Open Access Article. Published on 19 July 2024. Downloaded on 3/15/2026 11:53:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Dalton Trans., 2024, 53,
13044

Received 30th May 2024,
Accepted 11th July 2024

DOI: 10.1039/d4dt01587h

rsc.li/dalton

1. Introduction

Photosubstitution and photoreduction of a diazido
platinum(iv) anticancer complex+

12 Christian Ward-Deitrich, (2 £® Fortuna Ponte,
* and Peter J. Sadler (2 *@

Huayun Shi, ¢ Emilia Sicilia, (2 *¢

Heidi Goenaga-Infante

The hyphenation of HPLC with its high separation ability and ICP-MS with its excellent sensitivity, allows
the analysis of Pt drugs in biological samples at the low nanomolar concentration levels. On the other
hand, LC-MS provides molecular structural confirmation for each species. Using a combination of these
methods, we have investigated the speciation of the photoactive anticancer complex diazido Pt(v)
complex trans, trans, trans-[Pt(N3)>(OH),(py),] (FM-190) in aqueous solution and biofluids at single-digit
nanomolar concentrations before and after irradiation. FM-190 displays high stability in human blood
plasma in the dark at 37 °C. Interestingly, the polyhydroxido species [{Pt"(py).(OH)s} + Nal* and
[{Pt"V(py)o(N3)(OH)s} + Nal* resulting from the replacement of azido ligands, as determined by LC-MS,
were the major products after photoirradiation of FM-190 with blue light (463 nm). This finding suggests
that such photosubstituted Pt(v) tri- and tetra-hydroxido species could play important roles in the biological
activity of this anticancer complex. Density Functional Theory (DFT) and Time-Dependent DFT (TDDFT) cal-
culations show that these Pt(iv) species arising from FM-190 in aqueous media can be formed directly from
a singlet excited state. The results highlight how speciation analysis (metallomics) can shed light on photo-
activation pathways for FM-190 and formation of potential excited-state pharmacophores. The ability to
detect and identify photoproducts at physiologically-relevant concentrations in cells and tissues will be
important for preclinical development studies of this class of photoactivatable platinum drugs.

range of human cancer cells.”®  cis,trans,cis- [Pt
(N3),(OH),(NH;),] was the first reported photoactive anticancer

Platinum drugs have been widely used in chemotherapy since
the FDA approval of cisplatin for testicular cancer treatment in
1978.% Owing to the lack of selectivity and dose-limiting side
effects of cisplatin, photoactive Pt(1v) complexes that are more
kinetically stable are being developed as a new generation of
platinum drugs.>” Photoactive Pt(iv) complexes offer the pro-
spect of low toxicity towards normal tissue, and selective cyto-
toxicity towards tumours when irradiated with spatially-
directed light.®** Octahedral diam(m)ine dihydroxido diazido
Pt(iv) complexes are especially promising for further develop-
ment. They display a significant stability in the dark under
physiological conditions and photocytotoxicity towards a wide
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diazido Pt(iv) complex."* However, the all-trans analogue trans,
trans,trans-[Pt(N3),(OH),(NH3),] exhibits improved aqueous
solubility, a more intense and ca. 30 nm red-shifted LMCT
band, and an enhanced photocytotoxicity.">™” Replacement of
an ammine ligand with pyridine results in trans,trans,trans-[Pt
(N3)2(OH),(NH;)(py)] with high UVA photocytotoxicity.'®
Notably, compared with photolabile ammine ligands, no pyri-
dine release is detected upon irradiation. trans,trans,trans-[Pt
(N3),(OH),(py)2] (FM-190, Fig. 1a) with two pyridine ligands
has a promising visible light photocytotoxicity."’

The photoactivation of FM-190 in aqueous solution has
been investigated previously to provide insights into its mecha-
nism of action."®?° Pt(u) species and azidyl radicals appear to
be the main cytotoxic species produced by such photoactivated
diazido Pt(v) complexes.” Pt(u) species can bind to DNA and
azidyl radicals can attack proteins.” The formation of Pt(u)
species has been monitored by NMR, UV-vis, LC-MS,
Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) spectroscopy, and transient electronic absorption
(TEA) spectroscopy.'®?° In addition, photo-substitution of one
azide ligand by a H,O/OH molecule has been frequently
reported as an initial step in the photoactivation of diazido

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Structure of photoactivatable Pt(iv) complex FM-190 studied
in this work. (b) HR-MS and expected structure of the main photopro-
duct ¢ ([{Pt"V(py)2(N3)(OH)s} + Nal*, m/z 469.0562) from FM-190 in
water.

Pt(iv) complexes.>® However, due to the sensitivity limit,

accurate qualitative and quantitative analysis of Pt(i1) and Pt(iv)
species at nanomolar concentrations, which is important for
in vivo investigations, cannot be achieved using these
methods. DFT calculations can also help to elucidate possible
photodecompostion pathways.

