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’ INTRODUCTION

Platinum drugs are among the most commonly used che-
motherapeutics for the treatment of testicular, head and neck,
ovarian, small cell lung, and colorectal carcinomas.1�3 The
cytotoxicity of cisplatin is accepted to result mainly from
the formation of bifunctional DNA cross-links resulting in the
inhibition of DNA synthesis and replication.4 The DNA-reactive
platinum species are considered to be monoaquo and diaquo
complexes—in general [Pt(amine)2(H2O)2]

2þ or [Pt(amine)2-
(Cl)(H2O)]

þ—produced upon hydrolysis of the administered
drugs, and the chemistry of these species has been well
examined.5 While this concept has been useful in rationalizing
some structure�activity relationships, there is increasing
understanding that even anions with nominally weak affinity
for platinum—CO3

2�;6,7 SO4
2�;8 PO4

3� and even RCOO� 9—
become physiologically relevant ligands because of their high
concentrations in plasma and cells. Similarly, cellular accumula-
tion of platinum drugs is multifactorial with evidence for both
passive and active transporter-mediated processes.10

The three major pharmacological factors affecting the clinical
success of any type of platinum-based cancer therapy are cellular

uptake, the frequency and the type of DNA adducts formed and
metabolic deactivation. Metabolic deactivation is also mediated
through interactions of the small molecules with biomolecules,
specifically sulfur-containing amino acids in proteins, and these
interactions may contribute to the toxic side effects associated
with platinum based treatments.11,12 One of the most plausible
extracellular non-DNA targets for platinum compounds is blood
serum. Serum is the liquid portion of blood, approximately 55%
of the total volume, excluding red and white blood cells, contain-
ing all plasma proteins at a concentration of 70 g/L.13 These
proteins include fibrinogen, globulins, and human serum albu-
min (HSA). Albumin, the most abundant serum protein at
30�50 g/L and the most likely protein candidate for drug
metabolic interactions, is a 585 amino acid, 66 kDa, single chain
protein involved in transportation of numerous drugs and
ligands.14,15 It is mainly accepted that, once coordinated to
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ABSTRACT: The overall efficacy of platinum based drugs is limited
by metabolic deactivation through covalent drug�protein binding.
In this study the factors affecting cytotoxicity in the presence of
glutathione, human serum albumin (HSA) and whole serum binding
with cisplatin, BBR3464, and TriplatinNC, a “noncovalent” deriva-
tive of BBR3464, were investigated. Upon treatment with buthionine
sulfoximine (BSO), to reduce cellular glutathione levels, cisplatin and
BBR3464-induced apoptosis was augmented whereas TriplatinNC-
induced cytotoxicity was unaltered. Treatment of A2780 ovarian
carcinoma cells with HSA-bound cisplatin (cisplatin/HSA) and
cisplatin preincubated with whole serum showed dramatic decreases in cytotoxicity, cellular accumulation, and DNA adduct
formation compared to treatment with cisplatin alone. Similar effects are seen with BBR3464. In contrast, TriplatinNC, the HSA-
bound derivative (TriplatinNC/HSA), and TriplatinNC pretreated with whole serum retained identical cytotoxic profiles and equal
levels of cellular accumulation at all time points. Confocal microscopy of both TriplatinNC-NBD, a fluorescent derivative of
TriplatinNC, and TriplatinNC-NBD/HSA showed nuclear/nucleolar localization patterns, distinctly different from the lysosomal
localization pattern seen with HSA. Cisplatin-NBD, a fluorescent derivative of cisplatin, was shown to accumulate in the nucleus and
throughout the cytoplasmwhile the localization of cisplatin-NBD/HSAwas limited to lysosomal regions of the cytoplasm. The results
suggest that TriplatinNC can avoid high levels of metabolic deactivation currently seen with clinical platinum chemotherapeutics, and
therefore retain a unique cytotoxic profile after cellular administration.
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plasma proteins, platinum compounds are effectively “deacti-
vated” and eliminated from the body; thus never reaching their
desired site of action.16,17

Another important sulfur-containing protein found intracel-
lularly is the tripeptide, glutathione (GSH).18 The normal
intracellular concentration of GSH ranges from 5 to 10 mM,19

therefore the binding of platinum-containing drugs to GSH is
highly probable. Cells with elevated glutathione (>10 mM) are
more resistant to cisplatin,20 indicating its clinical importance.
Due to these metabolic consequences resulting in low cellular
Pt�DNA binding, it is necessary to fully investigate the interac-
tions of sulfur-containing biomolecules with current clinical and
preclinical platinum chemotherapeutics.

