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ABSTRACT: A common challenge in Pt(IV) prodrug design is the
limited repertoire of linkers available to connect the Pt(IV) scaffold with
the bioactive payload. The commonly employed linkers are either too
stable, leading to a linker artifact on the payload upon release, or too
unstable, leading to premature release. In this study, we report the
synthesis of a new class of Pt(IV) prodrugs using masked self-
immolative 4-aminobenzyl linkers for controlled and traceless codrug
delivery. Upon reduction of self-immolative Pt(IV) prodrugs, the
detached axial ligands undergo decarboxylation and 1,6-elimination for
payload release. Introduction of self-immolative linkers conferred good
aqueous stability to the Pt(IV) codrug complex. Investigation revealed that efficient 1,6-elimination could be attributed to
stabilization of the p-aza-quinone-methide intermediate. In particular, the self-immolative Pt(IV) prodrugs with cinnamate and
coumarin derivatives were more potent than the coadministration of cisplatin with an unconjugated cinnamate or coumarin payload
in vitro.

■ INTRODUCTION
Food and Drug Administration (FDA)-approved cisplatin
(cDDP) is a leading Pt(II) anticancer drug administered
clinically to treat various malignancies such as ovarian,
testicular, head, and neck cancers.1 However, the efficacy of
cDDP is diminished due to its dose-limiting systematic toxicity
and chemoresistance.2 Thus, a combination therapy involving
cDDP with one or more anticancer drugs is commonly
administered as each drug acts via different molecular
mechanisms and can deter drug resistance.3,4 Yet, the
promising results of combination therapy on 2D tissue cultures
in vitro may not be replicated in vivo in complex organisms as
each chemotherapeutic drug has different pharmacological
properties with different biodistribution profiles that diminish
the effectiveness of the synergistic or complementary
combination therapy.5,6 Pt(IV) prodrug is an useful strategy
that serves as a delivery vessel to simultaneously deliver
ratiometric amounts of cDDP and combination drugs upon
activation by biological reducing agents.7 Furthermore, since
the Pt(IV) prodrug is kinetically stable, it is resistant to
unwanted reactions with plasma proteins and prevents side-
effects associated with cDDP and combination drugs.8

The direct conjugation to the axial ligand position of a
Pt(IV) scaffold requires specific functionalities often absent in
chemotherapeutic drugs such as paclitaxel,9 doxorubicin,10,11

docetaxel,12 and gemcitabine13 used in combination with
cDDP.14,15 Often, covalent ether, amide, or ester linkers are
employed to conjugate bioactive ligands, for example,
chalcone,16 7-hydroxycoumarin,17 combretastatin-A4,18 and
estrogen,19 to Pt(IV) scaffolds. Covalent linkages including

ether, amide, and oxime are highly stable and not readily
released from the codrug payload.11,20,21 On the other hand,
ester linkers are readily hydrolyzed or cleaved by esterases,
leading to unintended and premature release during circu-
lation.22 Such conventional linkers limit the implementation of
controlled simultaneous dual-drug delivery into cancer cells for
a maximum therapeutic effect. Recently, carbamate and
carbonate linkers have been reported as efficient linkers that
release conjugated drugs upon reduction of Pt(IV) pro-
drugs.22−24 We present a new strategy for cDDP-based Pt(IV)
prodrugs that incorporate the self-immolative 4-aminobenzyl
alcohol (4ABA) linker that could undergo a p-aza-quinone-
methide 1,6-elimination self-immolative reaction for a
controlled dual-drug delivery.25 Upon intracellular reduction,
these Pt(IV) prodrug complexes would release axial ligands
that could undergo decarboxylation and sequentially trigger
self-immolation to restore the codrug.
To that end, we prepared a series of functionalized Pt(IV)

prodrug complexes with a therapeutic payload tethered to self-
immolative linkers as a proof of concept and investigated their
release kinetics (Figure 1). Methyl trans-2-hydroxycinnamate
(MeHC) and 7-hydroxy-3-methylcoumarin (7-HMC) were
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chosen as model codrugs as they are privileged scaffolds of
natural products with known therapeutic effects against
cancer.17,26 Suberoylanilide hydroxamic acid (SAHA) is an
FDA-approved histone deacetylase inhibitor (HDACi)27,28 and
the combination therapy of SAHA and cDDP has been
reported to produce a synergistic effect in inducing cancer cell
death.29−31 Because the self-immolative linkers could sponta-
neously decompose, we developed a synthesis approach that
initially masked the trigger group before carrying out
functional group transformation for direct coupling with the
Pt(IV) scaffold. We investigated their self-immolation kinetics
and demonstrated that the unmodified payload could be
released upon reduction at the Pt(IV) center. We also
investigated the efficacy of these novel prodrug complexes
against established HeLa, A2780, and A2780cis cell lines.

