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Encapsulation in Nanoparticles Improves Anti-cancer Efficacy of Carboplatin
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Abstract. Poor cellular uptake contributes to high dose requirement and limited therapeutic efficacy of the
platinum-based anticancer drug carboplatin. Delivery systems that can improve the cellular accumulation
of carboplatin will, therefore, likely improve its therapeutic potential. The objective of this study was to
evaluate nanoparticles composed of the biodegradable polymer, poly(D, L-lactide-co-glycolide), for
carboplatin delivery to tumor cells. Carboplatin-loaded nanoparticles were formulated by double emul-
sion-solvent evaporation technique. Nanoparticles demonstrated sustained release of carboplatin over
7 days. Cellular uptake of carboplatin encapsulated in nanoparticles was several fold higher than that with
free carboplatin in A549 (lung) and MA148 (ovarian) tumor cells. In vitro cytotoxicity studies showed that
encapsulation of carboplatin in nanoparticles resulted in a remarkable reduction in the IC50 of carboplatin
in several cell lines (up to 280-fold in some cells). Confocal microscopic analysis revealed the presence of
carboplatin nanoparticles in several cellular compartments including lysosomes, cytoplasm, and the
nucleus. These results demonstrate an enhanced cellular uptake of carboplatin through encapsulation in
PLGA nanoparticles and suggest that improved therapeutic efficacy and reduced toxicity may be achieved
with this approach.
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INTRODUCTION

Platinum-based drugs, carboplatin and cisplatin, are used
in the treatment of a number of malignancies including ovar-
ian, lung, head, and neck cancers (1–3). While carboplatin is
often preferred over cisplatin due to the lower incidence of
nephrotoxicity and ototoxicity, the former is significantly less
potent and is still associated with the risk of cumulative toxic-
ities (4, 5). Low uptake of carboplatin by tumor cells is con-
sidered a key reason for its limited therapeutic efficacy (6).
This is evident by the need of administration of a large num-
ber of doses in multiple cycles (beyond six cycles) to achieve
tumor inhibition (7).

Several attempts have been made to increase the effec-
tiveness of platinum compounds and thereby reduce the num-
ber of required dosing cycles (8–12). Recent studies (13, 14)
with liposomes containing platinum drugs demonstrated the
potential of these carriers to improve the cytotoxicity in sev-
eral cancer cell lines. It was suggested that increased intracel-
lular accumulation of liposome-encapsulated drugs results in

higher cytotoxicity. Although effective in killing cells, lipo-
somes suffer from poor stability in plasma, which results in
rapid release of the drug before reaching the target site (15).
Hence, a more effective delivery system is needed to improve
the therapeutic efficacy of platinum-based drugs.

In this study, nanoparticles composed of poly(D-L-lactide-
co-glycolide) (PLGA) polymer were prepared as a means to
produce safe and effective carriers for carboplatin (16–18).
Because of their small size, nanoparticles are effectively
endocytosed by tumor cells, which results in high cellular
uptake of the encapsulated payload (19). We hypothesized
that encapsulation of carboplatin in PLGA nanoparticles
would significantly increase the delivery of carboplatin into
tumor cells and thereby result in improved anticancer efficacy.
To test this hypothesis, carboplatin-loaded PLGA nanoparti-
cles were fabricated, and their cytotoxicity and uptake were
evaluated in a panel of cancer cell lines.

MATERIALS AND METHODS

Materials

Carboplatin, polyvinyl alcohol (PVA), and chloroform
were purchased from Sigma (St. Louis, MO). Penicillin/strep-
tomycin, fetal bovine serum, RPMI 1640, Dulbecco’s phos-
phate buffered saline (DPBS), trypsin-EDTA solution,
LysoTracker red, DAPI, and wheat germ agglutinin (Texas
red) were obtained from Invitrogen Corporation (Carlsbad,
CA). Ester-terminated 50:50 poly(D-L-lactide-co-glycolide)
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(inherent viscosity: 0.95–1.2 dl/g) was purchased from Lactel
Absorbable Polymers (Birmingham, AL).

