Open Access Atrticle. Published on 02 June 2025. Downloaded on 7/19/2025 5:17:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC

Medicinal Chemistry

RESEARCH ARTICLE

i '.) Check for updates ‘

Cite this: DOI: 10.1039/
d5md00460h

Received 21st May 2025,
Accepted 1st June 2025

DOI: 10.1039/d5md00460h

rsc.li/medchem

Introduction

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal

N-Heterocyclic carbene platinum complexes
encapsulated in lipid particles: a novel strategy to
target cancer cells and cancer stem cells in
glioblastomat

Patricia Fernandez de Larrinoa, @3 Antoine Kichler, @° Monique Dontenwill, (D}
Christel Herold-Mende, ©¢ Sylvie Fournel, P Benoit Frisch, ©°
Stéphane Bellemin-Laponnaz @®*2 and Béatrice Heurtault @*°

The properties against cancer cells and glioblastoma stem cells of a series of platinum NHC complexes in
lipid formulations are reported. As these organometallic compounds show very promising biological
activities using conventional formulations, i.e. by solubilization in a DMSO/water system, the challenge for a
therapeutic application is to be able to make them biocompatible while retaining this activity. Herein with
the aim of eradicating cancer cells and cancer stem cells from glioblastoma, a disease in need of new
therapies, we studied the encapsulation of platinum compounds in either liposome or lipid nanocapsule
formulations and investigated the physical and chemical stability of the resulting nano-objects. It was then
demonstrated that in these lipid formulations, platinum complexes retained their cytotoxic activity on both
cancer cells and cancer stem cells. The best candidate, i.e. triphenylphosphonium-functionalized platinum-
based complex, was then used for in vivo studies on mice using a U87-MG glioblastoma model, with
significant results in slowing tumor growth, in particular when comparing to oxaliplatin. Another key
strength of this study is the preservation of the compound's anti-cancer activity within a lipid-based
formulation, eliminating the need for DMSO as a solvent. The findings of this study signify a major advance
in the field, particularly in light of the expanding body of research on organometallic complexes conducted
under conditions that preclude direct clinical applicability.

specific  toxicity."> To overcome limitations, various
encapsulation strategies have been investigated, including the

Glioblastoma is a highly aggressive brain cancer most often
diagnosed in adults with significant medical complications.
Current treatments include surgical resection followed by a
combination  of  radiotherapy and  temozolomide
chemotherapy. However, the effectiveness of this therapy is
hampered by the development of drug resistance and non-
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use of polymer-based and lipid-based systems as well as other
materials.>* Furthermore, cancer stem cells (CSCs) play an
important role in therapeutic resistance and tumour
recurrence in a variety of cancers, including glioblastoma.
Therefore, in addition to killing cancer cells, eradication of
CSCs is crucial for an effective and definitive treatment,”® a
task which is not achieved with temolozomide.’

Platinum derivatives are widely used in chemotherapy,
with cisplatin being the main drug for the treatment of
various cancers such as ovarian, uterine, lung, testicular and
bladder cancers.’® Another commonly used platinum
derivative, oxaliplatin, is effective against metastatic
colorectal, colon, pancreas and stomach cancers."* However,
these alkylating drugs, which act by damaging nuclear DNA,
are associated with severe systemic toxicity and resistance
phenomena.”™® A substantial body of research has been
dedicated to the study of platinum-based drugs as a potential
treatment for glioblastoma. However, they have demonstrated
minimal efficacy, often accompanied by significant toxicity to
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the central nervous system.'® Nevertheless, the development
of innovative administration strategies that can mitigate
toxicities has the potential to redirect the utilization of this
class of chemotherapeutic drugs in the treatment of
glioblastoma.””™*® The need to develop new and more
suitable platinum-based anti-tumoral compounds,
particularly in the context of glioblastoma, remains valid.*®

This last decade, the use of N-heterocyclic carbene (NHC)
ligands to stabilize metals has proven to be a promising strategy
to develop effective cancer therapy.>' ™’ Platinum NHC (NHC-Pt)
complexes but also other metal NHC complexes, particularly
gold and silver,”®**° have been extensively investigated as
potential metallodrugs.**° Compared with conventional
platinum molecules, these NHC complexes usually offer high
stability, easy functionalization, and enhanced cytotoxicity, with
seemingly different modes of action.”*°** We have recently
shown that NHC-Pt complexes accumulate efficiently in
mitochondria’®® and that the introduction of a pendant
triphenylphosphonium group on the NHC ligand leads to
increased targeting of this organelle and increases the
production of reactive oxygen species. It was also observed that
CSCs were killed more efficiently than differentiated
glioblastoma cells,” a result that could be correlated with a
higher dependence on mitochondrial biogenesis for survival
and proliferation in cancer stem cells.***4%¢47

