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Cisplatin and carboplatin are platinum-based drugs that are widely used in cancer chemotherapy. The
cytotoxicity of these drugs is mediated by platinum-DNA monoadducts and intra- and interstrand
diadducts, which are formed following uptake of the drug into the nucleus of cells. The pharmacodynamics
of carboplatin display fewer side effects than for cisplatin, albeit with less potency, which may be due
to differences in rates of DNA adduct formation. We report the use of accelerator mass spectrometry
(AMS), a sensitive detection method often used for radiocarbon quantitation, to measure both the kinetics
of [14C]carboplatin-DNA adduct formation with genomic DNA and drug uptake and DNA binding in
T24 human bladder cancer cells. Only carboplatin-DNA monoadducts contain radiocarbon in the platinated
DNA, which allowed for calculation of kinetic rates and concentrations within the system. The percent
of radiocarbon bound to salmon sperm DNA in the form of monoadducts was measured by AMS over
24 h. Knowledge of both the starting concentration of the parent carboplatin and the concentration of
radiocarbon in the DNA at a variety of time points allowed calculation of the rates of Pt-DNA monoadduct
formation and conversion to toxic cross-links. Importantly, the rate of carboplatin-DNA monoadduct
formation was approximately 100-fold slower than that reported for the more potent cisplatin analogue,
which may explain the lower toxicity of carboplatin. T24 human bladder cancer cells were incubated
with a subpharmacological dose of [14C]carboplatin, and the rate of accumulation of radiocarbon in the
cells and nuclear DNA was measured by AMS. The lowest concentration of radiocarbon measured was
approximately 1 amol/10µg of DNA. This sensitivity may allow the method to be used for clinical
applications.

Introduction

The DNA-damaging compoundcis-diammine(1,1-cyclobu-
tyldicarboxylato)platinum(II) (carboplatin) is a widely used
second-generation platinum anticancer drug (1-5). Carboplatin
andcis-diamminedichloroplatinum(II) (cisplatin) are particularly
effective in the treatment of testicular, ovarian, head, neck, and
nonsmall cell lung cancer. Both drugs are used in combination
drug therapy against a wide variety of cancers including bladder
cancer. Carboplatin has approximately the same spectrum of
activity as cisplatin, but reduced toxicity. For example, carbo-
platin does not cause appreciable loss of high-frequency hearing,
nor does it display significant renal or neural toxicity (1-5).
These toxicity differences are likely attributable to the lower
reactivity of carboplatin with nucleophiles, since the 1,1-
cyclobutanedicarboxylic acid (CBDCA) ligand is a poorer
leaving group than chloride. There are only a few previous
studies on CBDCA ring-opening reactions of carboplatin (6-
8) that report the relative inertness of carboplatin to hydrolysis
and chloride substitution. For example, the half-life of carbo-
platin in chloride-free phosphate buffer at pH 7 and 37°C is
268 h compared with 24 h for cisplatin under identical conditions
(6-8). Both compounds predominantly interact with DNA at

guanine and adenine nucleotides to form Pt-DNA monoadducts
that frequently react with a second nucleotide to form Pt-DNA
intra- and interstrand diadducts. The structure of the toxic
diadduct is likely to be identical for both carboplatin and
cisplatin, since they share thecis-diammine carrier ligands and
differ only in the nature of the leaving groups (1-5). The
mechanism of action for cisplatin likely involves displacement
of the chloride ligands by water to form two active species,
cis-[PtCl(NH3)2(OH2)]+ andcis-[Pt (NH3)2(OH2)2]2+, that elec-
trostatically and covalently bind to DNA (1-5). However,
whether carboplatin functions as a prodrug or reacts with DNA
without metabolic or chemical modification remains uncertain.
While overall binding kinetics of carboplatin to DNA have been
determined experimentally, there is no published analysis of
individual binding rates that consider separately monoadduct
and diadduct formation (6). However, the kinetics of carboplatin
binding to 2′-deoxyguanosine monophosphate (dGMP) support
a two-step consecutive irreversible pseudo-first-order mechanism
(monoadduct followed by diadduct formation in the presence
of a vast excess of dGMP) (7). This mechanism differs from
that of cisplatin because the resulting DNA monoadducts are
not likely aquated or chlorinated. Furthermore, measurement
of Pt-DNA monoadduct levels in DNA has been controversial
because of chemical instability of the adduct and the sensitivity
limitations of conventional detection methods, such as induc-
tively coupled plasma mass spectrometry (ICP-MS), atomic
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absorption spectrophotometry (AAS), and immunoassays (9-
14).

