial radioembolization (TARE)
is an emerging strategy to treat liver malignancies. It consists of the delivery of a radioactive
material to the tumor through its feeding artery. Different agents and materials have been
investigated and labeled with different therapeutic radioisotopes [14,15]. Currently, Y-
and '®*Ho-labeled microspheres are commercially available for the treatment of primary
and secondary liver cancers.

Another potentially interesting TARE agent is Lipiodol, an oily mixture of iodinated
esters of fatty acids derived from poppy seeds. Due to its adequate physico-chemical prop-
erties and prolonged retention time in the tumor, while quickly washed out from the liver,
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it is the vehicle of choice for chemotherapeutic agents in transarterial chemoembolization
(TACE) and has been used for the delivery of radionuclides in TARE [15-17]. Notably,
our team has successfully developed a '8 Re-labeling of Lipiodol (1%Re-SSS/Lipiodol),
currently being investigated in clinical trials [18,19]. Yttrium-90 is another beta-emitting
nuclide of interest for radionuclide therapy. It is a pure 3~ emitter, with a high-energy
emission of 2.28 MeV, enabling a maximum tissue penetration of 12 mm. It has a half-life
of 64 h, longer than the 17 h of 188Re. The absence of gamma emission is beneficial in terms
of radioprotection constraints [20]. Besides its already mentioned use in microspheres
for radioembolization, it has been used in peptide receptor radionuclide therapy (PRRT)
and radioimmunotherapy (RIT) of various tumor types [21]. “*Y-labeling of Lipiodol has
also been described [22-25]. With the exception of *'I-radiolabeling, Lipiodol labeling
is reached through solubilization of a lipophilic chelate into the oily medium. One such
chelate that attracted attention was 8-hydroxyquinoline, or oxine. It is known to form
lipid-soluble complexes, suitable for imaging or therapy, depending on the radiometal
chosen [26-28]. Though the poor solubility of the oxine-based complexes because of their
high lipophilicity may be a drawback [29], this property is of interest for the labeling of
Lipiodol. It has thus been investigated with therapeutic radionuclides, such as Yttrium-
90 [23] and radiolanthanides [30,31]. However, the procedure to label Lipiodol is not
straightforward, since direct extraction into Lipiodol led to poor yields. An intermediate
extraction of the oxine complex into dichloromethane was thus needed. Moreover, in vivo
studies showed instability of the radiotracer with increasing bone uptake over time. To
date, oxine radiocomplexes have been mainly used to label blood cells for imaging of
inflammation and infection [32,33]. (1!'In)-oxine-labeled white blood cells remain the gold
standard for infection imaging.

Other lipid-soluble complexes have nonetheless been investigated to label blood
cells, such as tropolone derivatives, with good results [34,35]. Tropolone, or 2-Hydroxy-
2,4,6-cycloheptatrien-1-one, readily forms lipid-soluble complexes with di- or trivalent
metals [36]. Besides 1111n, tropolone has been used to complex 57Co [37], Fe [36], ®*Cu [38],
67/68Ga [39,40], 8Zr [41] and "™ Tc [42]. Using an analogy between oxine and tropolone,
we have decided to investigate the potential usefulness of tropolone to label Lipiodol. To
have a high enough lipophilicity, we have chosen to work with a more lipophilic derivative
of tropolone, hinokitiol or 4-isopropyl tropolone (Figure 1). Hinokitiol, also known as
p-thujaplicin, is a natural product found in the heartwood of several cupressaceous plants,
used as a food additive and in hygiene products, thanks to its lack of toxicity [43]. It is
known, however, to have anti-infectious and anti-proliferative properties [44—46]. It is also
an efficient iron-chelating agent, used to restore iron transport in iron-related diseases [47],
and, globally, an ionophore leading to highly lipophilic complexes [48]. It thus should be
well suited for the radiolabeling of Lipiodol.

QA oH QA  oH

Figure 1. Structures of Tropolone (left) and Hinokitiol (right).