Despite the great progress that has been made, there
is still a long way to go before these compounds reach
the clinic. With a few exceptions,**** the poor solubility
of NHC-Pt complexes in water necessitates the use of
organic solvents such as dimethyl sulfoxide (DMSO) to
ensure the maintenance of biological activity, which
renders them unsuitable for clinical applications.”®™"
Concerning all NHC metallic complexes, only silver, gold,
and iridium complexes have undergone encapsulation for
biological applications.’*>> On the other hand, it is
interesting to note that some conventional platinum
drugs have been encapsulated for improving drug stability
and solubility, reducing toxic effects and improving
therapeutic outcomes.’®>’

In this work, the primary objective was to address the
solubilization challenge of NHC-Pt complexes in water to
avoid the use of DMSO and other organic solvents. Two
lipid-based delivery systems were investigated, characterized
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and compared, namely liposomes and lipid nanocapsules
(LNCs). Remarkably, each NHC-Pt derivative tested
demonstrated successful nanoencapsulation, a notable
innovation which had not been accomplished previously.
Furthermore, it has been observed that the chemical
stability of the platinum complex can pose a challenge
during the encapsulation process. Finally, in vitro studies on
glioblastoma cancer cell lines as well as on glioblastoma
cancer stem cells revealed that cytotoxicity was maintained
after encapsulation and preliminary in vivo assays in a
tumor mouse model were performed. This approach opens
up new avenues for advancing the application of NHC-Pt
compounds in biomedical research and potential
therapeutic interventions.

Results
Synthesis and stability of NHC platinum complexes

We previously identified various NHC platinum complexes
that proved efficient for killing cancer cells and cancer stem
cells. Among all the compounds that had demonstrated
interesting cytotoxicity, we chose three NHC platinum
candidates whose characteristics we felt were appropriate for
formulation either with liposomes or lipid nanocapsules,
namely complexes 1, 2 and 3 (Fig. 1).*>***° Compounds 1
and 2 are neutral Pt complexes whereas compound 3 displays
a cationic mitochondria-targeting triphenylphosphonium
moiety. It is worth mentioning that while compound 3 has
demonstrated a considerable production of reactive oxygen
species within mitochondria in glioblastoma cancer stem
cells (NCH421K),*”> complex 2 was remarkably efficient on
various cancer cell lines.”®

Complexes 1 and 2 were synthesized following the
classical method, using excesses of KI and K,COj3, PtCl, and
pyridine as a solvent at 100 °C.°° The synthesis of complex
3 requires gentle experimental conditions to avoid
decomposition of the carbene ligand precursor. Therefore,
the synthesis may be accessible starting from the
PtCl,(SMe,) precursor, which reacts with the free carbene
generated in situ at room temperature.®’ All complexes were
easily purified by chromatography on silica gel and display
high stability with air and moisture. As usual for this type

of complex, these compounds are soluble in all
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Fig. 1 Molecular structure of the synthesized NHC platinum complexes 1-3. Complexes 1 and 2 were obtained in a one-step procedure from the
corresponding imidazolium, PtCl,, KI, and K,COs in pyridine (100 °C). Complex 3 was obtained in two steps starting from imidazolium, PtCl,(SMe,),
Kl, and K,COs in acetone (R. T.), followed by pyridine/SMe; ligand exchange at room temperature.
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Fig. 2 Observed double C-H activation upon heating the triphenylphosphonium-functionalized Pt NHC complex 4 or direct synthesis of 5 starting

from the corresponding imidazolium precursor.

conventional organic solvents. In the context of biological
experiments, the dissolution of the compound in dimethyl
sulfoxide (DMSO) can be followed by dilution in an aqueous
medium, which will serve as the study reference. It is
important to note that previous NMR studies have shown
that these complexes are perfectly stable in DMSO solution
at 37 °C.

