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Platinum(iv) prodrugs have emerged as highly promising candidates for next-generation anticancer drugs.
The activation of these prodrugs heavily relies on the critical step of chemical reduction of platinum,
which determines their ultimate efficacy as potent anticancer agents. Therefore, it is essential to employ
effective strategies to monitor the reduction of Pt(v) complexes and the generation of active Pt(i)
counterparts. These strategies not only unravel the intracellular mechanisms but also facilitate the design
of novel Pt(iv) prodrugs for cancer therapy and enable the prediction of their anticancer performance. In
this review, we summarize recent advances in strategies used to monitor the reduction profiles of Pt(iv)
complexes from an introductory yet comprehensive viewpoint. We first delve into the principles under-
lying the reduction of Pt(iv) prodrugs to Pt(i) species, with a focus on the detection foundations that rely
on changes in molecular weight, electronic arrangement, and coordination patterns. We subsequently
summarize the strategies employed to investigate the reduction progress of Pt(iv) complexes in both
aqueous solutions and at the cellular level, while highlighting the scope of applications, advantages, and
disadvantages of each method. Finally, we provide a concise summary and a critical assessment of the
discussed approaches. We hope this account will empower researchers with a deeper understanding of
the strategies for monitoring the activation of Pt(iv) prodrugs and shed light on the underlying mechanism
of prodrug activation.
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1. Introduction

The discovery of cisplatin’s antiproliferative properties by
Rosenberg, through a serendipitous finding, marked a signifi-
cant breakthrough in cancer treatment.’™ Cisplatin’s success-
ful application in treating metastatic ovarian and testicular
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cancers has led to significant improvements in the survival
rates of numerous cancer patients.>® This success spurred a
further exploration into platinum-based anticancer agents,
resulting in the development of carboplatin and oxaliplatin as
second- and third-generation platinum-based  drugs
(Fig. 1A).”7*° These drugs have become indispensable tools in
the global fight against cancer.'"'* Additionally, other Pt(u)
drugs, such as nedaplatin, heptaplatin, lobaplatin, miriplatin,
and dicycloplatin (Fig. 1B), have been approved for use in
Japan (1995), Korea (1999), China (2003), Japan (2009), and
China (2012), respectively, further expanding the armamentar-
ium against cancer.'?

The mechanism of action of Pt(u) drugs has been exten-
sively explored.>'»'*™'® Upon crossing the cell membrane,
these drugs undergo aquation, a process that activates them.
Subsequently, they bind to the N7 positions of guanine nucleo-
bases in DNA, forming platinum-DNA adducts, which include
both intra- and inter-strand crosslinks. These adducts distort
the DNA structure, triggering a range of cellular responses that
lead to cell cycle arrest and apoptosis, ultimately resulting in
the death of cancer cells. While Pt(u) drugs have shown great
promise in cancer treatment, their lack of inertness and
selectivity has been associated with severe side effects during
drug administration."*”*® Moreover, tumor cells can develop
resistance to these drugs, either as intrinsic properties of
certain types of tumor cells or as a consequence of prolonged
drug exposure."'®?® These challenges present substantial
obstacles to the effectiveness of Pt(u)-based antitumor therapy.

In recent years, significant progress has been made with
the development of Pt(iv) prodrugs. These Pt(v) complexes
have emerged as alternative Pt-based drugs, aiming to mini-
mize side effects, improve drug efficiency, and overcome drug
resistance. Pt(iv) complexes possess a low-spin d® electronic
configuration and an octahedral geometry with six coordinat-
ing ligands. This configuration reduces the likelihood of
ligand exchange reactions, thus minimizing side effects.*' >
Additionally, Pt(v) prodrugs offer an advantage over Pt(u)
counterparts by providing two additional axial ligands that can
be tailored to improve drug efficiency and overcome drug resis-
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tance. It should be noted that in octahedral geometry, the
terms “equatorial” and “axial” are not strictly defined. In order
to differentiate, however, the intrinsic ligands of Pt(u) drugs
are typically referred to as equatorial ligands, whereas the
ligands introduced during the oxidation process are commonly
called axial ligands. The incorporation of lipophilic moieties
in Pt(iv) complexes promotes optimal cellular uptake,>*>°
while the inclusion of tumor-targeting agents enhances speci-
ficity for cancer cells,>”° thereby potentially amplifying the
effectiveness of anticancer therapies. Moreover, upon
reduction, the bioactive moieties initially integrated into Pt(v)
complexes can act synergically with released Pt(u) drugs, ulti-
mately overcoming drug resistance.*’** For example, mitapla-
tin is a dual-targeting prodrug that overcomes cisplatin resis-
tance by selectively attacking nuclear DNA with cisplatin and
targeting mitochondria with dichloroacetate (DCA) in cancer
cells, resulting a reduced resistance factor (RF) of 3.0 com-
pared to 10.7 for cisplatin.?*

The activation of Pt(wv) prodrugs involves the reduction of
the Pt(iv) center to Pt(u) by bio-reductants such as sodium
ascorbate, glutathione (GSH), i-cysteine, and r-methionine.
This reduction process can occur through either an inner-
sphere or outer-sphere electron transfer mechanism.'?>3°
Upon reduction, the axial ligands that are in a trans position to
the Pt(v) center are typically detached (Scheme 1). Recent
studies have shown that the structures of Pt(v) complexes and
the types of reducing agents employed can influence the struc-
tures of resulting Pt(u) products, and multiple Pt(u) species
can be formed.>**>7"*® To measure these reduction processes,
both pseudo-first-order and second-order kinetic laws have
been employed. Pseudo-first-order kinetics are commonly uti-
lized for reduction measurements, where the reaction occurs
with a significant excess of the reducing agent compared to
the Pt(v) complex.’*** This approach is often used to simulate
the intracellular environment, where reducing agents are typi-
cally much more abundant than Pt(v) complexes. The appli-
cation of the second-order kinetic law is typically employed
when the signal from the Pt(v) complex is affected by a high
concentration of the reducing agent or when investigating the
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impact of varying concentrations of the reducing agent on the
reduction rate,****

The reduction step is considered crucial for the activation
of these complexes.*>*” The efficacy of Pt(iv) prodrugs as anti-
cancer agents heavily relies on their reduction profile. If pre-
mature activation occurs, the advantages of Pt(wv) prodrugs in
addressing the limitations of Pt(u) drugs may not be fully uti-
lized. Conversely, if the reduction rate is significantly slow, the
Pt(wv) prodrugs cannot be efficiently activated, and their latent
cytotoxic activity remains unreleased. For example, ormaplatin
(Fig. 2) has severe neurotoxicity as a result of rapid reduction
to the active Pt(u) form, thereby rendering it unable to mitigate
the typical side effects associated with Pt(u) drugs.*® In con-
trast, iproplatin (Fig. 2), which features two hydroxido axial
ligands and a rather negative reduction potential, exhibits re-
sistance to reducing agents, potentially explaining its lack of
superior efficacy compared to cisplatin or carboplatin.?®*°~!
Satraplatin and LA-12 (Fig. 2), however, have shown promising
outcomes in preclinical studies. These compounds possess
favorable properties that ensure stability in the bloodstream
and efficient activation upon penetration into cancer cells.'"*>>¢

Therefore, a considerable amount of research has been
dedicated to investigating the reduction properties of Pt(iv)
prodrugs.?>??3%37 A comprehensive understanding of the
reduction scenarios of Pt(iv) complexes and the principles
behind the reduction is essential for the rational design of
innovative Pt(iv) prodrug candidates. To effectively track and
analyze the reduction process, different analytical techniques,
including ultraviolet-visible (UV-Vis) spectroscopy, high-per-
formance liquid chromatography (HPLC), nuclear magnetic
resonance (NMR) spectroscopy, X-ray absorption near edge
spectroscopy (XANES), and fluorescence spectroscopy, have
been employed. These methods are favored for studying the
fate of Pt(iv) complexes in buffer systems or at a cellular level,
which provide valuable insights into predicting the cytotoxicity
of Pt(iv) complexes, exploring the mechanisms of their cellular
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activation, and facilitating the development of new Pt(wv) pro-
drugs for cancer treatment.

In this review, we summarize recent advances in techniques
used to monitor the reduction profiles of Pt(iv) complexes.
Firstly, we delve into the fundamental principles underlying
the techniques employed to track the reduction process of
Pt(v) prodrugs to their Pt(u) counterparts. Furthermore, we
summarize and discuss the various techniques utilized to
investigate the reduction progress of Pt(iv) complexes in
aqueous solutions and at the cellular level. Specifically, we
highlight the scope of applications, advantages, and disadvan-
tages of each method. Finally, we offer a concise summary
along with a critical evaluation. This review aims to equip
researchers with a comprehensive understanding of strategies
for monitoring the activation of Pt(iv) prodrugs and shed light
on the underlying mechanisms of prodrug activation.

2. Overview of detection principles

According to crystal field theory, the d orbitals of the Pt atom,
whose electronic configuration is [Xe]4f'*5d6s’, initially
feature degeneracy without splitting. Upon oxidation to Pt(u),
they adopt a d® configuration and undergo d orbital splitting
when ligands approach.”®*® The d® Pt(u) drugs prefer a square
planar geometry as all eight d-electrons are paired in the
lower-energy orbitals, rather than populating the higher-energy
tye set of tetrahedral orbitals (Fig. 3A and B). Additionally,
square planar Pt(u) drugs, known for their high crystal field
splitting energy surpassing the pairing energy, typically exhibit
low-spin configurations. The Pt(wv) prodrug also adopts a low
spin configuration due to the larger crystal field splitting
energy 4,, leading to the pairing of the fourth to sixth elec-
trons in the t,, orbitals; while the hybridization of the two
vacant 5d orbitals with the vacant 6s and three of the 6p orbi-
tals results in the formation of six d*sp* hybrid orbitals, pro-
moting the adoption of octahedral geometries in Pt(wv) pro-
drugs (Fig. 3C). During the reduction of Pt(1v) prodrugs to Pt(u)
species, the geometry of the platinum center transforms from
octahedral to square planar.**®*®" This change in coordi-
nation geometry induces a reorganization of electrons around
the platinum center, which can be applied as the basis to
monitor the reduction of Pt(iv) complex.

For instance, UV-Vis spectroscopy can be applied to
monitor the reduction of Pt(iv) complexes. The reduction of
simple Pt(iv) complexes containing axial ligands lacking UV
absorbances can be monitored by observing the decrease in
their ligand-to-metal charge transfer (LMCT) band. The elec-
tron transition of Pt(iv) complex from a ligand orbital to a
metal d-orbital results in a more intense and red-shifted
LMCT band compared with its Pt(u1) counterpart, which can be
attributed to several factors.'”®> The relative electron
deficiency and presence of two vacant d orbitals in Pt(wv) pro-
drugs, compared to Pt(un) drugs, favor a higher likelihood of
accepting electrons from the ligand, resulting in a more
intense LMCT band in Pt(iv) prodrugs.®*®® The reduced
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Scheme 1 Proposed activation pathway of Pt(iv) prodrugs in cancer cells.

energy gap between the ligand and metal orbitals in Pt(iv) pro- Accordingly, characteristic absorption bands of Pt(iv) com-
drugs, compared to Pt(u) species, leads to the absorption of plexes appear in the UV or visible spectrum. Monitoring the
red-shifted UV light during the LMCT process (Fig. 3B and C). decrease in intensity of the LMCT band in Pt(iv) complexes
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before and after reduction enables rapid determination of the
extent of reduction (Fig. 4A).

In cases where Pt(v) complexes are modified with axial
ligands possessing strong UV absorbance, their intrinsic UV
absorbance is often overshadowed. Therefore, high-perform-
ance liquid chromatography (HPLC) can be used to monitor
their reduction. HPLC separates Pt(u) and Pt(iv) complexes
based on their differential hydrophobicity, resulting in distinct
retention times in HPLC.°*®” By measuring the change in
peak intensity of Pt(iv) complexes, the reduction process can
be accurately monitored (Fig. 4B).°*®° The identification of
reduction products, including the Pt(u) counterparts and the
released axial ligands, can be achieved by comparing their
respective retention times.

