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Abstract: The cytotoxicity of cisplatin as a very effective

chemotherapeutic anticancer drug is known to arise from

its capacity to damage DNA. However, the mechanism of

action of cisplatin at the molecular level, in particular, the

reaction dynamics of cisplatin with DNA, remains elusive,

and the reason why cisplatin binds to the guanine bases

rather than to S-donor ligands available in cells remains a

mystery. Using time-resolved femtosecond laser spectros-

copy, for the first time, we reveal the high reactivity of

cisplatin with electrons and its preferential electron-transfer

reaction with the DNA guanine base. The results not only

provide a molecular mechanistic understanding of cisplatin

in cancer therapy but may have far-reaching significance

for understanding the role of polar molecules such as NH3

and NH2 in biological reactions.
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Electron transfer (ET) underlies many reactions in mo-
lecular systems of chemical, biological, and biomedical
significance.1-5 Real-time observation of the transition state
in an ET reaction may lead to the prediction, understanding,

and modification of the course of the reaction. Among
available techniques, time-resolved femtosecond (1 fs)
10-15 s) laser spectroscopy is the most powerful technique
for direct observation of the reaction transition state and
reaction dynamics.6,7

Cisplatin (CDDP) is one of the most widely used
anticancer drugs.8,9 It is particularly effective in treating
testicular and ovarian cancer and increasingly used against
cervical, head/neck bladder, and small cell lung cancer.
Despite its great success, CDDP has some significant
limitations: severe toxic side effects and both intrinsic and
acquired resistance. Such outstanding problems have even
prompted the call to stop the development of new platinum-
based anticancer drugs.10 Over the past 35 years, there have
been many attempts to overcome these limitations and to
broaden the range of treatable tumors by designing and
testing various CDDP-like complexes. Over 3000 CDDP
analogues have been synthesized and screened for anticancer
activity, with no more than 30 compounds entering clinical
trials and only one approved by the FDA: oxaliplatin, for
the treatment of colorectal cancer.9 Thus, the search for new
anticancer drugs by traditional methods has proven to be a
difficult and inefficient task. Alternatively, a biochemical
modulation of the mechanisms of action of CDDP was
proposed to circumvent the resistance and to improve the
antitumor activity.11 However, this strategy requires the
knowledge of the precise mechanism of action of the drug.
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The cytotoxicity of cisplatin is well-known to arise from its
capacity to damage DNA, and the crystal structures of the
cisplatin-DNA adducts have been determined.12-14 But the
precise mechanism of action of cisplatin at the molecular
level, in particular, the reaction dynamics of cisplatin with
DNA, remains elusive, and the reason why cisplatin binds
to the guanine bases rather than to S-donor ligands available
in cells remains a mystery.11,15-18

In studies of the mechanism of action of cisplatin, it has
been known that the cytotoxicity of cisplatin arises from its
capacity to damage DNA, resulting in cisplatin-DNA
adducts.12-14 Major DNA damage forms induced by cisplatin
are 1,2-d(GpG) (65% of the total adducts) and 1,2-d(ApG)
(25%) with small percentages of 1,3-d(GpNpG) intrastrand
cross-links and interstrand cross-links. Prior to the binding
of cisplatin to DNA, the bonds between chlorine atoms and
the Pt must be broken in one step or two steps, ending with
thecis-Pt(NH3)2 binding to DNA. The hydrolysis of cisplatin
has been thought to be the mechanism leading to the
formation of reactive aqua complexes, mainly [PtCl(H2O)-
(NH3)2]+.11,17However, it would be hard to understand how
[PtCl(H2O)(NH3)2]+ binds to two neighboring G bases in
DNA. The experimental evidence19,20 for the hydrolysis of
cisplatin, in fact, showed that, under physiological conditions,
[Pt(H2O)2(NH3)2]2+, a species that could bind to two

neighboring guanine bases, is most difficult to form. More
remarkably, it was also estimated that the reaction rate
constant for the hydrolysis of cisplatin is only∼10-4 M-1s-1

even at a higher temperature (45°C), at low [Cl-] concentra-
tions, and in the presence of solvents such as HClO4 and
NaClO4, which will only be lower under physiological
conditions at 37°C in water environment.19 Thus, there may
exist an unknown reaction pathway, rather than the hydroly-
sis, to lead to the chlorine-bond breaks in the interaction of
cisplatin with DNA.

It is long known that halogen (Cl, Br, and I)-containing
molecules have very efficient dissociative attachment reac-
tions with low-energy electrons to produce a halogen anion
and a neutral radical,21-24 and it has been observed that the
presence of NH3 can cause large enhancements in electron-
induced reactions of halogenated molecules.25,26A dissocia-
tive ET mechanism for the enhancements was proposed:25,26

where ABClx represents a chlorine-containing molecule and
e-:(NH3)n a presolvated electron (epre

-) localized in the small
polar molecular cluster (NH3)n. Thus, it is reasonable to
speculate that CDDP (Pt(NH3)2Cl2), a small molecule in
which two NH3 groups and two chlorine atoms are bound
to a Pt atom, should have very efficient dissociative
attachment reactions with weakly bound electrons.

