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Synchrotron-based X-ray spectromicroscopy reveals enhanced cel-
lular uptake and remarkably fast, efficient photoactivation of Pt(v)
prodrugs bearing flavin groups. These features correlate with
superior anticancer activity compared to non-conjugated analo-
gues, highlighting the potential of flavin-functionalised Pt(iv) com-
plexes as candidates for photoactivated chemotherapy (PACT).

Pt(iv) prodrugs are a viable alternative to conventional Pt
anticancer drugs due to their inertness and intracellular activa-
tion to cytotoxic Pt(u) species, which may help reduce systemic
toxicity and resistance." Photoactivated chemotherapy (PACT)
enables spatial and temporal control of this activation using light.
Rapid and effective Pt(iv) reduction may be advantageous in
minimizing the need for prolonged light irradiation and avoiding
related side effects.® While several photoactivatable Pt(iv) com-
plexes show promising in vitro anticancer activity,* their intracel-
lular activation remains poorly characterised and often inefficient.
For instance, only ~20% of an azido Pt(iv) complex was reduced
to Pt(u) after 1 hour of blue light exposure—posing challenges for
clinical applicability.”

In recent years, we have shown that flavins can efficiently
and selectively photocatalyse the activation of Pt(iv) anticancer
prodrugs, converting them into clinically used agents such as
cisplatin, carboplatin, and oxaliplatin.®® These reactions pro-
ceed in the presence of various (bio)reductants, which facilitate
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the excited-state generation of the catalytically active flavin
hydroquinone species (Fig. 1A).%° This transformation repre-
sents a rare example of photocatalytic functionalization of
metal-based coordination complexes.'®'" Notably, this reactiv-
ity extends beyond free flavins and is preserved when they are
integrated into protein scaffolds or synthetic systems, includ-
ing flavoenzymes,">* hydrogels,'> and nanozymes."®

We also investigated the covalent attachment of a flavin
moiety—specifically 2’,3’,4',5'-tetraacetylriboflavin (TARF)—to
Pt(1v) precursors of cisplatin and oxaliplatin. This strategy
yielded novel conjugates (1-TARF and 2-TARF, Fig. 1B) with
enhanced redox reactivity toward biological reductants, even in
the absence of light.'” Notably, these TARF-linked Pt(v) com-
plexes underwent rapid activation by NADH in the dark within
minutes. Under photoirradiation, they also converted to Pt(u)
drugs in the presence of glutathione—an outcome not observed
with free flavins under catalytic conditions. This elevated
reactivity translated into significantly improved antiprolifera-
tive activity of 2-TARF in cancer cells, showing nearly a 100-fold
enhancement when preincubated with non-toxic levels of ascor-
bate, compared to the effect of co-administered, unlinked
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Fig.1 (A) Mechanism for flavin-catalysed activation of Pt(iv) prodrugs
(GS = ground state; °ES = triplet excited state; FIH, = flavin hydroquinone.
(B) Structures of Pt(v)-TARF complexes reported earlier (1.-TARF and
2-TARF)Y and Pt(iv) complexes used in this study (2-TARF and 2).
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components. Concutrent work by Krasnovskaya et al."® demon-
strated that a structurally related TARF-Pt(v) cisplatin prodrug
exhibited in vitro anticancer activity upon blue light irradiation,
operating through a combination of photodynamic therapy
(PDT) and PACT depending on the light dose. Notably, this
study also provided electrochemical evidence for the reduction
of the flavin-Pt conjugate within cell spheroids, leading to
cisplatin release. Yet, the efficiency of Pt(iv) reduction could
not be quantified.