Polynuclear platinum compounds are a structurally discrete
class of drugs whose chemical and biological properties differ
significantly from those of cisplatin.21�23 BBR3464, the only non-
cisplatin-like molecule to enter human clinical trials, has promis-
ing activity in cisplatin-resistant, cisplatin-sensitive and p53
mutant tumors.24�26 BBR3464 is also 40- to 80-fold more potent
on amolar basis than cisplatin.27 Promising preclinical and phase I
and II clinical studies of BBR3464 have been offset to some extent
by rapid degradation of BBR3464 into inactive metabolites due to
enhanced interactions with plasma proteins.28,29 The production
of these inactive metabolites may be replicated by the chemical
reactions of BBR3464 with reduced GSH.18 These pharmacoki-
netic factors are thought to contribute to reduced activity in
gastric and lung cell carcinomas.30,31 For the development of
subsequent generations of platinum derivatives, it is necessary to
design platinum compounds which may have the ability to avoid
or minimize these metabolic deactivations.

Most platinum chemotherapeutics bind to DNA in a covalent
manner by formation of a Pt�DNA adduct. Replacement of the
chloride leaving groups of BBR3464 with substitutionally “inert”
ammine ligands or “dangling” ammines, H2N(CH2)6NH3

þ, gives
“noncovalent” polynuclear platinum compounds, most notably
TriplatinNC, Figure 1. Although chemically nonreactive, Tripla-
tinNC binds to DNA through the formation of a “phosphate
clamp”, a ligand mode of binding distinct from the “classical”
minor-groove binders and intercalators.32 TriplatinNC has sig-
nificantly higher cellular accumulation than either BBR3464 or
cisplatin, and in some cases cytotoxicity equivalent to or greater
than that of cisplatin.33,34

Biophysical studies on the interaction of TriplatinNC with
albumin have shown the presence of an initial, electrostatic,
association with the protein.35 Previous studies have shown that
the interactions of cationic lipids with albumin give approximate
binding ratios of 1�2:1 (lipid:albumin).36 Due to its high charge,
TriplatinNC would be expected to associate to albumin and

other serum proteins in vivo but, in the absence of a substitution-
labile leaving group, would not be expected to undergo the same
types of deactivation reactions as seen with the covalent platinum
analogues.12,17,35 This protein association, in the absence of
deactivation, could provide a promising and novel pharmacoki-
netic profile not seen in current clinical platinum regiments. This
paper addresses the effects of serum protein and glutathione
deactivation on platinum drug trafficking and the consequences
for compound efficacy, levels of cellular accumulation, DNA
adduct formation, and intracellular distribution. The effects of
protein association on intracellular localization were examined
by confocal microscopy using a new, versatile fluorophore for
platinum drugs based on 7-nitro-2,1,3-benzoxadiazole (NBD).

’EXPERIMENTAL SECTION

Materials. BBR3464, cisplatin, and TriplatinNC were synthe-
sized as reported previously.37�39 The synthesis and character-
ization of the fluorophore derivatized TriplatinNC-NBD and
cisplatin-NBD is described in the Supporting Information.
Human plasma was purchased from Innovative Research Inc.
Albumin from human serum, minimum 99%, FITC-albumin, and
buthionine sulfoximine (BSO) were obtained from Sigma-
Aldrich (St. Louis, MO). LysoTracker Red DND-99 was obtained
from Invitrogen.
Cell System. HCT116 and A2780 cells were cultured in

