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F
ollowing its introduction into clinical
treatment of cancer in the 1970s, cis-
platin has become one of the most

widely prescribed anti-tumor drugs.1 It is
commonly used as first-line therapy for
blood cancers such as lymphoma and mye-
loma, aswell asmany solid tumors including
ovarian, bladder, stomach, non-small cell
lung, small cell lung, and especially testicu-
lar, where it has remarkable efficacy.2,3 Once
cisplatin was added to the chemotherapeu-
tic arsenal, the cure rate for testicular cancer
rose to >85%.4 In breast cancer, however,
response rates of only 10% are realized
when cisplatin is used as a single agent in
pretreated patients.5 A desire for increased
efficacy, the presence of numerous side
effects, and the development of tumor re-
currence have prompted the scientific com-
munity to develop subsequent generations
of platinum-based anticancer agents.6 To

date, only two other platinum compounds,
carboplatin and oxaliplatin, have been ap-
proved by the FDA, and it is of note in the
present context that both are Pt(II) complexes.
Despite the emphasis on square-planar

Pt(II) compounds as drug candidates, it has
been known since the earliest experiments
of Rosenberg that Pt(IV) compounds also
exhibit anticancer properties.7More recently,
Pt(IV) compounds have been designed as
prodrugs that release active Pt(II) species
following chemical reduction in the envir-
onment of cancerous cells.8 The formulation
of a platinum anticancer agent as a Pt(IV)
construct has several advantages.9 The
greater degree of kinetic inertness of octa-
hedral Pt(IV) centers10 limits off-target reac-
tivity, and the two additional ligands over
square-planar Pt(II) complexes can be used
to tune the physical and pharmacokinetic
properties of the complex.11,12
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ABSTRACT Nanoparticle (NP) therapeutics have the potential to significantly

alter the in vivo biological properties of the pharmaceutically active agents that

they carry. Here we describe the development of a polymeric NP, termed M-NP,

comprising poly(D,L-lactic-co-glycolic acid)-block-poly(ethylene glycol) (PLGA-PEG),

stabilized with poly(vinyl alcohol) (PVA), and loaded with a water-soluble platinum(IV)

[Pt(IV)] prodrug, mitaplatin. Mitaplatin, c,c,t-[PtCl2(NH3)2(OOCCHCl2)2], is a com-

pound designed to release cisplatin, an anticancer drug in widespread clinical use,

and the orphan drug dichloroacetate following chemical reduction. An optimized

preparation of M-NP by double emulsion and its physical characterization are

reported, and the influence of encapsulation on the properties of the platinum agent is evaluated in vivo. Encapsulation increases the circulation time of Pt

in the bloodstream of rats. The biodistribution of Pt in mice is also affected by nanoparticle encapsulation, resulting in reduced accumulation in the kidneys.

Finally, the efficacy of both free mitaplatin and M-NP, measured by tumor growth inhibition in a mouse xenograft model of triple-negative breast cancer,

reveals that controlled release of mitaplatin over time from the nanoparticle treatment produces long-term efficacy comparable to that of free mitaplatin,

which might limit toxic side effects.
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Another reason for designing Pt(IV) prodrugs is to
incorporate bioactive ligands that are released upon
reduction. The detached ligands and active Pt(II) moi-
ety then act in concert to provide a dual-threat attack
on cancer cells.13,14 Previously, we reported the pre-
paration of such a Pt(IV) prodrug, mitaplatin (Scheme 1),
designed to release two equivalents of dichloroacetate
(DCA) and one equivalent of cisplatin upon reduction in
the cancer cell.15 DCA targets the mitochondria and is
currently under investigation as a cancer therapeutic
that attacks the unique metabolic profile of tumor
cells.16 Mitaplatin capitalizes on the ability of DCA to
prime the mitochondria of cancer cells for apoptosis,
which is induced by platination of nuclear DNA.15

