Chem

Cell

Phorbiplatin, a Highly Potent Pt(IV) Antitumor
Prodrug That Can Be Controllably Activated

by Red Light

We report the design, evaluation, and photoactivation mechanism of phorbiplatin,
a platinum(lV) antitumor prodrug that can be controllably activated by red light.

Phorbiplatin maintains its integrity without irradiation, but under irradiation with

red light, the prodrug is quickly and efficiently activated, releasing oxaliplatin and
PPA. The prodrug shows significant antitumor activity both in vitro and in vivo.
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SUMMARY

Selective activation of prodrugs within a tumor is particularly attractive because
of their low damage to normal tissue. Here, we report the design, photoactiva-
tion mechanism, and antitumor activity of a red-light-activatable Pt(IV) prodrug
based on oxaliplatin, a first-line clinical antineoplastic. This small-molecule pro-
drug, designated as phorbiplatin, has controllable activation property: it is
shown to be inert in the dark but under short-period irradiation with low inten-
sity of red light (7 mW/cm?), without the need of any external catalyst, phorbi-
platin is rapidly reduced to oxaliplatin. The prodrug displays photocytotoxicity
that is up to 1,786 times greater than that of oxaliplatin in human carcinoma
cells, and it is also significantly active in vivo. The controllable activation prop-
erty and superior antitumor activity of phorbiplatin may suggest a novel strat-
egy for the design of visible light-activatable platinum prodrugs to reduce
the adverse effects and conquer drug resistance of traditional platinum
chemotherapy.

INTRODUCTION

Controllable activation of prodrugs at the tumor site has been widely explored in
cancer chemotherapy, aiming to increase the therapeutic window of conventional
chemotherapeutics with limited tumor-targeting property.’? Both endogenous ac-
tivators within tumor microenvironments including overexpressed tumor-associated
enzymes,3 elevated levels of reactive oxygen species (ROS),* hypoxia5 and low pH,é
and exogenous activators including catalysts,” light,® and ultrasound” have been uti-
lized to activate prodrugs. Among them, photoactivation is particularly attractive
because it can enable the activation of prodrugs in a high spatial and temporal
manner.'? In addition, modern lasers and fiber optics can deliver light to any tissue
in the body, making it a solid means for controllable and targeted cancer therapy.'"

Despite the great success of platinum chemotherapy including cisplatin, carboplatin,
and oxaliplatin in clinics, their toxic side effects, due to non-specific activation of the
drugs, as well as drug resistance issues hinder their broader applications.”? "¢ Devel-
opment of photoactivatable platinum-based anticancer prodrugs is highly
appealing. Efforts have been devoted to the design of Pt(IV)-based photoactivatable
complexes. Examples include diiodo and diazido Pt(IV) complexes.'’"?° However,
the in vivo application of these complexes is limited by slow photoreaction, low sta-
bility in physiological conditions, and/or limited activation wavelengths in the region
of UVA or blue light to efficiently activate the complexes, which has poor tissue pene-
tration depth. To extend the activation wavelength of the trans-diam(m)ine diazido

The Bigger Picture

Currently, most of the small-
molecule anticancer drugs used in
clinics do not have controllable
activation properties, leading to
undesired side effects. Anticancer
drugs with “on-site” activation
properties are highly demanded.
Here, we report the development
of a small-molecule anticancer
prodrug that can be controllably
activated by a red light. The
prodrug is stable in the dark even
in a reducing environment and
shows minimum dark toxicity to
the cells. Under irradiation with
low intensity of red light, the
prodrug utilizes a unique
photoactivation mechanism to be
quickly and efficiently activated,
releasing oxaliplatin, a widely
used antineoplastic agent. The
activated prodrug displays
significantly increased cytotoxicity
in human cancer cells compared
with oxaliplatin, and it is able to
kill tumor cells much more
efficiently than oxaliplatin in a
mouse tumor model. Our work
significantly contributes to the
development of photoactivatable
anticancer prodrugs, especially by
red light.
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Pt(IV) complexes, upconversion nanoparticles (UCNPs), which are able to convert
near-infrared (NIR) light to UV light, have been conjugated with the Pt(IV) complexes
to indirectly activate them.?'** However, the photoactivation efficiency via UCNPs is
low; the activation needs a high power laser and a long irradiation time. Small-mole-
cule platinum prodrugs that are stable in physiological conditions and can be quickly
activated by red or NIR light are highly desired.

Here, we report the design, mechanistic investigation, and antitumor activity of a
small-molecule Pt(IV) prodrug that can be activated by red light in a controllable
fashion. We have designed a photoactivatable oxaliplatin-based Pt(IV) prodrug,
taking advantage of the fact that Pt(IV) complexes have an octahedral geometry
in which two axial ligands can tune the properties of the complexes and the
saturated coordination sphere gives low reactivity and side effects.”*?® This
prodrug is kinetically stable in the presence of cellular reducing agents but can
be quickly activated under low-power red-light irradiation. This prodrug, proposed
to function in a unique photoactivation mechanism, shows significant antitumor
activity both in vitro and in vivo. We believe this strategy will open a window for
the development of Pt(IV) prodrugs with controllable activation properties and
low side effects.