RPMI 1640 with 10% fetal bovine serum, 100 U/mL penicillin,
100 μg/mL streptomycin in humidified air with 5% CO2.
Human Plasma Binding. Solutions of each drug were pre-

pared in PBS and added to human plasma such that the final
concentration of complex was 0.9 mM (1:1 v/v). The reactions
were incubated at 37 �C for 0, 0.5, 2, and 24 h. Unreacted and
protein-bound drug was removed by centrifugation through a
Millipore Microcon YM-10 (10,000 kDa) membrane filter.
Both ultrafiltrate and protein samples were stored at �20 �C
immediately following centrifugation. Analysis of platinum con-
tent for both the protein-bound and unreacted samples was
performed on a Varian ICP-OES. Protein concentration was
determined spectrophotometrically.
Formation of Drug�Albumin Complex. Platinum com-

pounds (cisplatin, cisplatin-NBD, BBR3464, and TriplatinNC)
were incubated with HSA for 72 h at 10:1 (drug:protein). Non-
protein-bound drug was removed by centrifugation using the
method described above. The protein was collected, redissolved
in PBS and immediately frozen at �20 �C. Pt concentration
was determined using ICP-OES by removing a small aliquot of
the Pt�protein solution before freezing.

Figure 1. Chemical structures of cisplatin (top), BBR3464 (middle) and TriplatinNC (bottom).
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BSO Treatment, Propidium Iodide DNA Staining, and
Analysis of Apoptosis. HCT116 cells were cultured in 6-well
plates at an initial density of 7.0 � 104 cells/mL. Different
concentrations of drugs were added to each well as indicated.
Total cell contents (apoptotic and viable cells) were collected. In
experiments using BSO, Pt drug concentrations were adjusted
to achieve approximately 15�20% apoptosis, allowing measure-
ment of enhancement or inhibition. Samples were fixed in an
ethanol and fetal bovine serum solution, washed with PBS, and
stained with a solution of propidium iodide (PI) and RNase A,
as described previously.40 Samples were then analyzed for
subdiploid DNA content on a Becton Dickinson FACScan flow
cytometer (BD Biosciences, San Jose, CA).
Cellular Growth Inhibition. The MTT assay was used to

determine growth inhibition potency of platinum drugs and the
corresponding protein-bound derivatives.41 A2780 cells were
seeded in 96-well plates at 6,500 cells/well in 200 μL of RPMI
1640 medium and allowed to attach overnight. Medium was
removed, and 200 μL of each compound was added after serial
dilution in quadruplicate wells and exposed to cells for 72 h. For
time dependent medium incubation studies 500 μM of each Pt
compound was incubated in RPMI 1640 medium supplemented
with 10% FBS (1:1 v/v) for 0, 24, 48, and 72 h before cellular
treatment. Samples were diluted to treatment concentrations
[30�0.25 μM] with fresh medium after appropriate time points,
and cells were treated accordingly. Quantification of cell growth
in treated and control wells was then assessed by MTT assay.
IC50 values were determined graphically.
Cellular Uptake of Drug and Drug�HSA Complexes.

A2780 cells were seeded at 2 � 106 cells in 10 cm dishes and
allowed to attach overnight. Cells were then treated with IC90

concentrations of each drug and drug�HSA complex,15 μM for
TriplatinNC, 4 μM for cisplatin, and 2.5 μM for BBR3464, in
15 mL of medium for 0, 3, 6, 12, and 24 h. After appropriate
incubation times, cells were removed from the dish, counted, and
resuspended in 250 μL of ddH2O. Samples were digested, and
analysis of Pt content was performed on a Varian ICP-MS.
Quantification of DNA�Drug Adducts. A2780 cells were

seeded at 2 � 106 cells in 10 cm dishes and allowed to attach
overnight. Cells were then treated with IC90 concentrations
of each drug and drug�HSA complex, 4 μM for cisplatin, and
2.5 μM for BBR3464, in 15 mL of medium for 24 h. For time
dependent medium incubation studies 500 μM of each Pt
compound was incubated in RPMI 1640 medium supplemented
with 10% FBS (1:1 v/v) for 0, 24, 48, and 72 h before cellular
treatment. After incubation, cells were removed from the dish
and suspended in 200 μL of ddH2O. DNA was extracted using a
DNeasy blood and tissue kit (Qiagen). Extent of DNA platina-
tion was measured on a Varian ICP-MS.
Confocal Laser Scanning Microscopy of A2780 Cells.