2. Materials and Methods

Yttrium-90 chloride was provided by PerkinElmer Life Sciences (Waltham, MA, USA),
in 0.05 M HCl solution. Lipiodol was obtained from Guerbet (Villepinte, France). Labrafac
WL 1349 was a gift from Gattefossé SA (Saint-Priest, France). The other chemicals (Ligands,
HPLC-grade solvents, buffer solutions) were used as received from suppliers. Experiments
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were performed in sealed, borosilicate glass flasks. Sealed flasks were heated on a Bioblock
heating block (ThermoFisher, Waltham, MA, USA), able to heat up to 6 flasks. Activities
were measured with a CRC-127R (Capintec Inc., Ramsey, NJ, USA) dose calibrator. Quality
controls were carried out by TLC on Whatman 1 paper (GE Healthcare, Maidstone, UK)
using MeOH with 0.1% NEt; as mobile phase. Radiochemical Purities (RCP) were deter-
mined with a Cyclone Storage Phosphorimager (PerkinElmer, Waltham, MA, USA), using
the Optiquant software.

2.1. 99Y Radiolabeling

Several parameters, such as concentration of ligand, volume and pH of the reaction
mixture, incubation time and temperature, were varied extensively to obtain an optimized
protocol. A 0.5 mL amount of an yttrium-90 chloride solution (3—1446 MBq), diluted in
0.1 M HCl solution (pH = 1.5), in various 1 M acetate buffers (pH = 3, 3.5, 4.65, 7 and 9), or
in 1 M Tris buffer (pH = 8.3) were added to 0.5 mL of a ligand solution (c = 0.01-10 mM)
in ethanol. The resulting solution was heated at 20-100 °C for 5-30 min. All experiments
were completed at least in triplicate.

2.2. Extraction in Organic Phase and Log P Determination

Y-hinokitiol complex (8-1446 MBq) prepared under optimized reaction conditions
was extracted into an organic phase. Amounts of 1 mL of saline and 2 mL of organic solvent
(dichloromethane, chloroform) or oily medium (Lipiodol, Labrafac WL 1349) were added.
The mixture was vigorously shaken for 2 min to ensure homogeneous dispersion of the
complex, and then centrifuged (3500 g, 15 min) to separate the phases, using an Awel MF
20-R centrifuge (Blain, France). The two phases were carefully collected with a 5 mL syringe
equipped with an 18 gauge spinal tap needle and counted in a well-counter. The extraction
yield was determined as the organic layer activity on the total (aqueous + organic) activity.

For log P determination, 10 uL of *Y-hinokitiol (27-80 MBq) were mixed with 500 uL
of n-Octanol and 500 nL of water for injection (wfi) previously equilibrated and the solution
was vigorously shaken for 10 min. After separation of the phases, a 100 pL aliquot of each
phase was taken and counted with a Cobra II Auto-gamma counter (Packard Bioscience,
Meriden, CT, USA). Log P was calculated as follows: Log P = Log [Aoct]/[Awsi], where Aoct
and A, are the measured activities of the n-Octanol and aqueous aliquots respectively.

2.3. Automated Preparation of *°Y-Hinokitiol/Lipiodol

Automation of the radiolabeling of Lipiodol was completed on a remote-controlled
TADDEO module (COMECER, Castel Bolognese, Italy). C8 Sep-Pak cartridges were
obtained from Waters (Milford, MA, USA) and sterile membrane filters (Minisart 0.22 um
pore size) were obtained from Sartorius (Gottingen, Germany). The content of vial A, 0.5 mL
of [*°Y]YCl; (37-359 MBq) in 1 M acetate buffer pH = 4.65, was transferred into reaction
vessel R. An amount of 0.5 mL of 1 mM Hinokitiol in EtOH (Vial B) was subsequently
transferred to reaction vessel R. After 2 min at room temperature, the reactor’s content was
then purified on a C8 Sep-Pak column, the solution being transferred to a waste vial, while
the Y-Hinokitiol complex remained on the column. The complex was then washed with
10 mL of water, and finally eluted with 2.5 mL EtOH into vial C, through a sterile 0.22 pm
filter. After EtOH evaporation, the residue was resuspended with 2 mL Lipiodol.