Due to its high selectivity, mass spectrometry based on
characteristic mass-to-charge ratios (m/z) of analytes and their
fragments is used for a wide range of applications.>' >
Inductively coupled plasma-mass spectrometry (ICP-MS) has
received intense attention in the development of metal-based
drugs as a standalone configuration or coupled to separation
techniques, and can be applied in the determination of not
only extracellular transformations of metallodrugs, but also
their accumulation, distribution, and processing in cells,
tissues and organs.>*’ Reverse phase high performance
liquid chromatography (RP-HPLC) is a most frequently used
separation technique, due to its promising capability for separ-
ating a wide range of compounds.”®*® The combination of
HPLC and ICP-MS provides the potential for the accurate ana-
lysis of the products from interaction of metallodrugs with
small biomolecules,*® their binding to proteins by (metallo)-
proteomics,*'** as well as the dark stability and metabolism of
metallodrugs in human plasma and cells at nanomolar
concentrations.>®%373°

Investigations of classical platinum drugs using
HPLC-ICP-MS have been widely reported, including their stabi-
lity in biofluids, interactions with biomolecules, and adducts
within cells, but photoactive diazido Pt(iv) complexes have not
yet been fully explored.’®*> Here, we have developed an
HPLC-ICP-MS method for Pt analysis at extremely low, physio-
logically-relevant concentrations, and used HPLC-MS and
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ESI-HR-MS to identify the speciation of FM-190 in aqueous
solution, phosphate-buffered saline (PBS) and human blood
plasma in the dark and upon irradiation. We have also opti-
mised the extraction methods for photoproducts of FM-190 in
plasma. DFT calculations were carried out to investigate poss-
ible mechanisms of photoactivation based on the photo-
products detected by mass spectrometry. This work provides a
foundation for the accurate speciation analysis of photoactive
Pt(iv) complexes in body fluids, cells and tissues.

2. Results

2.1. HPLC-ICP-MS method development

To achieve reliable quantification of Pt species at biologically
relevant nanomolar levels, a detector with high sensitivity and
selectivity, such as ICP-MS, is required to be hyphenated to
HPLC. HPLC-UV methods were explored as summarised in
Table S1,1 and the corresponding chromatograms are shown
in Fig. S1.1 Method-7 was selected as the best choice to reduce
the amount of carbon entering ICP-MS, at the same time
allowing FM-190 to be eluted from the column. It was then
applied in all HPLC-ICP-MS experiments. Using method-7, a
linear relationship between concentration and peak area was
observed for FM-190 for the concentration range of 0.06 to
17.6 uM with 7> = 0.999 (Fig. S2). However, when the concen-
tration was lower than 60 nM, no HPLC-UV peak was visible.

FM-190 (764.8 nM) prepared in water was injected onto the
C18 column, and the separated Pt species sequentially detected
by the ICP-MS detector. For the dark samples (Table S2t), a peak
at 14.1 min was detected and assigned as FM-190 with purity of
99. 9% (Table S3t). The slight shift in retention time (0.2 min) for
the HPLC-ICP-MS is caused by the difference in distance between
UV and ICP-MS detectors and the HPLC column (Fig. 2a). Three
Pt isotopes (***Pt, '*°Pt, and "°Pt) were measured, and similar
results were observed for all of them, with signals matching the
abundance of these isotopes (Fig. S31). This experiment was inde-
pendently repeated twice to ensure the reproducibility of the
method. If not stated otherwise, the '°>Pt signal from the first rep-
etition is used to represent the result obtained for HPLC-ICP-MS
in this paper. FM-190 at lower concentrations of 45.9, 9.2, and 4.6
nM were also measured using the same method (Fig. 2b-d,
Table S31). A single main Pt-peak with the same retention time
was detected for all of the samples, highlighting the high sensi-
tivity for detection of ICP-MS, down to low nM concentrations. A
linear relationship between concentrations and sum of '*>Pt peak
areas is observed (Fig. 2e). Notably, the two very small peaks at
4.6 (0.065%) and 8.8 (0.048%) min were only detectable when the
FM-190 concentration was 764.8 nM, but not at lower concen-
tration levels (Table S37).

2.2. Photoactivation of FM-190 in water determined by
HPLC-ICP-MS

The Pt-containing photoactivation products were also deter-
mined by HPLC-ICP-MS. However, to ensure no retention of
side products on the C18 column, method-8 was adopted by
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Fig. 2 °°Pt signals of FM-190 in MilliQ water in the dark obtained by HPLC-ICP-MS at (a) 764.8; (b) 45.9; (c) 9.2; and (d) 4.6 nM; and (e) the
relationship between the concentration of FM-190 and sum of peak areas of °Pt signals.