Synchrotron-based X-ray microscopy and spectroscopy tech-
niques are ideal methods to analyse metals in biological environ-
ments."® X-rays enable direct probing of metals to investigate their
electronic, chemical, and structural properties, as well as to perform
label-free elemental imaging. Techniques like X-ray Fluorescence
Imaging (XFI)*® and X-ray Absorption Spectroscopy (XAS)*' can
provide information relevant for multiple fields related to biology.
XFI probes inner-shell electrons to produce element-specific
emissions,”® and enables simultaneous 2D or 3D mapping of
multiple elements with high sensitivity and resolutions from several
um? to below 20 x 20 nm?. As such, XFI has been used to determine
the distribution of metallodrugs inside bacteria or mammalian cells
with subcellular resolution.”””>> Complementarily, X-ray Absorption
Spectroscopy (XAS) characterises the chemical state, electronic
structure, and local atomic environment of elements by measuring
their X-ray absorption at varying energies. XANES probes electron
binding energies, while EXAFS analyses elastic scattering of photo-
electrons from neighboring atoms. Correlative XFI-XAS analyses at
nanoprobe beamlines enable spatially resolved mapping of metallo-
drug chemical transformations within cells, and have been used to
study the activation of Pt- and other metal-based prodrugs.>*®

In this context, we employed synchrotron-based spectro-
microscopy to investigate the in cellulo localization and oxida-
tion state of complexes 2-TARF and 2 (Fig. 1B), aiming to gain
deeper insight into the intracellular activation efficiency of Pt-
TARF derivatives and to advance our understanding of metal-
flavin interactions and their biological effects.

Probing the photoactivation efficiency of 2-TARF and related
prodrugs in cellular environments with X-rays is challenging, as
it is difficult to distinguish Pt(u) species generated by photo-
induced Pt(iv) reduction from those produced by endogenous
cellular reductants in the dark. Our previous studies demon-
strated that 2 is non-toxic across multiple cell lines."” However,
direct conjugation to TARF led to a moderate enhancement of
the dark antiproliferative activity of the Pt(v) prodrug 2, likely
due to improved cellular uptake driven by TARF’s lipophilicity
and increased redox responsiveness imparted by the flavin
moiety. Collectively, these findings suggest that TARF coupling
promotes more rapid and efficient intracellular reduction,
thereby accelerating the release of the active Pt(u) species.

To minimise unwanted dark Pt(iv) — Pt(u) reduction, we
optimised experimental conditions for photoactivation studies.
Different incubation times were tested to achieve adequate intra-
cellular Pt levels for X-ray detection while avoiding dark toxicity.
Light irradiation effects were also considered, as Pt(u) quantifica-
tion must be performed immediately post-irradiation to prevent
interference from time-dependent cellular changes. Thus, we
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Fig. 2 Cellular accumulation of Pt (fg/cell) in MCF7 human breast epithe-
lial adenocarcinoma cells after treatment with 2 or 2-TARF (50 uM) in the
dark, as measured by ICP-MS.

investigated the photoactivation of 2-TARF in MCF-7 human
breast adenocarcinoma cells, selected for their prior use in related
cellular studies."”” Cells were exposed to the prodrug for short
incubation periods and irradiated with low light doses. Immedi-
ately following irradiation, they were fixed and stored in the dark
to prevent unintended photoreduction of residual prodrug prior
to intracellular platinum analysis by X-ray spectromicroscopy (XFI
and XANES). This approach ensured that the activation of 2-TARF
was primarily driven by the irradiation process, minimizing
confounding effects from cell death, damage-related reduction,
or spontaneous reduction under physiological or storage condi-
tions (see SI for experimental details).

Cell accumulation of the prodrugs was initially assessed in
bulk samples after treatment of MCF7 cells with 50 pM solu-
tions of either 2 or 2-TARF for 2 or 24 h in the dark (Fig. 2 and
Table S1, SI). ICP-MS analysis of the cell pellets obtained
showed time-dependent internalisation of both complexes, with
around 4-fold more platinum found inside cells after incuba-
tions of 24 h than in cells treated for 2 h. Additionally, the
presence of the flavin moiety increased the internalisation of the
complexes: cells treated with 2-TARF exhibited a 2.5-fold
increase (approx.) in platinum content relative to those treated
with 2, regardless of incubation duration (Fig. 2 and Table S1,
SI). Based on these findings, a 2-hour incubation was selected
for subsequent experiments, as it offered an optimal balance
between sufficient intracellular platinum accumulation—within
the detection limits of the X-ray spectromicroscopy”**” and the
absence of dark cytotoxicity.””*® This minimised the likelihood
of unwanted Pt(iv) reduction under non-irradiated conditions.