2.4. Stability

For the stability studies, 90Y-hinokitiol solution and %0Y-hinokitiol/ Lipiodol
(52-1446 MBq) were prepared under optimized reaction conditions and stored at RT.
Aliquots of these solutions were analyzed on TLC at different time points over a period of
seven days.

To assess possible transchelation with iron, 200 pL of freshly prepared *°Y-hinokitiol
solution was incubated with 200 uL of 100 mM Fe(citrate); and RCP was checked at
different time points.
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2.5. Over Time Release in the Aqueous Phase

An amount of 1 mL of freshly prepared 0¥ hinokitiol (45-64 MBgq) in Lipiodol phase
was taken with a syringe and put into a 12-mL flat bottom glass vial, containing 10 mL
of physiological serum (previously weighed), and the vial was closed. Activity in the
vial was measured with the dose calibrator. The vial was then put inside an incubator
(Fisherbrand 15 L, Fisher Scientific, Waltham, MA, USA) at 37 °C, with a smooth shaking
(30 rpm). Shaking was let for 15 days. Aqueous phase aliquots (~100 puL) were taken up
from the supernatant with a 1-mL syringe at different time points (e.g., 1, 24, 48, 72, 120,
168, 240, 312, 360 h) to measure out yttrium-90 released from Lipiodol. The aliquots were
put in a previously weighed and carefully annotated tube (name of the sample, time point).
The tubes were weighed to determine the amount of aqueous phase collected. The tubes
were counted with a Cobra II Auto-gamma counter (Packard Bioscience, Meriden, CT,
USA). Each sample has been realised in triplicate. Measures were corrected from counting
yield and decay to determine the percentage of released activity over time. A sample of
supernatant was analysed with TLC at different time points.

For comparison, other lipophilic radiotracers described in the literature to label Lipi-
odol were prepared according to previously published methods [18,23,25] and their release
studied. An amount of 1 mL of freshly prepared “°Y-oxine (37-74 MBq), °°Y(DEDC);3(Phen)
(37-74 MBq) and '8 Re-SSS (82-87 MBq) in Lipiodol phase were collected with a syringe,
and the above procedure was applied.

3. Results
3.1. Preparation of °°Y-Hinokitiol

Important parameters to reach an optimal radiolabeling are temperature, incubation
time and the ligand concentration. If the reaction proceeds in an aqueous medium, pH
is critical, while choice of the solvent is of utter importance if the reaction proceeds in
an organic medium. Hinokitiol is sparingly soluble in aqueous media and soluble in
organic solvents. It was thus solubilized in Ethanol to have an homogenous mixture with
[90Y]-yttrium chloride and diluted in different buffers. Moreover, EtOH is suitable for the
preparation of compounds for human use, and it is poorly miscible with Lipiodol, which
is an advantage for Lipiodol extraction of the radiotracer, avoiding the need to evaporate
residual solvent.

Temperatures between 20 and 100 °C were investigated (Figure 2A). The reaction
proceeds straightforwardly at room temperature (RT), with no need to heat. Incubation
time was also investigated (Figure 2B). It was shown that the best results were obtained
with 5 min of incubation, radiochemical purity, as determined by TLC, tending to decrease
with increasing incubation times, from 95.99 £ 5.32% to 89.65 £ 2.19% after 30 min at RT.
Ligand concentrations between 10 pM and 0.1 M were investigated (Figure 2C). Results
were satisfactory for concentrations above 0.5 mM. Below this, RCP decreased quickly,
with only 88.45 £ 9.97% using 0.1 mM Hinokitiol in EtOH.

