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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.®*%*
probe can be specifically designed to interact exclusively with

Furthermore, an exogenous fluorescent

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.

This journal is © the Partner Organisations 2024

Inorg. Chem. Front., 2024, 1, 3085-3118 | 3091


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 aprile 2024. Downloaded on 22/09/2025 17:23:13.

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

(cc)

Review
H, OH H, ococH
e o
Pt
N el N el
H, OH H, OCOCH3
3 4
° K
k(40 °C) (M s™) 0 0.54 + 0.04

(mean  SD)

View Article Online

Inorganic Chemistry Frontiers

Ha Cl H> OCOCF,4
N | ClI N_]_CI
[ e [ e
N | e N" | ~cI
H, Cl H, OCOCF,4
5 6
164 + 32.8 209 +20.1

Pt(IV) complexes with the same equatorial ligands, the reduction rate increases in the following order of

axial ligands: OH < OCOCH3 < Cl < OCOCF3

H OCOCH Ha CI OCOC;H
>—x (o IV ( I A
N, (I)H QH &St N 4o <:>in &c8CsH;
7 (Iproplatin) 8
k@40°C)M's™)  0.33:0.05 6.4+0.8 225+ 158 147+0.3

(mean = SD)

The reduction rate of Pt(IV) complex is faster when equatorial or axial ligands possess higher steric hindrance.

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)
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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

Inorg. Chem. Front,, 2024, 1, 3085-3118 | 3093
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Fig. 8 (A) The reduction of complex 12, whose half-life was calculated based on its area ratio at different time points. Adapted with permission

from ref. 101. Copyright 2019, Wiley Online Library. (B) The reduction of complex 13, whose peak area was recorded at the wavelength of 303 nm.
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
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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 t