Although platinum drug binding to purified DNA has been
extensively characterized, measurement of the adducts in vivo
with higher sensitivity and precision is desirable, because it
remains unclear which of the Pt-DNA adducts are responsible
for the biological activity of platinum-based anticancer drugs.
In particular, the kinetics of carboplatin mono- and diadduct
formation in cells is undefined (1-5).

We report the use of accelerator mass spectrometry (AMS)
not only to determine the binding kinetics of carboplatin to
genomic DNA, but also to monitor uptake and nuclear DNA
binding of the compound in T24 human bladder cancer cells.
AMS is a sensitive and precise technology for tracing14C-
labeled compounds in biological systems that affords sub-
picomole to zeptomole14C per milligram of total carbon
sensitivity with a few percent precision (15-17). Because only
carboplatin bound to DNA in the form of monoadducts contains
radiocarbon, as shown in Scheme 1, AMS can only detect
carboplatin monoadducts from DNA samples. The measurement
of Pt-DNA monoadducts by AMS from free parent compound
and loss of radiocarbon from DNA due to cross-link formation
allowed measurement of the rates of adduction with sensitivity
and precision that may be applicable to in vivo studies.

Materials and Methods

Hazardous Materials. Caution: Carboplatin can cause birth
defects and may be harmful if inhaled, absorbed through skin, or
swallowed. Proper care should be taken in the handling of this
material.

Chemicals.Unless otherwise noted, reagents were obtained from
commercial suppliers used without further purification.14C-labeled
carboplatin (specific activity of 53 mCi/mmol) was purchased from
GE Healthcare.

Reaction of Carboplatin with DNA. Carboplatin solutions were
prepared immediately prior to use. A mixture of [14C]carboplatin
and nonlabeled carboplatin was used in order to match previously
reported protocols(6, 9, 11, 12) and to minimize the usage of
radiocarbon. The concentration of total carboplatin in the reaction
solution was 12.4µg/mL (33.4 nmol, 33.4µM), which contained
13.4 dpm (96.8 fmol) of [14C]carboplatin. The carboplatin solution
was incubated with salmon sperm DNA (0.5 mg/mL) (Amersham
Biosciences, Piscataway, NJ) at 37°C in 25 mM NaCl, 0.14 mM
EDTA, and 0.14 mM Tris‚HCl, pH 7.4. Samples of the solution
were taken at a variety of time intervals up to 24 h. DNA was
isolated at 4°C directly after each incubation, using ethanol
precipitation. Conversion to graphite for AMS analysis was
performed using a two-step oxidation-reduction process and
analyzed for the ratio of14C to total carbon by AMS (18). All of
DNA reactions were carried out in triplicate.

Dosing T24 Human Bladder Cancer Cells with [14C]Carbo-
platin and DNA Extraction. T24 cells were obtained from ATCC.

Cells were maintained at 37°C in an atmosphere of 5% CO2 in
RPMI media supplemented with 10% fetal bovine serum. Expo-
nentially growing cells were harvested by means of trypsinization,
and the resulting single-cell suspension was plated onto tissue
culture plates. T24 cells were dosed with 0.2µM of carboplatin
containing 300 dpm (2.16 pmol) of [14C]carboplatin in 5 mL of
the growth media. After a 2-day incubation, the radiocarbon contents
of whole cell lysis mixtures and extracted DNA were measured by
AMS according to published procedures (17). All T24 dosing
experiments were performed in triplicate.