RESULTS AND DISCUSSION

Rational Design of a Red Light Activatable Pt(IV) Prodrug

To build up a Pt(IV) prodrug that can be efficiently activated by visible light,
especially red light, a photo-absorber with strong absorption in the red-light
region is needed to collect the energy from light, and the photo-absorber may
transfer energy to the Pt center to facilitate the reduction. Indeed, the excited
state of photo-absorbers has been shown to regulate redox reactions through
energy or electron transfer.?’:?® Bearing this in mind, we rationally designed a
red-light activatable Pt(IV) prodrug, phorbiplatin {{Pt{DACH)(PPA)(OH)(ox)],
DACH = (1R,2R)-1,2-diaminocyclohexane, ox = oxalate}, in which the pyropheo-
phorbide a (PPA) ligand is located at the axial position of the oxaliplatin-
based Pt(IV) prodrug (Figure 1A). PPA has the advantage of high absorbance
around 650 nm, with a high quantum yield of singlet oxygen.?”*° PPA and its
derivatives have been used as photosensitizers in photodynamic therapy and
photo-catalysts in several redox reactions through electron transfer under
irradiation.®'*° In addition, PPA derivatives have been conjugated to platinum(ll)
drugs to elicit promising anticancer effects.***” The oxaliplatin scaffold was
chosen based on the findings that tetracarboxylato Pt(IV) compounds are
generally stable toward reduction.”™*? This prodrug supposedly exists in its
intact Pt(IV) form in the dark but is activated to release oxaliplatin and PPA under
irradiation of red light. Such a stable Pt(IV) prodrug holds promise for minimizing
the side effects that originate from non-specific activation of the prodrug by
cellular reductants.

Preparation and Characterization of Phorbiplatin

The oxaliplatin-based Pt(IV) scaffold [Pt(DACH)(OH),(ox)] was prepared as
previously described, and the N-hydroxysuccinimide (NHS) ester of PPA was
obtained.”® The ester subsequently reacted with [PtDACH)(OH),(ox)] to yield
phorbiplatin (Figure S1). The purity of the prodrug is 96%, as determined by
analytical reversed-phase HPLC (RP-HPLC, Figure S2). The prodrug was
characterized spectroscopically by ESI-HRMS, 'H, 3C, and '"°Pt NMR, UV-Vis,
and fluorescence spectroscopy (Figures S3-S8).
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Figure 1. Chemical Structure, Stability, Activation Property, and DNA Binding Ability of Phorbiplatin

(A) Chemical structure of phorbiplatin.

(B) RP-HPLC (254 nm) chromatograms of cell lysate of A2780 cells treated with phorbiplatin (5 pM) for 8 h.

(C) RP-HPLC (254 nm) chromatograms of oxaliplatin (50 uM); PPA (50 uM); phorbiplatin (50 uM) in the dark; phorbiplatin with 1 equiv. sodium ascorbate
(NaAs) (50 uM) in the dark; and phorbiplatin with 1 equiv NaAs (50 uM) under irradiation (650 nm, 7 mW/cm?) for 10 min. The compounds were incubated
at room temperature in a PBS buffer (pH 7.4) containing 5% acetonitrile and 0.5% DMF. 'Peak of oxaliplatin; 2peak of phorbiplatin; *peak of PPA.

(D) ESI-MS (positive mode) results of phorbiplatin in the presence of NaAs under irradiation at the retention time of 1.8 min (indicated as 1 in Figure C) in
the m/z range of 390-430, corresponding to [oxaliplatin+H]", calculated at 398.06, found 398 and [oxaliplatin+Na]*, calculated at 420.05, found 420.
(E) Time-dependent reduction of phorbiplatin (10 uM in a PBS buffer containing 1 mM ascorbate) under irradiation (650 nm, 7 mW/cm?) or keptin the
dark. Also, see Figure S21.

(F) Percentage of Pt bound to ct-DNA. Phorbiplatin or oxaliplatin (10 pM) was incubated with ct-DNA (150 ng), the mixture was kept in the dark or
irradiated (650 nm, 7 mW/cm?, 30 min), and then the system was further incubated in the dark at 37°C for 24 h (mean + SD; n = 2).