X-ray absorption near edge spectroscopy (XANES) enables
the capture of X-ray absorption spectra of Pt(i1) and Pt(iv) com-
plexes at the Pt L3 edge, which is caused by the excitation of
an electron from the occupied 2p orbital to the unfilled 5d
orbital.”®”* The XANES spectra of Pt(iv) complexes show sig-
nificantly higher edge heights compared to Pt(u) species
(Fig. 4C). In Pt(u) drugs, the electronic configuration of Pt is
5d®, whereas Pt(iv) exhibits two additional vacancies in the

This journal is © the Partner Organisations 2024

d-shell, resulting in a configuration of 5d° (Fig. 3B and C).*
Lytle et al. attributed the disparities in peak heights to the
greater number of unoccupied d states in Pt(iv) complexes.
The lower occupancy of the 5d orbitals increases the statistical
probability of transitions to these states, thereby intensifying
the L3 edge.”®”? Leveraging these differences in peak height,
XANES proves to be a valuable tool for monitoring the
reduction of Pt(iv) complexes and discerning the varying oxi-
dation states of platinum.

The reduction of Pt(iv) complexes induces changes in the
chemical environment surrounding the Pt nucleus, which con-
sequently causes a variation in the chemical shift of the Pt
atom in nuclear magnetic resonance (NMR) spectra.”>”® In
addition, when Pt is conjugated to ligands, it influences their
chemical environment, leading to differential chemical shifts
compared to the free ligands.”””’® Moreover, this conjugation
often results in the splitting of NMR peaks in ligands due to
coupling interactions with platinum or other coordinated
ligands, resulting in characteristic split patterns that dis-
tinguish them from free ligands.>®*’® The chemical environ-
ment of non-leaving groups in Pt(iv) prodrugs also differs from
that in Pt(u) drugs.””®° NMR spectroscopy utilizes these vari-

Inorg. Chem. Front., 2024, 1, 3085-3118 | 3089
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Fig. 4 The layout for detection principles and techniques.

ations to determine the reduction of Pt(iv) complexes and
identify the reduction products (Fig. 4D).

In addition to the aforementioned techniques, fluo-
rescence spectroscopy can also be employed to monitor the
reduction of Pt(iv) complexes. The attachment of fluoro-
phores to Pt(iv) complexes, whether in an axial or non-leaving
position, usually results in a noticeable difference in fluo-
rescence intensity compared to their unbound state. The
decrease in fluorescence intensity can be attributed to the
phenomena such as homo fluorescence resonance energy
transfer (homo-FRET) and the heavy metal effect that occurs
upon the conjugation with the platinum centers.®"*?
Conversely, the reduction of Pt(iv) complexes is accompanied

3090 | /norg. Chem. Front., 2024, 11, 3085-3118
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by an enhancement in fluorescence intensity, which can be
attributed to either the generation of free fluorophores
(Fig. 4E-a) or a reduced quenching effect exerted by the Pt(u)
center on the fluorophore (Fig. 4E-b), thereby offering a direct
visualization of the reduction process both extracellularly and
intracellularly.®®®* Furthermore, an exogenous fluorescent
probe can be specifically designed to interact exclusively with
Pt(u) species, whereby the turn-on of its fluorescence is
observed upon reaction with the Pt(n) center (Fig. 4E-c).®>®°
Such fluorescent probes generally incorporate soft bases,
such as sulfur, which prefer bonding to the Pt(u) center that
is classified as soft acid, aligning with the principles of the
Hard-Soft Acid-Base (HSAB) theory."®”

This journal is © the Partner Organisations 2024
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3. Techniques used to monitor the
reduction of Pt(iv) complexes
3.1 Ultraviolet-visible (UV-Vis) spectroscopy

The reduction kinetics of Pt(iv) complexes have often been
investigated using UV spectroscopy.*"****"°> As mentioned
above, the basis for using UV spectroscopy is that Pt(iv) pro-
drugs exhibit a more intense and red-shifted LMCT band com-
pared with their Pt(n) counterparts.'™®* The wavelength of the
LMCT band is influenced by the overall configuration (i.e., cis
and trans geometry) of the Pt(iv) prodrugs®”®*®> and the
inherent properties of coordinating ligands (e.g., electron-
donating and steric characters).®”® During the activation
process, the intensity of the LMCT band in Pt(iv) complexes
decreases due to the detachment of axial ligands. For example,
the band of complex 1 centered at 304 nm exhibits a predomi-
nantly LMCT (py — Pt, N3) character (Fig. 5A and B). Following
UVA exposure, this complex undergoes reduction.’®

To monitor the reduction of Pt(iv) complexes, the initial
step involves determining the working wavelength for each
tested Pt(wv) by recording their spectra across a wide range
of wavelengths. Subsequently, the reduction reaction is
initiated by mixing the Pt(iv) complexes and reducing agents
in quartz cuvettes. For most kinetic measurements, pseudo-
first-order conditions are employed, with a minimum of
10-fold excess of the reducing agent used. The reduction of

View Article Online

Review

Pt(iv) complexes is then studied spectrophotometrically by
tracking the decrease in the LMCT band at a specific wave-
length over time at a specific temperature. To obtain the
rate constant, plots of In(4, — A,,) versus time are generated,
where A, represents the absorbances at time ¢, and A4, rep-
resents the absorbance at infinity. These plots are con-
structed at wavelengths where the absorbance decreases
maximally. By analyzing these plots, the reduction rate of
Pt(1v) complexes can be determined.®

Choi et al. conducted a study utilizing UV spectroscopy to
monitor the reduction of complex 2 (Fig. 5B) in the presence
of a 10-fold excess of ascorbic acid.*' The reduction process
was assessed by measuring the decrease in absorbance (4,) of
the Pt(iv) complex at 330 nm (Fig. 5C). The reduction of
complex 2 by excess ascorbic acid followed a pseudo-first-order
pattern, as evidenced by the linear plot of In(4, — A,,) versus
time, which exhibited a high coefficient of determination (R* =
0.998; Fig. 5D). The slope of this plot provided the pseudo-
first-order rate constants. The authors employed this method
to measure the reduction rate constants of seven other com-
plexes (Fig. 6). Their findings revealed that the reduction rate
of the Pt(1v) complexes was influenced by two factors: the elec-
tron-withdrawing power of axial ligands and the steric hin-
drance of both axial and equatorial ligands. Specifically, com-
plexes with bulkier and more electron-withdrawing ligands
exhibited faster reduction rates.
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(A) UV-visible spectra of complex 1 after UVA irradiation for 0, 1, 5, 15, 30, 60, and 120 min. The arrow denotes a decrease in absorbance with

increasing irradiation time. Adapted with permission from ref. 96. Copyright 2009, the Royal Society of Chemistry. (B) Chemical structures of
complex 1 and 2. (C) The plot of absorbance at 330 nm versus reaction time for complex 2 (0.75 mM) and ascorbic acid (7.5 mM) at pH = 7.1. (D) A
plot of In(A; — A.) versus time for complex 2 (0.75 mM) and ascorbic acid (7.5 mM) at pH = 7.1. A, = absorbance at 330 nm at time t. A, = absorbance
at 330 nm after 30 min. Adapted with permission from ref. 41. Copyright 1998, American Chemical Society.
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Fig. 6 Chemical structures and reduction rate constants of complexes 2—9.

UV-Vis spectroscopy offers several advantages in studying
the reduction process of Pt(iv) complexes. The non-destructive
nature of this technique allows for the reuse of the Pt(v)
sample for further analysis after measurement. Additionally,
UV-Vis spectroscopy provides rapid measurements that can
capture swift changes in Pt(iv) complexes during reduction,
with measurements typically taking only seconds. However,
this approach does not provide any information about the
identity of the reduction products. Besides, due to the pres-
ence of various biomolecules such as proteins, nucleic acids,
and pigments in cells that have strong UV-Vis absorption, uti-
lizing this technique to monitor the reduction process of Pt(iv)
complexes in live cells is impractical.

3.2 High-performance liquid chromatography (HPLC)

Reversed-phase high-performance liquid chromatography
(RP-HPLC) is a widely employed technique for monitoring the
reduction of Pt(iv) complexes. This analytical approach pro-
vides researchers with the ability to determine whether a Pt(wv)
complex will undergo reduction and release the reduction
product. Additionally, it allows for the calculation of the rate at
which the ligand dissociates from the complex, referred to as
its reduction half-life. Therefore, HPLC is an indispensable
analytical tool for analyzing Pt(wv) prodrugs before their evalu-
ation in cellular systems.

The concentrations of Pt(iv) complexes used for HPLC ana-
lysis usually range from 10 pM to 3 mM.***®%7%% The
reduction half-lives (¢;,,) of Pt(iv) complexes can be determined
through several steps. Initially, the HPLC peaks corresponding
to Pt(iv) complexes are integrated and analyzed at different
time intervals. Subsequently, a linear regression of In(4,/4,)
versus time (t) is plotted to calculate the rate constant (k),
which is obtained using the pseudo-first-order equation In(A,/
Ay) = —kt, where A, and A, represent the integrals of the Pt(iv)
complex peaks at the beginning and time ¢, respectively.'*
The reduction half-life can then be calculated using the
equation t;,, = 0.693/k. The chromatographic peaks of Pt(iv)

3092 | /norg. Chem. Front., 2024, 11, 3085-3118

complexes in the HPLC can be processed using four methods
to obtain peak areas that reflect the amount of Pt(iv) com-
plexes reduced at different time points.

3.2.1 Monitoring reduction by absolute peak area in HPLC.
The half-life of Pt(iv) complexes can be determined by analyz-
ing the absolute peak area of the complexes at various time
points. For example, Gibson and colleagues conducted a study
where they conjugated the hydroxyl group of estramustine to
Pt(iv) complexes through either a carbonate or succinate
bridge, yielding complexes 10 and 11, respectively.’® To test
the activation scenario of these two complexes, they were
exposed to an excess of ascorbic acid at 37 °C in phosphate
buffer and their reduction processes were monitored using
HPLC. In the HPLC chromatogram, the peak corresponding to
complex 10 showed a significant decrease, while the peak of
the axial ligand EM gradually increased (Fig. 7A). This indi-
cated that the Pt(iv) complex was being reduced, releasing
intact EM and CO,. In contrast, during the reduction of
complex 11, only the EM-succinate conjugate was slowly
released, and no free estramustine was observed (Fig. 7B). The
authors measured the absolute area of the peaks of the two
Pt(v) complexes at different time points to determine their
respective half-lives. Complex 10 exhibited a half-life (¢;/,) of
2.2 hours, whereas complex 11 had a half-life of 6.0 hours
(Fig. 7C and D). These findings suggest that Pt(iv) complexes
with carbonate linkages are more effective in releasing free
active moieties compared to those with succinate linkages.

3.2.2 Monitoring reduction by ratio of peak area in HPLC.
An alternative approach to using absolute peak area is to
utilize area ratios for obtaining reaction kinetics. The total
peak area is defined as the area of eluted peaks, excluding
those derived from the reducing agents and dead volume."®*
To obtain the normalized integral of the Pt(iv) complex (N,),
the area of the Pt(v) complex (4; p(y)) at different reduction
time points is divided by the total peak area (A; (oa1) Using the
equation: N; = A; py(w)/A¢ total- This area ratio is then used to cal-
culate the reduction halflives.’°®°"'% For instance, our
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(A and B) The reduction of complexes 10 and 11, whose half-lives were calculated based on their absolute peak area at different time points.

(C and D) Half-lives of complexes 10 and 11. Adapted with permission from ref. 39. Copyright 2019, Wiley Online Library.

group employed the area ratio method to determine the half-
life of complex 12."°" To ensure accurate analysis of the HPLC
chromatogram, we eliminated the peak area corresponding to
sodium ascorbate and dead volume. Subsequently, we normal-
ized the peak area of complex 12 with the total peak area,
which includes peaks from complex 12, the chalcone ligand,
and other minor peaks (Fig. 8A). Within a short span of two
hours, the proportion of complex 12 decreased to 71%, and
after six hours, this proportion further diminished to 50%.
Complex 12 effectively overcomes cisplatin resistance by modu-
lating cellular uptake pathways and reduction rate, exhibiting
a decreased RF of 1.8 compared to 4.3 for cisplatin."®" The
area-ratio method is advantageous in eliminating the peak
area variation caused by inconsistent sample injection.
However, the accuracy of this method is significantly compro-
mised by the issue of peaks overlapping among the reduction
products and the Pt(iv) complex.”® To mitigate this challenge,
optimizing the gradient profile or adjusting HPLC settings can
enhance the separation efficiency. Furthermore, alternative
methods mentioned in the following sections can be taken
into consideration.