While active molecules can be formulated in liposomes at
room temperature, the situation is different when it comes to
generating lipid nanocapsules, which requires temperature
close to 100 °C (vide infra). Therefore, the three molecules
were exposed in toluene-d® solution at 100 °C overnight to
study their stability under these conditions. While the first
two remained unchanged, the in situ study showed that
complex 3 is not stable and decomposes. Changing the
adamantyl group of complex 3 to phenyl provided a clearer
picture, since the product resulting from heating could be
easily crystallized and fully characterized (Fig. 2). In
particular, X-ray diffraction analyses enabled the molecular
structure of the complex to be determined unambiguously.
Complex 5 is the result of two C-H bond activations,
featuring a C-coordinated phosphonium ylide and a
C-aromatic bond. Alternatively, the zwitterionic Pt complex 5
could be synthesized directly from the ligand precursor using
a classical procedure starting from platinum chloride.

Fig. 3 displays the molecular structure of compound 5.
The platinum atom is situated in a slightly distorted
square-planar environment, because of a constrained
arrangement of the ligand composed of a five-membered
and a six-membered metallacycle. The bond lengths of
Cnuc-Pt, Cyjige-Pt and Cpp-Pt are respectively 2.049(3) A,
2.091(3) A and 2.067(3) A and the NHC is situated in a
trans position to the phenyl fragment with an angle
[C(1)-Pt(1)-C(22)] of 171.95(13)°. The iodide and the CH
from the ylide are arranged trans to each other with
[C(19)-Pt(1)-I(1)] of 170.22°. This type of molecular

This journal is © The Royal Society of Chemistry 2025

arrangement has recently been observed with ligands of
the same type in the case of palladium.®?

Prior to encapsulation, the lipophilicity of the molecules
has been quantified, which may impact not only solubility
and toxicity but also various other factors such as absorption,
distribution, metabolization and excretion.®®> All three
compounds presented logP values of approximately 1 (i.e.
1.05 + 0.18, 0.91 + 0.25 and 0.94 + 0.12, respectively for 1, 2
and 3) confirming that they are indeed lipophilic compounds
compared to cisplatin (-2.21) and oxaliplatin (-1.39)%%%°
which are, in contrast, hydrophilic. Compared to 1 and 2, we
can note that the introduction of the triphenylphosphonium
group does not change the lipophilicity of compound 3.

Fig. 3 ORTEP view of ortho-metalated complex 5. Thermal ellipsoids
set at the 60% probability level, hydrogen atoms are omitted, except
for the ylide function. Selected distances (A) and angles (°): C(22)-Pt(1),
2.049(3); C(1)-Pt(1), 2.067(3); Pt(1)-1(1), 2.688(3); C(19)-Pt(1), 2.091(3);
P(1)-C(19), 1.788(3); C(22)-Pt(1)-1(1), 94.82(9), C(22)-Pt(1)-C(19),
88.17(13); C(1)-Pt(1)-1(1), 92.24(9); C(1)-Pt(1)-C(19), 85.49(13); C(22)-
Pt(1)-C(1), 171.95(13); 1(1)-Pt(1)-C(19), 170.22(9). CCDC-2373163.
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Encapsulation into liposomes

The NHC platinum complexes were formulated by thin lipid
hydration followed by sonication (i.e. Bangham method).®®
The liposomes were constituted by phosphatidylcholine (PC,
a zwitterionic lipid), phosphatidylglycerol (PG, a negatively
charged lipid) and cholesterol (neutral) resulting in a
negative zeta potential of -35.6 mV + 3.2 (for empty
liposomes). Then, all three complexes were encapsulated at a
final concentration of 0.5 mM. With regard to the stability of
formulations containing NHC-Pt complexes, the diameter
and polydispersity index (PDI) were evaluated by dynamic
light scattering (DLS) after the formulation process, before
freezing and after thawing. The results are shown in Table 1.
The nanoparticle diameters for all complexes were below 100
nm and PDIs were below 0.300, indicating that the samples
were monodisperse. After freezing in the presence of
p-glucose as a cryoprotectant, the sizes remained <100 nm
with PDIs not greater than 0.300 regardless of the
encapsulated complex. The empty liposomes also exhibited
no alteration in parameter values in comparison with the
liposomes loaded with 1 or 3, indicating that the thawing
process did not induce any changes. The liposome loaded
with 2, on the other hand, sees its particle size reduced by
almost a factor two. As the latter formulation has shown
limited stability over time, we did not study it further.