Stability of Phorbiplatin

We first examined the stability of phorbiplatin in phosphate buffered saline (PBS,
pH = 7.4) in the dark by RP-HPLC. As shown in Figure S9, after incubation for 24 h
at 37°C, 96% of phorbiplatin still remained, indicating the high stability of the
compound. In the presence of 1 mM ascorbate (100 equiv.), 89% of phorbiplatin
remained after 24 h, indicating that the prodrug is quite stable in the dark, even in
the presence of the reducing agent (Figure S10). We also prepared the di-carboxy-
lato derivative of phorbiplatin for comparison. The reaction of phorbiplatin with
acetic anhydride yields acetylated phorbiplatin (Ac-phorbiplatin) (Figure S11),
the target compound, which was characterized by ESI-HRMS, "H, 3C, and "%°Pt
NMR (Figures S12-516). Ac-phorbiplatin was stable in PBS buffer after incubation
for 24 h (Figure S17). In the presence of ascorbate, however, 55% of Ac-phorbiplatin
was reduced after incubation for 24 h (Figure S18). Therefore, Ac-phorbiplatin was
not considered any further. The stability of phorbiplatin in the presence of another
reducing agent, 2-(N-morpholino)ethanesulfonic acid (MES) was tested, and
phorbiplatin also remained in its intact form after 24 h at 37 °C (Figure S19). We
further tested the stability of phorbiplatin in cells. Cell lysate of A2780 human
ovarian carcinoma cells treated with phorbiplatin for 8 h was analyzed by RP-HPLC
(Figure 1B). The ratio of the peaks representing phorbiplatin and PPA in the lysate
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is 4:1, indicating that 80% of phorbiplatin is kept intact in cells, although there is a
possibility that other forms of phorbiplatin metabolite in cells are undetectable
from HPLC.

Photoactivation Properties of Phorbiplatin

The photoactivation property of phorbiplatin was subsequently investigated.
When a solution of phorbiplatin containing ascorbate was irradiated by red light
at 650 nm at a low power density of 7 mW/cm?, the height of the peak of phorbiplatin
in the HPLC chromatogram quickly decreased, and the peak heights for PPA and
oxaliplatin increased simultaneously, indicating the reduction of P(IV) to Pt(ll)
along with the dissociation of the axial PPA ligand (Figure 1C). The formation of
oxaliplatin and oxidized ascorbate was further confirmed by ESI-MS (Figures 1D
and S20). After irradiation for 10 min, 81% of phorbiplatin was reduced, and most
of the complexes were reduced within 30 min (Figures 1E and S21). Irradiation of
phorbiplatin in the absence of ascorbate also resulted in the release of PPA and
oxaliplatin, although the reaction speed was much slower (Figures S22 and S23).
This effect might be because the PPA ligand itself acts as a weak reductant through
decomposition under irradiation, as the degradation products were observed in the
HPLC chromatogram as small peaks at the retention time of 4 min and 12.5 min
(Figure $23).%

Photoreduction Mechanism of Phorbiplatin

We further studied the mechanism of the photoreduction. Since no spectral overlap
was observed between the emission band of PPA (em = 671 nm) and the absorption
of the dihydroxido Pt(IV) compound [Pt{DACH)(OH),(ox)] (Figure S24), direct energy
transfer is not likely to occur between PPA and the Pt(IV) center. As PPA is able to
regulate redox reactions through photo-induced electron transfer (PET), conjugation
of PPA at the axial position of Pt(IV) may result in a direct electron transfer from the
excited state of PPA to the Pt(IV) center under irradiation. Using PPA in
dimethylformamide (DMF; & = 0.31) as a reference,” the quantum yield of
phorbiplatin is determined to be 0.32 in DMF, which is similar to that of PPA. In
addition, the fluorescence lifetimes of phorbiplatin and PPA in PBS buffer
containing DMF are 7.09 ns and 7.08 ns, respectively (Figure S25). The similar quantum
yield and emission lifetime suggest that the singlet excited state of PPA is not directly
involved in the reduction process, excluding the possibility of a direct electron transfer
from the singlet excited state of PPA to the Pt(IV) center under irradiation.