Given that NP therapeutics have the potential to
significantly alter the in vivo biological properties of the
pharmaceutically active agents they carry,17 our lab
has developed constructs to deliver platinum antic-
ancer agents based on a variety of platforms including
single-walled carbon nanotubes,18,19 peptides,20,21

and polymeric NPs.22�25 Previous work on polymer-
based drug delivery systems involved the preparation
of Pt(IV) molecules specifically designed for incorpora-
tion into a nanodelivery system. In one strategy, hydro-
phobic ligands were placed at the axial positions of a
cisplatin-releasing Pt(IV) prodrug, allowing it to be
encapsulated within the hydrophobic core of PLGA-
PEG NPs.22,24,25 In another strategy, Pt(IV) molecules
with pendant carboxylates were prepared for covalent
conjugation via ester linkages to a hydroxyl-functiona-
lized polymer backbone, and the resulting Pt(IV)�
polymer conjugate was blended with PLGA-PEG dur-
ing formulation to develop Pt(IV)-loaded NPs.23

On the basis of encouraging results previously
described, which demonstrate the beneficial effects
of Pt-loaded NP therapeutics,24,25 we investigated
mitaplatin encapsulated in a PLGA-PEG NP. Because
the chemical composition of the axial ligands of this
molecule is critical, they cannot be altered to render
this hydrophilic molecule amenable to encapsulation
via either the nanoprecipitation22,24,25 or conjugation
methods15,19,20,23 previously employed. Instead, an
alternative encapsulation strategy, based on a water/
oil/water double emulsion,26 was used. Here we pre-
sent the preparation and characterization of a PLGA-
PEG NP drug delivery construct loadedwithmitaplatin,
M-NP.We compareM-NPwithunencapsulatedmitaplatin,

specifically, measuring plasma half-life in rats (pharma-
cokinetics, PK), ability to inhibit tumor growth in a
mouse xenograft model of triple-negative breast cancer
(efficacy), and accumulation in the liver and kidneys of
mice (biodistribution, BD). This particular cancer was
modeled because of the prospect that platinum-based
chemotherapy may be effective against this otherwise
intractable class of tumors.27,28

RESULTS AND DISCUSSION

Synthesis and Characterization. The mitaplatin used in
this study was prepared in a manner analogous to that
reported earlier.15 Briefly, c,c,t-[PtCl2(NH3)2(OH)2] was
suspended in a DMF solution of dichloroacetic anhy-
dride and heated until all of thematerial dissolved. The
final product precipitated upon addition of diethyl
ether, but difficulties were encountered during isola-
tion of the product from the DMF reaction mixture. We
therefore devised an alternative synthesis of the com-
pound using neat dichloroacetic anhydride as the sol-
vent. This reaction follows a strategyused in the synthesis
of other Pt(IV) carboxylate complexes.29 The reaction
time is longer, but no effort was made to optimize the
conditions. The yield (80%) was higher than that
obtained using DMF as solvent (55%). The product
obtained displayed spectroscopic features consistent
with its proposed structure. Further discussion of the 1H
NMRspectrum ispresented in theSupporting Information.

Crystallography. The crystal structures of DMF and
DMSO solvates of mitaplatin were solved, and a mo-
lecular representation of the platinum complex from
the latter is shown in Figure 1. Details of the solution
and refinement of the crystal structures are presented
in Supporting Information.

Nanoencapsulation. Attempts to encapsulate mitapla-
tin by standard solvent evaporation nanoprecipitation
methods were unsuccessful (data not shown), and we
ascribe this failure to the high water solubility of the
compound. The problem was solved by encapsulation
of mitaplatin with the use of a modified solvent evap-
oration method based on double emulsion.30 The
process is illustrated diagrammatically in Scheme 2.
Briefly, in thismethod, an amphiphilic block copolymer
is dissolved in a water-immiscible organic solvent. This

Scheme 1. Proposed mechanism of activation of mitapla-
tin. Intracellular reduction produces cisplatin and releases
two equivalents of DCA.

Figure 1. Ball and stick representation of mitaplatin from
the crystal structure of mitaplatin 3 2DMSO. Chlorine atoms
are shown in green, oxygen in red, carbon in dark gray, ni-
trogen in blue, hydrogen in white, and platinum inmagenta.
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solution is added to an aqueous solution of the com-
pound to be encapsulated, and the biphasic mixture
is sonicated to give a primary “water in oil” emulsion.
This emulsified mixture is added to a volume of water
containing a surfactant and sonicated again to give a
“water in oil in water” double emulsion. Following
evaporation of the volatile organic solvent, a suspen-
sion of NPs encapsulating the water-soluble molecule
is obtained. To our knowledge, this report describes
the first example of the use of double emulsion tech-
niques to encapsulate a platinum compound.