[*°Y]-yttrium chloride was provided as a 0.05 M HCl solution (0.1 mL), to prevent
precipitation of insoluble hydroxides. It was diluted in various 1 M acetate buffer solutions
(pH = 3 to 9) or diluted with HCI 0.1 M to reach a pH of 1.5 (Figure 2D). A Tris buffer
solution (pH = 8.3) was also investigated. *°Y-Hinokitiol complex was obtained with an
RCP > 90% for pH between 3.5 and 9. Below 3.5, RCP decreased rapidly. At pH = 1.5,
no complexation occurred at all. pH > 9 was not investigated, because, at those pH, Y3*
tends to form insoluble yttrium hydroxide Y(OH)s [49]. Results with the Tris buffer seem
to be slightly poorer than those with the acetate buffer (90.8 £ 0.14%). Moreover, the Tris
buffer prevents extraction of **Y-Hinokitiol in Lipiodol, with formation of an emulsion.
Best results were obtained with a pH around 4, with an RCP > 95%.
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Figure 2. Influence of the reaction conditions. (A) Temperature, (B) Time, (C) Ligand concentration and (D) pH.

3.2. Extraction of °Y-Hinokitiol in Organic Phase and Log P Determination

Once synthesized in optimized conditions, *Y-Hinokitiol was extracted in organic
phases (Figure 3). Its log P was determined to be 2.23. It was extracted with good yields in
chlorinated solvents, with an almost quantitative extraction in chloroform (96.14 + 4.77%).
Extraction in oily mixtures was also performed with good yields (85.8 & 0% in Labrafac WL
1349 and 88.36 £ 20.92% in Lipiodol), demonstrating the high lipophilicity of 90Y-Hinokitiol.

In view of the automation of the process, we also investigated the preparation of
YY-Hinokitiol with solid-phase extraction instead of phase separation by centrifugation.
0Y-Hinokitiol solution was passed through a C8 Sep-Pak cartridge (Waters, Milford, MA,
USA), washed with 10 mL water to remove hydrophilic impurities and eluted from the
cartridge with 2 mL EtOH, with a 69.46 £ 13.59% radiochemical yield (Figure 3).
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Figure 3. Extraction yields of **Y-Hinokitiol in various organic phases.

3.3. Automated Preparation of *°Y-Hinokitiol/Lipiodol

Synthesis took about 40 min, with 15 min for the evaporation of EtOH before the
addition of Lipiodol (Figure 4). °Y-Hinokitiol / Lipiodol was obtained with a radiochemical
purity of 99.13 &+ 1.24%. The final radiochemical yield was 62.3 £ 9.67% based on initial
DY activity. Due to the ‘sticky’ character of the lipophilic complex, there was a significant
residual activity in different parts of the module, with, for instance, circa 20% in the
reaction vessel.
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Figure 4. Remote-controlled process for the preparation of **Y-Hinokitiol / Lipiodol.

3.4. In Vitro Stability

In the absence or presence of Lipiodol, Y-Hinokitiol remained stable for 3 days. RCP
of 20Y-Hinokitiol / Lipiodol was 95.17 + 1.81% at day 3. Then a slight degradation was
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noticed, but RCP was still over 80% 7 days post-labeling (respectively, 80.9 £ 12.87 and
86.37 & 20.77% for *°Y-Hinokitiol and **Y-Hinokitiol / Lipiodol) (Figure 5).

Stability

H
=]
=1

I
(]
|
|
W
|
|
L
|
|
|
——

RCP (%)

Time (days)

—e—90Y-L —e— S0Y-L/Lipiodol

Figure 5. Stability of °Y-Hinokitiol and **Y-Hinokitiol / Lipiodol.

In the presence of excess iron citrate, no transchelation between yttrium and iron was
observed. RCP of ’Y-Hinokitiol remained over 90% for 6 days (Figure 6).

Vs. Fe(Citrate)3
100
90 o = £ = - - i
80
70
60
50

RCP (%)

40
30
20
10

0 1 2 3 =

w
(=)}
~

Time (days)

Figure 6. Stability of 0Y-Hinokitiol vs. 100 mM Fe(citrate)s.