■ EXPERIMENTAL SECTION
Materials and Methods. All experiments were carried out with

no exclusion of moisture and air. All chemicals and solvents were
handled without further treatment. All chemicals and solvents were of
analytical or high-performance liquid chromatography (HPLC) grade
and were purchased commercially. 1H, 195Pt, and 13C nuclear
magnetic resonance (NMR) spectra were recorded using a Bruker
AMX 400 spectrometer and a Bruker AMX 500 spectrometer. 195Pt
NMR spectra were externally referenced using K2PtCl4. Mass spectra
were measured with a Finnigan MAT LCQ (ESI) spectrometer. [Pt]
was determined by inductively-coupled plasma−optical emission
spectroscopy (ICP−OES) by CMMAC, NUS. The HPLC system
consisted of a vacuum degasser (Agilent model G1322A), a
quaternary pump (Agilent model G1311A), an autosampler (Agilent
model G1329A), a thermostated column compartment (Agilent
model G1316A), and a diode array detector (Agilent model
G1315A). Reversed-phase−HPLC (RP-HPLC) purification was
performed using an Agilent 1200 DAD with a Shim-pack VP-C18
column (5 μm, 100 Å, 250 mm × 4.6 mm) at a flow rate of 1.5 mL/
min. The eluents used were H2O (A) and MeCN (B). The gradient
elution was 20% B to 70% B from 0 to 50 min, and the column was
flushed at 90% B for washing for 10 min and re-equilibrated to 20% B

for 10 min. The stabilities, purities, and reactions of Pt(IV)
compounds were determined using an Agilent Eclipse Plus C18 (5
μM, 4.60 × 12.5 mm i.d) column at 254 and 280 nm wavelengths, and
the flow rate used was 1.0 mL/min. The eluents used were H2O (A)
and MeCN (B). The gradient elution was 20% A to 90% B from 0 to
20 min. Fluorescence measurements were carried out with a BioTek
Synergy H1 hybrid multimode microplate reader. cDDP32 and A33

were synthesized according to the procedures reported in the
literature.

Synthesis of MeHC. 2-Coumaric acid (328 mg, 2.00 mmol) was
suspended in MeOH (10 mL) and concentrated H2SO4 (0.37 mL)
was added. The reaction mixture was stirred at room temperature
(r.t.) for 24 h and then concentrated in vacuo. The residue was
dissolved in H2O (8 mL) and extracted with diethyl ether. Organic
layers were combined, washed with H2O, saturated Na2CO3, and
brine, and dried over Na2SO4. The solution was filtered and dried in
vacuo to give the desired product as a white precipitate. Yield: 278 mg
(78%). 1H NMR (400 MHz, DMSO-d6) δ 10.24 (s, 1H, OH), 7.88
(d, J = 16.2 Hz, 1H, =CHAr), 7.59 (d, J = 7.8 Hz, 1H, Ar−H), 7.24
(m, 1H, Ar−H), 6.91 (d, J = 8.1 Hz, 1H, Ar−H), 6.86−6.79 (m, 1H,
Ar−H), 6.61 (d, J = 16.2 Hz, 1H, =CHCO2), 3.71 (s, 3H, CH3).

13C
NMR (101 MHz, DMSO-d6) δ 167.15, 156.78, 140.14, 131.72,
128.83, 120.67, 119.39, 116.84, 116.16, 51.29. ESI−MS (−ve mode):
m/z = 177.1 [M−H]−. RP-HPLC purity: 99.4% (254 nm) and 99.0%
(280 nm); tr = 15.3 min.

Synthesis of SAHA. 34 Yield: 73%. 1H NMR (300 MHz, DMSO)
δ 10.32 (s, 1H, CONHOH), 9.84 (s, 1H, CONH), 8.65 (s, 1H,
NHOH), 7.58 (d, J = 7.6 Hz, 2H, Ar−H), 7.27 (t, J = 7.9 Hz, 2H,
Ar−H), 7.01 (t, J = 7.4 Hz, 1H, Ar−H), 2.28 (t, J = 7.4 Hz, 2H,
CH2CONHOH), 1.93 (t, J = 7.3 Hz, 2H, CH2CONHAr), 1.64−1.41
(m, 4H, CH2CH2), 1.27 (d, J = 3.5 Hz, 4H, CH2CH2).

13C NMR
(126 MHz, DMSO) δ 171.16, 169.05, 139.31, 128.56, 122.84, 119.00,
36.32, 32.20, 28.36, 24.97. ESI−MS (−ve mode): m/z = 264.3 [M−
H]−. RP-HPLC purity: 95.6% (254 nm) and 96.1% (280 nm); tr =
8.36 min.

General Procedure for Intermediate L1 and L2. MeHC or 7-
HMC (1 equiv) was dissolved in MeOH (10 mL). 4-Bromome-
thylbenzoic acid (1.5 equiv) and K2CO3 (2 equiv) were added to the
reaction mixture and stirred at r.t. for 18 h, and thin layer
chromatography was used to monitor the reaction progress. The

Figure 1. Molecular structures of cDDP, model codrug payloads, Pt(IV) precursor A, and functionalized Pt(IV) complexes 1−4.
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reaction mixture was concentrated in vacuo and the residue was
redissolved in H2O and acidified to pH 1 with 1 M HCl. The residue
was collected, washed with H2O and diethyl ether, and dried. The
pure product was purified with flash column chromatography with an
eluent system of EA/n-hexane (2:3 v/v).
L1. Yield: 43%. 1H NMR (400 MHz, DMSO-d6) δ 12.97 (s, 1H,

COOH), 8.01−7.90 (m, 3H, =CHAr and Ar−H), 7.74 (dd, J = 7.7,
1.7 Hz, 1H, Ar−H), 7.57 (d, J = 8.4 Hz, 2H, Ar−H), 7.45−7.35 (m,
1H, Ar−H), 7.15 (d, J = 7.9 Hz, 1H, Ar−H), 7.01 (t, J = 7.5 Hz, 1H,
Ar−H), 6.64 (d, J = 16.2 Hz, 1H, =CHCO2), 5.32 (s, 2H, CH2), 3.70
(s, 3H, CH3).