Results and Discussion

Reaction of Carboplatin with Salmon Sperm DNA. To
measure the kinetics of carboplatin binding to genomic DNA
by AMS, radiocarbon-labeled carboplatin was incubated with
salmon sperm DNA at 37°C. The fraction of drug bound to
the DNA in the form of monoadducts was experimentally
determined and was plotted as a function of time (Figure 1a).
We observed typical kinetics of a two-step consecutive irrevers-
ible mechanism that showed a left-shifted bell shape (7). The
AMS signal from the DNA corresponded only to carboplatin-
DNA monoadducts (see Supporting Information). The radio-
carbon content of the DNA displayed an exponential decay after
reaching a maximum Pt-DNA monoadduct concentration at
∼4 h which sequestered∼10% of the total radiocarbon in
solution. The kinetics experiments allowed determination of the
half-life of the radiocarbon-labeled monoadduct in DNA. During
sample preparation, we observed that use of a G-25 size-
exclusion column to desalt the DNA, in comparison to ethanol
precipitation, resulted in significant loss of radiocarbon (data
not shown). This observation may result from nucleophilic
groups in the G-25 packing material displacing the radiocarbon-
labeled cyclobutanedicarboxylate from the Pt-DNA monoad-
ducts. Alternatively, the ethanol precipitation may have carried
out of solution a preassociation complex of aquated carboplatin
electrostatically bound to the DNA (19). This possibility was
minimized by quenching the platination reaction with NaCl prior
to precipitation in order to electrostatically shield the polyphos-
phate DNA backbone from any positively charged aquated
compound.

The concentrations of carboplatin-DNA monoadducts during
the time course of the reaction allowed kinetic calculation of
carboplatin binding to DNA and subsequent formation of DNA
cross-links, based on the following two assumptions: (1) The
five predominant forms of radiocarbon-labeled derivatives in
the system are unreacted carboplatin (A), mono-aquated or
mono-chlorinated carboplatin (X), mono-functional carboplatin-
DNA adduct (B), and free CBDCA resulting from diadduct
formation (C). (2) Since the aquation or chlorination of
carboplatin to form X is slow compared to direct binding of A

Scheme 1. Putative Reaction Mechanism of Carboplatin with DNA to Form Monoadducts and Diadducts (the Position of the
14C Label in Carboplatin Used in the Study Is Asterisked)a

a A represents unreacted carboplatin, B is the carboplatin-DNA monoadduct, and C is the free 1,1-cyclobutanedicarboxylic acid (CBDCA) resulting
from Pt-DNA diadduct formation and other types of nucleophilic displacement.
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to DNA, the concentration of X can be ignored in terms of
kinetic considerations leading to an Af B f C reaction scheme
(6, 7).

Therefore, the concentrations of A, B, and C as a function of
time (t) are given by eqs (1-3),

whereAo is the initial concentration of A. The functions [A]/Ao,
[B]/Ao, and [C]/Ao can readily be manipulated mathematically
at each time point from these equations if the two rate constants
k1 andk2 are known. The time at which [B] reaches its maximum
value can be determined by setting d[B]/dt ) 0; the result is
tBmax ) (k1 - k2)-1 × ln(k1/k2).

This is the first report of direct experimental determination
of k1 andk2 using radiolabeled carboplatin and genomic DNA.
The data indicate that the most significant difference in rates
between cisplatin and carboplatin is in the DNA binding step.
Two consecutive pseudo-first-order rate constants were fitted
to the experimental data according to eq 2. The rate constants
obtained werek1 ) (1.88( 0.30)× 10-5 s-1 andk2 ) (1.47(
0.26) × 10-4 s-1, respectively. These rate constants indicate
that direct nucleophilic attack by nucleotides on carboplatin leads
to Pt-DNA monoadduct formation and that this ring-opening
of carboplatin with DNA is a rate-limiting step in Pt-DNA
adduction. In the analogous cisplatin reaction with genomic
DNA, the limiting step is conversion of the parent compound