In this communication, we report the first time-resolved
femtosecond laser spectroscopic study of the molecular
reaction mechanism of cisplatin as an effective chemothera-
peutic drug. Our results discover the high reactivity of CDDP
with weakly bound prehydrated electrons and the preferential
ET reaction of CDDP with the DNA guanine base. These
results not only reveal the molecular mechanism of action
of cisplatin as one of the most effective anticancer drugs
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but may have significance for understanding the role of polar
molecules such as NH3 and NH2 in enhancing ET reactions
in biological systems.

A standard methodology for pump-probe transient ab-
sorption measurements was described previously.5 We used
a Ti:sapphire laser system producing 120 fs, 1 mJ laser pulses
centered atλ ) 800 nm at a repetition rate of 1 kHz, two
optical parametric amplifiers producing pump and probe
pulses with wavelengths from visible to IR. The polarization
of pump and probe pulses was set at the magic angle (54.7°)
to avoid contribution from polarization anisotropy due to
orientation motions of molecules. To avoid damage to
biomolecules, small pump and probe pulse energies were
used, 0.1-0.3µJ and∼1 nJ, respectively. For the experiment
of cisplatin reactions with prehydrated electrons, the latter
were produced via two-UV-photon excitation of H2O at the
pump pulse energies (0.15-0.3 µJ) at 318 nm.5,27 For the
experiment of cisplatin reactions with DNA bases, in contrast,
a lower pump pulse energy ofe0.14µJ was used to avoid
the creation of prehydrated electrons. All samples were
measured in a 5 mmquartz cell at room temperature and
stirred during measurements to avoid product accumulation.
Ultrapure water with a resistivity of>18 MΩ/cm obtained
directly from a Barnstead Nanopure water system was used,
while cisplatin (CDDP) and DNA bases (dGMP, dAMP,
dCMP, and dTMP) were obtained from Sigma-Aldrich. A
stock solution of 1-5 mM CDDP was made by dissolving
the compound into the ultrapure water.

To examine the reactivity of cisplatin with electrons, we
first generate weakly bound electrons by a two-UV-photon
excitation at 318 nm in water5,27 and observe their reaction
in real time. More specifically, we monitor the ET reaction
of CDDP with prehydrated electrons in water:

The molecular structure and the static UV-vis absorption
spectrum of cisplatin are shown in Figure 1. Without any
functional groups to absorb UV light, cisplatin has only a
very weak absorption band extending up to 350 nm, whose
major absorption peak is located at below 200 nm. This
makes it difficult to observe the transition state,
[Pt(NH3)2Cl2]* - or [Pt(NH3)2Cl]* - of the ET reaction. The
absorption wavelengths of the transition anionic states of
halogenated molecules are generally only slightly larger than
those of their ground-state parent molecules,5 but the signals
of the former are much weaker than those of the latter. Thus,
by measuring the depletion of the ground-state Pt(NH3)2Cl2
in the reaction region, it is easier to observe the reaction in
eq 2. The pump and the probe wavelengths used for our

femtosecond laser spectroscopic measurements are 318 and
260 nm, as indicated in Figure 1. Figure 2 shows the transient
absorption spectra of 2.0 mM CDDP in pure water with
various pump pulse energies. As the pump pulse energy is
e140 nJ/pulse, the results clearly show that no negative
transient absorption was observed except the photobleaching
near time zero (0 ps) due to the sudden excitation of CDDP
by the pump pulse at 318 nm; instead, a small positive signal
was observed in the first few picoseconds which was, not
surprisingly, due to the CDDP excited state (CDDP*).
Interestingly, as the pump pulse energy increased to a certain
value so that a considerable amount of electrons could be
produced from the two-photon excitation of water, a negative
transient absorption signal started to be observed, indicating
that CDDP molecules were depleted in the reaction region.
A CDDP molecule could be destroyed by one electron
(single-electron attachment process) releasing one Cl ion or
by a one-step two-electron process releasing two Cl ions.
The former process will result in a quadratic dependence of
the CDDP depletion on the pump pulse energy, while the
latter process will lead to a quadruple dependence. The data
in Figure 2A shows between quadratic and quadruple
dependences of the negative transient absorption signal on
the pump energy, implying that both single-electron and
double-electron transfer processes occur. The positive signal
arising from the CDDP* state can be removed from the
spectra observed at high pump energies since it is solely
exhibited at the lowest pump energies and is linearly
proportional to the pump energy. After this treatment, the
results are shown in Figure 2B: the decay part of the negative
signal in the first 20 ps is now attributed to the signal of the
transition state of the electron-CDDP reaction, i.e., CDDP*-,
which overlaps with the negative depletion signal of CDDP
molecules. It can also be seen that the rise time of the signal,
i.e., the formation time of CDDP*-, is well within a
picosecond (1 ps) 10-12 s) after the electronic excitation
by the pump pulse, in agreement with the lifetimes (e1 ps)
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- + Pt(NH3)2Cl2 f [Pt(NH3)2Cl2]*

- f

Pt(NH3)2Cl• + Cl-

ep
- + Pt(NH3)2Cl f [Pt(NH3)2Cl]* - f Pt(NH3)2

• + Cl-

(2)

Figure 1. Molecular structure and the static UV/vis absorption
spectrum of cisplatin (CDDP) in water. The pump pulse and
probe pulse wavelengths used in the pump-probe experi-
ments are indicated in the inset.
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of prehydrated electrons.5,27,28 These results provide direct
evidence of the high reactivity of CDDP with weakly bound
prehydrated electrons in water.