Methods

Formulation of Carboplatin Loaded Nanoparticles

Carboplatin and the green fluorescent probe, coumarin-6,
were loaded into PLGA nanoparticles by a modification of the
previously reported double emulsion-solvent evaporation
technique (17). In an attempt to increase the loading efficiency
of the carboplatin in nanoparticles, two different approaches
were evaluated.

In the first method (Method A), 3 mg of carboplatin was
dissolved in 300 μl of 2.5%w/v PVA to form the innermost
aqueous phase. The carboplatin solution was emulsified into
the organic phase (32 mg PLGA and 250 μg coumarin-6 in
1 ml chloroform) by sonicating at 10 W for 45 s (Model W-375,
Heat Systems Ultrasonics Inc., CT). This W/O emulsion was
immediately transferred into 7.5 ml of 2.5%w/v PVA and
sonicated at 20 W power for 3 min to form the W/O/W
emulsion. Chloroform was evaporated by stirring overnight
under ambient conditions followed by 1 h stirring under vac-
uum. In the second method (Method B), the innermost aque-
ous phase comprised of 3 mg carboplatin dissolved in 300 μl of
1%w/v bovine serum albumin solution. Following emulsifica-
tion of the carboplatin solution in the organic phase (as in
Method A), the W/O emulsion was transferred to 7.5 ml of
2.5%w/v PVA and sonicated at 20 W power for 3 min. Chlo-
roform was evaporated using a rotary evaporator for 1 h. In
both cases, the resulting nanoparticle dispersion was washed
three times by ultracentrifugation at 148,000g for 35 min, and
the wash solutions were saved for the analysis of
unencapsulated carboplatin. After the final wash, nanoparti-
cles were suspended in purified water and centrifuged at
1,000g for 6 min. The supernatant was lyophilized (Labconco,
FreeZone 4.5, Kansas City, MO). Control nanoparticles con-
taining coumarin-6 but no carboplatin were also synthesized
similarly.

Determination of Carboplatin Loading in Nanoparticles

Carboplatin loading in nanoparticles was analyzed by
quantifying both the unencapsulated drug in the wash solution
and the encapsulated drug. To determine the encapsulated
amount, 1.1 mg of nanoparticles was dispersed in 550 μl of
methanol and extracted overnight using a rotary extractor. A
portion of the methanolic extract was used for quantification
of coumarin-6 loading using a fluorescence plate reader
(FLx800, BioTek Instruments). The remaining methanol was
evaporated under nitrogen, and the drug was dissolved in
500 μl of HPLC mobile phase under sonication in a bath
sonicator for 10 min. Quantification of carboplatin was per-
formed by high-performance liquid chromatography (HPLC)
using a C18 column (Eclipse Plus 4.6×250 mm, 5 μm, Agilent
Technologies) in isocratic mode. The mobile phase consisted
of 90% of 20 mM phosphate buffer (pH 6.75) and 10% ace-
tonitrile at a flow rate of 1 ml/min. Carboplatin was quantified
by UV detection at 227 nm at a retention time of 2.6 min.
Carboplatin in wash solution was analyzed in a similar manner
using carboplatin dissolved in wash solution of control

nanoparticles for the preparation of the standard curve (20).
Carboplatin loading was also confirmed by using inductively
coupled plasma mass spectrometry (ICP-MS; see below).

Physical Characterization of Nanoparticles

The hydrodynamic diameter of nanoparticles was deter-
mined using dynamic light scattering. About 1 mg of nanopar-
ticles was dispersed in 2 ml of deionized water by sonication in
a bath sonicator for 5 min, and the dispersion was subjected to
particle size analysis using a Delsa™ Nano C Particle Analyz-
er (Beckman, Brea, CA). Measurements were performed at
25°C and at a 165° scattering angle. The mean hydrodynamic
diameter was calculated based on size distribution by weight,
assuming a log-normal distribution. Three individual size mea-
surement runs were performed for each sample, with each run
recording 150 size events. Zeta potential of nanoparticles was
also determined using the same instrument.