3.2.3 Monitoring reduction at a wavelength where analytes
possess the same molar extinction coefficient in HPLC.
Certain Pt(iv) complexes exhibit the same molar extinction
coefficient as their reduction products, typically the Pt(u)
counterpart or the released axial ligands, at specific wave-
lengths, known as the isosbestic point. At this particular wave-
length, the ratio of the areas of reduction product and Pt(v)

This journal is © the Partner Organisations 2024

complex equals the ratio of the concentrations of these two
species. The remaining amount of Pt(iv) complex can be deter-
mined by dividing the peak area of the remaining Pt(v)
complex by the sum of the peak area of the released product
and the remaining Pt(iv) complex.'°® For example, we utilized
HPLC to assess the photocatalytic ability of rhodamine B
(RhB) in the reduction of Pt(1v) complex 13 (Fig. 8B).'*> We
selected a wavelength of 303 nm, where complex 13 and oxali-
platin share the same molar extinction coefficient. By utilizing
the peak area of oxaliplatin, we were able to determine the per-
centage of reduced complex 13. This calculation involved nor-
malizing the peak area of oxaliplatin with the total peak area
of both oxaliplatin and the remaining complex 13.

3.2.4 Monitoring reduction by including an internal stan-
dard in HPLC. Including internal standards in the reduction
tests is another common practice for obtaining reduction kine-
tics. By normalizing the peak area of Pt(iv) complexes using
internal standards, instrumental variation caused by sample
injection can be minimized. An appropriate internal standard
for reduction tests should possess the following character-
istics: (1) possessing absorbance at the wavelength used for
the tested sample, (2) exhibiting stability and inertness in the
testing solutions, and (3) showing a retention time that differs
from that of the investigated samples. Prior to HPLC analysis,
a trace of internal standards is added to the analytes to enable
detection and measurement. In this method, the peak area of
the Pt(iv) complex at reduction time ¢ is normalized to the
peak area of the internal standard, allowing the percentage of
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Adapted with permission from ref. 102. Copyright 2021, the Royal Society of Chemistry. (C) The reduction of complex 14, whose peak area was nor-
malized with internal standard. (D) The peak overlapping of Pt(iv) complex 15 with reducing agent in HPLC chromatogram. Adapted with permission
from ref. 103. Copyright 2016, Springer Nature. (E) The reduction pathway of ormapltin in plasma.

the remaining Pt(iv) complex to be determined. Reduction
half-lives can be obtained by plotting a linear regression of the
percentage of remaining Pt(iv) complex against time ¢.>* For
example, a trace amount of triphenylphosphine oxide, posses-
sing the aforementioned characteristics, was used as an
internal standard to monitor the reduction of Pt(iv) complex
14 by HPLC (Fig. 8C).*° The half-life (t;,,) of complex 14 was
calculated to be 0.5 h. Using internal standards to normalize
the peak area is the most effective method for eliminating
sample injection variation when calculating the reduction
half-life of Pt(iv) complexes.

Ormaplatin (Fig. 2) was among the first Pt(iv) complexes to
undergo clinical trials. The reduction of ormaplatin was
tracked using HPLC with the aid of an internal standard."®” %
The reduction half-lives of ormaplatin was determined to be
5-15 minutes in tissue culture medium and a mere 3 seconds
in undiluted rat plasma (Fig. 8E).'°”"'% This rapid reduction of

3094 | /norg. Chem. Front,, 2024, 11, 3085-3118

ormaplatin to its active Pt(u) form, attributed to the presence
of axial chloride ligands, resulted in severe neurotoxicity.*®
Consequently, ormaplatin did not progress beyond Phase I
clinical trials.

It is worth noting that the reduction of Pt(iv) complexes can
be investigated using various techniques. For example, the
reduction of iproplatin (Fig. 2) has been extensively studied
utilizing HPLC and UV spectroscopy.’®''**'! Iproplatin pos-
sesses hydroxo ligands in the axial positions, which impart re-
sistance to reducing agents.*® As a result, significant amounts
of iproplatin remain unaltered both in vitro and in vivo, contri-
buting to its low toxicity. Despite undergoing extensive clinical
trials ranging from Phase I to III, iproplatin was eventually dis-
continued due to its inability to demonstrate superior efficacy
compared to cisplatin or carboplatin.>>>"

Although HPLC-UV is an advanced tool for quantitatively
detecting the reduction process of Pt(iv) complexes (Table 1),
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Table 1 The summary of different methods to process HPLC chromatograms
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Methods

Advantages

Disadvantages

Absolute peak area

The ratio of peak area

Selecting a wavelength where
analytes share the same molar
extinction coefficient
Including an internal standard

A convenient method for calculating the reduction
rate of Pt(iv) complexes

Enhancing the accuracy of calculating the reduction
kinetics of Pt(iv) complexes by eliminating variation
in sample injection

This method allows us to determine the percentage
of remaining Pt(wv) complexes and that of reduction
products simultaneously

Improving the analytical quantification of the peak
area of Pt(1v) complexes by eliminating the variation

The results can be affected by inconsistent injection
volume

Peaks overlapping of Pt(1v) complexes with other
analytes in the tested solution may affect the
calculation of the reduction rate for Pt(iv) complexes
This method is inapplicable when molar extinction
coefficients of Pt(v) complexes and reduction
products differ

An appropriate internal standard should fulfill the
following criteria:

caused by sample injection

there are several limitations that hinder its broader appli-
cations. One limitation is that HPLC with a UV detector can
only monitor the release of the reduction product throughout
the reduction test if the released product has absorbance in
the UV or visible region. However, some commonly used axial
ligands in the investigation of Pt(iv) complexes, such as acetate
and dichloroacetate, lack UV absorbance.''>"** Consequently,
HPLC with a UV detector cannot be employed to confirm the
release and identity of these reduction products. In such cases,
alternative detection methods that do not rely on absorbance,
such as electrospray ionization (ESI) mass spectrometry and
liquid chromatography-mass spectrometry (LC-MS) tech-
niques, can be employed to  ascertain  their
identities.®*®*11*"11¢ Begides, Pt(n) species in HPLC-UV ana-
lysis frequently display low absorbance, posing challenges to
their accurate determination. Combining HPLC with ICP-MS
could resolve this issue by enabling sensitive detection of Pt
species. Moreover, HPLC-ICP-MS allows quantitative monitor-
ing of Pt(u) growth and Pt(v) reduction, providing precise
insights into the conversion process.''”''® Another limitation
arises from peak overlap in the HPLC chromatogram, which
can affect data processing. In certain cases, the peaks of
reduction products or reducing agents are too close to those of
the Pt(iv) complexes.'®* For instance, Erxleben et al. analyzed
the reduction of Pt(iv) complex 15 using HPLC.'*® The HPLC
chromatogram revealed that a portion of the peak of complex
15 overlapped with that of sodium ascorbate (Fig. 8D), posing
challenges in obtaining independent peak areas and affecting
the accuracy of determining the reduction kinetics of Pt(w)
complexes. The overlap between complex 15 and ascorbate in
the HPLC chromatogram can be addressed by using a column
with a higher separation efficiency or by optimizing the gradi-
ent program to enhance peak separation.

3.3 X-ray absorption near edge spectroscopy (XANES)

X-ray absorption near-edge structure, also known as near-edge
X-ray absorption fine structure, is an absorption spectroscopy
technique that provides valuable insights into the X-ray

This journal is © the Partner Organisations 2024

(1) Having compatible absorption intensity with
Pt(iv) complexes

(2) Stable during sample preparation and HPLC

analysis

(3) Its peak should not overlap with the peaks of
analytes present in the tested solution

absorption spectra (XAS) of condensed matter. X-ray absorp-
tion near edge spectroscopy (XANES) can be used to identify
the oxidation state of platinum complexes. The XANES spectra
of Pt(u) and Pt(iv) species exhibit different edge heights, with
Pt(iv) complexes displaying significantly higher edge heights.
The peak height ratio, denoted as a/b, where a represents the
maximum value of the edge and b corresponds to the local
minimum of the edge, in the XANES spectra of platinum com-
plexes, serves as a characteristic feature of the oxidation state
(Fig. 9A).>7*>7%7" Mixtures containing different ratios of the
two oxidation states produce a/b ratios that are intermediate
between those of the individual oxidation states; these ratios
demonstrate a linear relationship with the proportion of the
two components in the mixture (Fig. 9B and C).”%"*
Consequently, the peak height ratios can be used to monitor
the reduction of Pt(iv) complexes in biological environments.

Hambley et al. conducted a study that demonstrated the
applicability of XANES in monitoring the reduction of Pt(iv)
prodrugs in cells.”" In their experiment, A2780 ovarian cancer
cells were treated with a high concentration of complex 16,
and the reduction process was analyzed using XANES. The
reduction from Pt(v) to Pt(n) and the accompanying change in
the edge height were clearly observed. The Pt XANES spectrum
of cells treated with complex 16 showed a significantly lower
intensity of the edge height after 24 h compared to the spec-
trum taken at 2 h (Fig. 10A). Based on these observations, the
authors calculated the percentage of complexes 16-18 present
in the cells (Fig. 10B). The ease of reduction was found to
depend on the nature of the axial ligands, denoted as X, in
complexes of c¢,t,c-[PtCl,X,(NH;3),]. Specifically, the order of
ease of reduction was found to be X = Cl > OAc > OH."" This
order was reflected in the extent of cellular reduction observed
for the three Pt(iv) complexes after 2 h, where complex 18 was
nearly fully reduced, while complexes 16 and 17 still had a sub-
stantial proportion remaining as Pt(iv). These results validate
the importance of modifying axial ligands to fine-tune the
reduction rate of Pt(iv) complexes, thereby offering valuable
insights for the rational design of Pt(iv) complexes.
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The analysis of XANES spectra also plays a crucial role in
investigating how the Pt(wv) coordination sphere influences the
ease of reduction of the platinum center in various biological
contexts."*® In the presence of biological reductants such as
ascorbate and cysteine, the Pt(iv) complex 19 with dichlorido
equatorial ligands, having a higher reduction potential, exhibi-
ted a faster reduction rate (¢;, = 30 min for ascorbate; 1/, =
4.1 h for cysteine) compared with the analogous complex 20
with dicarboxylato equatorial ligands (1, = 20 h for ascorbate;
t1, = 27 days for cysteine; Fig. 10C). XANES spectroscopy ana-
lysis provided insights into the reduction rates of complexes
19 and 20 within DLD-1 cancer cells. It was observed that both
complexes were reduced at similar rates, with 14% and 24% of
complexes 19 and 20 remaining, respectively, after 6 h. Despite
the unusual kinetic inertness of complex 20 with bidentate
oxalato equatorial groups in simple single reductant model
systems, its short half-live within cancer cells indicated that
the intracellular environment could overcome the stabilizing
effects of the tetracarboxylato coordination sphere. The signifi-
cant variability in kinetic inertness exhibited by complex 20 in

3096 | /norg. Chem. Front, 2024, 11, 3085-3118

different biological contexts has important implications for
the design of Pt(wv) prodrugs. While incorporating the tetracar-
boxylato coordination sphere may render Pt(iv) complexes less
susceptible to reduction in the extracellular environment, this
study demonstrated that such complexes are rapidly reduced
upon entry into cancer cells. Delaying the reduction of the
Pt(v) complexes until they have penetrated the cancer cells
may lead to more effective and less detrimental outcomes.

