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Hypoxia (low-oxygen) is one of the most common characteristics of solid tumours. Exploiting tumour
hypoxia to reductively activate Pt(v) prodrugs has the potential to deliver toxic Pt(i) selectively and thus
overcome the systemic toxicity issues of traditional Pt(i) therapies. However, our current understanding of
the behaviour of Pt(v) prodrugs in hypoxia is limited. Here, we evaluated and compared the aryl carba-
mate fluorogenic Pt(iv) complexes, CisNap and CarboNap, as well as the previously reported OxaliNap, as
potential hypoxia-activated Pt(v) (HAPt) prodrugs. Low intracellular oxygen concentrations (<0.1%)
induced the greatest changes in the respective fluorescence emission channels. However, no correlation
between reduction under hypoxic conditions and toxicity was observed, except in the case for
CarboNap, which displayed significant hypoxia-dependent toxicity. Other aryl carbamate Pt(iv) derivatives
(including non-fluorescent analogues) mirrored these observations, where carboplatin(iv) derivative
CarboPhen displayed a hypoxia-selective cytotoxicity similar to that of CarboNap. These findings under-
score the need to perform extensive structure activity relationship studies on the cytotoxicity of Pt(iv)

Received 30th July 2024,
Accepted 8th August 2024

DOI: 10.1039/d4dt02173h

Open Access Article. Published on 13 August 2024. Downloaded on 1/24/2026 1:25:18 PM.

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

(cc)

rsc.li/dalton

Introduction

The FDA-approved platinum(u)-based anticancer agents cispla-
tin, carboplatin, and oxaliplatin are among the most widely
used chemotherapeutics in oncology. Subtle structural modifi-
cations between these anticancer agents have been shown to
have a broad impact on the corresponding reactivity, pharma-
cokinetics, and toxicity profiles, which is reflected in their
clinical usage." Unfortunately, the lack of tumour selectivity
and resultant dose-limiting toxicity remains a fundamental
problem for all three FDA-approved Pt(i) agents.>* Pt(iv) anti-
cancer agents typically display reduced off-target toxicities and
enhanced drug bioavailability, and have emerged as attractive
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complexes under normoxic and hypoxic conditions.

alternatives to their Pt(u) congeners.* To date, several promis-
ing Pt(iv) candidates have been reported, notably satraplatin,*
which reached phase 3 clinical trials.”” Pioneering work from
the groups of Gibson and Lippard, and among many others,
have devoted their research efforts to understanding and devel-
oping Pt(iv) anticancer agents.® ' It is currently understood
that Pt(iv) anticancer agents are prodrugs, which undergo
intracellular reduction to afford the cytotoxic Pt(u) species
along with the simultaneous release of two axial ligands from
the Pt centre.'® However, the redox chemistry of Pt(iv) prodrugs
in a cellular context remains poorly understood, as well as how
it might correlate with both cytotoxicity and tolerability.™"?
Attempts to increase this understanding have centred around
the development of fluorescence-based probes that allow the
reduction of Pt(wv) to Pt(u) to be visualised in solution and in
cells.”>* In this context, we recently developed two fluoro-
genic oxaliplatin-based Pt(iv) complexes, OxaliRes and
OxaliNap that allowed the hypoxia-mediated reduction of Pt(wv)
to Pt(u) to be monitored via the release of resorufin (Res) and
naphthalimide (Nap-NH,) fluorescent reporters, respectively
(Fig. S11).>*

Hypoxia (low-oxygen) is a common characteristic of solid
tumours. Targeting this cancer specific trait with hypoxia-acti-
vated Pt(v) (HAPt) species that can act as either sensors and/or

Dalton Trans., 2024, 53, 14811-14816 | 14811


http://rsc.li/dalton
http://orcid.org/0000-0001-5160-0952
http://orcid.org/0000-0001-5087-3828
http://orcid.org/0000-0003-0513-8888
http://orcid.org/0000-0001-9404-0422
http://orcid.org/0000-0002-2335-3146
http://orcid.org/0000-0002-3132-2913
https://doi.org/10.1039/d4dt02173h
https://doi.org/10.1039/d4dt02173h
https://doi.org/10.1039/d4dt02173h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02173h&domain=pdf&date_stamp=2024-09-04
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt02173h
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053035

Open Access Article. Published on 13 August 2024. Downloaded on 1/24/2026 1:25:18 PM.