The encapsulation was optimized to maximize pla-
tinum loading and minimize NP size by varying such
parameters as the concentration of the initial polymer
solution, the concentration of the initial mitaplatin
solution, the ratio of organic solvent to water in the
primary emulsion, and the organic solvent used. Any
given combination of thesewas evaluated for platinum
loading (% w/w of mitaplatin with respect to polymer
in the suspension), NP size, and distribution of sizes
as represented by the polydispersity index (PDI). The
polymer concentration was 1, 5, or 10 mg/mL, and the
mitaplatin concentration was between 1 and 5mg/mL.
The ratio of aqueous to organic solvent in the primary
emulsion was 1:10, 1:8, or 1:6, and the organic solvent
used was chloroform or a 1:1 mixture of acetone/

dichloromethane. Conditions that maximized plati-
num loading while minimizing size were 5 mg/mL
polymer in 1:1 dichloromethane/acetone, 5 mg/mL
mitaplatin in water, and a 1:4 aqueous/organic ratio
in the primary emulsion. The results for each round of
optimization are presented in Table S3. The particles
typically displayed a loading of 0.2%, an average size of
208(10) nm, and a PDI of 0.20(2). Representative dy-
namic light scattering intensity distributions of six
batches of nanoparticles obtained by this procedure
are presented in Figure 2.

The resulting particles are of adequate size to ex-
ploit the enhanced permeability and retention (EPR)
effect, a passive targetingmechanism that results from
leaky vasculature and poor lymphatic drainage char-
acteristic of rapidly growing tumor tissue.31

Controlled Release of Mitaplatin. In order to study the
release properties of mitaplatin from the NPs, aliquots
of M-NP suspension were dialyzed against phosphate
buffered saline (PBS) at 37 �C. The release of platinum,
measured by atomic absorption spectroscopy (AAS) in
this and subsequent experiments, during dialysis is
presented in Figure 3 as the fraction of encapsulated
platinum released over time. A substantial burst phase
is present, and approximately 90% of the platinum is
released within the first day.

Scheme 2. Diagrammatic representation of the double emulsion method for encapsulating mitaplatin in PLGA-PEG
nanoparticles. PVA = poly(vinyl alcohol).

Figure 2. Dynamic light scattering intensity distribution results of multiple replicates of M-NP prepared using optimized
conditions (see text).
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Retention in the Bloodstream. An important aspect of a
pharmacologically active compound that is adminis-
tered intravenously is its residence time in the blood-
stream. A rat model was used to evaluate bloodstream
retention of mitaplatin when the compound was ad-
ministered as either a free agent or a NP formulation.
Free mitaplatin is quickly cleared from the blood;
30 min following injection of free mitaplatin, only
17% of the platinum originally injected remains in
circulation (Figure 4). On the other hand, when en-
capsulatedwithin a polymer nanoparticle, the duration
of platinum circulation is prolonged. For instance,
30 min post-injection, 66% of the platinum originally
present in the plasma remains when M-NP is adminis-
tered. The area under the curve of the NP construct is

twice that of the free complex. When the earlier in vitro
release data (Figure 3) were converted to retention
values and plotted together with platinum retention in
the plasma of rats treated with M-NP, the curves over-
lay (Figure 4). This correlation provides confirmation
that the in vitro release study accurately modeled the
behavior of our construct in vivo. Moreover, it supports
the conclusion that the enhanced retention of plati-
num in the bloodstream is a direct result of the con-
trolled release of mitaplatin from the nanoparticle
construct.

Tumor Growth Inhibition. MDA-MB-468 triple-negative
breast cancer cells were used in this study to address
the need for therapies to target this class of highly
refractory solid tumors.32 Subcutaneous xenograft tu-
mors were grown in nudemice that were subsequently
treated with 1 mg/kg of either unencapsulated mita-
platin or M-NP, both reconstituted in saline. The do-
sages were computed based on themass ofmitaplatin,
and therefore, animals treated with free mitaplatin or
M-NP received equal amounts of the active agent. A
third cohort of tumor-bearing mice was treated with
saline to serve as a negative control. Mice were treated
twice a week for two weeks (injections on days 1, 4, 8,
and 11) and then monitored for an additional two
weeks to observe tumor regrowth. The volume of the
tumors during treatment is shown in Figure 5A, and the
final tumor volume at the end of the regrowth period is
depicted in Figure 5B. At the end of the two week
treatment, tumors from mice in the control group had
grown significantly, those from the M-NP treated
group showed no significant growth as compared to
the first day of treatment, and those treated with free
mitaplatin showed a reduction in tumor volume. De-
spite the difference in the short-term effects of free
mitaplatin and M-NP, by the end of the regrowth
period, both treatments displayed the same degree
of tumor growth inhibition. These data are consistent
with the theory that the NP serves as a controlled-
release delivery vehicle. The same total dose of active
platinum agent is being delivered in the two cases, but
the concentration of available platinum is initially low-
er in the nanoparticle-treated mice. There is, therefore,

