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Paclitaxel-loaded expansile nanoparticles enhance chemotherapeutic
drug delivery in mesothelioma 3-dimensional multicellular spheroids
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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)
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Paclitaxel-loaded expansile nanoparticles upregulate

caspase-3 activity to enhance apoptosis within tumor

spheroids.
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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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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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Supplemental material is available online.

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
1418 The Journal of Thoracic and Cardiovascular Sur
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,
gery c May 2015



FIGURE 1. Expansile nanoparticles labeled with rhodamine B (Rho-eNP) uptake in mesothelioma tumor spheroids as a function of incubation time, nano-

particle concentration, and temperature as assessed via confocal microscopy. A, Experimental design. B, Representative confocal images of tumor spheroids

exposed to Rho-eNPs for 12, 24, 48, and 72 hours. Spheroids with nuclei stained bluewith Hoechst 33342 demonstrate increased Rho-eNP uptake (red) over

time. C, Rho-eNP intensity (ie, uptake) as a function of time (mean � standard error) (*P ¼ .0014, *P ¼ .0022, and *P<.0001 vs 12 hours, respectively,

determined by analysis of variance). D, Rho-eNP uptake in spheroids treated with 2 mg/mL versus 20 mg/mLRho-eNPs for 24 hours (*P<.0001 vs 2 mg/mL,

determined by t test). E, Rho-eNP uptake in spheroids coincubated at 4�C or 37�C (*P<.0001 vs 4�C, determined by t test). AU, Arbitrary units.
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Carlsbad, Calif) at 37�C for 12 minutes. Caspase-3 activity was de-

tected by adding 2.5% (v/v) of Nucview 488 Caspase-3 (Nucview

488 Caspase-3 Assay Kit; Biotium, Hayward, Calif) in media for 45

minutes at 4�C. Necrosis was assessed by staining with propidium io-

dide (PI) (Abcam, Cambridge, United Kingdom) (5 mg/mL) for 20 mi-

nutes at room temperature. After staining, spheroids were washed 3

times with PBS and transferred to glass-bottom microwell dishes

(thickness No. 1.5; MatTek, Ashland, Mass). Spheroids were assessed

for necrosis by imaging with a Zeiss LSM 510 inverted confocal laser-

scanning microscope with Plan-Apochromat 103/0.45 lens (Carl Zeiss

Microscopy).

When comparing the fluorescence intensity between images, all detec-

tion settings of the Zeiss LSM 510 confocal microscopewere held constant.

All images were taken 75� 5 mm from the bottom of spheroids. Spheroids

with irregular shape were excluded from analysis. Experiments were

repeated at least 3 times with 4 to 8 spheroids at each condition. Fluores-

cence intensities were quantified using ImageJ with LSM reader plug-ins

(version 1.46; National Institutes of Health, Washington, DC).

Rho-eNP Uptake in Spheroids
Spheroids were treated with Rho-eNPs at concentrations of 2 mg/mL or

20 mg/mL, at 4�C and 37�C and Rho-eNP uptake quantified at 12, 24, 48,

and 72 hours of incubation. These time points were selected based on pre-

vious work published by our group.6,17 Tumor spheroids were then washed

3 times with PBS and subsequently analyzed using confocal microscopy.

Spheroids were coincubated with pharmacologic inhibitors of endocy-

tosis, including sodium azide 0.01%, 2-deoxyglucose 20 mM,
The Journal of Thoracic and Car
chlorpromazine 10 mM, hexamethylene amiloride 20 mM, wortmannin

10 mM, genistein 50 mM, and methl-b-cyclodextrin 5 mM. Inhibitor con-

centrations were based on previously published work.18 Following a 1-

hour preincubation with each endocytic inhibitor, Rho-eNPs (20 mg/mL)

were added to the cultures for an additional 4 hours. Spheroids treated

with Rho-eNPs without the presence of inhibitors served as positive con-

trols. After 4 hours of Rho-eNP exposure, spheroids were washed 3 times

with PBS and imaged using confocal microscopy. Zero rhodamine signal

within the spheroid (ie, 100% inhibition) was used as the positive control.