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

(cc)

Paper
(a) fJ
Os N, _O H
2 o Reduction . RJI"'P(““‘\R‘
HN 0 i R4/ \Rz
‘OAc, CO,
NH.
Rss,, | wR1 2
B
R | DR
OAc
(b)
Synthesis and Chemical Validation
1 2

p T [NaAsc]
Time (s) H

&

Rel. Fluorescence
Intensity (a.u.)

[NaAsc]

PHIV) —» Pt(ll) +
CisNap OxaliNap CarboNap b
Biological Validation
. “ 1o, 40,
['*ﬁ\ic} —
Pt(IV) Pt(ll) Pt(IV) Pt(ll)

Fig. 1 (a) General schematic showing the reduction of a fluorogenic Pt
(iv) complex to Pt(i) and release of the Nap-NH, (green) fluorophore; (b)
the proposed stepwise workflow using fluorogenic Pt(v) systems to aid
the general development of a HAPt: (1) chemical synthesis; (2) chemical
validation using NaAsc; (3) chemical reduction in cells using NaAsc; and
(4) anaerobic reduction in cells using decreased oxygen concentrations.

prodrugs could afford cancer-selective agents that overcome
the dose-limiting toxicity issues of Pt(u)-chemotherapy.>®>°
However, our current understanding of the design require-
ments for a HAPt is limited.®*'™* For these reasons, we have
expanded our first generation fluorogenic Pt(v) strategy based
on oxaliplatin(u) to create Pt(iv) analogues of cisplatin(u) and
carboplatin(u). To allow comparisons, we chose to incorporate
a Nap-NH, fluorophore at the axial position to monitor the
reduction of the Pt(iv) complexes via the release of the fluoro-
phore (Fig. 1a). The resulting fluorescent HAPts investigated in
this study (OxaliNap, CisNap, and CarboNap) are shown in
Fig. 1b.

Results and discussion

CisNap and CarboNap were synthesised in a similar manner to
our previously published protocol for OxaliNap.>* The full syn-
thetic procedures and characterisation of each compound can
be found in the Scheme S1-S47. First, we wanted to validate
and compare the reduction profiles with the biological reduc-
tant sodium ascorbate (NaAsc) in PBS buffer solution (pH =
7.4). NaAsc is routinely used for determining the reduction
profiles of Pt(iv) complexes via HPLC analysis.>* Immediate
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differences in the release of the Nap-NH, fluorophore were
seen between CisNap, OxaliNap, and CarboNap using both
UV-Vis and fluorescence spectroscopy. The incubation of each
Pt(iv) complex with NaAsc (50 mM, 1 h) led to bathochromic
shifts in the UV-vis absorbance (Fig. S2-S47), where CisNap
provided the greatest shift in absorption to 440 nm. CarboNap
showed the least substantial changes and these shifts over-
lapped with the absorption spectrum of the free fluorophore
Nap-NH, (Amax = 440 nm, Fig. S5T). Despite clear literature pre-
cedent showing Nap-based systems as ratiometric fluorescent
probes, no blue emission was observed for any Pt(w)
complex.*>?® Clear differences in the emission profiles were
observed in the absence and presence of NaAsc; minimal
changes to the respective fluorescence emission intensities
were seen in the absence of NaAsc over an 8 hour incubation
period, a finding taken as evidence that all three complexes
possessed good aqueous stability (Fig. S6-S147).