Scanning electron microscopy (SEM) of carboplatin-
loaded PLGA nanoparticles was performed using a Hitachi
S-4700 cold field emission gun scanning electron microscope.
A drop of an aqueous dispersion of PLGA nanoparticles was
placed on a Lacey carbon-coated copper grid (300 mesh, Ted
Pella Inc. Redding, CA) and allowed to air-dry. The grid was
mounted on the SEM stage and sputter coated with platinum
and gold-palladium before imaging.

In Vitro Release Studies

Cumulative carboplatin release from nanoparticles was
determined as described previously (21) by dispersing 1 mg/
ml carboplatin nanoparticles (Method B) in phosphate buffer,
maintained at 37°C. Aliquots of the dispersion were with-
drawn at 1 h, 2 h, 4 h, 6 h, 10 h, 1 day, 2 days, 3 days, 5 days,
and 7 days, and centrifuged at 17,000g for 20 min. Volume of
the dispersion withdrawn was replaced with fresh buffer. The
supernatant was collected, diluted with acetonitrile, and ana-
lyzed by HPLC as described above.

Cell Culture Studies

MA148 (ovarian cancer) cells were a kind gift from Dr.
Sundaram Ramakrishnan, University of Minnesota. A549
(human lung adenocarcinoma), NCI-ADR/RES (ovarian can-
cer cells derived from OVCAR-8 cells), and MDA-MB-231
(human mammary adenocarcinoma) cells were obtained from
Dr. Jayanth Panyam, University of Minnesota. All cell lines

Table I. Nanoparticle Characterization

Control
NP

Method
A

Method
B

Hydrodynamic
diameter (nm)
(mean ± SD), n=3

299.6±0.9 311.0±9.2 325.8±6.7

Polydispersity index 0.13 0.14 0.15
Zeta potential (mV)

(mean ± SD), n=3
−8.5±0.3 −9.9±0.5 −9.6±0.4

Carboplatin loading
(μg/mg NP)

– 1.3 3.4

Encapsulation efficiency (%) – 1.5 3.9
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were propagated using RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic solution
(final concentration of 100 IU penicillin and 100 μg/ml strep-
tomycin per milliliter of media) and maintained at 37°C and in
5% carbon dioxide.

Cytotoxicity Studies

Cells were plated in 96-well plates at a density of 5,000
cells/well, 1 day prior to treatment addition. Treatment groups
included carboplatin-loaded nanoparticles and free
carboplatin dissolved in growth medium in concentrations
ranging from 1–1,000 μg/ml. Untreated cells and cells treated
with control PLGA nanoparticles (containing coumarin-6 but
no carboplatin) served as controls. The cells were incubated
with the treatment for 1 day following which the cells were
washed three times with DPBS and 100 μl of fresh medium
was added. MTS assay was performed at designated time
intervals following treatment addition. The cell survival pro-
file was fit to a sigmoidal dose response curve using GraphPad

Prism software (GraphPad Software, Inc.) to determine the
IC50 of the drug treatments.

Intracellular Accumulation of Carboplatin

About 1 million A549 and MA148 cells were incubated
with 2 μg/ml carboplatin solution or 300 μg/ml carboplatin
nanoparticles for 6 h at 37°C. Following incubation, the cells
were washed three times with 1 ml of DPBS, 500 μl of sterile
water was then added, and the cells were lysed by two freeze-
thaw cycles. A part of the cell lysate was used for protein
analysis, and the remaining lysate was lyophilized. The lyoph-
ilized product was heated at 85°C with 70% nitric acid for 3 h,
diluted with water and analyzed for platinum by ICP-MS. A
Thermo Scientific XSERIES 2 ICP-MS with ESI PC3 Peltier
cooled spray chamber with SC-FAST injection loop and SC-4
autosampler was used. To the diluted samples, 20 ppb of
Indium internal standard was added. All the elements were
analyzed using He/H2 collision-reaction mode.