A2780 cells were grown on 8-well chamber slides (Lab-TekII
Chamber Slide) for 2�3 days until cells reached near-confluency.
The cells were treated with cisplatin-NBD (15 μM) and cisplatin-
NBD/HSA (1 mg/mL) for 24 h. LysoTracker Red (75nM) was
added to the slide for the final 30 min of drug treatment time.
For TriplatinNC-NBD (15 μM) and TriplatinNC-NBD/HSA
(1 mg/mL), and FITC-albumin (1 mg/mL), A2780 cells were
treated for 6 h and LysoTracker Red (75 nM) was added to the
slide for the final 30 min of drug treatment time. After treatment,
slides were washed 3� with ice-cold PBS and fixed with 3%
paraformaldehyde. Paraformaldehyde was removed, and cells
were washed again with 3� PBS and allowed to dry. Slides were

then mounted with Vectashield mounting medium containing
DAPI. Fluorescence was observed by confocal laser scanning
microscopy (Zeiss LSM 510).

’RESULTS AND DISCUSSION

Importance of Glutathione in TriplatinNC-Mediated Cyto-
toxicity. One of the main intracellular biomolecules is glu-
tathione (GSH), which has an important role in determination
of cellular sensitivity to cytotoxic drugs. The cellular glutathione
level in HCT116 cells was decreased using buthionine sulfox-
imine (BSO), which inhibits gamma glutamylcysteine synthe-
tase, a rate-limiting enzyme in glutathione synthesis. As the
cellular glutathione level was reduced, cisplatin- and BBR3464-
induced apoptosis was augmented, demonstrating their interac-
tions with glutathione. After 48 h of treatment, BSO alone and
BBR3464-induced apoptosis were 1% and 18% (as in control
sample), but the combination of BBR3464 and BSO increased
apoptosis to 58% (Figure 2A). The results showed consistency in
testing with cisplatin. BSO increased cisplatin-induced apoptosis
from 14% to 45% (Figure 2A). In striking contrast to these
covalent Pt drugs, TriplatinNC-induced cytotoxicity was com-
pletely unaltered by inhibiting glutathione synthesis (Figure 2A).
Since some efflux mechanisms have been shown to be

dependent on glutathione,42 the effects of BSO on the cellular
accumulation of platinum drugs was measured. Cellular platinum
levels were measured via ICP-OES in cells treated with platinum
drugs( BSO to determine if the increase observed in cytotoxicity

Figure 2. (A) Effect of BSO on platinum drug-induced cytotoxicity in
HCT116 cells. Subdiploid cell content was detected by PI-DNA
staining. HCT116 cells were cultured with 10 μM cisplatin, 50 μM
BBR3464, or 40 μM TriplatinNC for 48 h in the absence or presence
BSO. Drugs were added to the medium after 1 h of treatment with BSO.
(B) Effect of BSO on platinum drug cellular uptake in HCT116
carcinoma cell lines. HCT116 cells were cultured with 20 μM cisplatin
for 16 h, 20 μM BBR3464 for 8 h, or 20 μM TriplatinNC for 3 h in the
absence or presence of 500 μM BSO. Drugs were added to the medium
after 1 h of treatment with BSO.
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is the result of enhanced cellular uptake of platinum drugs. As
shown in Figure 2B, BSO did not influence cisplatin, BBR3464, or
TriplatinNC cellular accumulation. Hence, cellular accumulation
does not play a role in the augmentation of Pt-induced cytotoxi-
city by BSO.
Effects of Protein Binding on Cisplatin, BBR3464, and