3.5. Over Time Release in the Aqueous Phase

When 20Y-Hinokitiol / Lipiodol was incubated with saline at 37 °C, there was a quick
release of Yttrium-90 into the supernatant aqueous phase (38.56 £ 21.21% at 1 h) which
then stabilized to reach 50-60% of release over 15 days (Figure 7).



Processes 2021, 9, 940

8 of 14

Stability in saline

100
20
80

70
&0 T T [ | T =
igh I [ I ¢
30]

20

10

Release in aqueous phase (%)

0 50 100 150 200 250 300
Time (h)

(45}
Ln
=]

400

S0Y-Hinokitiol

Figure 7. Release of °Y in aqueous phase over time.

4. Discussion

The pure beta emitter Yttrium-90 (Egmax = 2.28 MeV, t;/, = 64 h) is a radionuclide of
choice, that has found wide use for internal radiotherapy [50]. Thus, numerous studies
have demonstrated its therapeutic efficacy and safety [21,51]. Among its prominent appli-
cations is transarterial radioembolization for the treatment of primary and secondary liver
cancers [52,53]. It takes advantage of the dual blood supply of the liver, which permits it to
suppress the tumor feeding, while preserving the liver. Lipiodol is an embolizing agent
that is particularly suited for chemo/radioembolization. When injected through the hepatic
artery, it has been demonstrated to be selectively trapped into the tumor cells, where it
displays a prolonged retention time, while being quickly eliminated from healthy liver
cells [54,55]. Thus, the combination of Lipiodol embolization with Yttrium-90 irradiation
seems attractive. To date, attempts to label Lipiodol with Yttrium-90 have been disappoint-
ing, with complicated syntheses and/or low stability [22-25]. It is worth mentioning that
Lipiodol labeling is not done with the formation of a covalent bond between the Lipiodol
and the chelate, except for EDTB [22], but instead is reached through solubilization of a
lipophilic chelate into the oily medium. Design of new efficient lipophilic complexes is thus
of prime importance to conveniently label Lipiodol with Yttrium-90. Use of biocompatible
ligands or with known toxicity is also a plus for human use.

Tropolone derivatives are known to form lipophilic complexes with a wide range of
metals [56]. Metal complexes based on tropolones demonstrate higher stability than with
-diketones [57,58]. Hirai et al. have shown that yttrium tropolone chelate was one of the
most stable tropolone chelates among the di- and trivalent metals they investigated [59].
Hinokitiol is a natural compound already used for human applications and is the most
studied tropolone derivative. It also presents a greater lipophilicity than tropolone, and a
direct comparison between tropolone and hinokitiol with transuranium elements showed
that, with all the metals studied, hinokitiol-based complexes were systematically more
stable than their tropolone counterparts [60]. We thus postulated that labeling hinokitiol
with yttrium-90 should lead to a stable lipophilic radiotracer.

0Y-Hinokitiol was obtained in 5 min at room temperature. Incubating for longer
times led to decreased yields (Figure 2). The radiotracer was satisfactorily obtained with a
ligand concentration up to 0.5 mM. Below this concentration, RCP of the final compound
decreased rapidly. At 0.01 mM, it was only 62.55 + 15.91%. ?°Y-Hinokitiol could be
obtained over a wide range of pH, between 3.5 and 9. For comparison, in the literature,
9Y-oxine was obtained in 15 min at 50 °C using a 0.1 M concentration of oxine [23]. Using
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a lower concentration of 6.9 mM did not permit the radiotracer to be obtained with a
convenient yield.

To assess the lipophilicity of the prepared radiotracer, its log P was determined. Its
value of 2.23 indicated its highly lipophilic character. This was further confirmed with
the extraction results in organic solvents. *°Y-Hinokitiol was extracted with over 80%
yield with all phases investigated. It was possible to directly and efficiently extract it into
Lipiodol with a yield of 88.36 % 20.92%. With the oxine chelate [23,30,31], it was necessary
to first extract the radiotracer into dichloromethane, which was subsequently evaporated,
before resuspension of the resulting residue into Lipiodol. This resuspension step required
50 °C heating for between 30 and 60 min. The mixed ligand (°°Y)Y(dtc)3(Phen) complexes,
previously developed by our team [25], were also directly extracted in Lipiodol with yields
ranging from 64 to 88% depending on the length of the alkyl chain of the dithiocarbamate
(dtc), while 188Re-SSS (log P = 3.33) is almost quantitatively extracted with 98.56 £ 1.2% in
the Lipiodol phase [61].