The direct measurement of the relative proportions of two
different oxidation states of Pt(u) and Pt(iv) in biological
environments using XANES is effective for observing the
reduction of Pt(iv) complexes. XANES analysis demonstrates a
detection limit of approximately 10 mg kg™","*" influenced by
factors such as the nature of the sample, experimental setup,
and the specific element being analyzed. In the case of plati-
num complexes, clear XANES spectra are typically obtained by
exposing cells in one 75 cm? flask to the platinum complex at
a concentration of 50 pM."*° However, this technique is time-
consuming and requires sophisticated sample preparation,
such as collecting and freezing cells, making it unsuitable for
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(A) Normalized XANES spectra of A2780 cells incubated with Pt(iv) complex 16 after 2 h (solid line) and 24 h (dotted line). Adapted with per-

mission from ref. 71. Copyright 2003, American Chemical Society. (B) Proportion of Pt(iv) (+5%) remaining after incubation of complexes with A2780
cells and their reduction potentials (Ep). (C) The reduction of complexes 19 and 20 in various biological contexts.

real-time monitoring of Pt(iv) prodrug reduction in live cells.
Additionally, access to the instruments required for XANES
analysis is limited, and conducting experiments using synchro-
tron radiation can be challenging due to the logistical and
technical requirements.

3.4 Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is an informative technique for monitoring
the reduction of Pt(wv) prodrugs. It offers several advantages,
including the absence of damage to the analysts and the
ability to perform time-dependent measurements. NMR can
provide insights into the reduction process by analyzing NMR-
active isotopes present in Pt(iv) prodrugs, such as 'H, *C, °N,
F, and '®°Pt. These isotopes can be scrutinized to track
changes during reduction. The choice of NMR technique
depends on the structure of Pt(iv) complexes and the interfer-
ences from the solution. In numerous studies conducted over
the last few decades, deuterated water (D,O) has been a

This journal is © the Partner Organisations 2024

popular solvent for NMR detection. Unless otherwise specified,
the chemical shifts discussed in subsequent sessions were
determined using D,O as the solvent.

3.41 "°Pt NMR. '*°Pt is the most abundant isotope of Pt,
constituting 33.8% of natural abundance. Although its relative
sensitivity is only 1% compared to 'H, the range of chemical
shift for platinum (5'°°Pt) is as wide as 13 000 ppm.”® This
wide range allows for differentiation between different oxi-
dation states of platinum (+2, +4), as the chemical shits can
differ by thousands of ppm. Additionally, the substitution of
ligands in the Pt complex can lead to chemical shift changes
of around 100 ppm from the original values.”* Hence, '*°Pt
NMR spectroscopy is extensively used for structural determi-
nation and to compare the oxidation state and coordination
environment of various Pt complexes. Sadler et al. compiled a
comprehensive database of §'°°Pt values for a broad range of
Pt(n) complexes, including clinically approved anticancer
drugs like cisplatin and carboplatin. The §'°°Pt value for cis-
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platin was reported as —2149 ppm, while carboplatin had a
value of —1705 ppm. Derivatives of these drugs, where the
leaving group ligands (such as Cl and CBDCA) were substituted
with other O-, N-, or S-donor ligands, displayed §'°°Pt values
ranging from —3685 to —1460 ppm.'?*> This study provides a
valuable reference database of §"°Pt values for Pt(u) anti-
cancer agents, and these values can be utilized when investi-
gating the reduction processes from Pt(iv) prodrugs to Pt(u)
drugs.

Dabrowiak et al. conducted a study utilizing "*°’Pt NMR
spectroscopy to investigate the reduction of c¢,c,t[Pt
(NH;3),Cl,(OH),] (oxoplatin, §'°°Pt 853 ppm) in the presence of
sodium ascorbate (NaAsc) (Scheme 2A).*** Cisplatin was con-
firmed as the major reduction product, as indicated by the
19°pt NMR peak at —2149 ppm, while the presence of other
Pt(n) species was also observed, displaying §'°°Pt values
ranging from —1670 to —1830 ppm."** This investigation con-
firmed that the Pt(iv) complex exhibits “prodrug” properties,
as it only binds to DNA after being reduced to cisplatin.
Following this discovery, numerous studies have endeavored to
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track the reduction process of Pt(1v) prodrugs to Pt(u) agents by
utilizing '°>Pt NMR spectroscopy. Some notable examples
include cisplatin-, carboplatin-, and oxaliplatin-based Pt(v)
prodrugs containing axial carboxylate ligands; the corres-
ponding Pt(i) drugs are usually observed in '°’Pt NMR spectra
(Scheme 2A).*>1°%1?412% [ gur previous study on pyridinyl-
Pt(iv) complex 21, a unique reduction pathway that involved
the detachment of an axial hydroxido and an equatorial chlor-
ine ligand was discovered. This led to the formation of pyripla-
tin 21-1, which was identified by Pt NMR (Scheme 2B).*®
Besides, Sadler et al. reported a photoactivatable azido-Pt(wv)
prodrug 22 that yielded Pt(u) active species (22-1 and 22-2)
upon irradiation, as confirmed by '°°Pt NMR spectroscopy
(Scheme 2C).%*

195pt NMR spectroscopy possesses the ability to distinguish
Pt in diverse chemical environments, detect Pt-containing sub-
stances in situ, and monitor chemical reactions in aqueous
solutions. However, a relatively large amount of sample
(approximately 10 mM for 600 MHz NMR) is usually required
for Pt NMR measurement due to its low sensitivity.>>'®

(A)
Ri NaAsc L X
Lot X i + R+ RS L = NH; or 1,2-DACH
71X i N ! 2 X = CI, CBDCA, or oxalate
R2
5195t ~-500 to 2000 ppm cisplatin 5'%Pt -2149 ppm
carboplatin 5'9°Pt -1705 ppm
oxaliplatin 5'9°Pt -2012 ppm
(B) HaN_ CI | X
+ Pt + + OH
| = H,NT el N
N/ 195
5'95pt -2147
HaN 1 Cl PR
HsN" | >Cl o
> o 7\
21, 5'9Pt 299 ppm HaN_  N= = .
Pt + ¢ + OH
HN" Cl
21-1, 3'95pt -2290 ppm
(C) - 1 - 1
g () 4
N
HOL 1 N 5-GMP Na, N 5.GMP | N-5-GMP_ N
N7 | “OH 3 Pa ——— P
| N3 by =N N-5-GMP hv =N “W-5-GMP
P
\_/ \_/

22, 5"%5pt 964 ppm

22-1, 5"95pt -2218 ppm

22-2, 5"'%5pt -2288 ppm

Scheme 2 Monitoring the Pt(i) complexes generated as reduction products by °>Pt NMR. (A) Reduction pathway of typical Pt(v) complexes (where
CBDCA = 1,1-cyclobutanedicarboxylate; 1,2-DACH = 1,2-diaminocyclohexane). (B) Reduction pathway of pyridinyl-Pt(iv) complex 21. (C) Reduction

pathway of azido-Pt(iv) complex 22.
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Moreover, the resolution of >>Pt NMR may not be sufficient to
depict all spin-coupling patterns, particularly for Pt complexes
coordinated with multiple N- or P-donor ligands.”® As a result,
the Pt peaks in the spectrum can appear broadened, making
their assignment challenging.

3.4.2 'H NMR. In addition to '°°Pt NMR spectroscopy,
various other NMR techniques are employed to monitor the
release of ligands in Pt(iv) complexes during the reduction
process. One of the most commonly used techniques is 'H
NMR spectroscopy, which probes the hydrogen nuclei. The
high natural abundance and sensitivity of the 'H isotope make
it an excellent choice for NMR studies. 'H NMR spectroscopy
provides valuable information for elucidating the structure of
reduction products based on the chemical shifts and inte-
grations of corresponding 'H NMR signals. The short detec-
tion time for a single spectrum, typically lasting only a few
minutes, allows for time-dependent monitoring of the
reduction process using 'H NMR spectroscopy. Moreover, by
observing chemical shift changes or increases in peak inten-
sity of specific proton signals in the "H NMR spectrum, the
release of axial ligands or the generation of Pt(u) complexes
can be detected.**''>'?” Additionally, reduction rates can be
determined by quantifying the original Pt(iv) complexes and
the generated reduction products.

Due to different electron densities, the chemical shifts of
protons in coordinated or free ligands can exhibit detectable
differences. For example, the loss of axial carboxylate ligands
such as benzoate (23), acetate (24), and succinate (25) in Pt(wv)
complexes has been observed using 'H NMR spectroscopy
(Scheme 3A).*>'*%'% Salassa and co-authors reported that the
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reduction of complexes 26 and 27 (Scheme 3B) to carboplatin
by NADH are photocatalyzed by flavins.’** "H NMR signals
from the axial acetato (26) and succinato (27) ligands, as well
as the protons in the CBDCA ligand are quantified to deter-
mine the conversion percentage.

In some cases, 'H NMR is also helpful in characterizing the
structure of resulting Pt(u) products, providing direct confir-
mation of the reduction process."*" For oxaliplatin-based Pt(1v)
complexes, the hydrogen atoms in their DACH ligands are also
usually monitored as indicators of reduction (Scheme 3C).””*>*
For example, Gibson and colleagues investigated the reduction
of three oxaliplatin-based Pt(iv) complexes 28-30 by monitoring
the 'H NMR signals in the DACH ligand over time
(Scheme 3C).”” Intriguingly, there is no direct correlation
between the reduction potentials and the rates of reduction.
Complex 30, with the least negative reduction potential (E, =
—0.48 V), exhibited only a 5% reduction after 12 hours. In con-
trast, complex 29 (E, = —0.64 V) had a half-life of approximately
5.5 h, and complex 28, with the most negative reduction poten-
tial (E, = —0.80 V), underwent the most rapid reduction and pos-
sessing a half-life of about 2.5 h. These findings contradict
reports for Pt(iv) complexes with N,Cl, coordination spheres,
where a correlation between the reduction potential and the
rates of reduction exists. Therefore, the electrochemically
measured reduction potentials may not necessarily reflect the
rates of reduction for Pt(iv) complexes, which hold significance
in the design of novel Pt(1v) prodrugs based on oxaliplatin.

Although 'H NMR spectroscopy can offer high-resolution
spectra when samples are measured in buffer solutions, it
encounters challenges when detecting samples in biological

" g
0 R Reducing Q 23, R = CgHs, 5'H 7.42~7.98
HsN_ | _CI agents HaN Cl ' S 1 RRE
Pt Pt + 2 = 24, R = CHj3, 3'H 1.79 ppm
HNT L HN Cl o R 25, R = CH,CH,COOH, 5'H 2.25~2.35 ppm
o)

B) o

R)J\o 9 Reducing 2

HsN_|_O agents HsN_ O _)]\ 26, R = CHg, 8'H 1.79 ppm

HN” |0 PuN T 2 o~ SR 27,R=CH,CH,COOH, 8'H 2.25~2.35 ppm

R O
Yo o
o}

5'H 1.76, 2.74 ppm

Reducing

Ha Ry
N |.© agents
/Pt\
"N | Yo

Hax Ry

5'H 1.15~2.35 ppm

Ha
0] (0]
N_ O
/Pt\
"IN O
o N, o

28, R1 = R2 =OH
29, R, = OH, R, = OCOCH5
30, Ry = Ry = OCOCHs

+ Ry + Ry”

Scheme 3 Monitoring the reduction of cisplatin-, carboplatin- and oxaliplatin-based Pt(iv) complexes by *H NMR. Respectively, (A) the hydrogen on
axial ligands, (B) both axial ligands and CBDCA, and (C) 1,2-DACH were detected.
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environments such as cell culture medium or serum due to
the high background present. Additionally, the analyte’s active
H atoms (OH, NH,, or COOH) may exchange with D in the
deuterated solvent, leading to diminished or absent NMR
signals.

3.4.3 'F NMR. The isotope '°F is highly useful in NMR
spectroscopy due to its abundance and its ability to exhibit a
broad range of chemical shifts (—400 to 400 ppm). Unlike
other isotopes commonly found in organisms, such as 'H,
>N, and *'P, '°F does not naturally occur in biological systems
except in bones, making it an optimal tool for scrutinizing bio-
logical processes within cells using molecules labeled with *°F.
In the past decade, there has been a surge in the use of
F-containing drugs in clinical applications, and as a result,
'F-NMR spectroscopy has become a vital technique for analyz-
ing pharmacokinetics and pharmacodynamics.