Given the observations that the photoreduction process of phorbiplatin is much
more efficient in the presence of ascorbate (Figures S21 and S22) and that
ascorbate is able to reduce PPA analogs to its reduced forms including = radical
anion under irradiation through PET,**>° we hypothesized that ascorbate might
first reduce the PPA moiety within phorbiplatin, and then the reduced PPA
further reduces the Pt(IV) center. To corroborate this hypothesis, we first investi-
gated the photo-induced reduction of PPA in the presence of ascorbic acid.
Degassed solutions were used to prevent the auto-oxidation of reduced
products by oxygen. Pyridine containing water was chosen as the solvent due to
the observation that the reduced form of PPA analogs has a long life in it.*¢®'
As shown in Figure S26A, the spectra of free PPA did not change significantly
upon irradiation. Notably, in the presence of ascorbic acid, the spectra of PPA
changed rapidly under irradiation, indicating the formation of reduced products.
The differential absorbance of irradiated PPA in the presence of ascorbic acid
(Figure S26C) is similar to that of mono-reduced PPA = radical anion obtained
from electrochemical reduction (Figure S27B), implying that mono-reduced PPA
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7 radical anion is the main reduced product. Return to darkness led to the recovery
of the spectral changes, which is due to the back-reaction of reduced PPA with the
oxidized ascorbic acid (Figure S26D). We then studied the cyclic voltammetry of
PPA and phorbiplatin in DMF, and the redox potentials are reported versus the
E1/2 of Fc™/Fc. As shown in Figure 2A, the reduction potentials (Eq/2) of free PPA
to PPA m radical anion (PPA®7) and PPA 7 radical dianion (PPA®?7) are —1.51
and —1.81 V, respectively. For phorbiplatin, the respective potentials associated
with the PPA moiety are slightly higher at Ey,, = —1.47 and —1.79 V, respectively.
A new irreversible reduction peak at E, = —1.32 V represents the reduction of
Pt(IV) (Figure 2B), which is comparable to the values reported for other mono-car-
boxylato oxaliplatin-based Pt(IV) prodrugs.*® By employing these data, we esti-
mated the thermodynamic driving force, AG3.;, for PET between the ascorbate
and the excited PPA using the well-known Rehm-Weller equation (see the electro-
chemistry studies and energetics considerations in the Supplemental Information).
The estimated AG3.; values for the reactions of ascorbate with the singlet excited
state and the triplet excited state of PPA to yield PPA®~ are —0.64 and —0.16 eV,
respectively, indicating the PET reduction of PPA to PPA®™ by ascorbate is thermo-
dynamically favorable in both its singlet and triplet excited states. The A4Ggr of
electron transfer process from PPA®™ to Pt(IV) was estimated to be —0.26 eV,
indicating that the process is thermodynamically favorable as well.

We further elucidate the mechanism by using emission quenching study and
transient absorption spectroscopy. We measured the emission intensity and decay
of both PPA and phorbiplatin in the presence of ascorbate. As shown in Figure S28,
upon addition of an increased concentration of ascorbate, the emission intensity of
neither PPA nor phorbiplatin changed significantly. The emission lifetimes of PPA
and phorbiplatin in the presence of ascorbate are identical to those of free PPA
and phorbiplatin (Figure S29), respectively. These results indicate that ascorbate
does not react with the singlet excited PPA under irradiation. Thus, ascorbate
might reduce the triplet excited state of PPA under irradiation. Indeed, the reduc-
tion of porphyrin by ascorbate through its triplet excited state has been reported
previously.”’** We further measured the nanosecond transient absorption
(ns-TA) spectra of PPA and phorbiplatin in degassed solutions. The ns-TA spectra
of PPA show ground-state bleaching at 412 nm and excited-state absorption over
the range of 440-550 nm (Figure 2C). The spectral features are consistent with the
reported triplet state absorption of PPA derivative.’® The decay time of excited-
state absorption at 450 nm of PPA is 6.6 pus from the single exponential fitting
(Figure S30A). The ns-TA spectra and decay time at 450 nm of phorbiplatin are
similar to those of PPA (Figures 2D and S30B) and could account for the important
role of the PPA moiety within phorbiplatin. The ns-TA spectral features of PPA in
the presence of ascorbate are similar to those of free PPA (Figures 2E and S31).
In stark contrast, compared with free PPA and phorbiplatin, the decay time of ab-
sorption of PPA at 450 nm in the presence of ascorbate increases dramatically to
111 ps (Figure S30C). This long half-life species is reasonably identified as the
reduced form of PPA (PPA®™) based on our result mentioned above that PPA®~
was formed in the presence of ascorbic acid under irradiation as well as in view
of previous reports on the spectral features of reduced porphyrins under irradiation
and the porphyrin 7 radical anion has prolonged decay time.?*>**° The difference
between PPA®™ (Figure 2E) and the triplet excited PPA (Figure 2C) is difficult to be
observed in the ns-TA spectra due to the spectral overlap of PPA®™ with the PPA
triplet absorption.®® The ns-TA spectrum of phorbiplatin in the presence of ascor-
bate (Figure 2F) is similar to that of PPA with ascorbate (Figure 2E), due to the pres-
ence of PPA moiety within phorbiplatin. The decay time of phorbiplatin in the
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Figure 2. Cyclic Voltammetry, Transient Absorption Spectra, and Proposed Reduction Mechanism of Phorbiplatin

(A) Cyclic voltammogram of PPA in DMF.

(B) Cyclic voltammogram of phorbiplatin in DMF; the data are reported versus the E4,, of Fc*/Fc.

(C-F) Transient absorption spectra of 10 uM PPA, 10 uM phorbiplatin, 10 uM PPA with 1 mM ascorbate, and 10 pM phorbiplatin with T mM ascorbate in
PBS buffer containing 50% ACN. Also, see Figure S30. The high decreased absorption around 670 nm at time O is due to emission disturbance.