Having established the reproducibility and stability of
liposomes loaded with 1 and 3, we carried out assays to
quantify the platinum. The encapsulation efficiency and the
drug loading were evaluated by inductively coupled plasma
mass spectroscopy (ICP-MS). An encapsulation efficiency of
22% was achieved with neutral Pt complex 1, whereas an
efficiency of nearly 100% was observed with the cationic Pt
complex 3 (Table 1). The drug loadings within the liposomes
compared to all other components are therefore 0.46 + 0.04%
and 4.5 + 0.1%, respectively.

Based on these results, we then set about preparing
neutral or positively-charged liposomes. Neutral liposomes
were obtained from phosphatidylcholine (PC) and cholesterol
and positively charged liposomes included 1,2-dioleoxy-
3(trimethylammonium) propane chloride (DOTAP). While the
characterization of these formulations confirmed the
nanometric size of the empty or loaded Pt NHC liposomes
(i.e., 50-70 nm), the stability of these formulations was not
sufficient to continue the study. In particular, after freezing
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and thawing, the key parameters were not retained with both
types of liposomes (Table S17).

Encapsulation into lipid nanocapsules

The second delivery system that was tested consisted of lipid
nanocapsules (LNCs).®” The LNCs were formulated using
triglycerides, lecithin and polyethylene glycol
hydroxystearate®® and NHC-Pt complexes 1 and 2 were
encapsulated at a concentration of 1 mM. Preliminary studies
of the stability of 3 had shown a possible deactivation
process, so we carried out a series of experiments consisting
of subjecting a solution of 3 in DMSO to one heating cycle at
100 °C, out of the three cycles required for the LNC
formulation process, lasting around one minute. After this
experiment, the heated complex and unheated complex were
tested in vitro (NCH421K cells) and it was observed that the
heating of the complex resulted in a loss of cytotoxicity of
approximately three times at a concentration of 0.5 uM (see
ESLf Fig. S2). Complex 3 was therefore not studied when
encapsulated in LNCs.

Table 2 displays the physicochemical characterization of
LNCs. The diameter of the LNC formulations was found to be
59 nm and 53 nm when loaded with complexes 1 and 2,
respectively. These systems presented very low PDIs, below
0.100, indicating a high degree of monodispersity within the
samples. The encapsulation efficiency evaluated by
inductively coupled plasma mass spectroscopy (ICP-MS) was
nearly 100% for both nano systems. The drug loadings were
found to be 0.36% and 0.22%, respectively. Reproducibility of
liposome and nanocapsule formulations in terms of diameter
was also confirmed in both cases (see ESIL;} Fig. S1).

Cytotoxicity assessment of liposomal and nanocapsule-
formulated NHC-Pt complexes

The reproducibility of the encapsulation having been
demonstrated, we evaluated the cytotoxicity of free and
encapsulated molecules on several types of cancer cells
including glioblastoma cells (U87) and cancer stem cells
(NCH421K). To do this, we cultivated them for 24 hours and
tested mitochondrial activity, which is proportional to cell
viability, using the CellTiter Glo® 3D test. The ICs, were
determined for the unformulated NHC-Pt complexes 1-3 and
formulated in liposomes and/or in lipid nanocapsules after 24
h of treatment. The three NHC-Pt complexes were first tested

Table 1 Diameter and PDI of empty and loaded liposomes by complexes 1-3. They were measured immediately after their formulation before freezing
and post-thawing by DLS (intensity values for diameter). The post-thawing values were recorded before the start of each in vitro experiment and the

mean is shown (PDI: polydispersity index)

Before freezing Post-thawing

Content Diameter (nm) PDI Diameter (nm) PDI Encapsulation efficiency (%) Drug loading (%)
1 82+9 0.245 78+9 0.232 22 0.46 £ 0.04

2 82+9 0.245 44 =7 0.300 — —

3 59 £10 0.219 59+8 0.219 100 4.5+0.1

None 93 £11 0.179 84 £ 10 0.196 — —

RSC Med. Chem.
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Table 2 Physicochemical characterization of the LNCs loaded with
complexes 1 or 2, measured by DLS. Encapsulation efficiency and drug
loading values were determined using ICP-MS