After demonstrating the high reactivity of CDDP with
weakly bound electrons, we have a good reason to further
propose that, in chemotherapy, CDDP will capture two
electrons from two neighboring guanine bases in DNA, since
G is the most thermodynamically favored electron donor
among four DNA bases.29 These processes can be expressed
as

To examine this mechanism, the experiments were set to
measure the reaction of CDDP with electronsonly from DNA
bases such as mononucleotides of guanine and adenine (2′-
deoxyguanosine 5′-monophosphate, dGMP, and 2′-deoxy-

adenosine- 5′-monophosphate, dAMP). The results are shown
in Figure 3. In this experiment, the probe wavelength of
330 nm was chosen to avoid the direct absorption by DNA
bases, which is significant at wavelengths below 300 nm.
And the pump pulse energy (e140 nJ/pulse) was chosen to
be so low that no electrons were produced via two-photon
excitation of water, as seen in the spectrum for the pure
CDDP without the presence of DNA bases. Instead, only
reactions of CDDP with electrons from ground-state DNA
bases were to be monitored. In this experiment, the ET
reaction is facilitated by exciting CDDP into an excited state
(CDDP*), but it should be noted that the DNA bases (the
electron donors) are kept at their ground states without being
excited at the pump wavelength of 318 nm. Similar to the
reaction of CDDP with prehydrated electrons, the significant
depletion of CDDP (the negative transient absorbance) shown
in Figure 3 clearly demonstrates the favored ET reaction of
CDDP with guanine, which is significantly stronger than the
reaction with adenine. In contrast, no depletion of CDDP
and thus no ET reactions were observed for the complexes
of CDDP with other two DNA bases T and C. These results
provide strong evidence of the mechanism expressed in eq
3. This mechanism gives a direct explanation why Pt
anticancer drugs result in preferential binding of thecis-Pt-
(NH3)2 to two neighboring G bases in DNA, rather than to
S-donor ligands available in the cell, since the latter are well-
known electron acceptors. In other experiments, we have also
observed an effective ET reaction between ground-state
CDDP and a weakly bound electron donor (a photosensitizer
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Figure 2. (A) Femtosecond time-resolved transient absorp-
tion spectra of 2 mM CDDP in water pumped at 318 nm and
probed at 266 nm with various pump pulse energies, where
the solid line with a sharp spike at time zero is the spectrum
for the pure water obtained at the highest pump pulse energy
of 300 nJ. (B) The corrected spectrum (d) in panel A after
removal of the signal due to CDDP*.

Figure 3. Femtosecond time-resolved transient absorption
spectra of the complexes of 2 mM CDDP with DNA bases
(dAMP and dGMP), pumped at 318 nm and probed at
330 nm.

G + Pt(NH3)2Cl2 f G+ + [Pt(NH3)2Cl2]*
- f

G+ + Pt(NH3)2Cl + Cl-

G + Pt(NH3)2Cl f G+ + [Pt(NH3)2Cl]* - f

G+ + Pt(NH3)2
• + Cl- (3)
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excited at 800 nm).30 These results indicate that the high
ET reactivity of CDDP is intrinsically determined by its
unique structure and physical properties. As expressed in eqs
1-3, the two NH3 groups are strong promoters for electron
transfer from the source (G bases) to the Cl atom sites in
CDDP, leading to the release of Cl- ions and the binding of
the Pt(NH3)2 unit to DNA.

Moreover, we have further confirmed that the above ET
mechanism of cisplatin is responsible for the DNA damage
induced by action of CDDP. Namely, we have observed
significant enhancements of CDDP-induced DNA damage
either by in situ generation of an extra tiny electron source
in the DNA-CDDP complex or by photoexcitation of a
photosensitizer at 800 nm (to produce an electron donor).30

These results have indeed provided new mechanistic under-
standings of the combinational therapies of cisplatin with

radiotherapy and photodynamic therapy at the molecular
level.30 In summary, the finding of the extremely high ET
reactivity of cisplatin provides new insight into the molecular
mechanisms and the efficacy improvement of cisplatin for
cancer therapies. More generally, the fundamental under-
standing of this most widely used anticancer drug will have
great significance for developing new antitumor drugs in the
future.17 Moreover, the success in revealing the ET reaction
for the mechanism of action of cisplatin at the molecular
level may also have far-reaching significance for understand-
ing of many biological reactions triggered by polar molecular
groups such as NH3 and NH2. It is likely that similar ET
reactions may play an important role in causing biological
effects such as DNA damage and cell death.
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