Intracellular Accumulation of Nanoparticles

Uptake of coumarin-6 labeled nanoparticles was evaluat-
ed both quantitatively by measuring coumarin-6 concentration
and qualitatively by confocal fluorescence microscopy. For
quantitative determination, MA148 cells were plated in 96-

Fig. 1. SEM images of nanoparticles prepared by a Method A and b Method B. SEM
images show similar morphology and size distribution of nanoparticles prepared by the two

techniques

Fig. 2. Carboplatin release from nanoparticles. Carboplatin nanopar-
ticles were dispersed in phosphate buffer and at predetermined times,
the dispersion was centrifuged and the supernatant analyzed by HPLC
for carboplatin content. Data shown is mean ± SD, n=3. Dotted line
represents Higuchi model fitting of the data

Table II. Kinetics and Model Fitting for Carboplatin Release from
Nanoparticles

Model Constraints
Fitting
parameters Slope R2

Higuchi – F vs. T1/2 0.431 0.986
Zero order Up to 3 days Qt vs. T 20.4 0.993
Zero order – Qt vs. T 17.1 0.939
First order Up to 5 days Log (Qt) vs. T −0.178 0.968
Korsmeyer-

Peppas
Less than 60%
release

log (F) vs. log
(T)

0.632 0.966

Where: F Fraction of Drug Released, T Time, and Qt Percent Drug
Released at Time t
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well plates, and 300 μg/ml of nanoparticles were added to the
wells and incubated at 37°C for 1, 6, or 24 h. At each time
point, cells were washed three times with 1 ml of DPBS and
then lysed with 200 μl of RIPA buffer. The cell lysate was
centrifuged at 17,000g for 10 min, and the supernatant was

assayed for protein content using the BCA protein assay kit.
To determine the intracellular accumulation of coumarin-6,
cell lysates were extracted with methanol for 1 h. The samples
were centrifuged, and supernatants were analyzed for couma-
rin-6 concentration using a fluorescence plate reader (22). The

Fig. 3. Enhanced cell kill by carboplatin nanoparticles. MA148, A549, MDA-MB-231, and NCI-ADR/RES were treated with
different concentrations of carboplatin in solution or encapsulated in nanoparticles for 3 days. MTS assay was performed each
day to determine the percent cell survival using untreated cells as control. Comparison of cell survival as a function of
carboplatin concentration and the IC50 of the treatments in aMA148 after 1 day, bMA148 after 2 days, cA549 after 2 days, d
MDA-MB-231 after 3 days, and e NCI-ADR/RES after 3 days are plotted. f Cells survival after 3 days of treatment with
different concentration of control nanoparticles demonstrates lack of toxicity due to nanoparticles themselves. Data shown is
mean ± SD, n=3. *P<0.01
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coumarin-6 content was normalized to total cellular protein to
calculate nanoparticle uptake in cells.

For confocal microscopy, MA148 cells were plated in
2-chamber Lab-Tek® slides (Thermo Scientific) and
allowed to attach overnight. Following incubation with
100 μg/ml of nanoparticles (labeled with coumarin-6) for
1 h at 37°C, cells were washed with DPBS and stained
with LysoTracker ® red DND-99 for 30 min at 37°C or
Texas red®-X conjugated wheat germ agglutinin for
10 min at 37°C. After three washes with HBSS, cells were
fixed with 10% formalin in PBS for 5 min followed by
nuclear counterstaining with DAPI (Invitrogen) for 5 min

at 37°C. The slide chambers were washed and mounted
with a 22×22 mm cover glass using Slowfade® gold
(Invitrogen) as the mounting medium. The slides were
imaged using a 60X/1.30 numerical aperture oil-immersion
objective in an Olympus FluoView FV1000 BX2 upright
confocal microscope. Images acquired under green, red,
and blue filters were analyzed using FV1000 Viewer soft-
ware (Olympus Corporation) and ImageJ (NIH).