Figure 3. Diffusive release of platinum from M-NP. Error
bars represent one standard deviation of the three replicate
measurements.

Figure 4. Retention of platinum in the plasma of Sprague�
Dawley rats following injection with either free or encapsu-
lated mitaplatin (0.2 mg/kg). Overlaid on these in vivo data
are the in vitro release data. Each point is the average of
measurements from three different rats, and error bars
represent one standard deviation.

Figure 5. Average size of MDA-MB-468 tumors in a mouse xenograft model (A) during treatment with equal doses (1 mg/kg)
of either free or encapsulatedmitaplatin and (B) at the end of the tumor regrowth period (day 24). Arrows indicate treatment
days. Error bars represent one standard deviation.
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a greater acute effect observed in themice treatedwith
free mitaplatin. A controlled release of active agent
over time allows the nanoparticle treatment to pro-
duce a long-term effect comparable to injection with
freemitaplatin. The delayed releasemay engender less
toxicity and improve the therapeutic response.

Histopathology. Following sacrifice of the xenograft-
bearing animals, tumor tissue was harvested and sub-
jected to histopathological analysis. Representative
tumor slices are shown at both low and high magnifi-
cation in Figure 6. The low-magnification images high-
light the difference between the sizes of the tumors
in mice treated with either saline or one of the two
mitaplatin formulations, as also depicted in Figure 5.
Moreover, there is significantly more necrotic tissue
at the center of the control tumor (Figure 6A), consis-
tent with rapid uncontrolled growth. In the high-
magnification images, the aggressive invasion of the
cancer cells into surrounding tissue can be seen in the
control tumors (Figure 6B, green arrow) but is absent in
the tumors of the mice treated with either free mita-
platin or M-NP (Figure 6D,F, green arrows). In the latter
two cases, the tumors are well capsulated. One section
from a tumor of each animal was analyzed and scored
according to the overall prevalence of features indica-
tive of aggressive tumor growth including prominent
nucleoli, vascular and capsular invasion, mitosis, and
necrosis. Isolated instances of these features can be
observed in Figure 6B,D,F (highlighted with arrows).
The results were averaged across the animals from
each group (detailed results presented in Table S4)
and indicated that the tumors from the control group
were the most robust and aggressive, those from the

mitaplatin-treated group were the least aggressive, and
those from the M-NP-treated group were intermediate.

Biodistribution. Although the long-term anti-tumor
outcome of the two treatments is similar, drastic dif-
ferences are present in the biodistribution of platinum
in tumor-bearing mice. Treatment with free mitaplatin
results in a significant accumulation of platinum in the
kidneys (Figure 7). This accumulation is expected
because the active complex derived from the reduc-
tion of the mitaplatin prodrug is cisplatin, which is
dose-limited by nephrotoxicity in the absence of ag-
gressive prehydration.33 Encapsulation of mitaplatin
within the polymer nanoparticle shifts the biodistribu-
tion of platinum from the kidneys to the liver. This shift
is not surprising because the reticuloendothelial sys-
tem (RES) would filter the nanoparticles from the
bloodstream and the platinum is trapped within the
nanoparticles. In addition to the blood retention study
and its correlation with the in vitro controlled-release

Figure 6. Representative histological images from tumors of mice treated with saline (A and B), free mitaplatin (C and D), or
M-NP (E and F). Scale bars in panels A, C, and E are 1 mm and those in panels B, D, and F are 50 μm. The red arrow indicates
necrosis. The green arrows indicate vascular/capsular invasion in B and a lack thereof in D and F. The blue arrows highlight
isolated instances of mitotic cell division. The yellow arrow indicates a blood vessel from adjacent tissue and the lack of
invasion of tumor cells into this vessel is noted.