13C NMR (101 MHz, DMSO-d6) δ 167.03, 166.92,
156.68, 141.74, 139.16, 131.98, 130.36, 129.58, 128.84, 127.42,
122.63, 121.18, 118.16, 113.17, 69.18, 51.43. ESI−MS (−ve mode):
m/z = 311.0 [M−H]−.
L2. Yield: 48%. 1H NMR (400 MHz, DMSO-d6) δ 12.99 (s, 1H,

COOH), 8.00−7.94 (m, 2H, Ar−H), 7.71 (d, J = 8.7 Hz, 1H, Ar−H),
7.58 (d, J = 8.3 Hz, 2H, Ar−H), 7.11−7.03 (m, 2H, Ar−H), 6.22 (d, J
= 1.3 Hz, 1H, =CH), 5.33 (s, 2H, CH2), 2.40 (s, 3H, CH3).

13C NMR
(126 MHz, DMSO-d6) δ 167.06, 161.13, 160.09, 154.66, 153.39,
141.27, 130.52, 129.53, 127.52, 126.59, 113.45, 112.69, 111.35,
101.76, 69.20, 18.14. ESI−MS (−ve mode): m/z = 309.1 [M−H]−.
General Procedure for Intermediate L3 and L3−NO2. SAHA

(1 equiv) was dissolved in MeOH (10 mL). 4-Bromomethylbenzoic
acid or 4-bromomethyl-3-nitrobenzoic acid (1 equiv) was added to
the reaction mixture followed by addition of 40% w/v NaOH
dropwise. The reaction mixture was stirred at r.t. for 18 h and then
concentrated in vacuo. The remaining residue was dissolved in H2O
(6 mL) and acidified with 1 M HCl to pH 1. The white precipitate
was collected, dried, and used without further purification.
L3. Yield: 79%. 1H NMR (500 MHz, DMSO-d6) δ 12.93 (brs, 1H,

COOH), 11.00 (s, 1H, CONHO), 9.84 (s, 1H, CONH), 7.98−7.94
(m, 2H, Ar−H), 7.62−7.57 (m, 2H, Ar−H), 7.54−7.49 (m, 2H, Ar−
H), 7.32−7.24 (m, 2H, Ar−H), 7.02 (tt, J = 7.3, 1.2 Hz, 1H, Ar−H),
4.86 (s, 2H, CH2), 2.29 (t, J = 7.5 Hz, 2H, CH2CONHOH), 1.96 (t, J
= 7.4 Hz, 2H, CH2CONHAr), 1.54 (t, 7.0 Hz, 4H, CH2CH2), 1.28
(ddt, J = 12.8, 9.5, 4.7 Hz, 4H, CH2CH2).

13C NMR (126 MHz,
DMSO-d6) δ 171.20, 169.46, 167.19, 140.89, 139.35, 129.26, 128.62,
128.43, 122.89, 119.02, 76.12, 36.35, 32.17, 28.38, 28.28, 24.98, 24.81.
ESI−MS (−ve mode): m/z = 397.1 [M−H]−.
L3−NO2. Yield: 83%.

1H NMR (400 MHz, DMSO-d6) δ 13.75 (s,
1H, COOH), 11.13 (s, 1H, CONHO), 9.83 (s, 1H, CONH), 8.50 (d,
J = 1.7 Hz, 1H, Ar−H), 8.28 (dd, J = 8.0, 1.7 Hz, 1H, Ar−H), 7.93 (d,
J = 8.0 Hz, 1H, Ar−H), 7.58 (d, J = 7.6 Hz, 2H, Ar−H), 7.33−7.21
(m, 2H, Ar−H), 7.01 (t, J = 7.4 Hz, 1H, Ar−H), 5.22 (s, 2H, CH2),
2.28 (t, J = 7.4 Hz, 2H, CH2CONHOH), 1.94 (t, J = 7.3 Hz, 2H,
CH2CONHAr), 1.51 (m, 4H, CH2CH2), 1.34−1.16 (m, 4H,
CH2CH2).

13C NMR (126 MHz, DMSO-d6) δ 171.20, 169.85,
165.40, 139.34, 136.44, 133.84, 131.74, 130.50, 128.63, 125.19,
122.91, 119.03, 73.13, 36.35, 32.08, 28.37, 28.26, 24.98, 24.71. ESI−
MS (−ve mode): m/z = 442.1 [M−H]−.
General Procedure for 1−3 and 3−NO2. A self-immolative

linker-modified drug (2.4 equiv) was dissolved in DMSO (1 mL).
NEt3 (2.4 equiv) was added to the solution and stirred for 5 min.
DPPA (2.4 equiv) was then added and stirred at r.t. for 30 min
followed by stirring for 3 h at 70 °C. After that, A (1 equiv) was added
to the reaction mixture and stirred at 50 °C for 24 h. After completion
of the reaction, the solution was filtered and dried. A pure Pt(IV)
complex was obtained via purification by RP-HPLC.
1: Yield (est.): 20%. 1H NMR (500 MHz, DMSO-d6) δ 9.15 (s,

2H, CONH), 7.87 (d, J = 16.2 Hz, 1H, =CHAr), 7.75−7.66 (m, 1H,
Ar−H), 7.49 (d, J = 8.4 Hz, 2H, Ar−H), 7.40 (t, J = 7.6 Hz, 1H, Ar−
H), 7.28 (d, J = 8.4 Hz, 2H, Ar−H), 7.18 (d, J = 8.5 Hz, 1H, Ar−H),
6.98 (t, J = 7.5 Hz, 1H, Ar−H), 6.61 (d, J = 16.2 Hz, 7H, NH3 and
=CHCO2), 5.09 (s, 2H, CH2), 3.69 (s, 3H, CH3), 1.93 (s, 3H,
CO2CH3).