Spheroids cultured with eNP without any inhibitor present were considered

negative controls (signal strength defined as 100% Rho-eNP uptake; that

is, 0% inhibition). All inhibitors were compared with the negative control

spheroids (0% inhibition).
Intraspheroidal Delivery of OG-Pax-eNPs
Spheroids were incubated with 100 ng/mLOG-Pax-eNPs or OG-Pax-C/

E for 24 hours. Spheroids were then washed with PBS and transferred into

paclitaxel-free media for 24 or 72 hours. Confocal microscopy was used to

compare intraspheroidal delivery of OG-Pax via eNPs or C/E.

Pax-Rho-eNP-Induced Apoptosis in Tumor
Spheroids

Tumor spheroids were exposed to Pax-Rho-eNPs at 100 ng/mL pacli-

taxel concentration for 12, 24, 48, or 72 hours. Caspase-3 activity was

used to indicate apoptosis. Pax-Rho-eNP intensity was assessed with

confocal microscopy to follow eNP accumulation within spheroids.
diovascular Surgery c Volume 149, Number 5 1419
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Cytotoxicity of Pax-eNPs and Pax-C/E in a
Mesothelioma Tumor Spheroid Model

Spheroids were exposed to Pax-eNPs or Pax-C/E (100 ng/mL paclitaxel

concentration) for 24 hours; washed; and incubated with fresh media for 24

hours, 72 hours, or 7 days.6 In a second, high-dose short-duration experi-

ment, spheroids were treated for 4 hours with Pax-eNPs or Pax-C/E (pacli-

taxel concentration of 1000 ng/mL) and then washed and incubated with

fresh media without paclitaxel for 24, 48, or 72 hours. Spheroids were

stained with PI as described above.

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 6.0 software

(La Jolla, Calif). Student t test was used for 2-group comparisons and

1-way analysis of variance with Bonferroni correction (adjusted P values

were used) for multiple comparisons to control type I error. For data not

in compliance with Gaussian distribution (D’Agostino and Pearson

omnibus normality test), nonparametric t test (Kruskal-Wallis test) or anal-

ysis of variance (Mann-WhitneyU test following Dunn’s multiple compar-

isons tests) were used. All data are presented as mean � standard error of

the mean. Exact P values are quoted in the text with P<.05 considered to

be statistically significant.

FIGURE 2. Inhibition of expansile nanoparticles labeled with rhoda-

mine B (Rho-eNP) uptake in the presence of endocytotic inhibitors,

including the 4 major pathways (clathrin-dependent, caveolae-

mediated, macropinocytosis, and clathrin- and caveolae-independent

endocytosis). Percent Rho-eNP inhibition was measured via confocal

microscopy and normalized to noninhibitor controls (mean � standard

error). NaN3 þ 2-D-G, Sodium azide þ 2-deoxyglucose. *P < .0001

versus Rho-eNP control.
RESULTS
Rho-eNP Uptake Within Spheroids: Dose- and
Energy-Dependent Macropinocytosis

Rho-eNP accumulation within tumor spheroids was char-
acterized as a function of time, Rho-eNP concentration,
and temperature (Figure 1, A). Rho-eNP accumulation
increased with time up to incubation durations of 24 hours
(Figure 1, B and C). Interestingly, there was no significant
increase in intraspheroidal accumulation of Rho-eNPs at
longer incubation times of 24, 48, or 72 hours. Rho-eNP
accumulation was dose-dependent, with 8.5 times greater
uptake in spheroids treated with 20 mg/mL versus 2 mg/
mL Rho-eNPs (6.28 3 106 AU [arbitrary unit] vs
0.66 3 106 AU; P<.0001) (Figure 1, D). Rho-eNP uptake
is an energy dependent process as demonstrated by the sig-
nificant decrease in Rho-eNP intensity when spheroids were
incubated with 20 mg/mL Rho-eNPs for 12 hours at 4�C
versus 37�C (P < .0001) (Figure 1, E). This dose- and
energy-dependent process of eNP uptake was further char-
acterized using endocytotic pharmacologic inhibitors. A
1-hour pretreatment with wortmannin and sodium azide þ
2-deoxyglucose resulted in>50% inhibition of eNP accu-
mulation within spheroids (89.8% � 2.5% and 77.4% �
13.3% decrease, respectively; P<.0001) (Figure 2), con-
firming that eNP uptake is an energy-dependent process
and is consistent with the macropinocytosis pathway.
Greater Intraspheroidal Delivery and Retention of
Paclitaxel via eNPs Versus C/E

Representative confocal images of tumor spheroids
exposed to OG-Pax-eNPs or OG-Pax-C/E revealed
significantly greater OG-Pax accumulation after 24 hours
of exposure to eNP treatments (Figure 3, A). Quantification
of OG-Pax intensity demonstrated 38-fold greater
1420 The Journal of Thoracic and Cardiovascular Sur
intraspheroidal OG-Pax delivery via eNPs than with an
equivalent dose of OG-Pax-C/E (8.85 3 105 AU vs
0.23 3 105 AU; P< .0001, identical imaging conditions)
(Figure 3, B), indicating that eNPs significantly increase
the amount of drug delivered to the spheroid.