RESULTS

Nanoparticle Characterization

The results from the characterization of carboplatin-load-
ed PLGA nanoparticles prepared by two different methods
are shown in Table I. The physicochemical characteristics of
carboplatin nanoparticles were similar to that reported for
other PLGA nanoparticles (17). The average hydrodynamic
diameter of nanoparticles prepared by the two techniques was
comparable and slightly higher than control nanoparticles.
Similar appearance and size distribution of nanoparticles pre-
pared by the two methods was also evident from their SEM
images (Fig. 1a, b). The polydispersity index of all formula-
tions was less than 0.2, suggesting a narrow size distribution.
The zeta potential of all the formulations was negative, which
is commonly observed for PLGA nanoparticles without any
surface modifications (23). Despite similar particle size and
zeta potential, both the loading and the encapsulation efficien-
cy were higher in nanoparticles prepared by Method B than
those prepared by Method A. Hence, nanoparticles prepared
by Method B were used for all subsequent studies.

The percent release of carboplatin as a function of time is
shown in Fig. 2, and the fits to different release kinetic models
are summarized in Table II. As evident from the fit data, the
overall release profile followed square root-time dependence
(‘Higuchi pattern’). Interestingly, no initial burst was ob-
served, and near complete release of carboplatin was achieved
in 7 days.

Cytotoxicity Studies

The IC50 values for free carboplatin in different cell lines
were determined as a function of treatment time and concen-
tration. The percent cells surviving for select cell types and
days of exposure to carboplatin solution, carboplatin nanopar-
ticles, and controls are given in Fig. 3. The curves were gen-
erally fit well by a sigmoidal curve except for MA148 after
1 day, which appeared linear, and the controls, which did not
appreciably affect cytotoxicity. In all cases, encapsulation of
carboplatin resulted in a significant decrease in the IC50.

The data for the solutions controls in all cell types on days
1, 2, and 3 is shown in Table III. For each cell type, the IC50

decreased from day 1 to day 3. As can be seen on day 3,
MA148 cells had the lowest IC50 followed in order by than
NCI-ADR/RES, A549, and MDA-MB-231 cells. Encapsula-
tion in nanoparticles dramatically improved the cytotoxicity of
carboplatin and reduced the IC50 in all the cell lines. In
MA148 cells, the IC50 for carboplatin in nanoparticles was
294 ng/ml after 1 day and 110 ng/ml after 2 days of treatment,
which were 280- and 255-fold improvements compared to
corresponding free carboplatin IC50s (83.7 and 27.9 μg/ml,

Table III. IC50 of Carboplatin Solution in Cells

IC50 (Mean ± SE) (μg/ml)

Day 1 Day 2 Day 3

MA148 83.6±1.4 28.1±1.0 13.7±1.2
NCI-ADR/RES 1753.0±4.4 193.0±1.9 37.4±1.7
A549 776.0±1.9 118.0±1.2 64.3±1.1
MDA-MB-231 748.0±1.1 183.0±1.2 99.5±1.1

Fig. 4. Enhanced cellular uptake of carboplatin delivered in nanopar-
ticles. a Comparison of cellular uptake of free and nanoparticle-en-
capsulated carboplatin. MA148 and A549 cells were incubated with
1 μg equivalent of carboplatin in solution and nanoparticles for 6 h at
37°C. Following incubation, the cells were washed, lysed, and ana-
lyzed for carboplatin content by ICP-MS. Data shown is mean ± SD,
n=3. *P<0.01 vs. carboplatin solution. b Nanoparticle uptake in the
cells. Control nanoparticles were incubated with MA148 cells for 1, 6,
or 24 h. At the end of each time point, the cells were washed, lysed,
and the coumarin-6 concentration was quantified to determine nano-
particle levels in the cells. Data shown is mean ± SD, n=3
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respectively) (Fig. 3a, b). Control nanoparticles without
carboplatin were not cytotoxic to the cells at the concentra-
tions tested (Fig. 3f).