to the monoaquated highly reactive intermediate (k ) 1.02×
10-4 s-1), and the resulting compound rapidly reacts with DNA
to form monoadducts (k ) 1.96 × 10-3 s-1) (20). The
corresponding DNA binding step with carboplatin (k1 in our
study) is 100-fold slower, which may explain the lower toxicity
of carboplatin. This rate constantk1 indicates a minimal or
negligible concentration of preassociated aquated carboplatin,
since the decay of the parent compound in solution is orders of
magnitude slower than Pt-DNA adduction. After the DNA
binding step, the overall monoadduct-to-diadduct conversion
occurs at a similar rate for both carboplatin and the literature
value for cisplatin. The rate constantsk1 and k2 in this study
were approximately 4-fold higher than those reported for binding
of carboplatin to dGMP in an NMR study (7). It is not clear
why k1 in our study is faster than that for carboplatin binding
to dGMP. However, the faster rate ofk2 in our study is probably
due to the entropic advantage of unimolecular reaction of
carboplatin monoadducts with DNA to form diadducts compared
to binding of the compound to free nucleotides in solution.1 In
addition, the rates allowed determination of the time of the
maximum concentration of carboplatin-DNA monoadducts
(4.53 h,tBmax) in the system. Figure 1a also includes calculated
percentages of unbound carboplatin and free CBDCA in the
reaction mixture according to eqs 1 and 3, respectively.

The total concentration of platinum bound to DNA as
determined by AMS was consistent with previous studies using
AAS (6, 9). This consistency implies that the total concentration
of carboplatin bound to DNA can be determined solely by
measuring the radiocarbon-labeled monoadducts over time.
Figure 1b also shows the fraction of monoadducts compared
with the total Pt in DNA exponentially decreasing over time.
This may account for the large variety of reported values for
the percent DNA monoadducts compared to total platinum in
DNA (9, 21, 22), since the percentage of monoadducts strongly
depends on the incubation time.

Dosing T24 Human Bladder Cancer Cells with [14C]-
Carboplatin. In an effort to extend this assay to biological
systems, T24 human bladder cancer cells were dosed with [14C]-
carboplatin at a subpharmacological dose,2 and the total amount
of radiocarbon in the cells and DNA was measured by AMS
(Figure 2). The time course shown in Figure 2a shows the total
radiocarbon in the cells from the influx of carboplatin from the
culture media. The radiocarbon in the cells represents the sum
of the parent carboplatin, carboplatin-protein monoadducts,
carboplatin-DNA monoadducts, and free CBDCA. The radio-
carbon content in the cells ranged from∼50-400 amol/106

cells. After a 2-day incubation, only 0.0300( 0.0027% of the
dosed compound accumulated in the cells and 0.00147(

1The reported rate constant of 1.3× 10-5 s-1 for the monofunctional
lesion in DNA (see ref6) stands for so-calledktot. On the basis of its
definition of k1k2/(k1 + k2), ktot in our study was calculated to be
approximately 1.67× 10-5 s-1, which is consistent with the literature value,
and the overall half-life of monoadducts in DNA was 11.6 h. The rate
constants reported by Frey et al. (ref7) were obtained from the binding
study of carboplatin to dGMP, and the estimated half-life of the platinated
dGMP monoadduct was more than 50 h, representing the importance of
entropic disadvantage of the reaction with dGMP compared to the analogous
reaction with DNA.

2It is known that the formation of carboplatin-DNA adducts is slow
compared to cisplatin with∼20-230-fold more carboplatin than cisplatin
(molar dose) required to obtain equal levels of platination (see ref9). The
concentration of total carboplatin in the growth media in our study was 0.2
µM, which contained 300 dpm (2.16 pmol) of14C-labeled compound, which
is equivalent to a subpharmacological dose, considering that a patient
typically receives∼800 mg/m2 carboplatin (Wong, E., and Giandomenico,
C. M. (1999)Chem. ReV. 99, 2451-2466), resulting in a maximum plasma
concentration of∼100 µM. (see ref24).