The addition of NaAsc (0.25-16 mM) to CisNap (5 pM) led
to a rapid (< 30 seconds) and dose-dependent increase in the
fluorescence emission intensity at 545 nm (~50-fold change) -
Fig. 2a and Fig. S15, S16.1 In stark contrast, CarboNap and
OxaliNap (5 pM) required longer incubation times (at least 1 h)
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Fig. 2 (a) Chemical structure and fluorescence spectra of CisNap
(5 pM) incubated with increasing concentrations of NaAsc for 1 h. Inset:
relative fluorescence changes (//lg) at 545 nm as a function of NaAsc
concentration (0, 0.25, 1, 2, 4, 8, and 16 mM); (b) chemical structure and
fluorescence spectra of OxaliNap (5 pM) incubated with increasing con-
centrations of NaAsc for 1 h. Inset: relative fluorescence changes (/1) at
545 nm as a function of NaAsc concentration (0, 0.5, 1, 2, 4, 8, 16, and
30 mM); (c) chemical structure and fluorescence spectra of CarboNap
(5 pM) incubated with increasing concentrations of NaAsc for 1 h. Inset:
relative fluorescence changes (//lg) at 545 nm as a function of NaAsc
concentration (0, 0.5, 1, 2, 4, 8, 16, and 30 mM). All measurements were
performed in PBS solution (pH = 7.4) with 1ex = 430 nm. Slit widths: ex =
10 nm, em = 3.5 nm.
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and greater NaAsc concentrations to achieve notable changes
in fluorescence emission intensity (Fig. S17 and S187%). As seen
in Fig. 2b and ¢, dose-dependent increases (0-30 mM) in the
fluorescence emission intensities were observed with OxaliNap
displaying a greater sensitivity to NaAsc-mediated reduction as
compared to CarboNap (~8-fold change vs. 4-fold change,
respectively). HPLC analyses confirmed the increase in fluo-
rescence intensity expected upon the release of Nap-NH,, thus
providing indirect evidence for the reduction of the Pt(w)
center to Pt(u). Near-complete reduction of CisNap was seen
via HPLC analysis after 2 hours incubation. CarboNap
reduction monitored by HPLC proved slow when compared to
CisNap and OxaliNap (Fig. S19-S217). These observed trends
in solution reduction rates correlated with the reduction
potentials (cathodic peaks): CarboNap > OxaliNap > CisNap
(-0.32/-0.17/-0.10 V vs. Ag/AgCl, respectively; see Fig. S227),
where CarboNap, with the most negative reduction potential,
was hardest to reduce.

Before evaluating the intracellular reduction of these fluoro-
genic Pt(v) systems, a selectivity assay was carried out with the
aim of identifying any other potential reductants. Similar to
other previously reported cisplatin(iv)-based systems,”” other
reductants such as glutathione (GSH) induced changes in the
emission intensity for CisNap. However, CarboNap displayed a
selective NaAsc-mediated fluorescence response similar to
OxaliNap®* (Fig. 523 and 24f). Minimal changes to the emis-
sion spectra of CarboNap and OxaliNap were seen when incu-
bated with GSH concentrations ranging from 0-8 mM (Fig. S25
and S26t). NaAsc appears as the only effective reducing agent
for CarboNap and OxaliNap. In light of these findings, we
then compared the behaviour of each fluorogenic system in
cancer cells.