13C NMR (126 MHz, DMSO) δ 167.02, 157.19, 157.12,
140.74, 139.48, 131.99, 128.90, 128.82, 128.34, 122.54, 121.79,
120.89, 119.91, 117.97, 113.27, 69.90, 51.44, 22.85. 195Pt {1H} NMR
(DMSO-d6, 108 MHz): 1169.7 ppm. ESI−MS (−ve mode): m/z =
683.8 [M−H]−. RP-HPLC purity: 98.3% (254 nm) and 97.7% (280
nm); tr = 18.6 min.

2: Yield (est.): 46%. 1H NMR (500 MHz, DMSO-d6) δ 9.15 (s,
1H, CONH), 7.68 (dd, J = 8.9, 3.2 Hz, 1H, Ar−H), 7.48 (dd, J = 8.9,
3.1 Hz, 2H, Ar−H), 7.28 (dd, J = 8.8, 3.0 Hz, 2H, Ar−H), 7.07−7.03
(m, 1H, Ar−H), 7.01 (dd, J = 8.5, 3.0 Hz, 1H, Ar−H), 6.65 (brs, 6H,
NH3), 6.20 (d, J = 2.2 Hz, 1H, =CHCO2), 5.10 (s, 2H, CH2), 2.39 (s,
3H, CH3), 1.93 (s, 3H, CO2CH3).

13C NMR (126 MHz, DMSO-d6)
δ 166.99, 161.48, 160.56, 160.16, 154.68, 153.45, 140.63, 130.42,
129.70, 128.36, 126.46, 113.16, 112.78, 111.15, 101.65, 69.96, 53.06,
18.14. 195Pt {1H} NMR (DMSO-d6, 108 MHz): 1171.2 ppm. ESI−
MS (−ve mode): m/z = 681.8 [M−H]−. RP-HPLC purity: 98.3%
(254 nm) and 95.9% (280 nm); tr = 15.1 min.

3: Yield (est.): 14%. 1H NMR (500 MHz, DMSO-d6) δ 10.87 (s,
1H, CONHO), 9.84 (s, 1H, CONHAr), 9.14 (s, 1H, CO2NH), 7.57
(d, J = 7.7 Hz, 2H, Ar−H), 7.45 (d, J = 8.5 Hz, 2H, Ar−H), 7.27 (t, J
= 7.9 Hz, 2H, Ar−H), 7.20−7.17 (m, 2H, Ar−H), 7.11 (d, J = 8.1 Hz,
1H, Ar−H), 7.01 (t, J = 7.3 Hz, 1H, Ar−H), 6.64 (brs, 6H, NH3),
4.65 (s, 2H, CH2), 2.28 (t, J = 7.5 Hz, 2H, CH2CONHOH), 1.93−
1.61 (m, 3H, CO2CH3 and CH2CONHAr), 1.50−1.46 (m, 4H,
CH2CH2), 1.31−1.24 (m, 4H, CH2CH2).

13C NMR (126 MHz,
DMSO-d6) δ 178.39, 171.28, 169.29, 160.58, 140.90, 139.35, 129.34,
128.66, 128.30, 122.96, 122.95, 119.06, 76.72, 36.38, 32.26, 28.41,
28.34, 25.02, 24.88, 22.85. 195Pt {1H} NMR (DMSO-d6, 108 MHz):
1168.3 ppm. ESI−MS (−ve mode): m/z = 769.9 [M−H]−. RP-HPLC
purity: 95.2% (254 nm) and 95.3% (280 nm); tr = 12.5 min.

3−NO2. Yield (est.): 12%. 1H NMR (400 MHz, DMSO-d6) δ
10.96 (s, 1H, CONHO), 9.82 (s, 1H, CONHAr), 9.70 (s, 1H,
CO2NH), 8.31 (s, 1H, Ar−H), 7.66 (dd, J = 8.5, 2.2 Hz, 1H, Ar−H),
7.61−7.54 (m, 2H, Ar−H), 7.51 (d, J = 8.5 Hz, 1H, Ar−H), 7.32−
7.23 (m, 2H, Ar−H), 7.04−6.97 (m, 1H, Ar−H), 6.63 (s, 6H, NH3),
5.00 (s, 2H, CH2), 2.28 (t, J = 7.4 Hz, 2H, CH2CONHOH), 1.93 (m,
5H, CO2CH3 and CH2CONHAr), 1.51 (m, 4H, CH2CH2), 1.25 (m,
4H, CH2CH2).