Next, we conducted synchrotron-based spectromicroscopy
experiments to confirm the intracellular accumulation of 2 and
2-TARF, and to assess the photoactivation efficiency of 2-TARF in
MCF7 human breast adenocarcinoma cells. Cells were cultured on
carbon-framed Si;N, membrane windows (see SI for full details)
and incubated in the dark for 2 h with 50 uM of the respective
complexes. Following incubation, the drug-containing media were
removed, and the cells were irradiated for three minutes with
low-intensity blue light (460 nm, 0.1 mW cm % total dose:
18 mJ cm™ ). This light dose is significantly lower than those
previously reported for the photoactivation of Pt(wv) prodrugs, yet
sufficient to achieve complete photoreduction of 2-TARF in
solution,'” and remains well below the phototoxic threshold for
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Fig. 3 XFl elemental maps comparing the intracellular distribution density of
K K, (0-100 ng mm~2), Zn K, (0-0.9 ng mm~3), Pt L, (0-0.25 ng mm™?)
within cryo-fixed and freeze-dried MCF7 cells irradiated with blue light
(460 nm, 0.1 MW cm™2, 18 mJ cm™?) after treatment with 50 uM 2.TARF or
2 for 2 h. Maps were collected with 60 or 75 nm step size and 200 ms dwell
time, processed using PyMca,?® and images were generated using ImageJ.*
Scale bars are 5 pm.

cultured cells. Furthermore, the irradiation conditions were
selected to minimise singlet oxygen generation by the flavin
moiety,® thus avoiding potential non-specific photodamage or
unintended prodrug activation pathways. Post-treatment, samples
were vitrified in liquid propane and dehydrated using freeze-drying.
Spectromicroscopy was performed at room temperature on the 114
Hard X-ray Nanoprobe beamline (Diamond Light Source, UK) using
a monochromatic X-ray beam (full details in the SI).>®

XFI enabled visualization of element distributions in cryo-
fixed, dehydrated MCF7 cells (Fig. 3 and Fig. S1-S8, SI),
including biologically relevant elements like K and Zn, and
the exogenous element Pt. K and Zn K-emission maps outlined
overall cell morphology and nuclear localization, while Pt
L-emission maps revealed the intracellular distribution of 2
and 2-TARF (Fig. S9, SI). Correlative phase contrast imaging
indicated structural changes, including drug-related damage,
with 2-TARF-treated cells displaying less defined nuclei than
those treated with 2.

Pt L-emission was detected in all treated samples (Fig. S1,
SI), and comparison with an elemental standard (SI) enabled
semi-quantitative estimation of Pt accumulation per cell.
Although XFI-based Pt levels were lower than those from ICP-
MS (between 4 and 6-fold), they were in the same range, and
such discrepancies are expected given XFI's semi-quantitative
nature.”® Notably, XFI still showed ~ 3-fold higher Pt levels in
2-TARF-treated cells compared to those treated with 2, in
agreement with ICP-MS results (Table S3, SI).

Pt XFI revealed that, once internalised, 2 was distributed
homogeneously throughout the cells, consistent with previous
observations for similar photoactivatable Pt(iv) prodrugs.’ The
incorporation of the flavin moiety in 2-TARF enhanced cellular
accumulation but did not alter its intracellular distribution, as
Pt remained evenly distributed. Notably, cells treated with
2-TARF exhibited increased markers of cellular stress (Fig. 3
and Fig. S3-S8, SI), even following short irradiation times. This
was further supported by morphological changes, as 2-TARF-
treated cells appeared smaller and more rounded compared to
those treated with 2 (Table S4, SI). These findings suggest that
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the enhanced anticancer activity of flavoplatin prodrugs relative
to their non-flavinated counterparts under light irradiation can
manifest rapidly, even after brief exposure. Consistent with
flavin redox (photo)chemistry, a plausible explanation is the
generation of high levels of reactive radical species during the
photoactivation of 2-TARF, although this hypothesis requires
further investigation.