Retention of OG-Pax within spheroids was determined
by incubating spheroids with OG-Pax-eNPs for 24 hours
and then transferring spheroids to fresh media for an addi-
tional 24 or 72 hours (ie, a washout period). Intraspheroi-
dal OG-Pax intensity slowly declined after a washout
period of 24 or 72 hours (no washout 8.85 3 105 AU vs
2.20 3 105 AU and 1.15 3 105 AU, respectively)
(Figure 3, C). However even after the 72-hour washout, in-
traspheroidal OG-Pax intensity in OG-Pax-eNP-treated
spheroids was still more than 3 times the peak OG-Pax in-
tensity achieved after OG-Pax-C/E treatment (0.23 3 105

AU) with no washout period. These findings demonstrate
that intraspheroidal drug delivery and retention are signif-
icantly increased when eNPs are used as the delivery
vehicle.
Apoptosis Within Tumor Spheroids Induced by
Pax-eNPs

Spheroids treated with Pax-Rho-eNPs demonstrated
caspase-3 upregulation, signaling the induction of apoptosis
(Figure 4, A). Caspase-3 activity was negligible within the
first 24 hours after Pax-Rho-eNP treatment but significantly
gery c May 2015



FIGURE 3. Paclitaxel uptake and the kinetics of retention within Oregon Green-conjugated paclitaxel loaded into expansile nanoparticles (OGPax-eNP)-

treated spheroids. Spheroids were treated with OregonGreen-conjugated paclitaxel dissolved in Cremophor EL/ethanol (OGPax-C/E) (20 ng/mLOGPax) or

with the equivalent dose of OGPax-eNPs for 24 hours. A, Confocal images of OGPax-eNPs or OGPax-C/E-treated spheroids with OGPax shown in green. B,

OGPax intensity in treated spheroids. C, After 24-hour incubation with OGPax-eNPs, treated spheroids were placed in fresh media and OGPax intensity was

measured via confocal microscopy at 0, 24, and 72 hours after washout. All data are mean� standard error, Kruskal-Wallis t test, or Mann-Whitney analysis

of variance. 24/0, 24-hour treatment duration with no posttreatment washout. *P<.0001 versus OGPax-C/E. #P ¼ .0123 or P<.0001 versus 24/0, respec-

tively. AU, Arbitrary units.
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increased by 48 hours and 72 hours (17- and 30-fold higher
than 24 hours, respectively) (Figure 4, B). This confirmed
that paclitaxel delivered via eNPs is released within the
spheroids and induces apoptosis throughout the entire
cross-section of the spheroid (Figure 4, A).

Pax Delivery via eNPs Yields Increased and
Prolonged Cytotoxicity Against Mesothelioma
Tumor Spheroids

Comparison of antitumor efficacy of Pax-eNPs versus
Pax-C/E following a 24-hour exposure demonstrated
similar PI signal intensity, a marker for necrosis, after 24
hours of treatment and for the first 72 hours after drug
washout (Figure 5, A). However, PI intensity continued to
increase in the Pax-eNP-treated spheroids over 7 days,
whereas PI intensity decreased in Pax-C/E-treated spher-
oids (P ¼ .0009) (Figure 5, B).

Furthermore, the prolonged effect of Pax-eNPs was
present even after a short treatment. Following 4-hour
exposure of tumor spheroids to 1000 ng/mL of either
Pax-eNPs or Pax-C/E demonstrated low initial cytotoxicity
The Journal of Thoracic and Car
(PI intensity) for both treatments through 48-hours of
washout. However, a delayed treatment effect was evident
in Pax-eNP-treated spheroids (Figure E1), with PI fluores-
cence increasing from 4.83 105 AU to 8.23 105 AU from
the 48- to the 72-hour washout period (Figure 5, B), more
than twice the PI intensity exhibited following the equiva-
lent Pax-C/E therapy (8.2 3 105 AU vs 3.9 3 105 AU;
P ¼ .0030).