TriplatinNC. The pharmacokinetic profiles in phase I clinical
trials of BBR3464 and cisplatin have been shown to be vastly
different, with protein binding in BBR3464 being much higher
than cisplatin at early time points.27 To evaluate the effect of
protein binding on drug deactivation, cisplatin, BBR3464 and
TriplatinNC were incubated with human plasma or human
serum albumin for selected time points. Analysis of platinum
content by ICP-OES shows an increase in protein binding over
time for both cisplatin and BBR3464 after incubation with whole
serum. This time dependent increase in protein binding repre-
sents a displacement of the platinum�chloride bond and the
formation of the covalent platinum�protein adduct (Figure S1 in
the Supporting Information). In contrast, with the noncovalent
compound, TriplatinNC, a 1:1 drug�protein complex is imme-
diately formed, representing a rapid association of the positively
charged drug, presumably with negative regions of serum
proteins.(Figure S1 in the Supporting Information). Due to the
chemical nature of TriplatinNC, the initial noncovalent binding is
not followed by covalent drug�protein adduct formation.
Role of Protein Binding on Cytotoxicity of Cisplatin,

BBR3464, andTriplatinNC. In theory, once a covalent platinum�
protein adduct is formed, the drug “loses” its cytotoxic effect and is
rendered inactive.43 To further understand the differences in
binding profile between covalent and “noncovalent” platinum
compounds with HSA, cytotoxicity assays were performed on
the protein-bound derivatives of cisplatin, BBR3464, and Tripla-
tinNC (cisplatin/HSA, BBR3464/HSA, and TriplatinNC/HSA)
and compared to the free drug IC50 values in A2780 ovarian
carcinoma cell lines. As seen in Figure 3A, A2780 cells treated with
cisplatin/HSA show a large decrease in drug efficacy as compared

with treatment of cisplatin alone. The same trend can be seen with
BBR3464/HSA and BBR3464 (Figure 3B). In stark contrast,
A2780 cells showed no change in growth inhibition when treated
with the complex TriplatinNC/HSA (IC50≈ 3 μM) as compared
to treatment of the drug alone, TriplatinNC (IC50 ≈ 3 μM)
(Figure 3C).
Incubation of cisplatin, BBR34364 and TriplatinNC with

whole serum provides a physiological approach to studying the
effects of protein binding on drug efficacy. Cisplatin and
BBR3464 both show a time-dependent decrease in cytotoxicity
upon incubation followed by cellular exposure after pretreatment
with serum (Figure 3D,E). For cisplatin and BBR3464, the
observed IC50 values decreased from 0.6 μM to >30 μM, and
0.2 μM to >30 μM, respectively, over a 72 h period. Cellular
treatment with TriplatinNC after 72 h medium incubation
showed no marked decrease in IC50 value, remaining approxi-
mately 3 μM at all time points (Figure 3F). The data is tabulated
in Figure S2 in the Supporting Information.
Effects of Protein Binding on Cellular Drug Accumulation.

Since the rate of cellular uptake and total accumulation correlates
to the cytotoxic effect of platinum drugs, cellular accumulation of
each platinum compound and its protein-bound derivative was
examined at IC90 concentrations, Figure 4. Treatment of A2780
cells with cisplatin produced an increase in cellular platinum
levels in a time dependent manner, reaching approximately
30 attomoles (amol) of drug/cell after 24 h. In contrast, cells
treated with cisplatin/HSA showed a drug accumulation of
5 amol of drug/cell or less at all time points (Figure 4A). Cellular
treatment with BBR3464 also shows a time dependent increase
in drug concentration, reaching approximately 100 amol of drug/
cell after 24 h (Figure 4B). In contrast to cisplatin/HSA, the
protein-bound derivative of BBR3464 shows a sporadic increase
in platinum concentration over time. Although BBR3464 is
covalently bound to albumin,35 the chemical nature of this
binding may cause the trinuclear drug to degrade into dinuclear
and mononuclear noncovalent, noncytotoxic metabolites as seen