Figure 7. Concentration of platinum in liver and kidney
tissues of the mice treated with either free mitaplatin or
nanoparticle-encapsulated mitaplatin (1 mg/kg). Error bars
represent one standard deviation.
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study, this hepatic platinum accumulation provides
further evidence in support of the ability of the nano-
particles to carry the platinum complex through the
bloodstream. In mice treated with M-NP, the concen-
tration of platinum in the kidneys is less than that in the
kidneys of the animals treated with free mitaplatin.
Given that nephrotoxicity is a common side effect of
platinum treatment,34 whereas hepatotoxicity is less
commonly encountered,35 we expect that the benefit
of the decrease in kidney uptake may be greater than
the possible harm incurred by increased accumulation
in the liver. Clearly it would be advantageous to avoid
clearance by the RES and increase blood circulation
time even further. It is possible that this goal could be
achieved by reducing the size of the nanoparticles
below 100 nm.36

Nanoparticle Protection of Mitaplatin. Complexes con-
taining Pt(II) ions are typically kinetically labile, and one
impetus for investigating Pt(IV) prodrugs is their com-
paratively greater kinetic inertness.9 This reduced reac-
tivity is expected to translate into sustained circulation
in vivo during which the masked Pt(II) pharmacophore
remains safe from deactivation by biological nucleo-
philes. Only upon entering the reducing environment of
the cancer cell is the complex supposed to be reduced,
releasing the active Pt(II) agent.37 A growing body of
work shows, however, that certain Pt(IV) prodrugs
reduce prematurely in the bloodstreamprior to cellular
uptake.8,38�42 Moreover, recent work on the aquation
of Pt(IV) prodrugs bearing axial halogenated carboxylate
ligands has called their supposed chemical inertness into
question.43 We propose that nanoparticle encapsulation
provides the guest platinum complex an additional
degree of protection from reductants and nucleophiles
by physically preventing interaction between these
agents and the encapsulated platinum complex.

The results described in this report provide evi-
dence to support the theory that the nanoparticle
protects the encapsulated mitaplatin. Unprotected
mitaplatin is rapidly cleared from the bloodstream,
whereas the construct containing encapsulated mita-
platin displays prolonged circulation. The in vitro re-
lease study corroborates the hypothesis that this
retention of platinum in the bloodstream is the result
of controlled release from the nanoparticle. Moreover,

following treatment with M-NP, platinum does not
accumulate in the kidneys as it does in mice treated
with free mitaplatin. Instead, platinum accumulates
in the organs of the reticuloendothelial system, which
is responsible for removing colloidal objects, such
as polymer nanoparticles, from the bloodstream.
Although these data are consistent with the scheme
in which the platinum complex is protected within the
nanoparticle, the AAS measurements do not provide
direct information about the oxidation state or chemi-
cal identity of the platinum that is associated with the
nanoparticle. Experiments are underway in our lab to
directly investigate the effect of encapsulation on the
rate of reduction of encapsulated Pt(IV) prodrugs in
blood and cells.

CONCLUSIONS

We demonstrate here that a hydrophilic platinum
anticancer agent, mitaplatin, can be encapsulated
within PLGA-PEG NPs. Encapsulation within these
NPs prolongs retention of platinum in the bloodstream
over that observed when unencapsulated mitaplatin is
administered. This increased retention correlates well
with in vitro release studies and is corroborated by
redirection of platinum to the liver. Both unencapsu-
lated mitaplatin and M-NP reduced the tumor burden
of mice carrying MDA-MB-468 triple-negative breast
cancer xenografts. The unencapsulated mitaplatin dis-
played a greater acute effect but the long-term tumor
growth inhibition realized by both treatments was the
same. The nanodelivery of the platinum agent signifi-
cantly shifted the biodistribution of platinum in treated
animals away from accumulation in the kidneys, a
traditional site of platinum-induced toxicity. This study
demonstrates that NP encapsulation can indeedhave a
favorable influence on the biological activity of a Pt(IV)
prodrug. Following optimization of the encapsulation
process to further increase Pt loading and minimize
particle size, thereby bypassing accumulation in the
liver, such a NP treatment could become an attractive
candidate for further investigation as a chemothera-
peutic treatment for triple-negative breast cancer.
Experiments are in progress to use this double emul-
sion strategy to encapsulate other hydrophilic plati-
num compounds.