13C NMR (126 MHz, DMSO-d6) δ 178.35, 171.23,
169.60, 159.94, 148.22, 139.35, 131.06, 129.17, 128.74, 128.62,
126.50, 122.90, 119.03, 72.93, 36.36, 32.09, 28.37, 28.29, 24.98, 24.74,
22.81. 195Pt {1H} NMR, (DMSO-d6, 108 MHz): 1168.6 ppm. ESI−
MS (−ve mode): m/z = 815.1 [M−H]−. RP-HPLC purity: 97.5%
(254 nm) and 97.6% (280 nm); tr = 14.0 min.

Synthesis of 4. To a solution of SAHA (70.3 mg, 0.266 mmol) in
DMF (5 mL) at 0 °C, CDI was added. The reaction mixture was
stirred at 0 °C for 2 h. A (40 mg, 0.106 mmol) was then added
followed by stirring at r.t. for 24 h. After this, the solution was filtered
and freeze-dried. Pure 1 was obtained via purification by RP-HPLC as
a white solid. Yield (est.): 32%. 1H NMR (500 MHz, DMSO-d6) δ
11.45 (s, 1H, CONHO), 9.86 (s, 1H, CONHAr), 7.59 (d, J = 8.0 Hz,
3H, Ar−H), 7.28 (t, J = 7.9 Hz, 2H, Ar−H), 7.02 (t, J = 7.3 Hz, 1H,
Ar−H), 6.56 (s, 6H, NH3), 2.29 (td, J = 7.4, 1.4 Hz, 2H,
CH2CONHOH), 2.05 (t, J = 7.3 Hz, 2H, CH2CONHAr), 1.94 (s,
3H, CH3), 1.60−1.49 (m, 4H, CH2CH2), 1.32−1.26 (m, 4H,
CH2CH2).

195Pt {1H} NMR (DMSO-d6, 108 MHz): 1170.2 ppm.
ESI−MS (−ve mode): m/z = 664.8 [M−H]−. RP-HPLC purity:
95.2% (254 nm) and 96.6% (280 nm); tr = 12.9 min.

Investigation of Reduction Using RP-HPLC. Each Pt(IV)
complex was extracted from its stock solution and added to PBS (200
mM, pH 7.4) except for 2, which was added to 1:1 v/v of DMSO:PBS
(200 mM, pH 7.4) solution (66 μL) in an Eppendorf tube to obtain a
concentration of 200 μM. Aqueous sodium ascorbate (NaAsc, 30
equiv) was added to the solutions and mixed at 37 °C in an
Eppendorf thermomixer. At regular time intervals, aliquots (30 μL)
were taken from the respective reaction mixtures for RP-HPLC
analysis. The identities of the products were confirmed by
electrospray ionization−mass spectrometry (ESI−MS) analysis and
comparison of their retention time with authentic standards.

Fluorescence Measurements. Each compound was extracted
from its stock solution and dissolved in PBS (200 mM, pH 7.4) to
attain 100 μM. A fixed concentration and volume (100 μM, 200 μL)
of each compound was pipetted onto a 96-well black microplate in
triplicate. Fluorescence measurements were conducted in which the
excitation wavelength was 350 nm, gain setting was 50, and the
scanned emission wavelength was from 380 to 700 nm. Complex 2
was dissolved in 1:1 v/v of DMSO:PBS (200 mM, pH 7.4) solution to
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attain 100 μM. NaAsc (30 times concentrated) was added to the
solution and mixed on a shaker. A fixed concentration and volume
(100 μM, 200 μL) was pipetted onto a 96-well black microplate in
triplicate. Fluorescence measurements were conducted in which the
excitation wavelength was 350 nm, gain setting was 50, and the
scanned emission wavelength was from 380 to 700 nm.
Inhibition of Cell Viability Assay. RP-HPLC studies showed

high purity of greater than 95% at both 254 and 280 nm wavelengths
for all drugs tested. An MTT stock solution was prepared by
dissolving MTT in PBS (5 mg/mL) and storing at 4 °C. Stock
solutions of each compound were prepared by dissolving them in
DMSO and storing at −20 °C. Concentrations of the Pt(IV) complex
stocks were further verified by measuring [Pt] by ICP−OES. HeLa,
A2780, and A2780cis cell lines were cultured in complete media (10%
FBS in RPMI) at 37 °C under 5% CO2. Each cell line was seeded at a
density of 6000 cells/100 μL per well into 96-well culture plates and
incubated for 24 h. Thereafter, the culture media were replaced with
fresh complete media (100 μL/well) containing each compound at
varying concentrations and maintained for 6 h. The final DMSO
concentration in the media was kept below 1% (v/v) to minimize the
cytotoxicity of DMSO to the cells. At the end of treatment, the drug-
containing media were aspirated and replaced with fresh complete
media (100 μL/well) for further 66 h of incubation. The media were
then aspirated and replaced with the MTT solution (MTT stock
diluted in complete media to 0.5 mg/mL) and incubated for 50 min.
The MTT solution was aspirated and replaced with 100 μL/well of
DMSO. A BioTek microplate reader was used to determine the UV−
vis absorbance at 570 nm. Each drug concentration was measured in
sextuplicates, and at least three separate repeats of the experiment
were performed. Cytotoxicity was determined with respect to the IC50
value determined from dose−response curves (cell viability against
log [drug]) plotted from each repeated experiment.
Intracellular Accumulation. Intracellular Pt and In contents

were determined using an Agilent 7700 Series ICP−MS (Agilent
Technologies, Santa Clara, CA, USA). HeLa cells were seeded into
Cellstar 6-well plates (Greiner Bio-One) at a density of 7 × 105 cells
per well (2 mL per well). After the cells were allowed to resume
exponential growth for 24 h, they were exposed to the compounds of
interest at 2.5 μM for 6 h. The cells were trypsinized, neutralized with
complete RPMI, and centrifugated at 300 × g for 7 min at 4 °C. Cell
pellets were washed twice with 1× PBS and lysed with 100 μL of
RIPA lysis buffer for 5 min at 4 °C. The total protein content of each
sample was quantified using the bicinchoninic acid (BCA) assay.
Equal volume of cell lysates was transferred to 2 mL glass vials and
then digested with ultrapure 65% HNO3 at 110 °C for 72 h. The
resulting solution was diluted to 2−4% v/v HNO3 with ultrapure