Figure 3. Influence of protein binding on platinum drug efficacy in A2780 ovarian carcinoma cells. (A) Cisplatin cytotoxicity (2) in A2780 cells
compared with the treatment of cisplatin/HSA (9). (B) BBR3464 cytotoxicity (2) compared with the treatment of BBR3464/HSA (9).
(C) TriplatinNC cytotoxicity (2) compared with the treatment of TriplatinNC/HSA (9). (D�F) Platinum compounds were incubated with serum
supplemented medium for 0�72 h. Cellular grown inhibition was then measured after treatment. Efficacy of cisplatin (D), BBR3464 (E), and
TriplatinNC (F) following increased serum incubation times (0 (2), 24 (9), 48 ((), and 72 (b) h). A2780 cells were cultured in the indicated
concentrations of each compound for 72 h. Percent growth inhibition was determined by MTT.
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previously with the treatment of blood cells with BBR3464.18,29,44

It is reasonable to assume that these dinuclear and mononuclear
metabolites may also enter cells and contribute to the measure-
ment of Pt levels. In contrast, platinum accumulation in cells
treated with TriplatinNC and TriplatinNC/HSA was nearly
identical at all time points, reaching approximately 400 amol
of drug/cell at the 24 h time point (Figure 4C). Note again the
enhanced accumulation of charged trinuclear drugs in compar-
ison to cisplatin.
To examine the role of whole serum deactivation on the

rate of cellular accumulation levels for cisplatin, BBR3464 and

TriplatinNC, intracellular platinum levels were determined after
24 h of drug exposure, following specified serum incubation
times. Treatment of cisplatin with serum supplemented medium
shows a time-dependent decrease in cellular platinum uptake
following drug exposure for 24 h (Figure 4D). Treatment of
BBR3464 with serum supplemented medium shows a constant
level of cellular platinum uptake following drug exposure for
24 h. This platinum accumulation is interpreted to correspond
to a mixture of the covalent and noncovalent metabolites
of BBR3464, consistent with the metabolic degradation seen
after protein binding (Figure 4E). Upon incubation with serum

Figure 4. Influence of protein binding on platinum cellular uptake in A2780 ovarian carcinoma cells. A2780 cells were treated with IC90 concentrations
of cisplatin and cisplatin/HSA (A), BBR3464 and BBR3464/HSA (B), TriplatinNC and TriplatinNC/HSA (C) for 0, 3, 6, 12, and 24 h. For serum
incubation studies each platinum drug was preincubated with serum for (0�72 h). A2780 cells were then treated with IC90 concentrations of each
compound ((D) cisplatin, (E) BBR3464, (F) TriplatinNC) for 24 h. Analysis of platinum content was performed on a Varian ICP-MS.

Figure 5. Influence of protein binding on DNA platination in A2780 ovarian carcinoma cells. A2780 cells were treated with IC90 concentrations of
cisplatin and cisplatin/HSA (A), BBR3464 and BBR3464/HSA (B) for 24 h. For serum incubation studies each platinum drug was preincubated with
serum for (0�72 h). A2780 cells were then treated with IC90 concentrations of each compound ((C) cisplatin, (D) BBR3464) for 24 h. Cellular DNA
was extracted and analysis of platinum content was performed on a Varian ICP-MS.
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for 24, 48, and 72 h and subsequent cellular treatment, Tripla-
tinNC cellular accumulation levels remains constant (Figure 4F).
A constant IC50 value over time and a consistent rate of cellular
drug accumulation shows the ability of TriplatinNC to “bypass”
the typical protein deactivation pathway seen with current
platinum chemotherapeutics.
Effects of Protein Binding on Levels of DNA Platination.

The cytotoxicity of platinum chemotherapeutics is mainly ac-
cepted to be modulated by the frequency and type of platinum�
DNA adducts formed during drug treatment. To examine the

role of protein binding on the amount of DNA platination,
A2780 cells were treated for 24 h with IC90 concentrations of
cisplatin, cisplatin/HSA, BBR3464, and BBR3464/HSA. DNA
platination levels after 24 h of continuous cisplatin treatment
reached approximately 225 nmol of Pt/g of DNA, while platinum
levels of cisplatin/HSA remained less than 10 nmol of Pt/g of
DNA (Figure 5A). The same trend in DNA adduct formation
was seen with BBR3464 and BBR3464/HSA, with platinum
levels reaching 425 and 20 nmol of Pt/g of DNA respectively
(Figure 5B).

