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The use of a triphenylarsonium vector for mitochondrial targeting leads to a dramatic increase in Gd* uptake in human

glioblastoma multiforme cells by up to an order of magnitude over the isosteric triarylphosphonium analogue, with

significant implications for ‘theranostic’ applications involving delivery of this important lanthanoid metal ion to tumour

cells.

Introduction

Delocalised lipophilic cations (DLCs) such as triarylphosphonium
salts! are effective vectors for the delivery of fluorophores,?™1*
chemotherapeutics,'>'® boron clusters,'*® radiolabels,?’~1°
and f-block elements such as Gd?%?! to tumour and normal (e.g.
myocardial) cell mitochondria. Far less utilised are the closely-
related triarylarsonium salts for which only very limited
biological data have been reported to date.???* Arsenic can
potentially offer distinct advantages over the lighter Group 15
congener phosphorus as it can act as a heavy atom label for
synchrotron X-ray fluorescence microscopy (XRF/XFM) cell
imaging studies, for example. Indeed, the use of arsenic instead
of phosphorus has been shown to not significantly change the
tissue distribution or intracellular uptake and retention of such
agents in cancer cells or myocardial tissue and, for example, the
delocalised lipophilic cation tetraphenylarsonium (TPA) has
shown  similar  penetration into  mitochondria to
tetraphenylphosphonium (TPP).? Liu and co-workers have also
reported a series of ®*Cu-labelled triphenyl-phosphonium and -
arsonium cations as tumour-selective, positron-emission
tomography (PET) imaging agents.?® However, in general, the
biodistribution properties of both of these ®*Cu-radiotracers
were found to be almost identical in athymic nude mice bearing
U87MG human glioma xenografts. Herein we present
compelling evidence that the replacement of a phosphorus
atom by arsenic in a Ph3ER* salt (E = As, P) containing Gd(IIl) (1
and 2, Figure 1) leads to a significant enhancement of Gd uptake
into tumour cells despite the two complexes being isosteric. For
the first time, we demonstrate that altering the nature of the
Group 15 atom in this class of DLCs, in place of altering the
nature of the substituents at the phosphonium centre and/or
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bridging linker groups, offers a new pathway to dramatically
enhancing the levels of Gd(lIl) within tumour cell mitochondria.
This strategy has implications in the use of these types of
compounds for ‘theranostic’?’ applications such as photon
activation therapy (PAT),?8733 neutron capture therapy (NCT),3*~
36 and magnetic resonance imaging (MRI),37-3° where high levels
of Gd localised within tumour cells are critical to the clinical
success of these cutting-edge cancer therapies.

Results and discussion
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Figure 1 Structure of Gd(lll)-containing Group 15 salts.

Syntheses

The synthesis of 1 followed a related synthetic route to the
analogous and previously-reported triphenylphosphonium salt
2.29 The first step in the synthesis of the arsonium analogue
involved the nucleophilic substitution of triphenylarsine with
1,4-dibromoxylene (Scheme 1). This reaction required the use
of a polar solvent and toluene was replaced with the
considerably more polar nitromethane. The arsonium salt 3 was
successfully obtained in good yield (73%) and characterised by
H and 3C{*H} NMR spectroscopy and ESI-MS, the latter
showing a characteristic molecular ion peak at m/z 488.87 (calc:
m/z 489.02), corresponding to the [M —Br]* species. The
triphenylarsonium ligand 4 was prepared in a similar manner to
the previously-reported triphenylphosphonium analogue?® by
means of a nucleophilic substitution reaction involving 3 and
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the 'Bu-protected macrocycle DO3A-'Buz-HBr (Scheme 1) in the
presence of Na,COs, and was successfully purified by reverse-
phase HPLC.2° Characterisation of 4 was performed by means of
H and 3C{*H} NMR spectroscopy, and high-resolution ESI-
FTICR-MS confirmed the formation of the target ligand with the
major isotopic peak for [M — TFA]* observed at m/z 755.27819
(calc: m/z 755.27843). The target Gd(lll)-arsonium complex 1
was prepared using the same protocol as that used for the
related phosphonium complex (Scheme 1) involving treatment
of 4 with a suspension of Gd,03 in H,0 at 60°C for 16 h, followed
by centrifugation to remove unreacted Gd,03, and evaporation
of the filtrate in vacuo to afford a colourless solid.?° Analytical
reverse-phase HPLC confirmed the purity of the Gd(IIl) complex
such that no further purification was necessary. The structure
of the target Gd(lll)-arsonium complex 1 was confirmed by high
resolution ESI-FTICR-MS with a molecular envelope located at
m/z 910.17989 (calc: m/z 910.18037), corresponding to
[M — TFA]*, with a characteristic Gd isotopic pattern observed.