adding a column washing step (Table S27). A total of 8 Pt-con-
taining ICP-MS peaks were detected for FM-190 (764.8 nM) in
water after 1 h irradiation with blue light (463 nm, Fig. 3a and
Table S4}). An approximate 92% decrease in the peak area
assigned to FM-190 was observed. These species are stable in
solution for 24 h in the dark at 25 °C (Fig. 3b). Notably, when
the concentration of FM-190 was decreased to 45.9 and 4.6 nM,
only 5 Pt species were detected after irradiation (Fig. 3c-d and
Table S4}). Notably, when the concentration of FM-190 was 4.6
nM, the smallest peak detected in the irradiated sample had a

concentration of ca. 0.16 nM. A linear relationship was found
between the Pt concentration and the sum of all peak areas in
all samples, suggesting all Pt containing species are deter-
mined, and that quantification of Pt using HPLC-ICP-MS is also
reliable for photoactivated samples (Fig. 3e).

2.3. Photoactivation of FM-190 in water investigated by
LC-MS

In order to identify the species formed from FM-190 in
aqueous solution upon irradiation with blue light (463 nm,
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Fig. 3 °°Pt signals of FM-190 in MilliQ water after irradiation with blue light (463 nm, 1 h) obtained by HPLC-ICP-MS at (a) 764.8 nM determined
immediately, and (b) after samples had stood for 24 h in the dark; (c) 45.9; and (d) 4.6 nM; and (e) the relationship between concentration of FM-190

and sum of peak areas of °°Pt signals.
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1 h, 25 °C), LC-MS was used. For LC-MS, the same methods as
those used in HPLC-ICP-MS, method-7 (2% to 5% B in 10 min,
maintain 5% B for 5 min) and method-8 (80% B after 18 min),
were used for dark and irradiated samples, respectively, to
ensure all species were detected (Table S2}). After 1 h
irradiation with blue light (463 nm), 6 main species were
observed for photoactivated FM-190 (31.8 pM) solutions
(Fig. S471). The retention times of these species are similar to
those detected in HPLC-ICP-MS. The detection of more species
by HPLC-ICP-MS compared with LC-MS suggests a lower detec-
tion limit of the HPLC-ICP-MS method. In addition, the differ-
ence in peak intensities between HPLC-ICP-MS and LC-MS
arises from the varied ability of these species to form mole-
cular ions. The peak at 13.9 min is assigned to FM-190 itself.
Photoproducts are assigned as [{Pt"(py),(OH),} + Na]" (m/z
443.95, a); [{Pt"(py)»(OH)s},(1-0,) + Na]* (m/z 863.04, b);
[{Pt"(py)2(N;)(OH)s} + NaJ™ (m/z 468.95, c); [{Pt™(py),(HCOO)
(OH),(H,0)} + Na]* (m/z 472.94, d); and [{Pt"(py),(HCOO);} +
H]" (m/z 488.94, e), summarised in Table S5.f Species
{Pt"(py),(OH),}" (m/z 386.96) was observed in all peaks, and
might be formed during ionisation by release of the corres-
ponding ligands. The isotopic pattern for platinum was
observed in all species (Fig. S51). Notably, the most abundant
photoproduct (¢) found by LC-MS can be assigned as
[{Pt"(py)2(N;)(OH);} + Na]", which is a Pt(iv) species from
photo-substitution rather than a Pt(u) species resulting from
photoreduction. The fraction containing the main Pt(w)
species ¢ was collected to obtain high resolution MS data,
determined to be 469.0562 and matches well with calculated
value of 469.0559 (Fig. 1b). These results also suggest that the
photoproducts  remained stable after lyophilisation.
Unfortunately, attempts to purify species ¢ were unsuccessful,
perhaps due to its reactivity under the conditions used. For
1.3 pM FM-190, only two photoproducts were detected due to
the low sensitivity of the LC-MS method compared with
HPLC-ICP-MS (Fig. S4c and Sécft). Interestingly, the FM-190
LC-MS peak disappeared after irradiation at this low concen-
tration (1.3 uM), while being still visible when the concen-
tration was higher (31.8 and 6.4 pM).

In order to exclude the effect of mobile phases, water and
acetonitrile with 0.1% formic acid (FA) were also used as the
mobile phases. This is the most common mobile phase combi-
nation used in LC-MS for the study on Pt species.” However,
mobile phase composition needs to be evaluated since there is
possibility that acetonitrile can become a potential binding
partner and an acidic pH can result in ligand release. Similar
species with different retention times were determined for
photoactivated FM-190 at concentrations of 50 pM using
method-10, where acetonitrile was used instead of methanol
as mobile phase B (Fig. S7, Tables S6 and S77). This suggests
that the organic mobile phase exerts no significant effects on
the detection of these photoproducts.