We have also investigated the affinity of **Y-Hinokitiol for Labrafac WL 1349, an-
other potentially interesting oily medium. Labrafac WL 1349 consists of medium-chain
triglycerides, mainly caprylic (C8) and capric (C10) acids. It is used as an excipient to
formulate emulsions and nanoemulsions. Labrafac WL 1349 is especially employed as
the lipidic core in lipid nanocapsules (LNCs), and, as such, has been used to encapsulate
lipophilic radiotracers for radionuclide therapy and imaging, and in particular for HCC
treatment [62,63]. “°Y-Hinokitiol was efficiently extracted into this medium with a good
yield. It could thus be of interest for encapsulation into LNCs. Radiolabeled oxine has
likewise been encapsulated into liposomes, and this strategy could be of interest also for
radiolabeled hinokitiol [64,65].

For the preparation of high therapeutic doses, for instance in a centralized radio-
pharmacy, automation of the procedure appears mandatory. Automated processes have
been successfully described for 8 Re-labeled Lipiodol [61,66]. This automation led to
a decrease in the final yield, due to a loss of activity in the various components of the
module (vials, tubings, Sep-Pak cartridge), but, most importantly, allowed for a reduced
dose at the fingertips up to 80% [66,67]. The feasibility of automating the preparation of
90Y-Hinokitiol / Lipiodol was therefore investigated. For this, purification of °Y-Hinokitiol
on a Sep-Pak cartridge was first studied. Using a C8 cartridge, 69.46 &= 13.59% of the
activity was recovered with 2 mL of Ethanol. Synthesis was then fully automated on a
Taddeo module, using a 3-vial system. Vial A contained the commercial (**Y)YClj3 solu-
tion, diluted with acetate buffer. Vial B contained the ligand solution, and Vial C was
the final sterile vial to collect the desired radiotracer. The content of Vials A and B was
transferred to Reactor R, then the resulting solution was purified on a C8 cartridge. After
elution of *’Y-Hinokitiol from the cartridge and evaporation of EtOH, the complex was
retaken in Lipiodol, with a final yield of 62.3 & 9.67% and an RCP of 99.13 & 1.24%. Based
on our preliminary experiments with the SPE cartridge, EtOH volume to recover Y-
Hinokitiol was slightly increased to 2.5 mL. Obtained yields are consistent—and slightly
better—with those obtained in the literature with 8Re-Lipiodol (respectively, 52.68 + 9.6%
and 58 =+ 3.6% for 8Re-SSS/Lipiodol and 8¥ReN-DEDC/Lipiodol, another successful
188Re-labeled Lipiodol developed by Duatti’s team, in Italy) [61,66].

Radiochemical purities of *°Y-Hinokitiol and *’Y-Hinokitiol / Lipiodol were regularly
checked over a period of one week. The complex demonstrated a good stability, with
or without the presence of Lipiodol, since its RCP remained over 90% for 3 days, before
slightly decreasing to 80% at 7 days. Moreover, no transchelation with iron occurred in the
presence of excess Fe(citrate)s, thus confirming the strong bonding between the ligand and
the metal. Unfortunately, when *°Y-Hinokitiol / Lipiodol was incubated at 37 °C in saline,
there was a quick release of activity in the aqueous supernatant (Lipiodol has a density of
1.28 at 15 °C). Half of the activity was found in the supernatant at 24 h. For comparison,
we prepared **Y-oxine/Lipiodol, °Y(dtc)3(Phen)/Lipiodol and '88Re-SSS/Lipiodol, and
repeated the same release experiment with them (Figure 8).
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Figure 8. Release of radioactivity (Y, 188Re) in aqueous phase over time.