Intracellular Accumulation of Carboplatin

To explore the mechanism of enhanced cytotoxic efficacy
of carboplatin nanoparticles, the cellular accumulation of
carboplatin with nanoparticle and solution exposures was
quantified 6 h after treatment. ICP-MS analysis revealed that
the intracellular platinum concentrations were 6- and 15-fold
higher in A549 and MA148 cells, respectively, in nanoparticle
treatment groups relative to the solution treatment groups
(Fig. 4a). Based on an analysis of the intracellular concentra-
tion and administered mass, less than 5% of the carboplatin
accumulated within the cells when delivered as solution,
whereas more than 20% of the drug was recovered in the cells
when introduced in nanoparticles. While the uptake of
carboplatin was determined at 6 h, our studies show that there
was continued uptake of nanoparticles for at least up to 24 h in
MA148 cells (Fig. 4b). This suggests the potential for even
further improvement in intracellular delivery of carboplatin
with longer incubation times.

Nanoparticle Uptake inside the Cells

The time dependence of uptake as well as the cellular
distribution of coumarin-6 labeled PLGA nanoparticles in
MA148 cells was assessed by confocal microscopy. Cellular
uptake of nanoparticles could be quantitated at 1 h of

incubation in MA148 cells (Fig. 4b). Intracellular accumula-
tion of nanoparticles was found to increase as a function of
incubation time. Confocal microscopic images revealed the
presence of nanoparticles in the lysosomes (colocalization
with LysoTracker red) (Fig. 5), on cell surfaces (colocalization
with wheat germ agglutinin) (Fig. 6), in the cytoplasm (Figs. 4
and 5), and in the nuclei (colocalization with DAPI) (Fig. 6).
Unlike free carboplatin, which does not penetrate well into
cells (13), carboplatin-loaded nanoparticles were taken up by
the cells efficiently. Furthermore, while a fraction of the nano-
particle-associated fluorescence was localized in the acidic
vesicles within the cells (lysosomes and/or endosomes), a sig-
nificant fraction was found outside of these vesicles and dis-
tributed throughout the cells.

DISCUSSION

Polymeric nanoparticles, such as those fabricated from
PLGA, are highly suited for the delivery of hydrophobic small
molecules and hydrophilic macromolecules. However, they do
not efficiently encapsulate hydrophilic small molecules. De-
spite this challenge, PLGA nanoparticles have been used
previously for the delivery of various hydrophilic drugs (24).
For drugs like carboplatin, which have poor solubility in or-
ganic solvents and limited aqueous solubility, one approach to
improve drug loading is to use a suspension of the drug in the
inner aqueous phase (25). Alternatively, drug loading can be
improved through rapid (<30 min) removal of chloroform
rather than through overnight stirring as is usually done for
PLGA nanoparticles (26, 27). The latter approach was used to

Fig. 5. Intracellular distribution of PLGA nanoparticles. Confocal microscopic images of MA148 cells incubated with
coumarin-6 labeled nanoparticles (green). Lysosomes were stained with LysoTracker red® (red) and nucleus with DAPI
(blue). Representative images showing the location of a lysosomes, b nucleus, c nanoparticles, and d their colocalization. The
merged image shows nanoparticles in lysosomes (blue arrow) and in the cytoplasm. e DIC image of the cells are also shown
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load carboplatin in PLGA nanoparticles. While the loading
and encapsulation efficiency was low compared to that ob-
served for hydrophobic drugs such as paclitaxel, it was on par
with the encapsulation efficiency that has been reported for
cisplatin prodrugs in PLGA-PEG nanoparticles. This latter
system was prepared by nanoprecipitation technique (28).