2.4. DFT calculations

2.4.1. Simulated absorption spectra of FM-190 in water.
DFT calculations were carried out to investigate the detailed

This journal is © The Royal Society of Chemistry 2024
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mechanism of photoactivation based on the photoproducts
detected by LC-MS. To describe the photophysical properties
of FM-190, a preliminary benchmark study was carried out on
its absorption spectrum in water. Several exchange and corre-
lation functionals were explored (Table S8t). Hybrid B3LYP
functional can simulate the electronic spectrum appropriately,
and was therefore employed for the complete characterisation
of FM-190. The calculated absorption spectrum is in very good
agreement with the reported experimental spectrum
(Fig. S81)." Both spectra show two absorption bands in the UV
region. The most intense band arising from several electronic
transitions, is centred at 300 nm (f= 0.3610). Notably, the first
singlet excited state S1, dark in nature, falls at 478 nm in the
blue region of the visible spectrum and corresponds to a
charge transfer from the Highest Occupied Molecular Orbital
(HOMO) to the Lowest Unoccupied one (LUMO). TDDFT calcu-
lations assign the bright singlet state to the transition at
394 nm originating from a H-2 — L MOs transition. The second
band that falls in the 250-280 nm spectral range is characterised
by transitions with different features (Table S9t). It is centred at
262 nm and the theoretical assignment for the most important
transitions show that it is a mixed band with Ligand-to-Ligand
(LLCT) and Ligand-to-Metal (LMCT) characters.

2.4.2. Excited states properties and photoactivation mecha-
nism of FM-190 in water. Population of electronically-excited
states is important for the PACT activity of FM-190. A detailed
TDDFT analysis of the excited states was conducted, aiming at
investigating its behaviour under photoexcitation. In order to
elucidate the reaction pathways for irradiated FM-190 involving
promotion of efficient intersystem crossing (ISC) from the
bright state (S3) or low-lying singlet states (S1-S2) to the low-
lying triplet states (T1-T5), the spin-orbit matrix elements and
the adiabatic energy difference between the singlet and triplet
states were calculated. Excitation energies, absorption wave-
length, molecular orbital (MO) contribution and theoretical
assignment for S1-S3 singlet states and T1-T5 triplet states are
reported in Tables S10 and S11,f while spin-orbit coupling
(SOC) values are provided in Table S12.f Natural transition
orbital (NTO) plots for singlet and triplet states are depicted in
Fig. S9 and S10,7 respectively. The data reported in Table S12+
can be rationalized in the framework of El-Sayed rules*®
stating that a significant enhancement in SOC can be pro-
duced if the radiationless transition involves an orbital type
change. In this case, the highest SOC values are calculated for
states involving different kinds of charge transfer. The most
effective couplings correspond to S1 — T1, S2 — T1, S2 — T3,
S3 — T2 and S3 — T5 transitions.

Once the feasibility of ISC processes was established, for
the accurate characterization of the involved triplet excited
states, their structures were optimized using the TDDFT
approximation. Indeed, as singlet excited states generally have
a lifetime five orders of magnitude shorter than that of triplet
states (10~® vs. 107 s), it is reasonable to assume that the
primary mechanism for the formation of Pt(u) active species
involves an excited triplet state rather than a singlet state. As a
consequence, the optimized structures obtained for the triplet

Dalton Trans., 2024, 53,13044-13054 | 13047
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Fig. 4 (a) Structures of the optimised SO ground state and Ta, Tb, Tc and Td triplet states together with relevant bond lengths (in A) compared with
corresponding GS values. (b) Plot of spin density distribution. (c) Spin density values (SD in a.u.) for Pt and nitrogen atoms directly bonded to the

metal centre. (d) Relative energies calculated with respect to the GS.

states, served as initial points for the optimization within the
unrestricted Kohn-Sham formalism (UKS),*”*® known to miti-
gate instabilities in excited triplet states involving charge trans-
fer. Applying this approach, all the examined triplet excited
states collapsed into four distinct states denoted as Ta, Tb, Tc,
and Td. Detailed information about the obtained triplet states,
namely optimized structures together with the corresponding
spin density distributions, spin density values on the Pt centre
and N atoms directly bonded to the metal, relative energies cal-
culated with respect to the ground state (GS) and the main
bond distances are provided in Fig. 4.

As is evident, Ta, Tb, and Tec triplet structures exhibit disso-
ciative character towards both azide ligands, while the py
ligands remain firmly attached to the Pt centre. However, Td
triplet shows two elongated Pt-py bonds, while azides remain
in the Pt coordination sphere. This particular triplet state is
considered unlikely, since no pyridine release from FM-190
was observed experimentally, and thus excluded from the
investigation of photoreaction. The relative energies of the
excited triplet states calculated respect to the ground state
follow the order Tc < Tb < Ta < Td. As the optimised geome-
tries of the most stable Tc and Tb triplets indicate that such
states are highly dissociative for the N3 ligands, with the Pt-N;
distances significantly elongated by 0.5 A (Pt-N1) and 0.6 A
(Pt-N2) compared to the ground-state geometry, they give rise
to the formation of the [Pt"(OH),(py),] photoproduct. In the
Ta triplet state, however, the Pt-N; bonds are partially
elongated and the distance increases by approximately 0.3 A.
Generally, an excited state exhibiting MC character cannot be
involved in the emissive processes, but it can play a role as an