DISCUSSION
The chemoresistance of malignant mesothelioma re-

mains a major therapeutic challenge, with rates of tumor
regression reported at 10% to 30% for single or combined
chemotherapy.19-22 The recent observation that local Pax-
eNP treatment of human intraperitoneal mesothelioma
significantly improved survival in an in vivo murine model,
compared with free paclitaxel, was striking given that Pax-
eNP exposure of the identical mesothelioma tumor cells
plated as a 2-D monolayer in vitro demonstrated equivalent
or inferior antitumor efficacy.6 This suggested that eNPmay
be more effective at penetration and/or persistence within
diovascular Surgery c Volume 149, Number 5 1421



FIGURE 4. The effect of expansile nanoparticles labeled with rhodamine B and paclitaxel (Rho-Pax-eNPs) on caspase-3 activity in spheroids. A, Spher-

oids were treated with Rho-Pax-eNPs (paclitaxel concentration 100 ng/mL) for 12, 24, 48, and 72 hours. Red represents Rho-eNP localization. Green areas

represent activated Caspase-3 and thus apoptotic cells. B, Caspase-3 intensity within spheroids is significantly increased after treatment with Rho-Pax-eNPs

over time. *P<.01 versus 12 hours and 24 hours, based on Kruskal-Wallis test followed by Dunn’s multiple comparisons. AU, Arbitrary units.
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multicellular tumors and led to the use of a 3-D tumor
spheroid model to further elucidate the mechanisms of
Pax-eNP-enhanced tumor cytotoxicity and explore the su-
perior efficacy noted in more complex tumor structures
in vivo. The results demonstrate that enhanced tumor pene-
tration and prolonged intratumoral drug release are unique
mechanisms of Pax-eNP cytotoxicity. Given the parallels
with native tumor physiology, these findings suggest that
3-D spheroids may be a valuable tool to elucidate the cyto-
toxic mechanisms and NP-tumor interactions that NPs
leverage for greater antitumor efficacy in vivo.

To achieve an effective chemotherapeutic response, NPs
must penetrate and accumulate drug within the tumor.23-27

Using a 3-D malignant mesothelioma spheroid model we
havebetter characterized this process, demonstrating that tumor
penetration by Pax-eNPs is time-, dose-, and temperature-
(energy) dependent and is significantly enhanced within multi-
cellular tumor structures.Whereas others have investigated NP
penetration invarious spheroid tumormodels,25,26NP retention
after a washout period, akin to clearance in vivo, and the effect
on intraspheroidal drug delivery, have not previously been
assessed. Consistent with prior results for Pax-eNP-treated tu-
mors in vivo, Pax-eNPs deliver significantly more paclitaxel
within tumor spheroids than Pax-C/E alone, and are retained
within spheroids for a significantly longer duration, thereby
increasing intratumoral delivery of paclitaxel and facilitating
prolonged antitumor cytotoxicity. Furthermore, rapid intra-
spheroidal delivery and prolonged retention of Pax-eNPs leads
to increased apoptosis even a week after drug washout. These
findings suggest that the superior efficacy of Pax-eNPs against
chemoresistantmalignantmesothelioma invivo is secondary to
1422 The Journal of Thoracic and Cardiovascular Sur
enhanced tumor penetration and retention within multicellular
tumor structures, coupled with the subsequent slow release of
paclitaxel over time.

Using pharmacologic endocytosis inhibitors to block
various cellular uptake pathways, Zubris and colleagues18

identified macropinocytosis as the major cellular pathway
responsible for eNP uptake by breast cancer cells
within monolayer cultures. Macropinocytosis is a specific
formof endocytosis that is initiated by the transient activation
of receptor tyrosine kinases and results in the formation
of large intracellular vacuoles called macropinosomes.28,29

Using these same specific pharmacologic inhibitors, we
examined the dominant endocytotic pathway responsible
for intracellular uptake of eNPs within spheroids.
Wortmannin, a phosphoinositide 3-kinase inhibitor; hexam-
ethylene amiloride, a selective ion channel inhibitor;
and methyl-b-cyclodextrin, an inhibitor of cholesterol-
dependent endocytosis, were all shown to significantly inhibit
Rho-eNP uptake by spheroids compared with untreated con-
trols. Given that phosphoinositide 3-kinase inhibition is inte-
gral to cytoskeletal remodeling and macropinocytosis,30 and
hexamethylene amiloride and methyl-b-cyclodextrin are
both involved in the same endocytotic pathway, the dominant
endocytotic pathway for eNP intracellular uptake within
spheroids also appears to be macropinocytosis, suggesting a
central mechanism for eNP tumor penetration in vivo.
Furthermore, the inhibition of Rho-eNP uptake by sodium
azide þ 2-deoxyglucose and at a lower temperature (4�C),
confirms that eNP uptake does not occur passively but is an
energy-dependent process, as has been previously reported.25