MATERIALS AND METHODS

Materials and Instrumentation. Mitaplatin15 (c,c,t-[PtCl2(NH3)2-
(OOCCHCl2)2]) and poly(D,L-lactic-co-glycolic acid)-block-poly-
(ethylene glycol)44 (PLGA-PEG) were synthesized as previously
reported. Poly(vinyl alcohol) (PVA, MW 30 kDa) was purchased
from Sigma-Aldrich. Platinum concentrations were measured
by graphite furnace atomic absorption spectroscopy (GFAAS)
using a Perkin-Elmer AAnalyst 600 spectrometer outfittedwith a
transverse heated graphite atomizer. Platinum absorption was
measured at 265.9 nm, and a Zeeman background absorption
correctionwas applied.45,46 Nanoparticle sizeswere determined

by dynamic light scattering on a Zetasizer Nano (Malvern
Instruments). 1H NMR spectroscopic measurements were per-
formed on a Varian Inova-500 spectrometer in the MIT Depart-
ment of Chemistry Instrumentation Facility with deuterated
DMSO as a solvent. NMR chemical shifts (δ) are reported in
parts per million with respect to tetramethylsilane and are
referenced to residual solvent peaks in the spectrum.

Alternative Mitaplatin Synthesis. A suspension of c,c,t-[PtCl2-
(NH3)2(OH)2]

47 (100 mg, 0.3 mmol) in neat dichloroacetic anhy-
dride (3 mL) was stirred at 70 �C for 5 h. The mixture remained a
suspension throughout the reaction. Diethyl ether (5 mL) was
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added, and the precipitate was collected by vacuum filtration.
The solid was washed with diethyl ether and dried under
vacuum. Yield: 131 mg of pale yellow solid, 80%. Characteriza-
tion was identical to that previously reported15 with an excep-
tion as discussed in the Supporting Information.

X-ray Crystallography. Details of the data collection, structure
solution, and refinement are provided in Supporting Information.

Nanoprecipitation. Mitaplatin was encapsulated by amodified
solvent evaporation method using double emulsion.30 Para-
meters were varied as detailed in the Results and Discussion
section, but generally, the PLGA-PEG copolymer was dissolved
in a water-immiscible organic solvent and mitaplatin was dis-
solved in Milli-Q water. An aliquot of the polymer solution was
combined with an aliquot of the mitaplatin solution, and the
mixture was sonicated (10 W, 30 s). The volumes of these
aliquots were varied as described in Table S3. This emulsion
was then combined with 0.5% aqueous PVA (6.7 mL) and
sonicated (10 W, 30 s). This double emulsion was poured into
0.05% aqueous PVA (27 mL) and stirred overnight to allow the
volatile organic solvent to evaporate. The resulting mixture,
with the characteristic milky blue appearance indicative of a
colloidal suspension, was filtered through a 0.2 μm cellulose
acetate syringe filter to remove any aggregation products.
The filtrate was concentrated using Amicon ultracentrifugation
filtration devices (Millipore) with a molecular weight cut-off
(MWCO) of 100 kDa. The concentrated suspension of nanopar-
ticles containingmitaplatin (M-NP) was washed twice withMilli-
Q water and diluted to a final volume of 500 μL. The platinum
content of the suspension was then quantified using GFAAS.
Dilutions to concentrations within the linear dynamic range
of the spectrometer (50�200 μg Pt/L) were performed with
1:1 water/acetonitrile, a mixture that aided in dissolving the
polymer.

Controlled Release of Mitaplatin. A suspension of M-NP was
prepared as described above. The suspension was aliquotted
(150 μL) into dialysis cassettes outfitted with 3500 Da MWCO
membranes. The cassettes were submerged in 12 L of phos-
phate buffered saline (PBS, pH 7.4) and stirred in the dark at
37 �C. At defined time points (0, 2, 7, 9, 17, 24, 38, 45, 55, 67, and
72 h), three cassettes were removed and the concentration of
platinum in each cassette was determined by GFAAS. Reported
values are the average of three replicates.

Preparation of Nanoparticles for Animal Studies. Using optimum
parameters defined in the Results and Discussion section, large-
scale batches of M-NP were prepared for use in animal studies.
The preparation was scaled-up by simply performing multiple
parallel runs of the double emulsion precipitation as described
above and combining the final suspensions. Nanoparticles were
always freshly prepared and used within 24 h. The suspensions
were kept at 4 �C and transported on ice to prevent premature
release of mitaplatin. The final reconstitution/dilution to the
concentration needed for any particular animal experiment was
performed with PBS (pH 7.4), and the suspension was filtered
through 0.2 μm filters to render it sterile.