Milli-Q water and filtered. The Pt content of each sample was
quantified by ICP−MS. In was used as an internal standard. Pt and In
were measured at m/z = 195 and m/z = 115, respectively. Metal
standards for calibration curve (0, 1, 2, 5, 10, 20, 40, and 80 ppb) were
freshly prepared before each measurement. All readings were made in
triplicate in the He mode.

■ RESULTS AND DISCUSSION

Design and Synthesis. The design of self-immolative
Pt(IV) prodrug complexes involves installing a masked “4-
aminobenzyl” linker with the payload attached at the benzyl
site and the Pt(IV) motif attached at the amino site via a
carbamate group. Upon Pt(IV) reduction, the 4ABA linker
would be unmasked, leading to a spontaneous 1,6-elimination
reaction to release the codrug (Scheme 1). There are two
considerations taken in the design of the synthesis approach.
First, amino (or hydroxyl) groups should not be present at
ortho or para positions to the site of conjugation to prevent
spontaneous 1,6-elimination. This ruled out the use of simple
linker precursors, for example, 4-aminobenzyl bromide, for
preparing the ligand intermediate. Second, the weakly
nucleophilic hydroxyl ligand on the Pt(IV) scaffold (e.g., A)
requires a highly electrophilic carboxylating reagent such as
acid chloride, anhydride, or isocyanate for reactivity.35 Our
strategy was to use 4-carboxybenzyl bromide to tether the
payload and to carry out functional group transformation of
the carboxyl moiety into isocyanate followed by acylation with
A to construct the target Pt(IV) complex. We leveraged on the
Curtius rearrangement, which generated an acyl azide
intermediate from the carboxyl group that was thermally
decomposed into isocyanate with the loss of N2 gas.36

Therefore, intermediate ligands L1−3 and L3−NO2 were
prepared by first reacting the codrug with 4-(bromomethyl)-
benzoic acid followed by conversion into isocyanate using
DPPA via Curtius rearrangement. Subsequently, the Pt(IV)
precursor A was reacted with isocyanate in situ to install the
masked 4ABA linker on the Pt(IV) scaffold, yielding 1−3 and
3−NO2. The synthetic strategy of these “release by self-
immolation” Pt(IV) prodrugs expanded the existing protocols
in the synthesis of multiaction Pt(IV) prodrugs using a
traceless linker.

Scheme 1. General Synthetic Strategy of Self-Immolative Pt(IV) Prodrugs
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Reduction with Concomitant Drug Release by Self-
Immolation. To investigate the efficacy of this “release by
self-immolation” strategy, the reduction of 1−3 was monitored
using RP-HPLC and ESI−MS analyses. The complexes were
incubated in PBS (20 mM, pH 7.4) at 37 °C, and NaAsc (30
equiv) was used as a model outer-sphere bioreductant. NaAsc
has been routinely used for investigating the reduction of both
mono- and bis-functionalized Pt(IV) prodrug complexes
containing axial carboxylate ligands. Both 1 and 2 exhibited
good stability in PBS for more than 24 h (Figure S1) but were
completely reduced by NaAsc within 9 h, with 1 being more
susceptible to reduction. From the RP-HPLC chromatogram
of 1 (Figure 2), we can see that the decrease in the intensity of
peak signaling of 1 was accompanied by a simultaneous
increase in the peak intensity of MeHC, which was correlated
to its expected retention time (tr). ESI−MS analyses on eluted
fractions also confirmed the identity of MeHC (Figure S2).
This observation demonstrated that 1 underwent spontaneous
1,6-elimination following Pt(IV) reduction to release MeHC.
For 2, neither the formation of 7-HMC nor its phenyl-

carbamate conjugate could be observed on its RP-HPLC
chromatogram upon reduction with excess NaAsc (Figure 2).
Yet, the treatment of 2 with NaAsc resulted in concomitant
restoration of fluorescence emission from 7-HMC, which was
indicative of release of the phenylcarbamate linker from the
coumarin motif. To investigate this discrepancy, we
coincubated 7-HMC with NaAsc and observed their tendency
to coelute in the void volume as an ion pair (Figure S3). In the
absence of NaAsc, 7-HMC elutes at tr = 10.4 min. Similar
occurrences had been reported for several other substrates in
the presence of NaAsc, which would explain the absence of the
expected 7-HMC on the RP-HPLC chromatogram.37 Instead,
fluorescence studies were performed to monitor the reduction
and elimination kinetics of 2. When NaAsc was added to 2, a
gradual increase in fluorescence emission at 450 nm was
observed as a function of time (Figure 3). This was further
confirmed by ESI−MS analysis of the reaction mixture after 6
h, which identified 7-HMC as the product (Figure S4).
Fluorescence quenching was observed despite complete
reduction, which was attributed to the presence of 4ABA
produced.38,39 These results were in contrast to the α-acetate-
tethered 7-HMC Pt(IV) prodrug complex reported by Wang
et al. which upon reduction produced a linker artifact tethered
to 7-HMC ligands, due to the inability of the ether linkage to
dissociate.17 Therefore, 1 and 2 demonstrated that Pt(IV)
prodrug and self-immolation strategies can work efficiently to
simultaneously deliver cDDP and an codrug upon intracellular
reduction.

