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ABSTRACT

Objectives: Intraperitoneal administration of paclitaxel-loaded expansile nano-
particles (Pax-eNPs) significantly improves survival in an in vivo model of malig-
nant mesothelioma compared with conventional drug delivery with the clinically
utilized Cremophor EL/ethanol (C/E) excipient. However, in vitro monolayer cell
culture experiments do not replicate this superior efficacy, suggesting Pax-eNPs
utilize a unique mechanism of drug delivery. Using a mesothelioma spheroid
model, we characterized the mechanisms of enhanced tumor cytotoxicity lever-
aged by Pax-eNPs.

Methods: Human malignant mesothelioma (MSTO-211H) spheroids were co-
incubated for 24 hours with Oregon Green-conjugated paclitaxel dissolved in
C/E or loaded into eNPs. Oregon Green-paclitaxel uptake was measured as Ore-
gon Green intensity via confocal microscopy and kinetics of tumor cytotoxicity
were assessed via propidium iodide staining. Pharmacologic endocytotic inhibi-
tors were used to elucidate mechanisms of eNP uptake into spheroids.

Results: Increased drug penetration and a 38-fold higher intraspheroidal drug
concentration were observed 24 hours after MSTO-211H spheroids were treated
with Oregon Green-conjugated paclitaxel loaded into eNPs compared with Ore-
gon Green-conjugated paclitaxel dissolved in C/E (P< .01). Macropinocytosis
was the dominant endocytotic pathway of eNP uptake. Spheroids were more sus-
ceptible to paclitaxel when delivered via eNP, exhibiting more than twice the pro-
pidium iodine intensity compared with an equivalent paclitaxel-C/E dose.

Conclusions: Compared with monolayer cell culture, the in vitro 3-D tumor
spheroid model better reflects the superior in vivo efficacy of Pax-eNPs. Persistent
tumor penetration and prolonged intratumoral release are unique mechanisms of
Pax-eNP cytotoxicity. 3-D spheroid models are valuable tools for investigating
cytotoxic mechanisms and nanoparticle-tumor interactions, particularly given
the costs and limitations of in vivo animal studies. (J Thorac Cardiovasc Surg
2015;149:1417-25)

Paclitaxel-loaded expansile nanoparticles upregulate

caspase-3 activity to enhance apoptosis within tumor

spheroids.

Central Message

Monolayer cell culture models do not predict the su-

perior in vivo efficacy of paclitaxel-loaded expansile

nanoparticles (Pax-eNPs). Using an in vitro tumor

spheroid model, we identified unique mechanisms of

Pax-eNP enhanced cytotoxicity. Spheroid resistance

to conventional drug exposure suggests this model

can identify mechanisms of tumor cytotoxicity rele-

vant to in vivo efficacy.

Perspective

Wesought to address the significant differences observed

between in vivo animal models and in vitro monolayer

cell culture studies investigating the antitumor efficacy

of local chemotherapeutic drug-delivery systems. An

in vitro 3-dimensional tumor spheroid model was used

to elicit unique mechanisms of enhanced tumor cytotox-

icity leveraged by paclitaxel-loaded expansile nanopar-

ticles (Pax-eNPs). Because the spheroid model more

closely resembles the native tumor environment, these

findings provide important clues to understanding the su-

perior in vivo antitumor efficacy of Pax-eNPs. These re-

sults suggest that 3-dimensional spheroidmodelsmay be

a clinically relevant platform to investigate mechanisms

of tumor cytotoxicity and drug delivery.

See Editorial Commentary page 1426.
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Nanoparticle (NP)-based drug-delivery systems have been
used to successfully address many of the difficulties
encountered during the administration of chemotherapeutic
compounds. Encapsulation of drugs within NPs increases
drug solubility; alters biodistribution; enhances pharmaco-
kinetics through sustained release; protects sensitive drugs
from low-pH environments or enzymatic alteration; and,
in some cases, enables targeting of drugs to specific
sites.1-5 Despite these significant advances, challenges
remain in the evaluation of local chemotherapeutic drug-
delivery systems, hindering their translation into the clinical
setting. Importantly, the efficacy of chemotherapeutic deliv-
ery systems has been shown to be different for in vitro
versus in vivo studies investigating the same agent. Previous
studies performed by our group investigating the efficacy of
paclitaxel-loaded expansile nanoparticles (Pax-eNPs) have
shown that in vitro experiments with monolayer cell cul-
tures do not predict the superior in vivo results demon-
strated in animal models. For example, Colson and
colleagues6 demonstrated that Pax-eNP treatment of human
intraperitoneal mesothelioma in an orthotopic in vivo xeno-
graft model increases survival 2-fold compared with an
equivalent dose of paclitaxel (Pax-C/E), even though Pax-
eNPs were less effective than Pax-C/E when investigated
using monolayer-based in vitro cytotoxicity assays.6 These
results suggest Pax-eNPs utilize additional mechanistic
advantages in vivo that are not represented in traditional
2-dimensional (2-D) monolayer cultures. The inability to
screen for efficacy of drug-delivery systems outside of
whole organisms highlights the critical need to develop

multicellular in vitro models to bridge the gap between con-
ventional 2-D cell experiments and animal studies and
further elucidate the mechanisms of tumor penetration
and cytotoxicity of NP-based drug-delivery systems.