Encapsulation  Drug
Content  Diameter (nm)  PDI efficiency (%) loading (%)
1 59+6 0.037 98.0 £ 12.0 0.22 £ 0.03
2 53£5 0.070 99.2 £ 2.0 0.36 £ 0.01
None 57 +4 0.070 — —

on the glioblastoma stem cells (NCH421K),° the more
differentiated glioma cell line U87-MG TMZ sens. (which is
sensitive to temozolomide) and the colon cancer cell line
(HCT116) serving as a cancer cell line reference with our
previous studies.”® Commercial oxaliplatin dissolved in water
was used as a control. Table 3 shows the IC;, values for each
system which were normalized with respect to the blank vectors
as well as to the encapsulation efficiency of each system.

The results show that both the free and the encapsulated
NHC-Pt complexes are significantly more cytotoxic after 24 h
of treatment than oxaliplatin against all of these cell lines.
Importantly, there is no significant difference between the
ICs5, of the free compounds and that of their encapsulated
counterparts for each cell line, validating in vitro the
formulation strategy for this type of compound. It is
important to mention that the determination of certain
values was not possible for complexes 1 and 2. This was due
to the high level of toxicity exhibited by the blank systems (a
phenomenon that is likely attributable to the low drug
loading values). In these cases, only a minimum value could
be determined (see Table 3).

On cancer stem cells NCH421K, complexes 1 and 3
showed very good cytotoxic activities (0.2 < ICs5o < 0.9 uM)
whatever the formulation, whereas oxaliplatin was poorly
active (ICso = 158 uM). On U87-MG TMZ sensitive cancer
cells, the best result was obtained with complex 3 formulated
in liposomes with an ICs, of 1.2 uM. The two complexes also
displayed good activities on HCT116 cancer cells (IC5o < 2
uM). In contrast, the nitro-functionalized Pt complex 2

Table 3
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performed less well than the two other compounds on the
three cell lines which were tested - although it has to be
noted that 2 was still more active than oxaliplatin.

Altogether, we found that complex 3 encapsulated in
negatively charged liposomes was the best combination,
showing high encapsulation efficiency and very good (and
unaltered compared to the free drug) cytotoxicity against the
three cell lines tested. The study was therefore continued on
three other differentiated glioblastoma cancer cell lines,
namely U87-MG, U251-MG, and GL261, all of which have
stereotaxic mouse models.”’””* Against these three cell lines,
the results show that the cytotoxicity of the complex
encapsulated into liposomes was preserved.

Cellular uptake on HCT116

Following these results, the cellular uptake of the liposomal
complex 3 by colon cancer HCT116 cells was studied and
compared to its free counterpart and oxaliplatin by analyzing
the Pt inside the cells using ICP-MS. This was done to
determine if the encapsulation of the complexes enhanced Pt
accumulation within the cells.

The experiment was carried out using the same
concentration for all tested compounds for comparative
purposes, 5 uM, which was deemed sufficient for platinum
detection by ICP-MS. Two incubation times were tested, 4 h
and 6 h at 37 °C, which were short to minimize cytotoxicity
on the cells to focus on the uptake of complexes. Following
incubation, cells were harvested, washed, lysed, and the
intracellular and extracellular Pt contents were quantified by
ICP-MS. The data revealed that there was no difference
between 4 h and 6 h (same order of magnitude). However, it
should be mentioned that this could be attributed to the
onset of cell death at 6 h resulting in the release of platinum
into the medium. Examination of the data after 4 hours of
incubation (Fig. 4) shows identical results for the uptake of
the liposome-encapsulated complex and its non-encapsulated
counterpart (ca. 5% of Pt detected) and 0.25% was detected
in the cells for oxaliplatin.