Liu et al. designed a Pt(wv) prodrug 31 bearing a 4-fluoro-
benzoate ligand (FBA) to monitor its reduction process under
various biological conditions (Scheme 4A).”® Upon reduction,
the NMR signal of 31 at —107.7 ppm vanished, while a signal
corresponding to free FBA at —110.1 ppm emerged. By utilizing
F NMR spectroscopy, the authors could accurately measure
the consumption of the Pt(iv) complex and the release of the
free ligand, and were able to determine the reduction rate.
More importantly, this approach was also used to track the
reduction process of the Pt(wv) prodrug in different types of
cells, including A431, A549, and HeLa cancer cells, as well as
red blood cells (RBCs) and Escherichia coli BL21 (DE3) bacteria
cells. The authors detected the release of the FBA ligand from
complex 31 over time using '°F NMR spectroscopy. In RBCs,
however, a weak '°F signal was only observed after 2 h of incu-
bation, indicating a slower reduction rate. This effect could be
attributed to the lower uptake of the Pt(iv) complex in RBCs
compared to cancer cells and bacteria.

(A) 0

O
HsN_ | _Cl Cell lysates

HsN” | SCl F
OH

Y

31, 5'9F -107.7 ppm

(B)

Hx F
O‘N\Fl’t/o:io Reducing agents‘
,,IN/ I \O o
H, OR

32, R=H, 8'%F -307.1 ppm
33, R = OCCgHs, 5'°F -328.1 ppm
34, R = CH,CH,0H, 5'°F -310.3 ppm
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When F coordinates directly to Pt in Pt(iv) prodrugs, the
resulting "’F NMR spectrum typically shows distinct (s + d,
Jee—r) peaks, which arise from the spin-spin coupling between
195pt and '°F nuclei. Since '°°Pt is present at a natural abun-
dance of only 33.8%, approximately one-third of the '°F peak
undergoes splitting due to spin-spin coupling, resulting in a
doublet peak. The remaining two-thirds of the peak appears as
a singlet. In our previous studies, we investigated the reduction
of various F-coordinated oxaliplatin-based Pt(iv) complexes
using ""F-NMR spectroscopy (Scheme 4B).>*”° We observed
distinct '°F peaks in the spectra ranging from -328.1 to
—307.1 ppm, which gradually diminished, while a single peak
at —125.3 ppm (representing free F~) steadily increased. These
results indicate that the axial ligands opposite to F signifi-
cantly affect the reduction rate [carboxylato (33) > hydroxido
(32) > alkoxido (34)]. For instance, complex 33 with a benzoato
axial ligand is completely reduced to oxaliplatin within 1 hour
when treated with 10 equivalents of NaAsc, whereas complex
34 with an axial 2-hydroxyethoxido group remains 95% intact
after one-hour incubation with NaAsc, displaying a half-life
over 8 h.

The "F isotope is known for its high sensitivity in NMR
spectroscopy and exhibits a wide range of chemical shifts. This
sensitivity allows for efficient tracking of the F-containing
molecules and assessing the dissociation of F~ or F-containing
ligands from Pt(iv) complexes, as it can detect molecular and
conformational changes in labeled molecules. In biological
settings, 'F NMR provides a non-destructive approach to
monitor the reduction of Pt(v) prodrug in live cells. The wide
range of chemical shifts exhibited by '°F, however, poses limit-
ations for its application in 2D NMR spectroscopy, primarily
due to hardware requirements. For Pt(wv) complexes, the use of
F NMR is focused on monitoring the axial F-containing
ligands but not the equatorial ligands. As a result, "°F NMR

OH™

5'9F -125.3 ppm

Scheme 4 Monitoring the reduction of F-containing Pt(iv) complexes by °F NMR. (A) Reduction pathway of 4-fluorobenzoate containing Pt(iv)
prodrug 31. (B) Reduction pathway of F-coordinated Pt(iv) complexes 32—34.

3100 | /norg. Chem. Front.,, 2024, 11, 3085-3118

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi00459k

Open Access Article. Published on 16 Ebrill 2024. Downloaded on 04/12/2025 05:12:43.

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

(cc)

Inorganic Chemistry Frontiers

spectroscopy itself cannot differentiate between hydrolysis and
reduction, both of which result in the loss of an F-containing
axial ligand.

3.4.4 "N NMR. Due to the low natural abundance and
lower sensitivity compared to 'H, compounds for >N NMR
analysis are usually synthesized using '°N-labelled materials.
Over the past few decades, researchers have developed deriva-
tives of Pt(u) drugs that incorporate "’N-amines. This approach
allows for insights into the aquation process and binding to
nucleotides using >N NMR spectroscopy.'*>***> The chemical
shift (8"°N) of the "’N-labelled amine in Pt(n) complexes is sig-
nificantly influenced by the substitution of other ligands,
whether they are trans or cis to the '°N-labelled amine.
Furthermore, the '’N-labelled amines in Pt(n) and Pt(iv) com-
plexes have distinct chemical shifts,'*> making this approach
valuable for monitoring the hydrolysis and reduction process
of Pt(iv) prodrugs.

Wong et al. employed >N NMR to examine the reduction of
complex c,c,t-[PtCl,(**NH;),(COOCH,3),] (17 (*>N)) by r-cysteine
and r-methionine. The authors observed the formation of
different products during the reduction process.'*® Complex
17 (*°N) was reduced to cisplatin (*°’N-labelled) by these redu-
cing agents. Furthermore, -methionine reacted with cisplatin,
resulting in the formation of bidentate Pt(u) complexes in
either cis- (17-1) or trans-conformation (17-2) (Scheme 5A).
Osella et al. also investigated the reduction process of complex
17 (**N) using >N NMR to analyze the reduction products
resulting from sodium ascorbate.'** The reduction of the Pt(w)
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prodrug 17 (**N) resulted in the clear observation of both *°N-
cisplatin (-67.8 ppm) and the mono-aquated product (17-3,
—65.8 ppm and —88.8 ppm; Scheme 5B). These examples high-
light the sensitivity of ">’N NMR spectroscopy in detecting and
identifying the reduction products of Pt(v) prodrugs, which
can vary depending on the specific reducing agents used.
Sadler et al. synthesized the '°N-labelled derivative of the
photoactivable Pt(iv) prodrug tt,t[Pt(N3),(OH),(*>NHj3),] (35)
and tracked its photoreduction pathways using >N NMR in an
acidic solution or PBS buffer."*® The appearance of °N peaks
(35-1, —42.2, —41.3 ppm) in the Pt(iv) region indicated the
hydrolysis of azido ligands upon irradiation, followed by
reduction to Pt(u) complex 35-2, accompanied by the emer-
gence of a new "°N peak (—69.6 ppm) (Scheme 5C).

The synthesis of ’N-labelled Pt(iv) complexes remains the
main challenge in conducting "N NMR detection and proves
to be both a time-consuming and costly process, given the
high expense of materials containing '’N. Consequently, the
application of >N NMR spectroscopy to analyze the reduction
process of Pt(iv) prodrugs is limited.

3.4.5 Heteronuclear single quantum coherence (HSQC)
NMR. To measure the spin-spin coupling to 'H, the 2D NMR
techniques such as ['H,"’C] and ['H,">N] HSQC are much
more sensitive than their corresponding 1D NMR spectrosco-
pies. These techniques can detect substances in the micromo-
lar range and provide additional information on C-H or N-H
bonding, enabling more precise quantification than *C and
SN 1D NMR spectroscopy. The use of 2D spectra is particularly
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& 75 15 .2 515
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Scheme 5 Reduction pathway of (A, B) *°N-labelled cisplatin-based Pt(v) complex 17 and (C) diazido-Pt(iv) complex 35.
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critical for analyzing Pt(wv) reduction kinetics. Several examples
have demonstrated the utility of 2D NMR in monitoring the
reduction process of Pt(iv) prodrugs and its applicability in
cell-based assays.

Reducing agents with low molecular mass, such as ascor-
bate or glutathione, are believed to be responsible for the
reduction of Pt(iv) prodrugs in cellular environments. While
most studies on the reduction of Pt(iv) complexes utilized
ascorbate or GSH as reducing agents, it is crucial to recognize
that various other reducing agents present in cells can also
activate these complexes. As such, determining which specific
cellular reducing agents are involved in the activation of Pt(iv)
complexes is warranted. Gibson et al. utilized whole-cell
extracts as a more realistic model for cellular conditions to
study the reduction of Pt(iv) complexes."*® They synthesized a
3C-labelled Pt(iv) complex c,c,t-[PtCly(NH;),(COO"CH,),] (17
(**C)) and utilized advanced 2D NMR spectroscopy (['H,"C]
HSQC) to monitor its reduction (Scheme 6A). The authors eval-
uated the reduction of prodrug 17 (*>C) in extracts from A2780,
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A2780cisR, and HT29 cells by monitoring the change in 2D
NMR peaks of complex 17 (**C) [5(*H,"’C) 2.13, 21.22 ppm]
and the free acetate ligand [8(*H,">C) 1.94, 22.54 ppm]."*® The
reduction curves were plotted, and the rates were calculated
based on the quantification of 2D NMR peaks. The study
revealed that the aqueous extracts from different cell lines
exhibited varying rates of reduction for the same Pt(w)
complex, following the order A2780cisR (¢;, = 36 min) > A2780
(t12 = 90 min) > HT-29 (¢;, = 130 min). This result suggests
that the rate of reduction depends on the reductive capacity,
i.e., the contents, of each cancer cell line. Notably, the resistant
A2780cisR cells, which have high levels of GSH, showed the
most rapid reduction of 17 (**C). This observation supports
the hypothesis that GSH is responsible for activating Pt(wv) pro-
drugs in cells. To test this hypothesis further, the authors
divided the cell extracts into high and low molecular weight
(MW) fractions and examined their ability to reduce the Pt(iv)
complex. While the high MW fraction displayed a reduction
rate (¢, = 35 min) similar to that of the whole extracts (¢;/, =

(A) f
13 0
H3N\?/C| CHs Cell lysates HsN_ Cl )L
TN > Pt + 2 - 13
H3N (l) Cl 13CH, H3N/ el (6} CHs
0 5'3C 22.54 ppm
17 (13C), 3'3C 21.22 ppm
o)
(B)
(e) 1SCH
HySN_T_cl ~ °
Am” | ~Cl ,
o) CHs

o)
36, 5'3C 22.2 ppm
5'5N 36.63 ppm

SN

0 0
Hy'®N_ Cl Hy"®N_ 07 '3CH;, Hs"*N_ Cl Hy"®N_ 07 '3CH;,
Pt Pt P{ Pt
Am Tl Am Tl Ani o\n}cH3 Ani o\n}cH3
36-1 36-2 36-3 364 (
55N ~-65ppm  5'SN ~-65 ppm | 515N ~-80 ppm 5'5N ~-80 ppm |
5'3C ~22 ppm 5'3C ~22 ppm 5'3C ~22 ppm |

Scheme 6 (A) Reduction pathway of complex c,c,t-[PtClo(NH3),(COO®CHy3),] (17, *C-labelled) detected by [*H,**C] HSQC. (B) Reduction pathway
of complex ¢,c,t-[PtClL(**NHz)(Am)(COO¥CHz),] (36, where Am = cyclohexylamine), detected by [*H,*3C] and [*H.*>N] HSQC.
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36 min), the low MW fraction, which contains both ascorbate
and GSH, appeared to have limited efficiency in reducing the
Pt complexes (with only 20% reduction after 500 min). The
study suggests that the low MW antioxidants, previously con-
sidered responsible for reducing Pt(iv) complexes, exhibit
lower reduction abilities compared to the whole cell extracts.
Hence, it is reasonable to conclude that an aqueous solution
containing a single reducing agent (such as GSH, cysteine, or
ascorbic acid) may not adequately model the reduction of
Pt(1v) complexes within cancer cells.

The reduction mechanisms proposed for Pt(iv) complexes
generally suggest that the reduction process yields a single
Pt(u) complex by eliminating two trans-oriented axial ligands
from the octahedral Pt(iv) complex. The reduction of c,c,t-
[PtCl,(*>NH;)(Am)(COO™CHj,),] (36) with axial acetato ligands
does not solely proceed by the loss of two axial ligands.’”
When complex 36, labeled with both *C- and '°N, was
reduced by ascorbate, four distinct reduction products (36-1 to
36-4) were obtained and identified using ['H,"*C] and ['H,"’N]
HSQC techniques (Scheme 6B).>” In the ['H,"’N] spectrum,
two peaks at §'°N —65 ppm and two peaks at 5'"°N —80 ppm
were observed, which indicate that these '"NH; groups were
trans to either a chlorido or an acetato ligand. In addition, a
group of peaks was observed at around &'C 22 ppm
(Scheme 6B) and differentiated from the peak of free acetate
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(8"°C 23.2). Collectively, the four possible reduction products
were identified as c[PtCl(*°NH;)(Am)] (36-1), c-[PtCl
(**CH,;CO0)(Am)(**NH,)] (36-2 and 36-3, two isomers), and c-
[Pt(**CH3CO0),(*’NH;)(Am)] (36-4). This example indicates the
possibility of losing one or two equatorial ligands during the
reduction of a Pt(iv) complex and demonstrates that the use of
2D NMR is effective in identifying the mixtures of reduction
products.