Figure 1. Reaction kinetics of carboplatin with DNA. Salmon sperm
DNA (0.5 mg/mL) was incubated with carboplatin (12.4µg/mL) in 25
mM NaCl, 0.14 mM EDTA, and 0.14 mM Tris‚HCl, pH 7.4. DNA
isolation was performed at 4°C by ethanol precipitation (see Supporting
Information). The radiocarbon measured by AMS due to carboplatin-
DNA monoadducts as a fraction of the total radiocarbon is represented
by the symbol0. The curves were plotted using the equations discussed
in the text withk1 ) 1.88 × 10-5 s-1 and k2 ) 1.47 × 10-4 s-1. A
represents unreacted carboplatin, B is the carboplatin-DNA monoad-
duct, and C is the free CBDCA. (a) The fraction of radiocarbon in
solution due to carboplatin, Pt-DNA monoadducts, and CBDCA over
time is represented by [A]/Ao, [B]/Ao, and [C]/Ao, respectively. (b) The
fraction of the total platinum bound to DNA due to monoadducts and
the fraction of platinum in solution bound to DNA is represented by
[B]/([B] + [C]) and ([B] + [C])/Ao, respectively.

[A] ) Ao e-k1t (1)

[B] ) k1Ao[(e
-k1t - e-k2t)/(k2 - k1)] (2)

[C] ) Ao - [A] - [B] ) Ao - Ao[(k2e
-k1t - k1e

-k2t)/

(k2 - k1)] (3)
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0.00023% was localized to nuclear DNA. Therefore, ap-
proximately 4.89% of the cellular radiocarbon was found in
nuclear DNA. We determined the intracellular concentration of
carboplatin at∼92.0 nM after a 1-day incubation of T24 cells
with 0.2 µM of carboplatin based on the assumption of the
volume of a single cell being∼2 pl (23). This is potentially a
clinically relevant concentration for this assay, since plasma
levels of carboplatin are estimated to be a maximum of∼100
µM (24). The assay sensitivity indicates that Pt-DNA concen-
trations can be measured in cells from patients many half-lives
after a bolus dose with a radiocarbon-labeled probe in vivo.
Figure 2b shows that Pt-DNA monoadducts accumulate in
nuclear DNA over at least 2 days, unlike the analogous
experiment performed with genomic DNA (Figure 1a). This
observation is apparently due to the continuous formation of
carboplatin-DNA monoadducts and slower diffusion of car-
boplatin to nuclear DNA in cells compared to exposing pure
genomic DNA to a simple-buffered solution of the drug. The
radiocarbon content in the nuclear DNA ranged from∼1-5
amol/10µg of nuclear DNA. Considering the∼700-fold dilution
of the radioactive dose with unlabeled carboplatin, the calculated
total monoadduct level in platinated DNA after a 2-day
incubation was 3.82( 0.59 fmol/10 µg of DNA or ap-
proximately 15 molecules per 107 nucleotides (see Supporting
Information). It is noteworthy to compare this value with the
detection limit of ICP-MS, which is 513 fmol/10µg of DNA
(13), demonstrating AMS’s much higher sensitivity.

While the DNA monoadducts may not have significant direct
toxicity, they are the precursors to the toxic cross-links, and
their repair (or lack of repair) will directly effect the concentra-
tion of cross-links. To our knowledge, repair rates of carbo-
platin-DNA monoadducts by excision repair have not been
measured previously and, therefore, may be an important factor
in differential carboplatin toxicity between resistant and sensitive

cells. Reaction of the Pt-DNA monoadducts with ligands other
than DNA would release CBDCA prior to cross-link formation,
which would confound the assay results in a cellular system.
Such interactions are not only likely to lower the toxicity of
the drug, but may also be important factors in the efficacy of
the treatment. Inactivation of platinum-based drugs by glu-
tathione, metallothionein, or other sulfur-containing molecules
is a known mode of drug resistance (2). The practical limitations
of the assay by these competing reactions in the cellular
environment will be determined in future studies.

In summary, we developed a new AMS-based assay to
measure the in vitro and in vivo level of carboplatin-DNA
monoadducts. We defined the kinetics of monoadduct and
diadduct formation in sufficient detail to determine that indi-
vidual Pt-DNA monoadduct formation is the rate-limiting step
toward the formation of toxic cross-links. This observation may
explain, in part, the lower potency and toxicity of carboplatin
compared to cisplatin. In T24 bladder cancer cell studies, AMS
enabled detection of at least 100-fold lower concentration of
carboplatin-DNA monoadducts than the limit of detection
published for ICP-MS. Such high sensitivity and measurement
precision may allow the method to be used for clinical
applications.
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