A549 cells (lung adenocarcinoma ATCC) were chosen in this
study as the model cell line due to the routine use of cisplatin
and carboplatin in lung cancer treatment.*®*° We wanted to
confirm first that we could visualise changes in the fluo-
rescence emission of each fluorogenic complex in cells using
NaAsc. As expected, flow cytometry quantified the NaAsc-
mediated increases in fluorescence emission (0.5 to 4 mM, 4 h
incubation), thus confirming our ability to monitor Pt(w)
reduction in cancer cells (Fig. S271). Next, we exposed A549
cells to the respective fluorogenic complexes, CisNap,
OxaliNap and CarboNap, and incubated at different oxygen
(0,) concentrations, 21%, 2% and <0.1% O, for 16 hours
before examining the relative fluorescence by microscopy
(Fig. 3a). This oxygen-dependent study is crucial for under-
standing the hypoxia-selective activation of Pt(iv) prodrugs, as
although 21% O, is universally referred to as “normoxic”,
oxygen concentrations in normal tissues average around ~6%
0O,, and most tumour tissue oxygen levels are between 2-0%
0,."° In this oxygen dependent study, the greatest increases in
fluorescence emission intensity were seen at low oxygen con-
centrations (2% and <0.1%) (Fig. 3a). Notably, a fluorescent
signal at 21% O, was observed for CisNap. We attribute this
latter observation to the high GSH concentrations reported to
be found in cancer cells.*" In comparison, minimal changes in

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Representative fluorescence images of A549 cells treated
with CisNap, OxaliNap, or CarboNap (10 pM) for 16 hours in the oxygen
conditions indicated. Scale bar represents 12 pM. (b—d) Flow cytometry
of A549 cells treated with 10 pM (b), CisNap (c) OxaliNap or (d)
CarboNap for 16 hours in the oxygen conditions indicated.
Fluorescence fold change of the geometric mean intensity is displayed.
Error bars represent SD. Significance compared to normoxic control. *p
< 0.05, and ***p < 0.001. n = 3.

fluorescence emission intensity were observed for OxaliNap
and CarboNap at 21% O,. Flow cytometry was subsequently
used to quantify the changes in the fluorescence emission
seen in cells following treatment with CisNap, OxaliNap and
CarboNap. OxaliNap showed a significant increase in the fluo-
rescence at 2% and <0.1% O, relative to those treated with
CarboNap at <0.1% O, (Fig. 3b-d). Considered in concert,
these data lead us to suggest that hypoxia results in reduction
of the aryl carbamate fluorogenic Pt(iv) complexes and that
this release mechanism should be operable in biological
milieus.

Next, we sought to correlate the observed fluorescence
responses (indicative of Pt(iv) reduction to Pt(u) complexes)
with the cytotoxicity of CisNap, OxaliNap, and CarboNap. Nap-
NH,, the constituent fluorophore, was previously shown to be
non-toxic.”® Appreciating this, A549 cells were treated with
CisNap, OxaliNap and CarboNap under normoxic conditions
(21% 0O,) and hypoxic conditions (<0.1% O,, 16 hours) (Fig. 4).
Cell survival was determined via a clonogenic assay. With the
data in Fig. 3 providing support for the proposed hypoxia-
mediated reduction of Pt(v) to Pt(u), we anticipated that tox-
icity would only be observable at low oxygen concentrations.

Dalton Trans., 2024, 53,14811-14816 | 14813
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Fig. 4 A549 cells treated with the indicated concentrations of CisNap,
OxaliNap, and CarboNap and exposed to <0.1% O, for 16 h. Cell survival
was measured via clonogenic assay. Cell viability results for CisNap (a),
OxaliNap (b), and CarboNap (c), are shown. (d) representative images
from the colony survival assay are shown after treatment with 10 uM of
each compound. Error bars represent SD **p < 0.01. n = 3.

However, both CisNap and OxaliNap (5 pM) led to loss of viabi-
lity in normoxic and hypoxic environments, leading to the con-
clusion that the Pt(v) complexes themselves are toxic at the
indicated concentrations and exposure times. As noted in pre-
vious reports,*” the rate of NaAsc- and, in this case, hypoxia-
mediated reduction of the Pt(iv) complex does not correlate to
the cytotoxicity. In contrast, CarboNap displayed excellent
hypoxia-dependent cytotoxicity, highlighting its potential as a
HAPt prodrug (Fig. 4c) and lead us to suggest that the release
of carboplatin(u) is crucial for therapeutic efficacy. These find-
ings emphasise the need to perform structure-activity relation-
ship studies on Pt(iv) complexes under both normoxic and
hypoxic conditions.