There are two key differences in the nanoparticle prepa-
ration methods that could explain the higher loading and
encapsulation efficiency achieved with Method B. BSA was
used instead of PVA as the primary emulsion stabilizer in
Method B. Previous studies (29, 30) have shown that the
primary emulsion stability is greatly improved due to interac-
tion of interfacial film of BSA with polyester polymers,
resulting in more stable and better-formed particles. En-
hanced stability of the primary emulsion could prevent drug
loss from the innermost aqueous core and thereby improve
drug loading in nanoparticles. The other difference stems from

the rate of evaporation of the organic phase from the W/O/W
emulsion. Method A involves slow (~18 h) evaporation of
chloroform, which allows longer time for the drug in the
innermost aqueous core to escape into the continuous phase.
In contrast, Method B involves faster (~30 min) removal of
chloroform, leading to rapid nanoparticle formation (27). This
could potentially limit the loss of drug during particle forma-
tion and higher loading of carboplatin in these nanoparticles.

Carboplatin release from nanoparticles was characterized
by lack of burst release and a near complete drug release by
7 days. While the overall release profile was best fit to square-
root time dependence, the terminal phase (3–7 days) of the
release profile could be fit well with both square-root time
dependence and zero-order kinetics. PLGA nanoparticles
containing hydrophobic drugs often display an initial burst
release, which can be attributed to unencapsulated drug re-
siding on the surface of the nanoparticles. However, due to the

Fig. 6. PLGA nanoparticles can enter the nucleus of dividing cells. Confocal microscopic images of MA148
cells treated with coumarin-6 labeled nanoparticles (green). Cell membrane was stained with Texas red®-X
conjugated wheat germ agglutinin (red) and nucleus was stained with DAPI (blue). Representative images
showing the individual staining of a cell membrane, b nucleus, c nanoparticles, merged image of d cell
membrane and nucleus, e nanoparticles and nucleus, f nanoparticles and cell membrane, and g their
colocalization. Presence of two nucleoli (yellow arrows) suggests cell division. White arrows indicate the
presence of nanoparticles in the nuclear compartment of the cells. Absence of nanoparticles in nondividing
cells (left most cell) and their presence in dividing cells indicate the possibility of nanoparticle entry into the
nucleus of the rapidly dividing cells h Differential interference contrast (DIC) image of the cells
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hydrophilic nature of carboplatin, the multiple washing steps
during the fabrication procedure likely eliminated any
unencapsulated carboplatin. This could explain the lack of
burst release from these nanoparticles. Also, the presence of
suspended (undissolved) drug in the polymer matrix probably
contributes to the sustained drug release as noted by others
(27). It would appear that the suspended drug provides a
reservoir to maintain a constant driving force for diffusion of
carboplatin out of nanoparticles. In addition, BSA could act as
a diluent and help to achieve a continuous release of the drug.

Encapsulation in PLGA nanoparticles significantly im-
proved the cytotoxicity of carboplatin. As a general trend,
the IC50 values decreased with time of treatment incubation.
This is expected for carboplatin, which forms intrastrand ad-
ducts with DNA, and thereby alters the conformation of DNA
and its replication potential (31). Thus, while the untreated
cells proliferate and multiply normally, carboplatin treatment
results in cell stasis, eventually leading to cell death. This dual
effect on cell proliferation manifests itself as lowering of the
IC50 in the treatment groups over time (32). The IC50 values
for the free carboplatin were in the same range as that previ-
ously reported (33, 34). The IC50 values differed among the
cell lines used in this study. Encapsulation in nanoparticles not
only resulted in improved therapeutic efficacy of carboplatin,
but also increased the spectrum of tumor cells that can be
effectively treated with carboplatin.