(G) Proposed mechanism of photo-induced reduction of phorbiplatin by ascorbate. Abbreviation is as follows: dehydroascorbic acid, DHA.
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presence of ascorbate at 450 nm, however, decreased significantly to 3.0 ps
(Figure S30D), indicating a fast reaction of the formed PPA®™ within phorbiplatin.
We speculate that this reaction is described as an electron transfer from PPA®™
to the Pt(IV) center, which results in the formation of PPA and Pt(lll).

Based on the evidence described above, we propose a photoactivation mechanism of
phorbiplatin, which is illustrated in Figure 2G. First, phorbiplatin (1) is excited to its
singlet excited state (2) under irradiation, and the singlet excited phorbiplatin (2)
goes to its triplet excited state (3) through intersystem crossing (ISC). The energies
of 2 and 3 with respect to 1 were estimated by time-dependent density functional the-
ory (TDDFT) calculations as 47.6 and 29.9 kcal/mol, respectively. The triplet excited
PPA moiety within phorbiplatin (3) can accept an electron from an electron donor
(e.g., ascorbate) to generate a Pt(IV) complex containing ground state PPA  radical
anion (PPA®7) (4). Then, PPA®™ transfers one electron to the Pt(IV) center to yield a Pt(Ill)
complex (5) or (6) along with the disassociation of the corresponding axial ligands. The
formed Pt(Ill) complex will then be easily and rapidly reduced to a P(l) <:omp|ex.57 The
proposed mechanism of action was also probed by density functional theory (DFT) cal-
culations. The relative potential energies of a few species in the reaction processes
were calculated. 4E is —0.8 kcal/mol for the conversion of the Pt(IV) complex 1 to
the Pt(lll) complex 5, whereas it is —3.4 kcal/mol for the reaction from 5 to the final
products. These values suggest that the reactions are thermodynamically favorable.
Nevertheless, Pt(lll) will not be thermally accessible from Pt(IV), and light is needed
here. DFT calculations also suggest that the pathway via 5 is more stable than that
via 6. A di-carboxylato P(IV) complex is generally thought to have a higher reduction
potential (easier to be reduced) than its mono-carboxylato derivative.’*°® Therefore,
according to our proposed mechanism, Ac-phorbiplatin, a di-carboxylato Pt(IV) com-
plex, might undergo faster photo-induced reduction than phorbiplatin through inner
sphere electron transfer. Indeed, the photoreduction rate of Ac-phorbiplatin is signif-
icantly faster than that of phorbiplatin. For example, 92% of Ac-phorbiplatin is reduced
after irradiation for only 1 min, while the value is as low as 17% for phorbiplatin (Fig-
ure S32). This information further supports the validity of our proposed mechanism
of the photoreduction process.

Photoreduction of Phorbiplatin by Other Biomolecules

Given the high oxidation ability of excited PPA, many reductants will be able to reduce
PPA under irradiation.”” Thus, we tested the ability of 2-(N-morpholino)ethanesulfonic
acid (MES) and glutathione (GSH) as reductants in the photoreduction reaction of phor-
biplatin. As shown in Figure S33, MES and GSH promote the reduction of phorbiplatin
under irradiation as expected. It has been reported that guanosine 5’-monophosphate
(GMP) and adenosine 5'-monophosphate (AMP) in DNA can transfer an electron to
PPA under irradiation as well.°® We, therefore, co-incubated phorbiplatin with calf
thymus (ct)-DNA without other common reductants to investigate the reduction and
the subsequent binding to DNA. Theoretically, phorbiplatin is not able to bind cova-
lently to ct-DNA in the dark, and only when it is reduced to oxaliplatin, can the reduced
product bind to ct-DNA. As shown in Figure 1F, a trace amount of Pt is detected on
DNA in the dark. By contrast, under irradiation, the level of Pt on DNA is similar to
that of oxaliplatin, indicating that phorbiplatin is reduced to oxaliplatin. Therefore,
DNA serves as a reductant in the system, phorbiplatin is efficiently reduced to oxalipla-
tin, and the resultant oxaliplatin binds to DNA.

Cellular Accumulation of Phorbiplatin

The biological activity of phorbiplatin was subsequently evaluated. We first tested
the cellular accumulation of phorbiplatin by ICP-MS. Platinum accumulation in
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Figure 3. Cellular Accumulation, Genomic DNA Binding Property, and ROS Generation Ability of
Phorbiplatin

(A) Time-dependent cellular accumulation of Pt in A2780 cells treated with 0.5 uM phorbiplatin
(mean + SD; n = 3).

(B) Confocal images of A2780 cells treated with 1 pM complexes for 8 h. The blue color corresponds
to nuclei stained by 0.2 uM hoechst 33342 (ex = 405 nm, em = 420-480 nm), and the red color is the
fluorescence of PPA or phorbiplatin (ex = 405 nm, em = 650-700 nm) (scale bar,10 pm).