13048 | Dalton Trans., 2024, 53,13044-13054
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Scheme 1 Proposed photoreduction mechanism for the formation of
the Pt(n) product based on DFT calculations.

active species in the release of reactive ligands.”® In this
context, the nature of all the intercepted triplet states (*MC)
promote ligand photodissociation. Based on these results, for-
mation of photoproducts from FM-190 can be achieved by fol-
lowing two paths. First, the population of Tb and Tc states
leads to the formation of the reduced form, [Pt"(OH),(py),], of
FM-190 as shown in Scheme 1. Second, the Ta triplet state
could lead to the formation of the aquated forms of the
complex. Experimental data show that FM-190 is inert until it
is converted to active aquated forms, through the release of N;
ligands. Starting from the Ta state, all the attempts to identify
minima and transition states along triplet pathways leading to
the formation of mono-aquated and/or bi-aquated species
failed. Therefore, it is realistic to postulate that from the
complex in its excited triplet state only the reduced photopro-
duct [Pt"(OH),(py),] can be generated as a result of the elimin-
ation of the two Nj" radicals.

On the contrary, formation of Pt(v) products, experi-
mentally detected by MS and obtained by substitution of

This journal is © The Royal Society of Chemistry 2024
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anionic N3~ ligands with water molecules, might take place
from FM-190 in its singlet ground state, but only when over-
coming high energy barriers according to calculations. Further
explorations are required to completely reconcile experimental
and theoretical results, although probing the possible involve-
ment of excited singlet states will require use of more sophisti-
cated computational strategies.

According to computational analysis, reaction intermedi-
ates [Pt"(N;)(H,O)(OH),(py).]", [Pt (H,0)(OH);(py),]” and the
final product [Pt"(OH),(py),] are generated along pathways in
singlet multiplicity. The proposed mechanism leading to the
formation of the intermediates and the final product is shown
in Scheme 2, and the calculated energy profile for this process
is shown in Fig. 5. Relative energies are calculated with respect
to the reference energy of the first formed adduct between
FM-190 and two water molecules set as the zero on the energy
scale.

According to the proposed mechanism, the first hydrolysis
process for the Pt complex occurs following a second-order
nucleophilic substitution. One of the N3~ ligands is displaced
from FM-190 in favor of the coordination of a water molecule,
leading to the formation of the intermediate [Pt"(N;)(H,0)
(OH),(py).] that lies 9.6 kcal mol™" above the reference energy
of the corresponding first adduct. The mono-aquated Pt(iv)

.
z z
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complex [Pt"(N;)(H,O)(OH),(py),]" is formed by overcoming
an energy barrier of 35.6 kcal mol ™. Starting from intermedi-
ate [Pt"(N;)(H,0)(OH),(py).]’, the reaction can proceed by
both deprotonation of the bound water molecule and replace-
ment of the second azide ligand by water. In the former case,
overcoming a very low energy barrier, only 1.1 kcal mol ™,
allows the formation of the [Pt"™(N3)(OH);(py).] species, that is
calculated to be endergonic by 8.1 kcal mol™ with respect to
reference zero energy of the first adduct is achieved.

The second N3~ ligand is replaced with the same mecha-
nism by a second molecule of water, but during the course of
the reaction, the transfer of a proton from the coordinated
water molecule to the N3~ ligand detached in the first step
occurs simultaneously. The height of the barrier that is necess-
ary to overcome for such a rearrangement to occur is 35.2 kcal
mol ™, while the second [Pt"(H,0)(OH);(py),]" intermediate is
destabilised with respect to the initial adduct by 16.0 kcal
mol ™. Both kinetics and thermodynamics significantly favor
the deprotonation reaction according to experimental findings
that assign [{Pt"(py).(N3)(OH);}+Na]" (c) as the main product.
Finally, the Pt(iv) species [Pt"(OH),(py),] (a) is formed through
the protonation of the N;~ group present in the reaction
environment by the coordinated water molecule. The for-
mation of final product is calculated to be endergonic by

= * =
[| on || o
N LOH Ny N _LOH
A \l v N A >PtIV +HN,
107 | ST HO | SN Y
OH | oH ||
G G

Scheme 2 Proposed mechanism for the formation of hydrolysed Pt(iv) products based on DFT calculations.
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Fig. 5 DFT-calculated free energy profile in water describing the hydrolysis mechanism of FM-190. Relative energies are in kcal mol™ and calcu-

lated with respect to the ground state energy of FM-190.
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14.4 kcal mol™" and occurs by overcoming a very low energy
barrier of 1.9 kecal mol ™.