These displayed slightly better stability, at least for initial time points. However, ex-
perimental conditions used here might have been harsher than those found in the literature.
For instance, Yu et al. reported 87.8% of the total radioactivity was still bound to the
Lipiodol after 7 days of incubation with PBS [23], while Lopez et al. reported 82.30 & 9.48%
in the Lipiodol at 8 days for *°Y(DEDC);(Phen) after incubation with saline [25]. However,
this is expected to be more representative of physiological conditions, since radiolabeled
Lipiodol will be strongly diluted when injected. In contrast, using the same conditions,
188Re-SSS /Lipiodol showed almost no release in the aqueous phase for the same period of
time, with only 2.33 & 0.28% of release at 10 days, demonstrating its still undisputed stabil-
ity. Release into the aqueous supernatant could be because *°Y-Hinokitiol is not lipophilic
enough to be retained in Lipiodol, or because the complex dissociates, which leads to a
release of free Yttrium-90. This latter behavior would be unacceptable for in vivo use, since
Yttrium-90, and lanthanides, have a tendency to fix to the bone, thus irradiating the bone
marrow. This has been observed with 17’ Lu-oxine/Lipiodol, for which a significant leakage
from the liver, with accumulation of 177 Lu activity in the skeleton, was reported [31]. Sub-
sequent analysis of the supernatant, with TLC, showed the presence of °Y-Hinokitiol, thus
indicating an insufficient affinity of °*Y-Hinokitiol with Lipiodol. Using more lipophilic
tropolone derivatives might solve this problem. On the other hand, this release may
potentially be due to the form of the complex. Yttrium is a trivalent metal, but favors a
high coordination number (7 or 8). Depending on reaction conditions, chelating yttrium
with tropolonate ligand (L) may lead to the formation of either YL3 or YL4* [56,68,69]. To
complete the coordination sphere in the case of YL3, the metal can bind a solvent molecule
or the complexes tend to form small oligomers (YL3)n (n = 2-3), with increased lipophilicity
and poor solubility in the aqueous phase [48,68]. The same might also be true for oxine [70].
Addition of a 1,10-phenanthroline ligand can turn this dimeric or trimeric complex into
a monomeric one [71]. However, it has been suggested that, at radiotracer level, metal
concentration might not be sufficient to form polynuclear species [48]. In these conditions,
it is probable the complex is under the tetrakis form and therefore charged, limiting its
affinity for Lipiodol. For instance, in a study by Dyrssen, 2**Th-tropolone—with Th(IV)—
was considerably more extracted than 90Y—tropolone in chloroform [72]. However, in our
study, *Y-Hinokitiol was almost quantitatively extracted in chloroform. Consequently,
investigating more lipophilic tropolone derivatives could be of interest to increase retention
into Lipiodol. Addition of a 1,10-phenanthroline or trioctylphosphine oxide (TOPO) to
complete the coordination sphere, might also be worth considering [73]. Indeed, formation
of a TOPO adduct on a scandium-tropolone complex increased its affinity for the organic



Processes 2021, 9, 940 11 of 14

phase [74]. In parallel, we are currently exploring the suitability of *°Y-Hinokitiol for
encapsulation into HCC-targeting polymer nanoparticles [75].

5. Conclusions

OY-Hinokitiol /Lipiodol was prepared in good yield by the solubilization of *°Y-
Hinokitiol complex in Lipiodol. Preparation is fast and simple, which is an advantage
for radiopharmaceutical preparation. Full automation of the labeling process is feasible.
OY-Hinokitiol appears to be stable, even to transchelation with iron. However, poor
retention in Lipiodol has been noticed. More studies are needed to increase the retention
into Lipiodol. Thus, in these conditions, *°Y-Hinokitiol / Lipiodol may not be suitable for
the therapy of HCC, but **Y-Hinokitiol may be more suited for encapsulation in lipid-core
nanocapsules or polymer nanoparticles.
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