Figure 6. Role of protein binding on the cellular localization and distribution of cisplatin and TriplatinNC. Confocal laser scanning micrographs (A, B)
of A2780 cells. (A) (top row) Cisplatin-NBD (15 μM) (green) incubated with A2780 cells for 24 h and LysoTracker Red (75 nM) (red) for final 30min
of drug incubation. (A) (bottom row) Cisplatin-NBD/HSA (1 mg/mL) (green) incubated with A2780 cells for 24 h and LysoTracker Red (75 nM)
(red) for final 30 min of drug incubation. Orange represents areas of drug�protein colocalization. (B) (top row) TriplatinNC-NBD (15 μM) (green)
incubated with A2780 cells for 6 h and LysoTracker Red (75 nM) (red) for final 30 min of drug incubation. (B) (bottom row) TriplatinNC-NBD/HSA
(1 mg/mL) (green) incubated with A2780 cells for 6 h and LysoTracker Red (75nM) (red) for final 30 min of drug incubation. Slides were mounted
with Vectashield mounting medium containing DAPI (blue). Fluorescence was observed by confocal laser scanning microscopy (Zeiss LSM 510).
(C) Chemical structures of TriplatinNC-NBD (top) and cisplatin-NBD (bottom).
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DNA platination levels of cisplatin and BBR3464 were also
monitored following serum incubation. After incubation with
serum proteins for 24, 48, and 72 h, both cisplatin and BBR3464
DNA platination levels were reduced. Initial levels of DNA
platination for cisplatin were approximately 225 nmol of plati-
num/g of DNA. After 72 h of serum treatment prior to cell
treatment, DNA platination levels were reduced to 31 nmol of
platinum/g of DNA (Figure 5C). The same trend was seen with
serum pretreatment of BBR3464, where platinum levels decrease
from 425 nmol of platinum/g of DNA to 230 nmol of platinum/g
of DNA (Figure 5D). The decreases in DNA platination seen
after protein binding are directly responsible for the reduced
activity of both cisplatin and BBR3464.
Due to the noncovalent nature of TriplatinNC-DNAbinding,32

isolation of cellular DNA may disrupt the interaction. To resolve
this inherent problem, we have developed a new fluorescent
probe for platinum and used fluorescence microscopy as a tool to
examine the effects of protein binding on cellular distribution and
DNA platination.
Fluorescent DrugDesign of TriplatinNC-NBD and Cisplatin-

NBD. The use of molecular imaging techniques, such as confocal
microscopy, is an important tool in the understanding of platinum
drug trafficking and intracellular distribution. To utilize this
approach, new fluorescent platinum derivatives were developed
using NBD fluorophores. Hambley has summarized recent fluor-
escent approaches to monitoring platinum trafficking.45 The
advantage of the NBD approach is that, rather than use chelates
like ethyelenediamine and cumbersome chemical modifications,
the NBD addition is performed on a primary amine and gives
analogues very similar to the “parent drugs”. Previous attempts at
“tagging” platinum compounds have yielded cisplatin derivatives in
which FITC and Alexa based fluorophores have been utilized.
These derivatives tend to mimic the biological properties of the
fluorescent “tag” rather than the platinum moiety itself.45 In the
case of TriplatinNC, we conjugated the NBD fluorophore directly
to the primary amine on each end of the complex, and for cisplatin,
we replace the existing amine groupwithNBD-ethane-1,2-diamine.
TriplatinNC-NBD shows only a 12% increase in molecular weight,
retains a high positive charge (6þ), and shows similar cytotoxicity
to TriplatinNC (Figure S3A in the Supporting Information).
Cisplatin-NBD has a molecular weight increase of 66%, substan-
tially less than seen with FDDP,45 and also retains a cytotoxic
profile in A2780 cells (Figure S3B in the Supporting Information).
Role of Albumin in the Cellular Localization of Cisplatin