(C) Ptlevelsin genomic DNA of A2780 cells. The cells were treated with phorbiplatin (0.5 uM) for 8 h,
followed by irradiation at 650 nm (7 mW/cm?) for 15 min or in the dark, and further incubated for 8 h
before the measurement of Pt in DNA (mean + SD; n = 3).

(D) Fluorescent images of H,DCFDA-stained A2780 cells treated with PPA (5 pM) or phorbiplatin
(5 uM) for 8 h followed by irradiation at 650 nm (7 mW/cm?) for 5 min (ex = 488 nm, em = 517-527 nm)
(scale bar, 50 pm). Also, see Figure S35.

A2780 cells increases dramatically over incubation time before 8 h and remains
steady after 8 h (Figure 3A). Thus, an incubation time of 8 h was selected for the
following biological assays. The cellular distribution of phorbiplatin was also exam-
ined. After treatment of A2780 cells with phorbiplatin at a concentration of 1 uM for 8
h, most of the compound stays in the cytoplasm (Figure 3B).

Cytotoxicity of Phorbiplatin

We subsequently examined the cytotoxicity of phorbiplatin together with
oxaliplatin and PPA in platinum-sensitive (A2780) and platinum-resistant
(A2780cisR) human ovarian cancer cells. Human breast cancer cells MCF-7 were
also used because of their poor response to platinum drugs.®' These types of cells
have been extensively applied in the evaluation of novel metal-based anticancer
agents.®?** Cells were treated with the compounds for 8 h, followed by irradiation
orincubation in the dark, and the cell viability was measured by MTT assay after 40 h.
As shown in Table 1, oxaliplatin shows ICsg values in the typical micromolar range
and is not active in A2780cisR cells. Under irradiation, the ICsq values of oxaliplatin
do not change significantly from those in the dark, indicating that irradiation has
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Table 1. Cytotoxicity of Oxaliplatin, PPA, and Phorbiplatin

Cell Line Irradiation I1Cs0 (LM) FI?
Oxaliplatin PPA Phorbiplatin
A2780 in the dark 76 + 4 >10 >10
under irradiation 68 £ 9 0.34 + 0.05 0.13 £ 0.01 523
A2780cisR in the dark 162 £ 9 >10 >10
under irradiation 185 £ 8 0.23 £+ 0.01 0.19 £+ 0.01 974
MCF-7 in the dark 110 £ 4.3 >10 >10

under irradiation 78.6 + 8.7 0.20 + 0.02 0.044 + 0.004 1786

4T1 in the dark 8.7 £ 0.9 >10 >10
under irradiation 7.6 +£1.3 0.16 + 0.02 0.13 + 0.004 58
MRC-5 in the dark 122 + 5.2 >10 >10

Cells were treated with complexes for 8 h, followed by irradiation at 650 nm (7 mW/cm?) for 15 min or in
the dark. Cell viability was determined by MTT assay at 40 h after irradiation (mean + SD; n = 3).
Fl is defined as ICsq of oxaliplatin/ICsq of phorbiplatin.

a negligible effect on the cytotoxicity of oxaliplatin. PPA shows low cytotoxicity to
the tested cells in the dark and is active under irradiation, behaving as a typical
photosensitizer as previously reported.®>*® Phorbiplatin is non-toxic to the tested
cells in the dark, and the ICsg value is higher than 10 puM, suggesting the inert
properties of this Pt(IV) prodrug before activation. By contrast, under irradiation,
phorbiplatin is very active in the tested cells with ICsg values in the nanomolar range.
For example, in A2780 cells, the ICso of phorbiplatin under irradiation is as low
as 0.13 pM. Compared with oxaliplatin, the photocytotoxicity of phorbiplatin in-
creases by a factor of 523. Phorbiplatin is also active in platinum-resistant
A2780cisR and MCF-7 cells with ICsq values of 0.19 and 0.044 puM, respectively,
and the photocytotoxicity of phorbiplatin increases by factors of 974 and 1786
compared with oxaliplatin, respectively. In addition, phorbiplatin is non-toxic to
the tested normal human lung fibroblasts MRC-5 in the dark, indicating its low
toxicity to normal cells. We also tested the photocytotoxicity of phorbiplatin in
4T1 murine cancer cell line. The tumor growth of 4T1 cells in BALB/c mice closely
mimics stage IV human breast cancer, and this cell line has been widely used in
antitumor studies.®”"*” Phorbiplatin shows 58-fold increased photocytotoxicity
compared with oxaliplatin in 4T1 cells, indicating its significant activity against late
stage breast cancer cells.