In the investigation of Pt(wv) prodrugs’ reduction, the
['H,">N] HSQC technique is more sensitive over ['H,'*C]
HSQC, and may show >10 ppm difference in chemical shifts.
Arnesano et al studied the reduction of complex c,c,t-
[PtCL,(**NH;),(COOCH3;),] 17 (**N) by NADH and cytochrome c
(cyt c) (Scheme 7A)."*” The reduction profile was obtained by
quantifying the peaks in the ['H,'’N] spectrum, and it was con-
cluded that cyt c accelerated the reduction of the Pt(w)
prodrug in the presence of NADH. Another example reported
by Osella involved the reduction of c,c,t-[PtCl,(*>NH;),(Gln)
(COOCH3;)] (37), a glutamine-conjugated Pt(iv) complex, by
cytosol from A549 cells."*® The reduction process finished
within 1 h and resulted in the formation of ’N-labelled cispla-
tin, which was observed through ['H,"’N] HSQC at §"N
—66.8 ppm (Scheme 7B). Intriguingly, when the authors
studied the reduction of amidato-Pt(iv) complex c,c,t-
[PtCL,(**NH;),(COOCH;)(NHCOCH;,)] (38) in the presence of
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Scheme 7 Reduction pathway of *N-labelled cisplatin-based Pt(iv) complex 17 (**N) with (A) axial acetato ligand, (B) complex 37 with glutamine-

mimic ligand, and (C) complex 38 with amidato ligand.
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sodium ascorbate, a monofunctional Pt(ir) complex c¢-[PtCl
(NHCOCH3;)(**NH,3),] (38-1, 8'°N —69.0 ppm), as the minor
reduction product, was also observed using ['H,'’N] HSQC
(Scheme 7C).%°

The diiodo-Pt(iv) complex ¢,c-[Pt(OH),I,(en)] was initially
developed as a photoactivatable Pt(iv) prodrug.'?®
Understanding the reduction process and mechanism of this
photosensitive complex is essential, and this was achieved
through the use of ['H,"”N] HSQC with its **N-analogue 39.
Sadler et al. monitored the reduction of complex 39 in the
dark in the presence of GSH.'*° Based on the observation of
N peaks at & —10.82 and —8.34 ppm after reduction, the
authors confirmed that the major reduction product at pH 7 is

View Article Online
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the ring-opened Pt(u) complex 39-1 (Scheme 8A). When the
complex was irradiated in pure water, however, the I ligand
was hydrolyzed to OH, leading to the formation of complex 39-
2 instead of reduced Pt(u) species, as evidenced by the
8("H,"°N) peak observed at 6.33, —20.07 ppm (Scheme 8B)."*!
In contrast, the diacetato complex t,c-[Pt(CH;3CO,),I,(**N-en)]
(40) was found to undergo photoreduction and bind to
5-GMP, yielding the Pt-GMP adduct c-[Pt(5-GMP),(*’N-en)]
(40-1), as indicated by §(*H,"°N) peaks observed at 5.72,
—30.9 ppm and 5.79, —30.9 ppm (Scheme 8C).

Other photoactivatable Pt(iv) prodrugs reported by Sadler
and colleagues include c,t[Pt(**N-en)(N;),(OH),] (41)**>**?
and t,t,t-[Pt(N;),(OH),(**NH;)py] (42)."** The azido and pyri-
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15N | | H2 N HO/ \|
H, OH
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- 2 N_ | _OH
Eﬁ . —— [ MNspr +OHI
N™ I hv N7
H, OH H, OH
39 39-2, 5'5N -20.07 ppm
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2+
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BN 5'-GMP N N-5-GMP J\
E ~ ke / A e
P 1 - > Pt + 217 + 2
N~ | I hv V2RN 9)
H, O 185N N-5-GMP
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E15N\ | N3 GpG 1"”N\ Je
150~ ES —_— [ pf + 3N, + 20H
N | N3 hv /7 \
H, OH 15N G
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Scheme 8 (A) Reduction of t,c-[Pt(OH),l5(**N-en)] (39) by GSH. (B) Photolysis of t,c-[Pt(OH),l,(**N-en)] (39). (C) Reduction of t,c-[Pt(OH),l>(**N-
en)] (40) upon irradiation and formation of 5'-GMP-Pt adduct. (D) Reduction of t,c-[Pt(OH)Z(N3)2(15N-en)] (41) upon irradiation and formation of
d(GpG)-Pt adduct. (E) Reduction of t,t,t-[Pt(N3)2(OH)2(15NH3)py] (42) upon irradiation and formation of mono- and bis-5'-GMP-Pt adduct.
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dine ligands, due to the lack of hydrogen atoms attached to
these N atoms, cannot be detected by ['H,'>N] HSQC. Upon
irradiation, complex 41 was reduced to the aquated Pt(u)
species within 40 min and bound to a nucleotide d(GpG),
resulting in the formation of the chelating Pt(u) adduct ¢-[Pt
(**N-en)(GpG)] (41-1). The §(*H,"°N) peaks observed at 5.65,
—30.9 ppm and 5.56, —31.2 ppm confirmed the presence of
this adduct (Scheme 8D)."*? In the presence of 5'-GMP, t,t,t-[Pt
(N3)2(OH),(*>NH;)py] (42) was reduced, yielding the monofunc-
tional Pt(m) adduct ¢t{Pt(N;)(5-GMP)("’NHs)py] [42-1,
8(*H,"°N) 4.15, —66.37 ppm] within 5 min (Scheme 8E).'**
Subsequently, a second-step photolysis was initiated, which
took one hour, eventually leading to the formation of the bis-
5-GMP adduct [Pt(5-GMP),(*’NH;)py] [42-2, §(*H,"’N) 4.42,
—65.63 ppm] (Scheme 8E)."**

The ["H,">N] HSQC technique is highly effective in monitor-
ing the reduction process of Pt(wv) prodrugs by various redu-
cing agents. It also enables differentiation between hydrolysis
and reduction during photoreactions. Furthermore, this tech-
nique demonstrates remarkable sensitivity and can be
employed in biological fluids, with the potential to detect °>N-
labeled compounds in live cells.

In analyzing the reduction profiles of Pt(iv) prodrugs,
several types of NMR techniques can be used, as summarized
in Table 2. The detection limit of NMR spectroscopy is affected
by many parameters such as sample volume, sample type,
measurement frequency, number of scans, NMR setup, and
the specific isotopes being detected.'*> For example, the detec-
tion limit of "H NMR spectroscopy can be as low as 1 ppm
when using a 600 MHz instrument and 1024 scans. With the
same frequency and number of scans, the detection limit of
other isotopes is generally scaled up relative to their sensitivity,

Table 2 Summary of different NMR techniques and their applications in

View Article Online
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as shown in Table 2. The most sensitive NMR techniques
include "H NMR and its 2D variants, such as ['H,"’C] and
['H,"N] HSQC. These techniques are commonly utilized for
quantification and time-dependent measurements. *°>Pt NMR
is particularly useful as it directly detects the Pt center, allow-
ing the differentiation of Pt(u) and Pt(1v) complexes in various
coordination environments. ">N NMR and ['H,"’N] HSQC can
help identify the ligands opposite to the "°N-labelled ligand,
thereby facilitating the determination of the reduction process
of Pt(iv) prodrugs. Furthermore, "F NMR provides another
sensitive method for monitoring the change of ligands in
F-containing Pt(iv) complexes in buffered solutions or cells.
The choice of NMR spectroscopy depends on specific con-
ditions and research objectives. Overall, this technique is criti-
cal in comprehending the reduction of Pt(iv) complexes and is
instrumental in the design of novel Pt(wv) anticancer agents.

3.5 Fluorescence spectroscopy

Fluorescence spectroscopy is an advantageous analytical tech-
nique due to several key features, including its ability to detect
low concentrations of fluorescent molecules with high sensi-
tivity, excellent selectivity that is derived from the unique fluo-
rescence emission spectra of different compounds, and non-
invasive and non-destructive nature, which allows for the pres-
ervation of sample structure and integrity throughout the ana-
lysis process.®"'*¢'*! These advantages make fluorescence
spectroscopy an effective tool for monitoring dynamic pro-
cesses of Pt(wv) prodrugs, both in test tubes and at the cellular
level 33:85,86:114,1527154 glyorophores have been conjugated to
Pt(iv) complexes to track their reduction process in different
biological contexts. It was anticipated that the coordination of
fluorophores with Pt(iv) complexes would result in fluo-

monitoring Pt(iv) prodrug reduction

NMR Relative

types sensitivity” Advantages Disadvantages Applications

19°pt 0.99 Direct measurement of Pt; can distinguish ~ Less sensitive, not Trace Pt(wv) to Pt(u); identify Pt(n)

Pt(u) and Pt(1v) quantitative, requires a large  products from the library of '**Pt
amount of sample chemical shifts”

'H 100 Sensitive, quantitative, and informative Interfered by proton Quantitatively plot the reduction
exchange; high background curve, calculate the reduction rate,
in biological fluid and identify free ligand released

o 83.3 Sensitive, applicable in cell lysates and live ~ Require '°F-containing com- Monitor the loss of '°F-containing

cells pound; cannot distinguish ligands in buffered solutions, cell
hydrolysis and reduction lysates, or live cells

Bc 0.016 High resolution and large range of Require *C-labelled com- No published applications

chemical shift pound, low sensitivity

N 0.104 Can distinguish Pt(n) and Pt(iv), sensitive to  Require **N-labelled com- Trace Pt(iv) to Pt(u) and detect ligand

the change of trans ligand pound, low sensitivity exchange

['H,*C] 100 Sensitive, quantitative, and present C-H Require *C-labelled com- Monitor the loss of *C-labelled

HSQC bonding, high resolution, extensive range of ~pound, not applicable to >*C  ligands and identify reduction pro-

chemical shift, and applicable in cell lysates atom without H ducts in buffered solutions or cell
lysates

['H,°N] 100 Sensitive, quantitative, and present N-H Require **N-labelled com- Trace Pt(iv) to Pt(u) in buffered

HSQC bonding. It can distinguish Pt(u) and Pt(iv), ~pound, not applicable to "’N  solutions or cell lysates, detect ligand

and it is sensitive to the change of trans
ligand and is applicable in cell lysates

“Relative sensitivity is compared to "H NMR, which is defined as 100.
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rescence quenching, which can occur through homo-fluo-
rescence resonance energy transfer (homo-FRET) or the heavy
metal effect.®"*? Reduction of Pt(iv) complex was accompanied
by a concomitant enhancement in fluorescence intensity,
which, in principle, provides a direct method for visualizing
the  reduction  process, either  extracellularly or
intracellularly.®***"'* Besides, by designing an external probe
that exclusively interacts with Pt(u) species, fluorescence can
be “turned on” specifically upon reduction of Pt(iv) prodrugs,
providing further visualization capabilities.®>*°

3.5.1 Fluorophores at the axial position. Lippard et al
reported Pt(iv) complex 43, which is a conjugate of fluor-
escein—an effective fluorescent reporter—with a cisplatin-
based Pt(iv) complex. The purpose was to investigate the
transformation from Pt(iv) to Pt(u) in cancer cells
(Scheme 9A)."** Once attached to platinum, the probe has
diminished fluorescence in the “off” state.’>> A significant
5-fold fluorescence turn-on occurred upon treating complex
43 with the biologically relevant reducing agent GSH. The
fluorescence turn-on of complex 43 provided a means to
monitor the cellular accumulation and conversion of Pt(iv)
prodrugs to Pt(u) species through fluorescence spectroscopy.
Treatment of HeLa cells with complex 43 for one hour
resulted in a pronounced intracellular green signal, while the
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axial ligand FL-COOH, which had poor cell permeability, did
not produce noticeable intracellular green fluorescence. From
these observations, the authors proposed that complex 43
entered cells intact and underwent reduction intracellularly.
While the utilization of the fluorescence probe holds the
potential for qualitatively monitoring intracellular Pt(iv)
reduction, accurately determining the absolute concen-
trations of Pt(iv) complexes reduced within cells poses a for-
midable challenge. This challenge arises from the fact that
the increase in fluorescence may arise from both the released
free fluorescein and the conjugated fluorescein from intact
Pt(1v) complexes that continuously enter cells, which is the
common limitation for this type of probe.