In vitro cytotoxicity investigations. ICsq values (uM) of the NHC-Pt complexes as a function of the formulation: water/DMSQO, liposomes or lipid

nanocapsules (LNCs) after 24 h at 37 °C of treatment on glioblastoma cancer stem cells (NCH421K), glioblastoma differentiated cancer cells (U87-MG
TMZ sensitive, U87-MG, U251-MG and GL261) and colon cancer cells (HCT116). ICsq values were determined by at least three independent assays * one
standard error of the mean (SEM). Each experiment was carried out in at least a technical triplicate. ICso values were calculated by non-linear regression
of cell viability curves generated via CellTiter Glo® 3D cell viability assay using Prism software. Statistics represent one-way ANOVA test. U87-MG TMZ
sens: p < 0.01, NCH421K or HCT166: p < 0.0001 comparing all the compounds with oxaliplatin for that specific cell line. ND = non-determined values

Complex Formulation NCH421K U87-MG TMZ sens. HCT116 U87-MG U251-MG GL261
1 H,0/DMSO 0.3 £0.03 2.8+04 1.6 £ 0.3 ND
Liposome 0.2 £ 0.04 >4.3“ 2.0+0.9
LNC 0.9 £ 0.2 >2.5% >10“
2 H,0/DMSO 4.5 +0.6 21.6 £3.7 14.5 + 3.5
LNC 5.8+ 1.2 >2.5¢ 8.4+0.4
3 H,0/DMSO 0.5£0.2 2.0x0.1 1.7 £ 0.5 1.8 £ 0.5 19=+1.1 0.8 +£0.3
Liposome 0.3 £0.2 1.2 £0.2 1.4+£0.3 1.9+1.0 2.7+11 0.7 £0.5
Oxaliplatin H,0 158 £ 20 164 + 55 79 £ 21 ND

“ values for which the ICs, couldn't be evaluated due to the cytotoxicity of the nanovector alone.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparison of the cellular uptake of free complex 3 and
encapsulated in liposomes 3 - LP in HCT116 cells after 4 h of
incubation with 5 uM of Pt for each sample at 37 °C and quantified by
ICP-MS. Oxaliplatin was used as a reference. The cellular uptake is
expressed in ng Pt/10° cells by purple bars (left Y axis) and in
percentage of platinum content by blue dots (right Y axis) detected
within cells. The graph was generated using GraphPad Prism 8
software. N = 3. The statistical analysis was done by performing an
ordinary one-way ANOVA test between each group and the control
group (oxaliplatin) (**** = p < 0.0001).

These results demonstrate that liposomal encapsulation of
complex 3 does not significantly enhance its cellular uptake
in HCT116 colon cancer cells compared to its free form, with
both showing similar levels of intracellular platinum
accumulation after 4 hours of incubation. In contrast,
oxaliplatin showed much lower uptake under the same
conditions. Altogether, these findings support the suitability
of the liposomal formulation for delivering complex 3
without altering its ability to reach intracellular targets, while
still offering the advantages of a nano-delivery system, such
as dissolving the complex in an aqueous media.

In vivo evaluation of complex 3 encapsulated in liposomes on
a U87-MG glioblastoma mouse model

To go one step further, complex 3 - free and formulated in
liposomes - was tested in vivo on 6-week-old NMRI nude
female mice using the U87-MG glioblastoma model. Before
starting the study, a toxicity assay was undertaken to evaluate
which concentration of the complex could be injected into
the mice without having secondary effects (see ESL} Fig. S3
and S4). A concentration of 0.6 mg kg™ was selected for the
in vivo study as it didn't demonstrate any adverse effect on
the mice.

In the in vivo assay four different mouse groups were
considered: mice treated with the vehicle solution of NaCl
0.9%, mice treated with 0.2 mg kg™* of oxaliplatin (equivalent

RSC Med. Chem.
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amount of platinum to that of the injected complex 3), mice
treated with 0.6 mg kg " of 3 encapsulated within liposomes,
and mice treated with 0.6 mg kg™" of 3 solubilized in water/
DMSO. Treatments began with intra-tumoral injections on
day 27 after implantation of differentiated U87-MG
glioblastoma cells (Fig. 5). At this step, the mice were sorted
into four groups randomly with similar initial mean tumor
volumes (see ESLi Fig. S6). After three sessions of
intratumoral treatment, all three treatments began to show
an inhibitory effect on tumor growth compared with the NaCl
control group. Thereafter, tumor volume increased
significantly in all groups. However, a difference between
oxaliplatin and complex 3 is rapidly observed. From day 34
onward, tumor size differences become progressively
significant. Mice treated with oxaliplatin exhibit notably
smaller tumors compared to the NaCl control group (p-value
< 0.0001), although tumors remain significantly larger than
those treated with DMSO-3 (p-value = 0.0425). Similarly,
treatment with Lp-3 results in a significant tumor size
reduction compared to the NaCl group (p-value < 0.0001).
Importantly, mice receiving the encapsulated complex Lp-3
show tumor sizes comparable to those treated with 3 in
DMSO (p-value = 0.0425).