Action Mechanism of Phorbiplatin in Cells

More biological assays were carried out to study the fate of phorbiplatin in cells.
First, the cellular accumulation levels of Pt in A2780, A2780cisR, and MCF-7
cells treated with phorbiplatin and oxaliplatin for 8 h were measured, and the results
are shown in Figure S34. Compared with oxaliplatin, phorbiplatin accumulates more
efficiently in the cells. For example, the cellular accumulation levels for phorbiplatin
and oxaliplatin in A2780 cells are 6.4 + 1.2 and 0.9 + 0.1 ng Pt/10° cells, respec-
tively. This high level of accumulation may be ascribed to the increased lipophilicity
of phorbiplatin (LogP = 1.25) compared with that of oxaliplatin (LogP = —1 .76).7°

To confirm whether phorbiplatin can be reduced to oxaliplatin and subsequently bind
to genomic DNA in cells, we measured platinum levels in the genomic DNA of A2780
cells treated with phorbiplatin. Under irradiation, the platinum level in DNA is
110 £ 9.7 pg Pt per ng DNA, whereas the value is only 28 + 5.5 pg Pt per ng DNA
in the dark (Figure 3C). This result suggests that a small portion of phorbiplatin may
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be reduced in cells in the dark after 16 h, but under irradiation, phorbiplatin is rapidly
reduced, resulting in a high level of Pt in genomic DNA.

PPA reportedly acts as a photosensitizer to kill cells by inducing ROS under
irradiation.”” We measured the ROS levels of A2780 cells treated with phorbiplatin
to examine its ability to induce ROS using H,DCFDA as a fluorescent probe. As shown
in Figures 3D and S35, compared with untreated cells and cells treated with phorbipla-
tin or PPA in the dark, cells treated with phorbiplatin or PPA under irradiation show
significantly increased fluorescence intensity, suggesting elevated levels of cellular
ROS. Therefore, PPA, especially after the dissociation with Pt in cancer cells after
irradiation, may also contribute to the cytotoxicity of phorbiplatin. The ability of
phorbiplatin to generate ROS was further proved by an in vitro cell-free assay based
on a chemical probe, 1,3-diphenylisobenzofuran (DPBF) (Figure S36), and the results
suggest that phorbiplatin efficiently induces ROS under irradiation.

To further elucidate the contribution of different ROS species in the photocytotox-
icity of phorbiplatin, we measured the photocytotoxicity of the compounds in the
presence of singlet oxygen inhibitor L-histidine and hydroxyl radical inhibitor
D-mannitol. As shown in Table S1, these inhibitors did not change the cytotoxicity
of oxaliplatin significantly. In the presence of L-histidine, the photocytotoxicity of
PPA decreased, indicating that singlet oxygen plays some roles. In the presence
of D-mannitol, however, the photocytotoxicity of PPA decreased more significantly,
suggesting that the photocytotoxicity of PPA mainly relies on the generation of
hydroxy! radicals. This result is consistent with other reports that a PPA derivative
generates more hydroxyl radicals than singlet oxygen.>® For phorbiplatin, in the
presence of L-histidine, the photocytotoxicity slightly decreased, and this phenom-
enon was also observed in the presence of D-mannitol. Therefore, both single oxy-
gen and hydroxyl radicals contribute to the photocytotoxicity of phorbiplatin.

We further tested the ability of phorbiplatin to induce apoptosis using an Annexin
V/7-aminoactinomycin d (7-AAD) double staining assay, and the result is shown in
Figure S37. A2780 cells treated with phorbiplatin under irradiation show high frac-
tions of apoptotic (29.1%) and dead (68.0%) cells compared with all the other groups
including untreated cells, cells treated with oxaliplatin, and cells treated with PPA
under irradiation. Therefore, phorbiplatin induces cell death through apoptotic
pathways.

In vivo Antitumor Activity of Phorbiplatin

Based on the in vitro results, we argue that the photocytotoxicity of phorbiplatin is
due to its high accumulation in cancer cells followed by the generation of active
Pt(Il) species together with ROS including singlet oxygen and hydroxyl radicals un-
der irradiation. This multi-action property might result in high antitumor activity
in vivo. The lack of oxygen in the hypoxic tumor microenvironment will reduce
the generation of ROS and the photocytotoxicity of PPA. Our hypothesis is that
although the generation of ROS from phorbiplatin may be limited under hypoxia,
this prodrug can still generate Pt(ll) to exhibit cell-killing effects, which may lead
to enhanced antitumor activity compared with oxaliplatin and PPA, or even a
mixture.

To corroborate this hypothesis, we further studied the antitumor activity of phorbi-
platin in vivo using a murine mammary adenocarcinoma 4T1 xenograft model.
BALB/c mice bearing the 4T1 tumor model were treated with PPA or phorbiplatin,
and the fluorescence of the complex was monitored. As shown in Figure S38, the
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Figure 4. Antitumor Activity of Phorbiplatin In vivo

(A) The growth of 4T1 tumors in a xenograft model treated with various complexes and the relative
tumor volumes are presented. Arrows represent the time of complex administration and
irradiation. Also, see Figure S39.