To assess the intracellular photoactivation efficiency of pro-
drugs 2 and 2-TARF XANES mapping was performed on regions
with the highest Pt accumulation, as identified by prior XFI maps
(Fig. 4A). For each region studied, 150 consecutive XFI maps (200 x
200 nm” step size) were collected using X-rays across the Pt-L;
edge (starting energy 11 465 eV, 300 eV range). These were used
to generate pixel-resolved XANES spectra by integrating the Pt-L
emission intensity at each excitation energy. PCA and cluster
analysis, performed using the MANTIS software,*' identified
regions of similar spectral features—reflecting Pt speciation
(Fig. 4A and B). Reference XANES spectra were also collected
from Pt standards with defined Pt(wv)/Pt(u) ratios (Fig. 4C, and
Fig. $10, S11, SI).

Due to low Pt levels, cells exposed to 2 did not yield usable
XANES spectra. In contrast, for cells exposed to 2-TARF and
irradiated, the Pt(u)/Pt(v) ratio was determined using multiple
methods (SI), including: (i) linear combination fitting (LCF)
with Pt standards, and (ii) linear regression calibration using all
previously described standards, based on the a/b ratio between
the edge maximum (a) and the post-edge minimum following
the white line (b).>> Both approaches produced consistent
results (Fig. 4D and Fig. S11, S12, SI).

Our analysis indicated that Pt(iv) activation was homogeneous
throughout 2-TARF-treated cells, with over 70% of intracellular Pt
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Fig. 4 (A) Pt XFI map showing area studied by XANES mapping on a MCF7

cell treated with 2. TARF and irradiated with blue light. Zoom shows XFI map
acquired at a single energy during XANES mapping; in red, regions used for
Pt speciation analysis as segmented by MANTIS.®* (B) Normalised XANES
spectra of Pt(v) and Pt(1) standards, extracted from cell in (A), and linear
combination fitting (LCF) of sample using both standards. (C) Normalised
XANES spectra of standards with different Pt(v) and Pt(i) content (%Pt(i) in
each standard: 100-%Pt(iv)). (D) %Pt(i) and %Pt(v) in XANES extracted from
cell in (A), as determined by LCF or linear regression—standard calibration
methods.*?
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reduced to Pt(n) under the low blue light dose applied (18 mJ cm™?).
Remarkably, this extent of photoactivation and release of active Pt
species is unprecedented when compared to similar non-flavinated
Pt(1v) prodrugs bearing hydroxide axial ligands, which show only
~20% intracellular reduction even under much higher irradia-
tion doses (17 J cm™?) using the same methodology.? Given our
experimental design—aimed at minimizing prodrug reduction
in the dark within the cellular environment—and the low
anticancer activity of 2 under both dark conditions and external
reducing stimuli (e.g., ascorbate co-treatment or blue light
irradiation),"”"® these findings support that the efficient
photo-reduction of 2-TARF and the associated release of active
oxaliplatin species observed in solution after brief irradiation
also occurs within cellular environments."”

In conclusion, conjugation of a TARF fragment to a Pt(wv)
anticancer prodrug enhances cellular accumulation without
affecting intracellular distribution and enables remarkably high
levels of photo-induced Pt(iv) — Pt(u) reduction under minimal
light exposure. This pronounced photoactivation was directly
demonstrated in cells under carefully controlled conditions.
Such a property in flavin-conjugated Pt(iv) hybrids holds strong
promise for PACT applications, particularly under hypoxic con-
ditions where conventional flavin-based photosensitization
effects may be limited.
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