Biological studies

Complex 1 was evaluated for its stability in phosphate-buffered
saline (pH 7.4), in vitro cytotoxicity, and cellular uptake in
tumour and normal cell lines. It was found to be stable to
hydrolysis and did not show any sign of degradation in aqueous
solution at pH 7.4 after 24 h at RT. A MTT assay was performed
on complex 1 using a human glioblastoma multiforme (T98G)
cell line over a 0 — 4 mM concentration range and, like 2 (ICsp =
2,55 + 0.33 mM),?° the MTT assay confirmed the low
cytotoxicity of the arsonium complex (ICsp = 2.07 £ 0.12 mM).

Complex 1 was analysed for its uptake into the T98G cell line
and the non-cancerous human glial cell line SVG pl2 by
determining the Gd content in dosed cells by means of ICP-MS.
Each complex was administered at three concentrations (10,
100, and 1000 M), all of which were below the ICso value for
the complex (vide supra). The cellular Gd content was then
normalised to cellular protein content and cell count such that

Gd uptake was expressed as ngGd/mg protein and
Gd atoms/cell, respectively (Table 1). The in vitro
tumour : normal (T/N) selectivity for tumour cells was

calculated by determining the ratio of uptake into the tumour
cell line vs. the healthy cell line (Table 1). Complex 1 was found
to deliver remarkably high levels of Gd to tumour cells when
compared to 2 at all assessed concentrations, in some cases
exceeding the levels of 2 by an order of magnitude or greater.
Complex 1 was also found to be selective for tumour cells at all
assessed concentrations, with the T/N cell selectivity found to
be highest (15.4-16.4) at 100 #M when compared to that of 2
(4.5-4.8) at the same dose, thus corresponding to an overall
difference in selectivity of 3.2 - 3.6. Whilst, in general, higher
doses of 1 or 2 lead to a higher cellular uptake, as expected, the
relationship is clearly a non-linear one. Furthermore, the T/N

2 | Chem. Commun., 2021, 00, 1-3

Journal Name

ratios are also non-linear at different doses, with the lowest
ratio found at the highest dose (1000 #M), most likely related
to receptor saturation at this dose. We reported that a
reduction in the degree of delocalisation around the
phosphonium centre in complexes closely related to 2 (where
Me groups replaced aryl groups at the phosphonium centre)
also lowered the selectivity of such complexes for tumour cells
and, like 1, showed enhanced Gd uptake.*® The logP values of 1
and 2 (1.25 + 0.03 and 1.24 + 0.02, respectively) are identical
within experimental error and thus relative lipophilicities
cannot account for the observed differences in either cell
uptake or tumour cell selectivity.
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Scheme 1 Synthesis of the Gd(lll)-arsonium salt 1.
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Table 1 ICP-MS analysis of Gd content and tumour cell selectivity (with standard errors) in T98G and SVG p12 cells treated with 1 or 2 < for 48 h (N = 3).

Complex Conc. T98G T98G SVG p12 SVG p12 T/N cell T/N cell
(M) (ng Gd/mg protein) (Gd atoms/cell) (ng Gd/ (Gd atoms/cell) ratio? ratio®
mg protein)
1 10 548.7 £94.7 1.1x10°+1.2 x 10® 111.8+21.8 1.4 x10% +3.4 x 107 49+13 79+2.2
1 100 10675.9 £ 2288.4 2.3x10%+54x10° 693.7£94.8 1.4x10°+1.3 x 10° 154+4.0 16.4+5.0
1 1000 14278.1 + 1950.8 4.3x10°+5.1x10° 8496.8 + 1887.4 8.4x10°+1.7 x10° 1.7+0.4 51+1.2
2 10 420.1+5.4 5.8 x 10%+ 6.8 x 10° 31.8+5.0 3.8x 107 +6.3 x 10° 13.2+2.1 15.2+2.5
2 100 1487.0 £ 146.1 1.9%x10°+2.8 x 108 308.7 +18.4 4.2x10%+1.7 x 107 4.8+0.6 45+0.7
2 1000 3000.3 +457.7 4,0x10°+6.3 x 10° 6440.5 +177.5 8.4x10°+3.4x10° 0.5+0.1 0.5+0.1