(B) Excised tumor weight at the endpoint.

(C) Photographs of excised tumors at the endpoint.

(D) The bodyweight of the mice. The complexes were i.v. injected 5 times in total at a dose of
3.5 umol-Pt/kg. 4 h after i.v. injection, the tumor sites of irradiation group were irradiated with
660 nm light at a power density of 100 mW/cm? for 10 min. The tumor volume of each group was
measured every two days for 12 days. (Statistical analysis was carried out using Student’s t test.
**p < 0.01, ***p < 0.001, mean = SD; n =5).

mice showed strong fluorescence near tumors 4 h post-injection of PPA or phorbi-
platin. The fluorescence at the tumor site kept decreasing and disappeared after
24 h. Thus, we chose 4 h after injection as the time point for irradiation. BALB/c
mice bearing approximately 40 mm?® 4T1 tumors were intravenously injected with
different complexes at a dose of 3.5 umol-Pt/kg every two days for a total of five
treatments. After 4 h, tumors were irradiated with red light (660 nm, 100 mW/cm?)
for 10 min. As indicated in Figures 4A and S39, oxaliplatin at this dose exhibited
limited effects on the tumor growth, and a mixture of PPA and oxaliplatin with irra-
diation weakly inhibited the tumor growth. Phorbiplatin in the dark also weakly in-
hibited the tumor growth, which might be due to the slow reduction of phorbiplatin
and the following release of oxaliplatin after a long time in vivo. Remarkably, phor-
biplatin with irradiation significantly inhibited the tumor growth, with 67% reduction
in tumor volume and 62% reduction in tumor weight compared with the control
group (Figures S39, 4B, and 4C). These results suggest significantly improved in vivo
antitumor effects of phorbiplatin compared with oxaliplatin or even a mixture of PPA
and oxaliplatin. In addition, the bodyweight of the mice treated with phorbiplatin
did not change significantly, highlighting the safety of phorbiplatin (Figure 4D).
Moreover, histological analysis (H&E staining) shows that tumor damage occurs
more significantly in the phorbiplatin-treated group under irradiation than other
groups, suggesting the superior antitumor activity of phorbiplatin (Figure S40). Be-
sides, the results of H&E staining in Figure S40 show that there is liver damage in the
mice treated with the mixture of oxaliplatin and PPA under irradiation, raising a
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safety concern of the mixture. By contrast, no liver damage was found in the mice
treated with phorbiplatin under irradiation, and the other organs are also in good
conditions. These results further confirmed the safety of phorbiplatin.

In conclusion, to the best of our knowledge, we developed the first small-molecule
Pt(IV) prodrug that can be efficiently and controllably activated by red light in a
spatial and temporal fashion. This prodrug is stable in the dark, even in the presence
of reductants. Upon red light irradiation, the prodrug is reduced rapidly to oxalipla-
tin and PPA. Studies on the photoactivation process indicate that the prodrug uti-
lizes a unique mechanism to be photo-reduced: after photoactivation to the triplet
excited state, PPA is reduced under irradiation in the presence of ascorbate, and
the reduced PPA further reduces the Pt(IV) center to initiate the photoreduction pro-
cess. The PPA axial ligand acts as a “photo-induced redox relay” to transfer electrons
to the Pt(IV) center. To the best of our knowledge, this is also the first example of a
small-molecule Pt(IV) prodrug containing a functionalized axial ligand that can facil-
itate the electron transfer process from a reducing agent to the Pt center under irra-
diation. The prodrug shows negligible toxicity to cells in the dark, while upon irradi-
ation, it exhibits a remarkable ability to kill cancer cells with up to a 1,786-fold
increase in photocytotoxicity compared with oxaliplatin. Mechanistic investigations
indicate that oxaliplatin and PPA resulting from the prodrug activation induce DNA
damage and ROS species, respectively, to effectively kill cancer cells in a combina-
torial mode. The prodrug is also much more photoactive in vivo against the growth
of breast tumor in BALB/c mice compared with oxaliplatin, PPA, and even a mixture
of oxaliplatin and PPA. These results confirm that phorbiplatin is an effective red
light-activatable anticancer prodrug, which is able to overcome drug resistance is-
sues of traditional platinum drugs. Compared with the recently reported photoacti-
vation of Pt(IV) prodrugs by adding a photocatalyst externally with the irradiation of
blue light, phorbiplatin, as a single agent, does not require the delivery of an
external catalyst into the tumor region and is applicable in vivo due to the utilization
of red light.”#” This novel strategy of building photoactivatable platinum prodrugs
opens up a new direction for the design of Pt(IV) prodrugs with controllable activa-
tion properties. Our current efforts aim to apply this strategy to other photo-ab-
sorbers to obtain more potent Pt(IV) anticancer prodrugs.

EXPERIMENTAL PROCEDURES

The experimental procedures are included in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
2019.08.021.
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