We therefore applied the self-immolation strategy toward
the functionalization of SAHA as a codrug. SAHA is a
clinically-approved anticancer agent, under the trademark
Vorinostat, which acts on chromatin remodeling as a histone
deacetylase (HDAC) inhibitor. Crucially, the combination of
cDDP and SAHA is synergistic in vitro against a variety of
different cell lines in approximately equimolar proportions.
Therefore, 3 was prepared using SAHA using the aforemen-
tioned strategy by conjugating the linker at the hydroxamic
acid functional group on SAHA. The hydroxamic acid moiety
is involved in Zn binding and is essential for HDAC inhibition
by SAHA. Reduction of 3 by NaAsc was complete within 4 h
in keeping with 1 and 2, but instead of spontaneous
elimination, we observed a delayed release of SAHA from
the self-immolative linker (Figure 2). A new species at tr = 13.5
min was identified using ESI−MS to be SAHA tethered to the
4ABA linker (Figure S5). Complete release of SAHA via self-
immolation was only accomplished after 18 h, pointing to the
lower 1,6-elimination kinetics (Figure 2). We postulated that
the slower rate of release was due the stronger hydroxamate
ester bonds arising from the α-effect from N-atoms compared
to phenolic ethers in 1 and 2.
To establish whether the self-immolative linker was a viable

strategy to enable traceless release of SAHA from a Pt(IV)
prodrug scaffold, we considered other alternatives that were
reported in the literature. Brabec and co-workers developed a
photoactivatable bipyridyl-Pt(IV) azide complex with axial
hydroxamate ligands.40 As far as we know, this is the only

Figure 2. RP-HPLC studies of reduction of self-immolative Pt(IV) prodrugs; 1−3 (200 μM) were incubated with 30 equiv NaAsc in PBS (1 and
3) or 1:1 v/v DMSO:PBS (2) at 37 °C.

Figure 3. Time course fluorescence emission spectra of 2 after NaAsc
treatment; 2 (200 μM) was incubated with 30 equiv NaAsc in 1:1 v/v
DMSO:PBS at 37 °C. Equimolar 7-HMC and NaAsc overlaid for
comparison (shown in red).
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reported Pt(IV) complex with this unique binding mode but it
was unclear whether this design would be compatible with the
cDDP scaffold with labile leaving groups. Gibson and co-
workers developed a Pt(IV) carbamate complex based on a
cDDP scaffold containing a SAHA analogue with a p-amino
modification on its phenyl ring.23 This strategy enabled post-
functionalization of the Pt(IV) scaffold by installing a labile
carbonate axial ligand. The complex efficiently released amino-
modified SAHA upon Pt(IV) reduction with decomposition of
the carbamate linkage. To avoid modifying SAHA, we adopted
Gibson’s strategy to directly install SAHA onto the Pt(IV)
scaffold via its hydroxamate group using carbonate as a linker.
We compared the aqueous stability of the resultant complex 4,
which structurally differed from 3 by the absence of the 4ABA
linker. In keeping with the reported Pt(IV) carbonate
complexes, 4 exhibited poor aqueous stability in PBS with
rapid dissociation of SAHA via hydrolysis as evidenced by RP-
HPLC (Figure 4).41,42 Dissociation can be suppressed using a
non-nucleophilic solvent such as DMSO but its instability
under aqueous conditions precluded further therapeutic utility.
In contrast, 3 exhibited good aqueous stability in PBS and
DMSO over extended periods (Figure 4).
The effects of temperature and pH on the reduction rate and

self-immolation mechanism were investigated using 3 by RP-
HPLC. Increasing pH from 7.4 to 9.0 did not induce rapid and
spontaneous release of SAHA (Figure S6); thus, pH conditions
did not have a significant influence on the 1,6-elimination of
the self-immolative linker within a narrow physiological
window. To enhance self-immolation, we stabilized the anionic
aniline released during reduction and decarboxylation of the
Pt(IV) complex by introducing an electron-withdrawing meta-
nitro group onto the 4ABA linker unit as 3−NO2. The
modification did not significantly promote the release of SAHA
but retarded it, which suggested that the 1,6-elimination
kinetics were governed by the stability of the p-aza-quinone-
methide species formed rather than the stability of the anionic
aniline. This observation was consistent with reports by Rokita,
which showed that electron-withdrawing substituents destabi-
lized the o-aza-quinone-methide species and could slow down
the rate of substrate elimination.43 Hence, the design strategy
for self-immolative Pt(IV) prodrugs must balance both
reductive properties of the Pt(IV) prodrug and stability of
the resonance structures in the p-aza-quinone-methide system.
Temperature effects on reduction and elimination kinetics
were studied using 3−NO2 as the model (Figure S7). We
hypothesized that a higher temperature could trigger faster
reduction of the Pt(IV) complex and faster 1,6-elimination of
the 4ABA unit to release SAHA. Indeed, a higher temperature

of 37 °C increased the reduction rates of 3−NO2 but had no
effect on the 1,6-elimination kinetics of the linker at 25 °C and
37 °C.