The acidity of aqua ligands coordinated to Pt was also esti-
mated computationally. The first acidity constant was calcu-
lated for the deprotonation process of the mono-aquated Pt
species, [Pt"(N;)(H,O)(OH),(py).]", generated in the first step
as reported in Fig. 5. Starting from the bis-aquated Pt species,
[Pt™(H,0),(OH),(py).]** the second investigated process
involves the deprotonation of one water molecule coordinated
to the Pt centre. As outlined previously, calculations failed to
locate this species owing to the high acidity of the coordinated
water molecule, which donates a proton to the released Nj;~
ligand. Finally, the third acidity constant is relative to the
deprotonation of the [Pt"(H,0)(OH);(py),]" complex. The esti-
mated values of the acidity constants obtained for the three
processes illustrated above are:

[Pt (N3)(H,0) (OH), (py),] " + H20

= [Pt"(N;)(OH),(py),] + Hs0" K, =6.6 x 10°° @
[Pt" (H,0),(OH), (py),|*" +H.0 @)

= [Pt"(H,0)(OH),(py),| " + H;0" K, =1.2 x 10°
[Pt (H,0)(OH); (py),] " + H;0 (3)

= [PtV(OH),(py),] + H;0T K, =6.0 x 1077

The large value of K, for equation (2) means that the bis-
aquated complex is a strong acid, and it dissociates completely
as illustrated in Fig. 5, where it is shown that the formation of
the [Pt"(H,0),(OH),(py).]”" species and its deprotonation
occur simultaneously.

2.5. Dark stability and photoactivation in plasma and PBS

Blood plasma and PBS were also used as media for the investi-
gation of dark stability and photoactivation of FM-190. FM-190
(7756 nM) in human plasma was incubated at 37 °C for 2 h in
the dark, then transferred into a centrifugal filter unit (MWCO
5000) and centrifuged to remove proteins. The solvent was
removed and the residue was redissolved in water to make a
final 10x diluted solution. The major peak contains 97.7% of
the total Pt eluting at ca. 14.2 min indicating the high dark
stability of FM-190 in human plasma (Fig. S11at). For compari-
son, FM-190 in PBS shows a similar retention time and a
major peak Pt of 98.85% (Fig. S11b¥). The sum of the Pt peak
areas for the sample in plasma is about 95% of that in PBS,
suggesting the high efficacy of this extraction method
(Table S131). Another extraction method that precipitates
plasma proteins by addition of acetonitrile was also
investigated. FM-190 contributes 99.4% of the total Pt
(Fig. S12at). Although slightly larger peaks areas were observed
by using this method, but the difference is within 5% (Tables
S13 and S147).

Photoproducts from FM-190 (7756 nM) in plasma were also
monitored by HPLC-ICP-MS after 1 h incubation at 37 °C in
the dark and after 1 h irradiation (463 nm) at 25 °C, and then
extracted using the same method as for the dark samples

13050 | Dalton Trans., 2024, 53,13044-13054
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(Fig. S1lc-d, S12b, Tables S14 and S15%). About 91% of
FM-190 undergoes photoactivation after irradiation. Compared
to the photoproducts formed in water, plasma components
might interact with those photoproducts, resulting in for-
mation of many small peaks, while the number of the most
intense peaks (peak area >10%) decreased to four. The extent
of photoactivation in PBS is not as significant as that in
plasma and the retention times of those photoproducts are
different. Notably, the sum of peak areas determined for irra-
diated samples is about 12-36% lower than that for the corres-
ponding dark samples.

LC-MS was carried out to identify the species formed by
FM-190 after irradiation (Fig. S13-S15%). Due to the complex
matrix of plasma and the relatively low sensitivity of the LC-MS
method, only the [{Pt"(py).(N;)(OH)s} + Na]* (m/z 468.96, c)
peak was observed as the photoproduct of FM-190 extracted
using different protocols, even when a high concentration of
194.9 pM was used. Pt adducts might be formed with com-
ponents of plasma, which are not detectable by LC-MS. For
comparison, a number of smaller peaks other than m/z 468.96
were observed for samples in PBS due to its relatively simple
matrix (Fig. S151). Compared with the chromatogram obtained
by HPLC-ICP-MS, there are some additional peaks in LC-MS
attributable to plasma components, which form a complicated
matrix.

3. Discussion

In contrast to labile square-planar d® Pt() complexes, low-spin
d® Pt(v) complexes are usually resistant to hydrolysis, but can
undergo reduction in the presence of bio-reductants.®
However, some combinations of ligands (e.g. axial carboxy-
lates) can facilitate hydrolysis.>®>* Identification and quanti-
tative analysis of Pt metabolites in vitro and in vivo at bio-rele-
vant concentrations is important for potential preclinical
development of anticancer Pt drugs.””*>*>%3

HPLC-UV does not readily identify Pt species and does not
allow a quantitative analysis due to the unknown extinction
coefficients of each species. LC-MS gives structural infor-
mation, but is not capable of quantitation owing to the
different ionisation abilities among Pt species. Importantly,
both detectors are not sensitive enough to detect Pt species at
nanomolar concentrations. HPLC-ICP-MS with a high accuracy
and sensitivity allows analysis of Pt metabolites extracted from
cells and patients. The combination of LC-MS and
HPLC-ICP-MS results provides accurate identification and
quantitation of Pt samples, which provides a deeper insight
into the metabolism of Pt anticancer drugs within biological
systems.