and TriplatinNC. The mechanisms of cellular uptake and dis-
tribution of albumin and other serum proteins have been exten-
sively studied and show that serum proteins localize to lysosomal
regions of the cytosol.46Theuse of a noncovalent drug,TriplatinNC,
affords a unique handle to examine how macromolecule association
affects small platinum molecule biodistribution—in the absence of
platinum bond-forming reactions. Confocal microscopy was there-
fore employed to investigate how internalization and localization of
cisplatin and TriplatinNC is affected by albumin. A2780 cells were
treated with cisplatin-NBD (15 μM) and cisplatin-NBD/HSA
(1 mg/mL) to investigate the role of covalent protein binding on
drug localization. LysoTracker Red was used as a lysosomal marker
to indicate uptake of HSA (Figure S4 in the Supporting In-
formation). Cisplatin-NBD was shown to localize throughout the
cytosol and, to a lesser extent, the nucleus (Figure 6A). This
distribution is consistent with the fact that less than 10% of cellular
cisplatin is found in the nucleus. Low levels of cisplatin-NBDcan also
be seen to accumulate in the lysosomal regions of the cell. Due to the

weakly basic nature of the NBD fluorophore, it is possible that a
percentage of the lysosomal localization seen is a result of lysosomal
trapping, a phenomenon commonly seen with basic lipophilic
compounds.47,48 After treatment of cisplatin-NBD/HSA, the cyto-
solic and nuclear localizationwas significantly reduced and limited to
lysosomal regions of the cytosol. Colocalization of cisplatin-NBD/
HSA andLysoTracker Redwas seen at a greater extent thanwith the
treatment of cisplatin alone, indicating an increase in drug deactiva-
tion after protein binding.
HSA (1 mg/mL) and TriplatinNC-NBD (15 μM) (protein:

drug, 1:1) were preincubated in serum-free medium for 2 h to
ensure complex formation. Upon treatment with TriplatinNC-
NBD/HSA for 6 h, punctate cellular localization of LysoTracker
Red was observed in a pattern consistent with lysosomal
accumulation while TriplatinNC was shown to localize through-
out the cytosol and nucleolus. The uptake of TriplatinNC-
NBD alone was shown to be identical to the localization seen
upon treatment of the protein-bound complex (Figure 6B).
The difference in accumulation patterns between TriplatinNC
and LysoTracker Red and, more importantly, the similarity
between TriplatinNC-NBD and TriplatinNC-NBD/HSA loca-
lization show the ability of TriplatinNC to avoid metabolic
deactivation associated with serum binding.

’CONCLUSION

This study shows, for the first time, a platinum chemother-
apeutic with a substantially enhanced and distinctly different
pharmacokinetic profile compared to that of any clinically devel-
oped platinum drug. This work has shown the significance of
the interaction of TriplatinNC with plasma as well as individual
intracellular and extracellular proteins. The noncovalent binding
of TriplatinNC to serum proteins allows for an interaction with
the protein, but not a deactivation of the platinum compound.
The deactivation of cisplatin and BBR3464 upon binding to
glutathione, serum or albumin shows the major problems asso-
ciated with the treatment of cancer using the current platinum
chemotherapeutic regiment.

The data also allows one to examine the role of albumin as a
drug carrier or drug delivery system for TriplatinNC. Albumin is
known to function as an important protein in the maintenance of
osmotic pressure and also as a transport protein involved in the
distribution of hormones, fatty acids and metal ions.49,50 Once
administered, TriplatinNC would be expected to bind to plasma
proteins in a noncovalent manner and then be transported to
the cellular surface or become actively transported internally
through the endocytosis of albumin.46 The mechanism of uptake
of TriplatinNC and the role of albumin in this process was
examined by utilizing novel fluorescently labeled derivatives of
both cisplatin and TriplatinNC. Further, the noncovalent drug
is a unique probe for studying platinum drug molecule�
biomolecule interactions in cells. TriplatinNC not only presents
a new mode of DNA binding, distinct from any clinical platinum
agent, but also allows for the elimination of covalent Pt�protein
adduct formation, thus creating a novel pharmacokinetic and
cytotoxicity profile worthy of further development.
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