The hypoxia selectivity difference seen for CarboNap rela-
tive to the other two probes (CisNap and OxaliNap) is sup-
ported by the finding that carboplatin(u) also displays signifi-
cant cytotoxicity towards A549 cells in both hypoxic and nor-
moxic environments (Fig. 5a). We next investigated if the data
obtained for each fluorogenic system extended to the non-fluo-
rescent aryl carbamate Pt(iv) complexes. The aryl carbamate Pt
(iv) complexes, CisPhen, OxaliPhen, and CarboPhen were syn-
thesised following a literature reported protocol (Fig. 5).>*
HPLC analysis with and without the addition of NaAsc showed
similar trends to the analogous fluorogenic systems where,
responsiveness decreased: CisPhen > OxaliPhen > CarboPhen
(Fig. S28-S31%). As seen in Fig. 5b and c, both CisPhen and
OxaliPhen displayed toxicity in both normoxic and hypoxic
conditions; again, this is consistent with these two species not
needing to undergo hypoxia-mediated reduction to produce a
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Fig. 5 A549 cells treated with the indicated concentrations of carbo-
platin(i), CisPhen, OxaliPhen, CarboPhen or CarboBisOAc and exposed
to <0.1% O, for 16 h. Cell survival was measured via clonogenic assay.
Cell viability results and chemical structures for (a) carboplatin, (b)
CisPhen (c) OxaliPhen, and (d) CarboPhen. (¢) Chemical structure of
CarboRes. (f) Cell viability results and chemical structure for
CarboBisOAc. Error bars represent SD **p < 0.01 n = 3.

cytotoxic response. CarboPhen displayed a similar hypoxia-
dependent toxicity to CarboNap. However, greater concen-
trations (>25 uM) of CarboPhen were required to induce
hypoxia-dependent toxicity in A549 cells. Cyclic voltammetry
experiments revealed that a subtle modification of the aryl car-
bamate functionality led to a significant difference in the
reduction potential of CarboPhen (cathodic peak at —0.63 V vs.
Ag/AgCl, Fig. S321) and CarboNap (cathodic peak at —0.32 V
vs. Ag/AgCl, Fig. S227). In considering aryl carbamate-based
carboplatin(iv) complexes as potential HAPt prodrugs, the self-
immolative'>*? strategy embodied in CarboRes (Fig. 5e) dis-
played a similar hypoxia-dependent toxicity (Fig. $S3371); in con-
trast, the bis-acetate functionalised CarboBisOAc (Fig. 5f) was
non-toxic in both normoxic and hypoxic conditions along with
displaying a more negative reduction potential (cathodic peak
at —0.77 V vs. Ag/AgCl, Fig. S34f) than CarboPhen and
CarboNap. Building on these findings, preliminary density
functional theory (DFT) calculations (see ESI - section 6f) on
Pt(iv) complexes CarboBisOAc, CarboPhen and CarboNap
(which differ only by the identity of one axial ligand) revealed
an excellent linear correlation (R* > 0.98) between the observed
reduction potential (cathodic peak) and the calculated energy
of the lowest occupied molecular orbital (LUMO) (Fig. S627).**
Use of this correlation may permit the facile prediction of
reduction potentials to help guide the future development of
HAPt prodrugs.

This journal is © The Royal Society of Chemistry 2024
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Conclusions

To conclude, we have developed and utilised fluorogenic Pt(iv)
complexes to identify and understand how hypoxia-mediated
reduction of Pt(v) to Pt(u) correlates to the corresponding tox-
icity profiles. As shown in the above data, hypoxia-mediated
reduction and toxicity do not correlate for these oxaliplatin(wv)
and cisplatin(iv) systems. The findings reported here lead us to
suggest that the aryl carbamate carboplatin(iv) scaffold holds
promise for the future development of HAPts. However, they
also highlight the need to carry out cytotoxicity tests of Pt(iv)
complexes under both normoxic and hypoxic conditions.
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