There are numerous reports on the mechanism of resis-
tance of cancer cells to soluble platinum drugs (6).
Carboplatin is highly polar and enters cells relatively slowly
in comparison to other hydrophobic drugs. Additionally, the
uptake of soluble platinum compounds is influenced by factors
such as pH, ion concentration, and the presence of reducing
agents along with the presence of transporters or gated chan-
nels (35). In contrast, polymeric nanoparticles are taken up by
cells by endocytosis (36), which is an active process having a
rapid onset (37) and thereby resulting in enhanced cellular
accumulation of carboplatin. This enhanced cellular uptake
potentially translated to higher cytotoxicity of nanoparticle-
encapsulated carboplatin (Fig. 6). It is interesting to note that

despite releasing only 60–70% of the encapsulated drug in
3 days, nanoparticle-encapsulated carboplatin was more effec-
tive than the free drug. Previous studies suggest that encapsu-
lation in nanoparticles results in increased availability of the
drug at the site of action, and this could potentially contribute
to the enhanced effectiveness of nanoparticle formulation
(38).

Confocal images of cells treated with carboplatin nano-
particles confirmed nanoparticle uptake and intracellular dis-
tribution after 1 h of incubation. Colocalization of
nanoparticles within the acidic vesicles suggests that nanopar-
ticles enter the cells by endocytosis, as has been reported
before (19). Similar to that observed in previous studies, our
studies also show that PLGA nanoparticles can escape the
endolysosomal compartment and enter the cytoplasm (19).
Nanoparticles in the cytoplasm can release their cargo directly
inside the cells, which can overcome the low cellular uptake
observed for hydrophilic drugs. Our studies further suggest
that improved efficacy of nanoparticles could also be due to
nuclear uptake of nanoparticles and direct delivery of
carboplatin to its principal site of action within the tumor cell.
The nuclear pores of the cells are too small (~10 nm) to allow
nanoparticles to enter the intact nucleus (39). However, dur-
ing cell division, the nuclear membrane dissolves, and this
presents an opportunity for nanoparticles to enter the nuclear
space. The presence of two nucleoli (yellow arrows, Fig. 6b)
indicating cell division (40), and the presence of nanoparticles
inside the nucleus of the dividing cells (white arrows, Fig. 6e)
provides support for this argument. Absence of nanoparticles
in the nucleus of nondividing cells (left cell with intact nucle-
us) further corroborates this argument. However, additional
quantitative studies are needed to confirm improved nuclear
delivery of carboplatin with PLGA nanoparticles.

Our studies demonstrate that nanoparticle encapsulation
of hydrophilic drugs like carboplatin can significantly improve
their therapeutic effect. While PLGA is FDA approved and
has been shown to be safe, other nanoparticle systems can also
be employed for hydrophilic drugs (21, 41, 42). Additionally,
co-delivery of other cytotoxic drugs along with carboplatin

Fig. 7. Mechanism of improved cell kill by nanoparticle encapsulated carboplatin. Free
carboplatin exhibits low cellular accumulation due to slow and inefficient uptake by the
cells. Nanoparticle encapsulation increases carboplatin uptake and hence improves its
intracellular delivery. Enhanced cellular uptake in turn translates to higher cell kill by
nanoparticle-encapsulated carboplatin

1036 Sadhukha and Prabha



and surface modification of nanoparticles to incorporate
targeting ligands could result in further enhanced therapeutic
efficacy (18). In addition to improving the carboplatin loading,
our future studies will evaluate the in vivo anticancer efficacy
of carboplatin-loaded nanoparticles.

CONCLUSIONS

Despite its hydrophilic nature, carboplatin was successfully
loaded into PLGAnanoparticles. The release of carboplatinwas
sustained over 7 days, with no initial burst. Significantly, lower
IC50 values in four different cancer cell lines were observed with
carboplatin nanoparticles in comparison to solution exposures.
This greater cytotoxicity was associated with a more rapid entry
of nanoparticles, higher intracellular delivery of drug, and per-
haps most significantly, greater distribution within the cell nu-
cleus, the site of action of carboplatin (Fig. 7). Given the
favorable nanoparticle, physical-chemical properties and en-
hanced efficacy in a safe delivery system, carboplatin-loaded
PLGA nanoparticles, may prove to be a promising approach
to improved cancer chemotherapy.
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