Animal Studies. Animal experimentation was carried out at
Toxikon (Bedford, MA) in full compliance with their Institutional
Animal Care and Use Committee (IACUC) regulations, the
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) International and U.S. federal law.

Platinum Concentrations in Biological Samples. For analysis of
plasma samples, 200 μL volumes of plasma were lyophilized.
The dry residuewas suspended in 400 μL of concentrated HNO3,
boiled for 1 h, and then diluted with 600 μL of 0.1 M HCl.48 This
acidic solutionwas then analyzed by GFAAS, diluting with water
if necessary. The initial concentration of platinum in the plasma
was obtained by dividing the amount of platinum that was
injected into each rat by the volume of plasma in the rat (4.1 (
0.3 mL plasma per 100 g body mass).49

To determine the concentration of platinum in tissue sam-
ples, the samples were first dissolved.48 To account for possible
compartmentalization within the tissue, the entire organ was
dissolved rather than digesting only a portion. The tissues were
digested with concentrated nitric acid (500 μL/200mg of tissue)
overnight at room temperature. Themixturewas then boiled for
3�5 min. Aqueous hydrogen peroxide (30%) was added in a

volume equal to the initial amount of acid used. The mixture
was stirred for 5 min and then boiled for an additional 3�5 min.
The resultant pale yellow solutions were cooled to room
temperature and analyzed by GFAAS. The spectroscopy was
conducted using parameters adjusted so as to optimize the
recovery of platinum from tissue samples.48

Retention in the Bloodstream. The subjects of the study were
three male Sprague�Dawley rats that weighed approximately
330 g each and were at least 5 weeks old (adult). A sterile
solution of mitaplatin or a suspension of M-NP was prepared
and diluted with PBS (pH 7.4) to provide a dose of 0.2 mg of
mitaplatin/kg of body mass in a volume of 8 mL/kg of body
mass. The dose was injected into the lateral tail vein as a single
bolus. Blood samples (1 mL) were collected from the lateral tail
vein at 0, 0.5, 1, 2, 4, 8, and 24 h post-dose. Each blood sample
was portioned in two, and plasmawas isolated fromoneportion
by centrifugation at 3000 g for 10 min at 4 �C.

Tumor Growth Inhibition. MDA-MB-468 triple-negative breast
cancer cells were obtained from American Type Culture Collec-
tion (ATCC) and grown in L-15 medium (Invitrogen), 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin in T-175 flasks.
A suspension of 132 million cells was obtained with 86% via-
bility, pelleted, and resuspended in L-15 medium with 50%
Matrigel (BD Biosciences). A 0.25 mL volume of this cell suspen-
sion, containing 5 � 106 cells, was injected into the mammary
fat pad of adult female BALB/c nude mice with body weights of
approximately 15 g each. Tumor nodules were allowed to grow
to a volume of 150 mm3 before treatment began. Tumor length
and width were measured with calipers, and the tumor volume
was calculated using the formula V = a � b2 in which a is the
length and b is the width. The animals, six per group, were
treated (i.v. injection into tail vein) twice a week for two weeks
(days 1, 4, 8, and 11) with saline, mitaplatin in PBS (1 mg/kg), or
M-NP in PBS (1 mg mitaplatin/kg). After the final dose (day 11),
the animals were observed for two more weeks to monitor
regrowth of the tumors. During treatment, one animal from the
group treated with mitaplatin was sacrificed early due to the
development of necrosis in the tail, and the data from this
animal were removed from all analyses.

Biodistribution. Following the completion of the tumor
growth inhibition study, the mice that were treated with
mitaplatin or M-NP were sacrificed and liver and kidney tissue
was harvested and digested as described above for analysis
by GFAAS.

Histopathology. Additionally, following sacrifice of the ani-
mals, tumors were harvested and fixed in 10% neutral-buffered
formalin. Thin slices (∼5 μm) were prepared and stained with
hematoxylin and eosin for histological analysis. This analysis
was carried out by Toxikon (Bedford, MA) pathologist Dr. Alex
Richter, DVM, MS, DACVP, and Dr. Ying Ping Yu, MD.
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