Recently, our group developed a fluorescent sensor 44 by
attaching a BODIPY fluorophore to the axial position of a car-
boplatin Pt(v) analogue. This sensor allows for real-time moni-
toring of the reduction of Pt(iv) complex (Scheme 9B).** Upon
incubation of the sensor with sodium ascorbate and cell
extracts, a fluorescence turn-on effect was observed
(Scheme 9C). This turn-on effect resulted from the reduction
of 44 and thus, the liberation of the BODIPY ligand, whose
fluorescence was previously suppressed when bound to plati-
num (Scheme 9D). Further investigation revealed that the fluo-
rescence turn-on was predominantly caused by proteins with

(o] (o]
)J\/\ CO, OH
HO N
OH H
. HsN_ Cl
Reduction :Pti 5
HsN" Cl
[¢]
FL-COOH, ON
& N\
FF
(0]
HO
BODIPY, ON
— BODIPY ligand
— Complex 44
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Scheme 9 The Pt(v) complexes with axial (A) fluorescein ligands (43) and (B) BODIPY ligands (44) exhibit fluorescence ‘turn-on’ following the
reduction of Pt(iv) complexes and release of the axial fluorophore. (C) The time-dependent emission of 10 uM complex 44 in PBS buffer (pH 7.4)
with 1 mM sodium ascorbate and 1% DMF at 37 °C. (D) Emission of 10 pM complex 44 and the BODIPY ligand in PBS buffer (pH 7.4) with 1% DMF.
The excitation wavelength is 470 nm. Adapted with permission from ref. 83. Copyright 2022, the Royal Society of Chemistry.
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high molecular weights, especially those between 10 and
100 kDa. This finding confirms that high-molecular-weight
proteins contributed significantly to the reduction of Pt(w)
complexes. Although the sensor is highly effective in monitor-
ing the reduction of Pt(v) prodrugs in a real-time mode, it
could only be applied to cell lysates due to the rapid secretion
of the complex from live cells.

Fluorophores containing carboxylates have been commonly
used in Pt(wv) sensors, likely due to the ease of carboxylation
during the synthesis of Pt(iv) complexes and the relatively high
stability of carboxylate ligands. Expanding the range of fluoro-
phores beyond carboxylates has posed a challenge. Ang and co-
workers developed an innovative method to obtain Pt(wv) pro-
drugs, in which they employed self-immolative 4-aminobenzyl
linkers to conjugate a Pt(iv) complex with the OH of fluoro-
phore 7-HMC, thus creating a stable carbamate bridge on the
Pt(1v) scaffold 45 (Scheme 10A).** Upon reduction of the self-
immolative Pt(iv) prodrug 45, the carbamate ligand detached
and underwent decarboxylation and 1,6-elimination processes,
resulting in the generation of 4-aminobenzyl alcohol and
carbon dioxide. This process also led to the release of 7-HMC
and the concomitant restoration of fluorescence emission
from the fluorophore. Upon the addition of sodium ascorbate
to complex 45, a time-dependent enhancement in fluorescence
emission at 450 nm was observed. Complex 45 underwent
complete reduction within 18 hours, displaying a maximum
fluorescence intensity at this time point comparable to the
equimolar concentration of 7-HMC. Hence, the demonstration
of complex 45 establishes the effectiveness of Pt(iv) prodrug
and self-immolation strategies in achieving efficient co-delivery
of Pt(u) and a bioactive ligand within cells through intracellu-
lar reduction. Sedgwick’s group utilized a similar method to
incorporate the fluorophore resorufin into a Pt(iv) complex,
and a fluorescence probe 46 was obtained (Scheme 10B)."*°
This carbamate-functionalized probe displayed sodium ascor-
bate-dependent increases in fluorescence emission intensities.
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Complex 46 showed potential as a hypoxia-activated prodrug.
Under conditions of <0.1% O, (hypoxia), the probe displayed
the highest fluorescence signal compared to the normoxic con-
dition (21% O,), indicating that hypoxia was more efficient in
inducing the bioreduction of Pt(v) compounds to Pt(u) species
compared to normoxia. Additionally, clonogenic cell survival
assays revealed that the complex 46 was significantly more
toxic in hypoxic conditions than in normoxic conditions. This
hypoxia-activated prodrug contributes to elucidating the
factors that affect intracellular reduction of Pt(iv) complexes.

The fluorescence turn-on response resulting from the liber-
ation of fluorophores has been utilized to monitor the
reduction of Pt(iv) complexes, and its application can be
expanded to indicate the activation of specific pathways in
cells, such as apoptosis. Liu and coworkers reported a che-
motherapeutic Pt(v) prodrug 47 in which one axial position
was functionalized with an apoptosis sensor composing a tet-
raphenylsilole (TPS) fluorophore with aggregation-induced
emission (AIE) characteristics and a caspase-3-specific Asp-
Glu-Val-Asp (DEVD) peptide (Scheme 11).">” This design
allowed prodrug 47 to be reduced to an active Pt(u) drug
within cells while simultaneously releasing the apoptosis
sensor TPS-DEVD. The reduced Pt(u) drug induced apoptosis
in cancer cells and activated caspase-3. The activated caspase-3
subsequently cleaved the DEVD sequence of the apoptosis
sensor and triggered the AIE effect of TPS residue, ultimately
leading to fluorescence enhancement. This research presents a
fluorescent probe capable of tracking the reduction of Pt(wv)
complexes and evaluating the therapeutic responses.

3.5.2 Fluorophores at the position of non-leaving group. In
addition to introducing fluorophores to axial positions, fluoro-
phores can also be incorporated into the equatorial positions
of Pt(iv) complexes to measure Pt(1v) reduction. Lippard and
Wilson functionalized the dangling carboxylic acid moiety in a
Pt(u) complex [Pt(edma)Cl,] (edma = ethylenediaminemonoa-
cetic acid) with dansyl ethylenediamine (Ds-en), yielding an

< m "
+ A + \©\/ + CO,
OH
HO O [¢]
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N,
_Reduction X HN
5 (|) ’l:‘I N + + CO,
o OH
Pt S 0

Resorufin, ON

Scheme 10 The Pt(v) complexes with axial (A) 7-HMC ligand (45) and (B) resorufin ligand (46) exhibit fluorescence ‘turn-on’ following the

reduction of Pt(iv) complexes and release of the axial fluorophore.
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for noninvasive in situ early evaluation of its therapeutic responses.

intermediate 48-1. Upon conjugation, the emission of Ds-en
was slightly quenched, and the quantum yield dropped from
40% for free Ds-en to 27% for 48-1. This intermediate under-
went oxidation to afford a Pt(iv) complex 48 (Scheme 12A)."°®
During the oxidation of Pt(u) to Pt(wv), the emission quantum
yield decreased further from 27% for complex 48-1 to 1.6%
for complex 48. This significant decrease in emission
efficiency suggested that the Pt(iv) center in 48 was more
potent at quenching the dansyl-based fluorescence than the
Pt(u) center in 48-1. When complex 48 was treated with the
biologically relevant reducing agent glutathione, a 6.3-fold
increase in fluorescence was observed. Although employing
the Pt(iv) complexes that bear fluorophores at the equatorial
positions to monitor Pt(v) reduction was only confirmed in
buffers, this strategy provides useful guidance and holds
promise for imaging the reduction of Pt(iv) complexes in
living systems.
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Illustration of the targeted theranostic Pt(iv) prodrug 47 with a built-in aggregation-induced emission (AIE) light-up apoptosis sensor

In another study by Hambley et al, coumarin dyes were
incorporated into the non-leaving position of Pt(iv) complexes
(Scheme 12B)."** Coordination of coumarin 120 (C120) at the
non-leaving position of a Pt(u) drug afforded c¢-[PtCl,(C120)
(NH;3)] (complex 49-1), which resulted in partial quenching of
fluorescence, with a 2.5-fold decrease observed. Oxidation of
complex 49-1 to its Pt(wv) form (c,t,c-[PtCl,(OH),(C120)(NH;)],
complex 49) resulted in a further 7-fold decrease in fluo-
rescence. When complex 49 was treated with the cellular reduc-
tant ascorbate for over 2 days, it underwent reduction to form
complex 49-1. During this reduction process, a slight but
steady increase in fluorescence was observed. The observed
slow increment in fluorescence indicates a sluggish reduction
process of the Pt(iv) complex 49, implying its resistance to
reduction in the medium prior to cellular uptake.

These coordination-sensitive fluorescent probes can serve
as valuable tools for studying the cellular metabolism of plati-
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Scheme 12 The Pt(iv) complexes with non-leaving group (A) dansyl ethylenediamine (Ds-en) 48 and (B) coumarin 120 (C120) 49 exhibit fluor-
escence ‘turn-on’ following reduction of Pt(iv) complexes and a decrease in the quenching of the fluorophore.
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num complexes. These probes take advantage of the fact that
free fluorophores show robust fluorescence, which can be par-
tially quenched when conjugated in the non-leaving-group
position of Pt(u) complexes and be further quenched upon oxi-
dation to Pt(iv) complexes. In this way, the regeneration of
fluorescence would reflect that the reduction of Pt(iv) com-
plexes had occurred. The fluorophores exhibited remarkable
stability when conjugated to the non-leaving positions of Pt
drugs. Any potential loss of these fluorophores in the
reduction environments was negligible in comparison to the
reduction products. Hence, this strategy can be employed
specifically to monitor the reduction of the Pt(v) complex. The
changes in fluorescence induced by changes in oxidation state
can be utilized to obtain information about the oxidation or
coordination state of platinum complexes.
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3.5.3 Fluorophores independent from the Pt scaffold. The
modification of Pt(iv) complexes with bulky organic fluoro-
phores may change the pharmacophore and alter their uptake
characteristics, thus rendering distinct bioactivities compared
to Pt(un) drugs. To address these limitations, Ang and
Montagner developed a novel imaging probe that was indepen-
dent of the Pt scaffold and could selectively interact with Pt(u)
species using a recognition motif comprised of diethyl-
dithiocarbamate (DDTC). The binding of DDTC to cisplatin
would turn on the fluorescence of a rhodamine (Rho)-based
dye (Scheme 13A).%° This imaging probe was designed to be
exclusively activated by Pt(u) drugs, enabling it to distinguish
between Pt(wv) prodrugs and their Pt(u) congeners. Besides, the
probe is exclusively effective on Pt(i) complexes that feature
diam(m)ineplatinum(u) pharmacophores. The DDTC motif
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(A) Proposed activation pathway of Rho-DDTC by Pt(i) complexes in the absence of aquation. (B) The FRET probe for the ratiometric

sensing of cisplatin. (C) Fluorescence titration spectra of RDC1 (20 uM) in response to Pt>* (0~10 eq.) in CHsCN/HEPES buffer (v/v = 7:3, 5 mM, pH
7.4) (Aex = 400 nm). Inset: Change in fluorescence under irradiation by 365 nm UV lamp. Adapted with permission from ref. 85. Copyright 2018,

Wiley Online Library. (D) The chemical structures of complexes 16 and 52.
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binds smoothly to cisplatin due to the low steric hindrance
from the two ammine ligands in cisplatin. Moreover, the dis-
placement of an am(m)ine ligand, which is a prerequisite for

View Article Online
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the activation of Rho-DDTC, is favorable in cisplatin since the
ammine ligands make cisplatin kinetically unstable. For oxali-
platin that contains a chelating DACH ligand, which imparts

Table 3 Summary of the advantages, disadvantages, and applications of fluorescent probes. The color for each probe is assigned based on its

respective emission wavelength

Fluorescent probes
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Monitoring cellular uptake
and conversion of Pt(wv) to
Pt(u)

Monitoring the reduction
of Pt(iv) prodrugs in a real-
time mode

Propose a novel method to
tether fluorophore to Pt(iv)
complexes

Monitoring the reduction
of Pt(1v) complexes in
hypoxia conditions

Reflecting both the
reduction of Pt(iv)
complexes and the
activated pathway

Monitoring the oxidation
of the platinum center

Monitoring the reduction

Be able to distinguish Pt(ir)
and Pt(iv) complexes

Be able to distinguish
cisplatin from its Pt(iv)
counterparts

Not able to quantify the exact
amount of Pt(iv) complexes
reduced

Only works well in buffer
solution and cell lysate

Only investigated in a buffer
solution

Fixed cell

The fluorescence enhancement
could not reflect the amount of
Pt(1v) complexes reduced

Only investigated in a buffer
solution

The distinction between the
Pt(u) and Pt(1v) states is unclear

(1) The fluorescence of the
probe is affected by various
factors

(2) Fixed cell only

Fixed cell only

Imaging localization and reduction
of Pt(iv) complex 43 in HeLa
cells"™*

Proteins with high molecular
weights contribute more to the
reduction of the Pt(iv) complex in
cell lysates®®

Tether fluorophore without
carboxylate to Pt(iv) complexes®

Be utilized as a potential hypoxia-
activated prodrug'>®

Used as an indicator for early
evaluation of the therapeutic

responses*®’

Providing new directions for
imaging the reduction of Pt(wv)
complexes*®

The probe could give information
about coordination or oxidation
state*?