Pt(iv) species were determined to be the main photo-
products when the activation light wavelength was 463 nm
(blue light). Azide release from FM-190 upon irradiation was
observed at the same time as the replacement by hydroxido
ligands, with [{Pt"(py),(N3)(OH);} + Na] (c¢) assigned by
LC-MS as the main photoproduct (Fig. 1b). DFT calculations

This journal is © The Royal Society of Chemistry 2024
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suggest that it is favourable to form this species as the main
product from the reaction between FM-190 and water, directly
in the singlet state. The large acidity constant K, of
[Pt"™(H,0),(OH),(py),]*" indicates that it is a strong acid which
explains why [{Pt"(py)»(N3)(OH);} + Na]* is the main product.
Despite DFT calculations indicating that Pt(u) species are the
main photoproducts formed during photoactivation, we
detected Pt(wv) species that require the overcoming of high
energy barriers and unfavourable thermodynamics to be
formed. In view of the high dark stability of FM-190 in water,
we assume that such reactions might be facilitated by the
photoactivation. An alternative mechanism involving photore-
duction, followed by ligand substitution on Pt(u) and re-oxi-
dation by any strongly oxidising photoproducts formed seems
less likely at low Pt concentrations.

Small amounts of Pt(u) species were also detected by
LC-MS, but when the organic solvent ratio increased to 80%,
they did not enter the ICP-MS detector. However, according to
the difference between the total Pt peak areas of ICP-MS in
dark and irradiated samples, these Pt(u) species make only an
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insignificant contribution to the total Pt after irradiation. The
sum of '°°Pt peak areas in irradiated samples is even slightly
higher (<10%) than that of the corresponding dark samples,
which might be caused due to the slight difference in the
detection sensitivity of ICP-MS detector for different Pt
species. In contrast to irradiation at 463 nm, in the photoacti-
vation of FM-190 by indigo light (420 nm), Pt(u) species were
determined to be the main photoproducts.>® These results
show that the products from photoactivation of FM-190 with
blue light (463 nm) gives more initial products than final pro-
ducts. DFT results also suggest the dissociative character of
both azide ligands that can lead to the formation of the photo-
reduced Pt(n) species, [Pt"(OH),(py),]. Therefore, photo-substi-
tuted Pt(wv) species can be assigned as the initial intermediates
from the photoactivation of FM-190 before photoreduction
occurs. These are in agreement with a recent study on photo-
substitution of FM-190 as the first step of photoactivation
using steady-state and laser flash photolysis.>®> However, no
detailed structural information for photoproducts was
reported using those methods. These results also indicate the
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Fig. 6 (a) LC UV (detection wavelength 254 nm), MS and ICP-MS (**°Pt) signals of FM-190 in MilliQ water obtained using method-7 for dark
samples and method-8 for photoactivated samples (463 nm, 1 h). Species a—e are assigned in Table S5 (ESI). (b) Ratio of Pt species with different
retention times in irradiated samples determined using different detectors (assumes all species have same extinction coefficient and ionisation

ability).
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reason why +4 dominates the oxidization state of Pt in cellular
accumulated FM-190 in PC3 cancer cells after irradiation with
blue light (465 nm).>*

Using methanol rather than acetonitrile as the organic
mobile phase did not affect the determination of Pt photo-
products, except for the retention time. Due to the different
set-ups of the LC-MS and HPLC-ICP-MS, a small shift in reten-
tion times was observed. The parent compound FM-190 served
as a reference signal. The retention time of FM-190 deter-
mined by UV, MS and ICP-MS under exactly the same con-
ditions (method-7) was 13.9, 14.4 and 14.1 min, respectively
(Fig. 6). In theory, a —0.3 min difference between MS and
ICP-MS signals can be applied when assigning the Pt peaks
detected by ICP. However, due to the different modes of detec-
tion, species b-e have a longer retention time in ICP-MS.