2 Derived from ng Gd/mg protein. ® Derived from Gd atoms/cell. ¢ Data obtained from ref 40.

Figure 2 Electrostatic potential isosurfaces for the model cations Ph;EMe* (3%, E =
As and 4+, E = P; top and bottom, respectively), as calculated by means of DFT. The
displayed isosurfaces (values in k/ mol-1) have an electron density range of 0.0010-
0.0025 eay3. NPA atomic charges (e) of the As and P atoms and selected H atoms
are in italics; the values in parentheses (k/ mol-') are the electrostatic potential
energy at the point where the C—H bond axis intersects the 0.0010 ea,~3isosurface.

Notwithstanding the near-identical logP values of 1 and 2, DFT
calculations (B3LYP/def2-TZVPD//B3LYP-D3(0)/def2-SV(P)) on
the model cations PhsEMe* (3*, E = As) and (4*, E = P) indicate
differences in their charge distribution. Using the IEF-PCM
solvation model,*™*3 the electrostatic free energy for the
interaction of 3* with water is 12.8 kJ mol= Jower than that of
4*. However, when a solvent probe radius of 1.54 A is employed
(the calculated atomic radius for a H-atom using a 0.001 eao™3
electron density fall-off criterion**), cation 3* is now 0.5 kJ mol™
higher in energy than 4*. These changes can be rationalised by
an examination of the electrostatic potential energy isosurfaces
of 3* and 4*. The higher polarisability of As compared to P leads
to higher electrostatic potentials at the concave surfaces of 3,
hence the lower free energy of the entire surface. However, the
convex surfaces of 3* are of lower potential compared to 4,
leading to the reversal in stability with the 1.54 A probe. These
differences are substantially associated with higher partial
charges of the surface H-atoms of 4* when compared with those
of 3* (Fig. 2). The calculated natural population analysis (NPA)
atomic charges® are consistent with inductive effects owing to
the higher electronegativity of P compared to As being
responsible for these differences. This feature alone is most
likely to influence the levels of cellular uptake and selectivity for
the two Gd(lll) complexes. Such effects have not previously
been reported for 64Cu triaryl-phosphonium and -arsonium salts
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in vitro and in vivo,?%4¢47 and the observed differences found in
this work may be related to the unique molecular structures of
1 and 2. Delocalisation of DLCs having a direct effect upon the
cellular uptake and tumour cell selectivity has recently been
reported for a series of related Gd-arylphosphonium salts.® Of
particular interest is the cellular uptake of 1, which somewhat
parallels that of the Ph,MePR* salt rather than that of 240 but,
unlike 1 and 2, the Ph,MePR* complex displayed only limited
tumour cell selectivity at all assessed Gd(lIl) concentrations (10
— 1000 uM). Indeed 1 shows a distinct advantage over both 2
and the Ph,MePR* salt;*® at 100 M, 1 exhibits a much greater
tumour cell selectivity than 2 and Ph,MePR*, and additionally,
at both 100 and 1000 #M, 1 was still capable of delivering Gd
atoms to the tumour cells at levels over an order of magnitude
greater than that of 2 (Table 1).

Conclusions

Our work clearly demonstrates that a triphenylarsonium salt
can act as a versatile vector for the delivery of significant levels
of Gd(lll) to tumour cells, and we report a new paradigm in the
design of ‘theranostic’ agents containing this important
lanthanoid metal ion.?’” This work has direct implications in the
development of new Gd-based theranostics, for example in
cutting-edge binary cancer therapies such as NCT and PAT,
where the levels of lanthanoid element must exceed ca. 108
atoms per tumour cell in order to observe any significant cell
kill. Furthermore, these high levels of lanthanoid accumulation
would potentially permit in vivo cell tracking applications using
MRL*® We are currently exploring the structure-activity
relationships (SAR) of triarylarsonium salts related to 1, and in
vivo biodistribution studies of 1 and related complexes are
planned.
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