Imaging of cisplatin and several
Pt(1v) prodrugs in HeLa cells®

The probe could figure out that
GSH is not the dominant cellular
reductant of Pt(iv) complexes®”
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greater kinetic stability, probe activation was not observed. The
developed probe was also used to demonstrate the intracellular
reduction of a series of carboxylato Pt(iv) prodrugs in fixed
cells. However, the reduction of Pt(iv) complexes and the sub-
sequent “turn on” of fluorescence are affected by variations in
probe concentrations, excitation intensities, and complex cel-
lular environments. These factors present challenges in accu-
rately assessing the extent of Pt(iv) complex reduction.

To address the aforementioned limitations and gain a
deeper understanding of how Pt(wv) drugs are processed at the
cellular level, Ang et al. developed a ratiometric probe RDC1 to
detect cisplatin quantitively. This probe was utilized to investi-
gate the fate of Pt(iv) prodrugs in a cellular environment
(Scheme 13B).*> In the absence of Pt(u) compounds, the
maximum emission of RDC1 was observed at a wavelength of
470 nm; upon interaction with Pt(u) species, the fluorescence
intensity at 470 nm decreased while concomitant increased at
565 nm (Scheme 13C). The ratio of emission intensities (I5¢s/
I,70) increased from 0.07 to 4.8 in the presence of Pt(u) com-
pound, indicating a 68-fold enhancement. Hence, the ratio of
fluorescence intensities (I555/1470), referred to as Ryeq (reduction
ratio), is a reliable measurement for quantifying the reduced
Pt(iv) complex. The ratiometric probe demonstrated a notably
higher R,.q value of 0.54 for complex 52, in contrast to 0.14 for
complex 16 (Scheme 13D), showing that the ratiometric probe
could quantitively determine the amount of Pt(iv) complex
reduced. Furthermore, to gain deeper insights into the intra-

View Article Online
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cellular activation of Pt(iv) prodrugs, the authors conducted a
study to examine the role of the cellular reductant GSH in the
activation process utilizing the ratiometric probe. The results
revealed that the reduction of complex 52 in GSH-depleted
cells was similar to that in GSH-normal cells, suggesting that
GSH may not be the dominant cellular reductant for Pt(wv)
complexes. Although the ratiometric probe RDC1 has proven
to be a reliable means for quantitatively detecting cisplatin
and exploring the role of GSH in reducing Pt(iv) prodrugs in a
cellular context, its usage necessitates the fixation of cells with
paraformaldehyde, probably due to the probe’s slow reaction
kinetics, which prevents the real-time monitoring the acti-
vation of Pt(v) prodrugs in live cells.

In general, fluorescence spectroscopy is a widely employed
technique to monitor the activation of Pt(v) complexes by
observing the subsequent fluorescence turn-on during
reduction reactions (Table 3). The high sensitivity of fluo-
rescence spectroscopy enables researchers to track the
reduction of Pt(iv) complexes, even at minimal concentrations.
Furthermore, this technique provides valuable spatial infor-
mation by enabling the observation of the uptake, distribution,
and localization of Pt(v) complexes, as well as their reduction
process within cells or specific regions of interest. Fluorescent
Pt(wv) probes that can enter cells have been particularly useful
for real-time monitoring of their distribution and dynamic
processes using fluorescence spectroscopy. However, accurately
quantifying the amount of Pt(iv) complex reduced has proven

Table 4 The summary of techniques used to monitor the reduction of Pt(iv) complexes

Detection
techniques Advantages Disadvantages Applications
UV-Vis The method is sensitive and easy to This approach does not provide any It can be applied to monitor the
spectroscopy perform information on the identity of the reduction of Pt(iv) without other
reduction products chromophores that absorb in the same
Due to the high background in cells, it  region
cannot be used to monitor the
reduction of the Pt(iv) complexes in live
cells
HPLC This method could monitor the HPLC requires solution-based samples, HPLC analysis is the current gold
reduction of the Pt(iv) complex and the making it unsuitable for monitoring standard for evaluating Pt(iv) reduction
generation of Pt(u) species and the the reduction of Pt(iv) complex in live
released ligands, whose identity could cells
also be identified by retention time
XANES The method could monitor the oxidation = Requiring sophisticated sample The reduction of Pt(iv) complexes in the
change of the platinum center preparation, including collecting and biological environment could be
freezing cells, this technique fails to observed by measuring the relative
monitor the reduction of Pt(v) proportions of two different oxidation
prodrugs neither in live cells nor in a states of both Pt(n) and Pt(iv)
real-time mode
NMR Providing sufficient information about High concentration demanded; low Different types of NMR were used for
spectroscopy the oxidation state and coordination sensitivity the situations and research purposes to
environment of platinum, as well as efficiently monitor the reduction of the
reduction products Pt(iv) complex
Fluorescence Providing good resolution to identify the =~ Noninvasive fluorescence imaging Fluorescence spectroscopy has been
spectroscopy uptake, colocalization, and reduction of needs excitation light, which can lead widely used to study the reduction of

Pt(1v) complex

This journal is © the Partner Organisations 2024

to tissue auto-fluorescence and cell
damage

The fluorescence can be vigorously
quenched by tissue components and
influenced by various factors, leading
to a high background

Pt(iv) complexes in cells
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challenging. While some probes can provide quantitative
measurements of reduced Pt(iv) complexes, their efficacy is
limited to fixed cells or cell lysate and not applicable to live
cells. Therefore, there is a demand for fluorescent Pt(iv) probes
that can enter live cells and allow investigation of their cellular
processing. Furthermore, the challenges associated with fluo-
rescence spectroscopy pose an additional obstacle to accurately
quantifying the activation of Pt(iv) complexes within cells. The
fluorophores used to monitor the activation of the Pt(iv)
complex by fluorescence spectroscopy may undergo photo-
bleaching, which leads to a decrease in fluorescence signal
over time, limiting the duration of imaging experiments and
affecting the accuracy of long-term observations."”® Moreover,
noninvasive fluorescence imaging requires excitation light,
and continuous exposure to such excitation light, especially at
short wavelengths, may induce cellular damage and interfere
with biological processes.

4. Conclusions and perspectives

The reduction of Pt(iv) complexes could be monitored by
various techniques (Table 4), each technique with its own
advantages and limitations. UV spectroscopy is a convenient
and easily accessible technique for monitoring Pt(iv) reduction
processes and is comparatively more straightforward than
other analytical techniques. However, it is not capable of iden-
tifying the specific reduction products and is not suitable for
monitoring Pt(iv) reduction in live cells where there is a high
background. HPLC is a reliable technique for analyzing and
quantifying the reduction of Pt(iv) complexes, as well as the
generation of Pt(u) species and the released ligands. The iden-
tity of these reduction products can be determined by their
characteristic retention time; their identity can also be verified
through electrospray ionization (ESI) mass and liquid chrom-
atography-mass spectrometry (LC-MS) techniques.®?8%1147116
HPLC is also valuable for time-resolved analysis, allowing for
investigating reaction kinetics and tracking the reduction pro-
gress over time. However, HPLC does not provide real-time
monitoring and requires batch-wise analysis, which may not
capture rapid changes or transient species during the
reduction process. XANES is a powerful technique for detect-
ing variations in the oxidation state of the platinum center,
and it can provide quantitative information about the relative
concentrations of different Pt states present in the cells.
However, sample preparation for XANES analysis is compli-
cated, time-consuming, and technically demanding. It is not
suitable for real-time or live-cell monitoring of Pt(v) prodrug
reduction. Moreover, access to synchrotron radiation facilities
is required for high-energy X-ray measurements using XANES,
which may pose logistic challenges. NMR spectroscopy is an
indispensable analytical tool in examining the activation of
Pt(wv) complexes, providing detailed information about the oxi-
dation state and coordination environment of Pt, and facilitat-
ing the identification and characterization of reduction pro-
ducts. Furthermore, it is a non-destructive technique, allowing
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for the recovery of samples for further analysis. However, NMR
spectroscopy may face challenges related to low sensitivity,
especially with low concentrations of Pt species or rapid reaction
kinetics. In such cases, longer acquisition times or higher con-
centrations of the Pt(iv) complex may be required, respectively,
to achieve adequate sensitivity and high signal-to-noise ratios.
Fluorescence spectroscopy provides high resolution to identify
the uptake, colocalization, and reduction of Pt(wv) complex
within cells. Nevertheless, the use of fluorophores in fluo-
rescence spectroscopy for monitoring the activation of the Pt(w)
complex can be limited by photobleaching, which may compro-
mise the accuracy of long-term observations. Furthermore, non-
invasive fluorescence imaging necessitates excitation light, and
prolonged exposure to high-intensity light carries the inherent
risk of inducing phototoxicity in cellular systems.'**¢*

Generally, the strategies applied in buffer systems, such as
UV, HPLC, and NMR, provide sufficient information about the
time scale of the reduction event and the identities of the
reduction products. To evaluate the reduction of a novel Pt(wv)
complex, HPLC analysis usually serves as the gold standard if
the complex can be detected by the HPLC instrument and
exhibits a distinguishable retention time on the column. The
highly sensitive nature of HPLC allows for the measurement of
the reduction rate of and identification of reduction products
using only trace amounts of the complex (in pM). In cases
where the Pt(iv) complex’s retention time overlaps with the
dead volume on the HPLC column, but distinct absorption
bands are still observed in the UV-Vis spectrum, UV-Vis spec-
troscopy can be employed to monitor the reduction process. If
a more in-depth analysis of the reduction of Pt(iv) complexes
at the cellular level is required, researchers can utilize tech-
niques such as XANES, '’F NMR, and fluorescence spec-
troscopy. These methods provide valuable insights into the
role of biological reductants and ligands located at axial or
equatorial positions in the reduction process.

In conclusion, Pt(iv) prodrugs have emerged as highly
promising candidates as next-generation anticancer drugs.
The effectiveness of these prodrugs in combating cancers
heavily depends on their reduction profile, both in buffer solu-
tions and, more importantly, within cells. Tracking the
reduction process of various Pt(iv) complexes using different
techniques can help anticipate and even improve the anti-
cancer efficiency of these complexes. This review serves as a
comprehensive resource for researchers aiming to stay
updated on the latest advancements in strategies used to
monitor the reduction, learn from exemplary research, and
contribute to the mechanistic understanding of metal-based
drugs in cellular and even in vivo contexts. Since current tech-
niques have some limitations, it is necessary to develop novel
strategies capable of real-time monitoring of Pt(iv) reduction
in live cells and uncover the mechanisms and timing of the
reduction process, including the exact roles of reducing
agents. These advancements hold great potential in elucidat-
ing the intrinsic mechanisms involved in Pt(wv) prodrug acti-
vation in live cells and in vivo, thus providing invaluable
insights for the rational design of novel Pt(wv) prodrugs.
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