The three intense sharp ICP-MS Pt peaks a, ¢ and d can be
assigned as [{Pt"(py),(OH)s} + Na]" (m/z 443.58, a);
{PtY(py)a(N;)(OH);} + Na]" (m/z 468.58, «¢); and
[{Pt™(py)o(HCOO)(OH),(H,0)} + Na]" (m/z 472.57, d).
Interestingly, only peak ¢ shows an intense absorbance at
254 nm, attributable to its Pt-N; ligand-to-metal charge-trans-
fer transition. In addition, the broad Pt peak b detected by
ICP-MS gives very weak UV and MS signals. According to its
MS isotopic pattern, this peak can be assigned to a dinuclear
Pt species [{Pt"(py).(OH)s},(1-0,) + Na]* (m/z 863.04, b), which
might explain its intense ICP signal. Due to the high sensitivity
of ICP-MS detection mode, analysis of Pt photoproducts at bio-
logically relevant concentrations (low nM levels) only becomes
feasible with LC-MS analysis using a higher FM-190 concen-
tration (double-digit uM). Based on these results, a potential
photoactivation pathway for FM-190 in aqueous solution with
visible light irradiation can be proposed, as shown in
Fig. S16.7

An interesting observation is the effect of the concentration
of the compound on the number of peaks detected, not only
by ICP-MS, but also UV and MS. At low concentrations, photo-
activation of FM-190 is less likely to lead to intermolecular
interactions in the formation of products compared to high
concentrations. Another reason for the missing Pt peaks is
their low concentrations, below the detection limit of the
method.

The extraction of Pt drugs and their photo-products from
biofluids, such as blood plasma, is an essential step in drug
development. Two methods, centrifugal filter unit (MWCO
5000) centrifugation and acetonitrile precipitation, were
employed to precipitate proteins in plasma to give Pt-contain-
ing solutions suitable for HPLC separation. Both methods gave
a high recovery for Pt species, with a difference <5% compared
to the same samples in PBS. Notably, the sum of peak areas
determined for irradiated samples is about 12-36% lower than
that for the corresponding dark samples. No Pt species were
detectable in plasma samples when the organic mobile phase
was increased to 80% for LC-MS. These results indicate that
adducts between photoproducts and plasma are either in-
soluble in water or have a molecular weight >5000 Da.*?
Considering the complex matrix of low and high molecular-
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weight components in plasma, a range of species was detected
by LC-MS which complicated the analysis. This problem was
simplified using HPLC-ICP-MS, which gives signals only for Pt
species.

4. Conclusions

Photoactive Pt(iv) complexes are promising next-generation
platinum anticancer drugs due to their high photo-selectivity
and novel mechanisms of action. Investigations of photo-
products from diazido Pt(iv) complexes in cells and tissues
plays an important role in the exploration of their mechanism
of action. In this work, an analytical speciation approach for
FM-190 and its photoproducts has been developed using
HR-MS, LC-MS and HPLC-ICP-MS. LC-MS and HR-MS were
employed to identify these photoproducts. Interestingly
[{Pt"(py)2(N3)(OH);} + Na]* and [{Pt"(py),(OH),} + Na]" result-
ing from the replacement of azide by hydroxide were detected
by MS and characterised, with [{Pt"(py),(N3)(OH);} + Na]* as
the most abundant photoproduct.

Our findings highlight the need to investigate further the
chemical and biological activity of tri- and tetra-hydroxido
Pt(v) complexes, and their possible role in the photocytotoxi-
city, where very little knowledge is currently available. The DFT
calculations estimate that the first pK, values for these com-
plexes are close to the pH values in the cell cytoplasm and
various organelles (ca. 5.6-7.4). It might be expected that a co-
ordinated aqua ligand will be much more reactive towards sub-
stitution than a hydroxido ligand. Also axial hydroxido ligands
on Pt(v) tend to stabilise Pt(wv) towards reduction, although
the introduction of cis-hydroxido ligands may give rise to new
reaction pathways. Studies of the electrochemical properties of
such complexes might help to elucidate this.

It will also be interesting to investigate possible adducts of
these hydroxide complexes with biological macromolecules
such as proteins and oligonucleotides. Depending on the
specific geometrical arrangement of the hydroxido ligands
(which also needs to be investigated), these tri-and tetra-hydro-
xido Pt(iv) complexes offer strong H-bond donor and acceptor
sites.

By combining the results from LC-MS and HPLC-ICP-MS,
species at nanomolar concentration can be separated and
assigned to analyse potential photodecomposition pathways
for Pt(iv) complexes, which is essential for elucidation of the
mechanism of photoactivation for these prodrugs. Both ultra-
filtration and protein precipitation methods proved useful for
analysis of low molecular-weight Pt species arising from
FM-190.

FM-190 displays extremely high stability in human plasma
in the dark at 37 °C, with promising ability to undergo photo-
activation when exposed to blue light (463 nm). Work is in pro-
gress on other related diazido Pt(iv) complexes in this family
which can be activated by longer wavelengths of light and
penetrate more deeply into tissues. The high separation power
of HPLC combined with the high detection capability of
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ICP-MS provide an important strategy for the speciation ana-
lysis of photoactive Pt(iv) complexes and their photoproducts
with biomolecules in cells and tissues, such analysis is impor-
tant for the investigation of the stability and metabolism of
platinum drugs in vivo. In future work HPLC-ICP-MS methods
which allow higher ratios of organic solvent will be developed
to allow exploration of lipophilic photoactive Pt(1v) complexes,
for which FM-190 can be used as an internal standard.
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