No toxicity was revealed by the monitoring of the body
weight after implantation of the U87-MG glioblastoma
differentiated cells (see ESI;f Fig. S7). However, from day 38,
some mice were killed due to their tumor volume which
reached ethical limits. The end of the experiment was
analyzed in the form of a survival study (Fig. 6). This shows
that mice treated with the liposome-encapsulated complex 3

® NaCl
. - Oxaliplatin
2000 Tumor growth monitoring : complex 3 (H,0/DMSO)
e complex 3 (liposomes)
l days of injection
1500

0 |

£

=

[

>

] 1000

£

2 |

et

<]

ES

500 l
0-1 T T T T T 1
10 15 20 25 30 35 40

days post implantation

Fig. 5 Tumor growth (%) kinetic in vivo results over time (in days
post-implantation of the tumors). The intra-tumoral injections are
indicated with an arrow. The graph was generated using GraphPad
Prism 8 software (statistical data in the ESI¥).
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Fig. 6 Survival curves. The graph was generated using GraphPad
Prism 8 software (see ESI,} Fig. S8 for statistical data).

and those treated with oxaliplatin survived a maximum of 52
days after tumor implantation, compared with those treated
with the complex 3 in solution, which survived a maximum
of 48 days. Control mice survived for only 45 days. These
results suggest that the liposomal formulation of 3 is at least
as effective in vivo - if not more - in increasing overall
survival in mice and in its anti-tumor effect than the free
drug solubilized in DMSO/water.

Discussion

For more than a decade, NHC carbene ligands have profoundly
influenced the domain of inorganic medicinal chemistry.** The
stability of the metal-ligand bond in these systems means that
molecular integrity is preserved and the complex does not
decompose too rapidly in vivo, which is one of the problems
observed with conventional platinum compounds such as
cisplatin. Numerous studies have shown these compounds to
have higher cytotoxicity than cisplatin, with encouraging in vivo
results.* Furthermore, the mechanisms of action of these
compounds, which incorporate several pathways, have been
shown to overcome the chemoresistance that has been
observed with conventional Pt compounds. In addition, the
mitochondrial alteration induced by some NHC metal
complexes offers the possibility of inducing cell death
mechanisms that overcome the chemoresistance associated
with the cell nucleus.”®**** The interest in targeting the
mitochondria also lies in the possibility of eradicating CSCs,
which play an important role in the therapeutic resistance of
several cancers. Cancer stem cells (CSCs) could explain many
of the shortcomings of existing chemotherapy treatments.”>”®

Here, we wanted to take the development of these systems
a step further by addressing the solubilization challenge of
mitochondria-targeting NHC-Pt complexes in water to avoid
the use of DMSO and other organic solvents. Three NHC
platinum candidates were selected for formulation either as
liposomes or lipid nanocapsules, namely complexes 1, 2 and
3 (Fig. 1). In particular, we have recently demonstrated that
compound 3 with the mitochondria-targeting
triphenylphosphonium moiety produces significant reactive
oxygen species in mitochondria.*®
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Unlike cisplatin, these compounds are lipophilic, as shown
by logP measurements. The encapsulation of the three
complexes was investigated by encapsulation in positive,
neutral or negatively-charged liposomes. The stability of these
objects being essential for potential applications, we subjected
them to a freezing in the presence of a cryoprotectant and
thawing cycle (Table 1 and Table S1t). While the results
obtained with the neutral and positive liposomes were
disappointing (Table S1f}), the negatively charged liposomes
with complexes 1 and 3 proved to be unaffected after a freeze/
thaw cycle. On the other hand, results with the nitro-
functionalized complex 2 were not satisfactory in terms of
stability (Table 1, entry 2). The absence of the adamantyl
substituent in complex 2 is likely a key contributing factor,
which may influence the overall packing and structural
organization within the liposomal bilayer. Finally, platinum
ICP-MS analyses revealed that the encapsulation efficiency with
3 was quantitative, a result to be compared with only 22% for
the neutral compound 1. Thus, the cationic nature of the
platinum triphenylphosphonium complex, combined with a
negatively charged liposome, favors the quantitative
formulation of the active ingredient.