Inhibition of Cancer Cell Viability In Vitro. The
efficacies of 1 and 2 were measured by evaluating their cell-
growth inhibition of HeLa cervical carcinoma cells (Table 1

and Figure S8). At a concentration of up to 200 μM, both
MeHC and 7-HMC did not exhibit a significant cytotoxic
activity in vitro. This was consistent with previous reports that
reported IC50 of cinnamate and coumarin derivatives in a mM
range.44,45 Coadministration of cDDP and MeHC or 7-HMC
also showed a mediocre activity on HeLa cells. Notably, both 1
and 2 induced significant cytotoxicity against HeLa cancer
cells. Complexes 1 and 2 exhibited more than 4- and 1.8-fold
increase in cytotoxicity compared to cDDP, respectively,
compared to equimolar mixtures of cDDP and the codrug.
The conjugation of hydrophobic bulky carbamate ligands to
cDDP gave rise to Pt(IV) complexes 1 and 2 endowed with
higher lipophilicities and greater propensities to be taken up
intracellularly compared to cDDP.46−48 Therefore, the
increased activity in 1 and 2 was most likely attributed to
the higher lipophilicity of 1 and 2 that resulted in greater
cellular uptake as well as improved delivery of the codrug
payload. This was further supported by cellular uptake studies
of cDDP, 1, and 2 in the HeLa cell line (Table 1 and Figure
S9) at equimolar Pt concentrations (2.5 μM for 6 h), which

Figure 4. Aqueous stabilities of 1, 3, and 4 were analyzed by RP-HPLC; 1, 3, and 4 (200 μM) were incubated in PBS at 25 °C.

Table 1. Inhibition of Cell Viability in the HeLa Cell Line
and Cellular Accumulation

entry
IC50
[μM]a

intracellular Pt content (nmol Pt/mg
protein)b

cDDP 10.0 ± 0.5 0.05 ± 0.01
MeHC >100
7-HMC >100
4ABA >2000
cDDP + MeHC
(1:1)

10.2 ± 0.3

cDDP + 7-HMC
(1:1)

10.5 ± 1.6

1 2.4 ± 0.1 0.62 ± 0.10
2 5.5 ± 1.0 1.78 ± 1.10
aIC50 value is the concentration of the compound needed to inhibit
cell growth by 50% and is determined using the MTT assay and
corrected with actual [Pt] determined by ICP−OES. Data presented
are the calculated averages of at least three separate studies and their
standard deviations. bPt content was determined by ICP−MS and
protein content using the BCA assay.
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showed significantly higher Pt accumulation for 1 and 2
compared to cDDP.
Several reports had pointed toward the coadministration of

SAHA and cDDP as being synergistic in inducing cancer cell
death.29−31 In particular, the concurrent use of SAHA and
cDDP resulted in favorable dose reductions against several Pt-
resistant ovarian carcinoma cell lines, indicating their potential
as a combination therapy for recurrent ovarian tumors.29

Hence, the antiproliferative efficacies of 3 and 3−NO2 were
measured by evaluating their cell-growth inhibition of Pt-
sensitive A2780 and Pt-resistant A2780cis ovarian carcinoma
cells (Table 2 and Figure S10). None of the Pt(IV)−SAHA

prodrugs were more cytotoxic than cDDP and coadministra-
tion of cDDP and SAHA against A2780 cells. However, the
self-immolative Pt(IV) prodrugs were equally cytotoxic to
cDDP-resistant A2780cis cells with a resistance factor of 1.2,
which was significantly lower than cDDP’s resistance factor of
14.0. Complex 4 also exhibited high cytotoxicity against A2780
and A2780cis cells at concentrations approximate to the cDDP
+ SAHA mixture, presumably due to premature release of
SAHA by rapid hydrolysis of 4.

■ CONCLUSIONS
By combining the Pt(IV) prodrug scaffold with self-immolative
linkers, we developed a new class of Pt(IV) prodrug complexes
that are rationally designed for traceless and synchronous
delivery of cDDP and a codrug. The complexes were
constructed sequentially from the ligand end and a crucial
functional group transformation was carried out to install the
desired carbamate conjugate on the Pt(IV) scaffold while
avoiding premature self-immolation. These novel complexes
were activated upon reduction at the Pt(IV) center, which
cleaved the functionalized carbamate ligand to yield cDDP.
Decomposition of the carbamate ligand initiated the self-
immolation of the masked 4ABA linker to release the codrug.
Investigation of the reduction and release mechanism showed
the viability of this approach, particularly for codrugs
containing phenolic functional groups. This strategy can
overcome the challenge in the development of multiaction
Pt(IV) prodrug complexes that typically employed ether,
amide, or ester linkers for conjugation, which would leave a
linker artifact on the codrug. For other complex functional
groups such as hydroxamate in SAHA, the approach was

limited by the slower 1,6-elimination kinetics of the linker.
This strategy paves the way for a traceless codelivery system of
cDDP and an organic codrug for ratiometric and synchronous
activation within an intracellular environment.
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