Multicellular spheroids are three-dimensional (3-D)
invitromicroscale tissue analogs shown to serve as important
tools for evaluation and optimization of intratumoral drug de-
livery.7,8 Compared with 2-D studies, spheroids better model
in vivo processes by mimicking many of the physiologic
characteristics of the native tumor environment, including
complex multicellular architecture, barriers to mass trans-
port, and extracellular matrix deposition.9-12 Importantly,
multicellular spheroid models are more chemoresistant
compared with monolayer cells, thus serving as excellent
models for the evaluation of drug delivery systems.13 Our
study builds on previous 2-D monolayer in vitro and in vivo
animal studies performed by our group investigating the anti-
tumor efficacy of Pax-eNP. We have utilized a 3-D multicel-
lular mesothelioma spheroid model to investigate the
mechanisms of early tumor penetration and prolonged intra-
tumoral drug retention as a means to elucidate the enhanced
in vivo efficacy of Pax-eNPs.

MATERIALS AND METHODS
NP Preparation

Pax-eNPs were prepared using a previously described technique loading

with 5% wt/wt paclitaxel (Sigma Aldrich, St. Louis, Mo).1,14 For

localization studies, eNPs were labeled with rhodamine B (Rho-eNPs)

(Polysciences, Inc, Warrington, Pa). For paclitaxel localization studies,

eNPs were loaded with standard paclitaxel doped with Oregon Green

488 conjugated paclitaxel (OG-Pax) (Life Technologies Corp, Carlsbad,

Calif) at a ratio of 4:1 (ie, Pax:OG-Pax). Free Pax or OG-Pax not

contained in eNP was dissolved in Cremophor EL and ethanol (Sigma-

Aldrich) and referred to as Pax-C/E or OG-Pax-C/E, respectively.

Cell Culture and Formation of Spheroids
Humanmalignant mesothelioma cells (MSTO-211H; ATCC,Manassas,

Va) were grown at 37�C, 5% carbon dioxide in Roswell Park Memorial

Institute 1640 media with 10% fetal bovine serum, 100 mg/mL strepto-

mycin, and 100 units/mL penicillin. To produce MSTO-211H spheroids,

96-well U-bottomed Greiner plates (Sigma-Aldrich, St Louis, Mo) were

coated with a 60 mL/well of 5 mg/mL poly-HEMA (poly-2-hydroxyethyl

methacrylate; Sigma-Aldrich) in 95% ethanol and air dried. Monolayer

MSTO-211H cells were treated with Accutase (BD Biosciences, San

Jose, Calif) for 5 minutes, centrifuged, and replated in poly-HEMA-

coated U-bottomed plates at 53 103 cells/well in 200 mL media. The cells

were centrifuged at 216 g for 10 minutes and incubated at 37�C in 5% car-

bon dioxide for 24 hours to form spheroids.15,16

Assessment of Necrosis and Apoptosis via
Fluorescence and Confocal Microscopy

Spheroid morphology was examined with a Zeiss AxioImagere M1Mi-

croscope (Carl Zeiss Microscopy, Oberkochen, Germany) at 103magnifi-

cation with spheroid size determined as the mean of 2 orthogonal

diameters.

At each time point, spheroids were washed 3 times with phosphate

buffered saline (PBS). Cell nuclei were stained by incubating with 0.2

mg/mL Hoechst 33342 (blue fluorescent dye; Life Technologies,

Abbreviations and Acronyms
2-D ¼ 2 dimensional
3-D ¼ 3 dimensional
eNP ¼ expansile nanoparticle
OG-Pax ¼ expansile nanoparticles loaded with

standard paclitaxel doped with Oregon
Green 488 conjugated paclitaxel

Pax-C/e ¼ paclitaxel dissolved in Cremophor EL/
ethanol

Pax-eNP ¼ paclitaxel-loaded expansile
nanoparticle

PBS ¼ phosphate buffered saline
PI ¼ propidium iodide
Rho-eNP ¼ expansile nanoparticles labeled with

rhodamine B
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