Other delivery systems using lipid nanocapsules have been
investigated for the formation of these NHC platinum
complexes. Neutral Pt compounds 1 and 2 were readily
encapsulated in well-defined objects with an average size of
50-60 nm, albeit with a relatively low platinum loading of
0.2-0.4 wt% (Table 2). Attempts to encapsulate platinum
derivative 3 have proved unsuccessful, and the study of the
molecule's stability seems to be a determining factor in this
respect. It has been demonstrated that exposure of the parent
complex 4 to a temperature of merely 100 °C instigates a
reaction involving a double C-H activation, thus yielding as
an identified product the Pt zwitterionic species 5 (Fig. 2).
The molecular structure was confirmed by X-ray diffraction
studies as displayed in Fig. 3.

The biological activity of all these systems was studied
in vitro for the unformulated NHC-Pt complexes 1-3 and
formulated in liposomes and/or in lipid nanocapsules
(Table 3). Whatever the formulation, compounds 1 and 3 were
found to be highly active on cancer stem cells NCH421K, in
contrast to oxaliplatin which was poorly active. The same
conclusion can be drawn on cancer cells U87-MG TMZ sensitive
and HCT116. However, the result with the nitro compound 2
did not give the expected results. Of the two formulations
studied, the liposome formulation was more effective for
in vitro activities, particularly with compound 3, which is
characterized by a much higher level of active ingredient. The
conclusive results with 3 have been confirmed with other cells
such as U87-MG, U251-MG and GL261 cell lines (Table 3, right).
Finally, cellular uptake investigation of the nano-encapsulated
complex 3 compared to its free counterpart and oxaliplatin
revealed no discernible difference between the uptake of the
liposome-encapsulated complex and its non-encapsulated
counterpart, with approximately 5% platinum detected in the
cells (vs. 0.25% for oxaliplatin).
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The results of this study provide robust evidence that
complex 3 in liposomes is a promising formulation, opening up
new research prospects such as in vivo studies. Consequently, an
experiment was conducted on NMRI nude female mice using
the U87-MG glioblastoma model. Intratumoral injections were
employed as a first proof-of-concept as the primary aim was to
evaluate the targeting capability and cytotoxic efficacy of the
formulated Pt complex in a controlled tumor environment.
Fig. 5 displays the evolution of the volume of the tumors as a
function of days and type of treatment (ie., NaCl control,
oxaliplatin, complex 3 in water/DMSO and complex 3 in
liposomes). The oxaliplatin-treated mice had significantly
smaller tumors compared with the control group, and larger
tumors compared with mice treated with 3. The results also
demonstrate that the formulation of the NHC complex in
liposomes does not affect its activity, since the results are
identical to those obtained with a direct formulation in water/
DMSO solution. Survival curves from in vivo studies are
consistent with these results revealing that treatment with
oxaliplatin or complex 3 in liposomes results in 7-day increased
survival of mice bearing aggressive glioblastoma compared to
untreated mice and 4-day increased survival compared to mice
treated with complex 3 dissolved in the presence of DMSO. All
these results suggest that 3 formulated in liposomes could
compare favorably with oxaliplatin for tumor treatment.
Furthermore, in the future, functionalization of the liposome
with ligands could be an interesting tool for the establishment
of active targeting of the vector towards target tumor cells.

Conclusion

In conclusion, the encapsulation of cytotoxic platinum
N-heterocyclic carbene complexes has been investigated using
either liposomes or lipid nanocapsules. It is important to note
that both of these possibilities are viable alternatives for
avoiding the use of organic solvents, which is still the method
used for these types of complexes, which are insoluble in water.
Liposomal formulations have proved to be the most promising
in terms of both stability and efficacy. It is noteworthy that the
cytotoxic activity was retained on both cancer cells and cancer
stem cells, particularly for the NHC platinum complex 3
functionalized by the mitochondria-targeting agent. Moreover,
in vivo tests with Pt complex 3 (encapsulated or not)
demonstrated superior outcomes in comparison to the
conventional oxaliplatin Pt complex. These findings highlight
the need to focus on optimizing the formulation of NHC
carbene-based anticancer drugs, aiming to reduce toxicity and
enhance therapeutic efficacy. This priority becomes especially
important given the growing number of organometallic
complexes studied under experimental conditions that do not
readily support clinical translation.
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