Although the mechanism of eNP uptake is similar for
gery c May 2015



FIGURE 5. The effect of paclitaxel expansile nanoparticles (Pax-eNPs)

and paclitaxel Cremophor EL/ethanol (Pax-C/E) on intraspheroidal tumor

cytotoxicity. A, Propidium iodide (PI) signal intensity within spheroids af-

ter 24-hour exposure to Pax-eNPs or Pax-C/E at 100 ng/mL. Spheroids

treated for 24 hours and imaged immediately are designated 24/0, whereas

24/24, 24/72, and 24/7d represent spheroids treated for 24 hours with mea-

surement of PI intensity at 24 hours, 72 hours, or 7 days after washout,

respectively. *P¼ .0009 versus Pax-C/E 24/7d. Note: Paclitaxel concentra-

tion was 100 ng/mL (lower dose). B, PI signal intensity after spheroid

exposure to Pax-eNPs or Pax-C/E (1000 ng/mL) for 4 hours, followed by

drug-free media culture for 24, 48, and 72 hours. *P ¼ .0030 versus

Pax-C/E 4/72 based on Mann-Whitney U test. #P ¼ .0002 versus

Pax-eNP 4/24 based on Kruskal-Wallis test. AU, Arbitrary units.
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individual tumor cells within a 2-D monolayer or a 3-D
spheroid, the persistence of OG-Pax deep within spheroids
and the resulting prolonged drug release are unique to Pax-
eNP delivery.

Lastly, the prolonged tumor cytotoxicity resulting from
short-term Pax-eNP exposure has major clinical relevance.
Clinically, paclitaxel is administered over a 3- to 4-hour
period with intratumoral paclitaxel accumulation reaching
a maximum at 3 hours.19 However, the cell cycle specificity
of paclitaxel delays the onset of tumor apoptosis and rapid
clearance of paclitaxel from the circulation significantly
limits tumor exposure to therapeutic drug levels, thereby
lowering clinical efficacy.31-33 Therefore, to mimic current
clinical delivery, we investigated spheroid cytotoxicity
following short-term (ie, 4 hour) high-dose (ie, 1000 ng/
mL) paclitaxel exposure. Interestingly, compared with
Pax-C/E, a 4-hour Pax-eNP exposure resulted in signifi-
cantly greater tumor cytotoxicity at 72 hours. Continued
cytotoxicity 7 days later is due to the fact that Pax-eNPs
The Journal of Thoracic and Car
rapidly enter the tumor spheroid and remain intracellular,
slowly releasing the drug as eNPs expand in response to en-
dosomal pH. The prolonged drug-release mechanism used
by pH-triggered Pax-eNP appears to be unique, leading to
markedly higher intraspheroidal drug delivery, prolonged in-
tratumoral drug release, and superior antitumor efficacy.
Although 3-D spheroids do model critical physiologic

parameters present in vivo, including complex multicellular
architecture, barriers to mass transport, and extracellular
matrix deposition,12 we acknowledge that this study has a
number of limitations. Most importantly, the current 3-D
cell culture model makes quantitative assessment difficult
without disrupting the spheroid structure and multiple cell
types commonly present within tumors are not included,
thereby limiting our ability to effectively replicate the tu-
mor microenvironment. Future studies are underway to
investigate the role of tumor macrophages in eNP uptake
within co-cultured spheroid models and further elucidate
how multiple cell types within a tumor can influence drug
delivery and efficacy in vivo.
CONCLUSIONS
Compared with standard monolayer cell culture, the

in vitro 3-D mesothelioma spheroid model better reflects
the increased tumor cytotoxicity demonstrated by Pax-
eNPs in vivo. The results support our hypothesis that the
superior efficacy of Pax-eNPs demonstrated in vivo is sec-
ondary to early, persistent tumor penetration and prolonged
intratumoral drug release. 3-D multicellular tumor spheroid
models are useful tools to investigate cytotoxic mechanisms
and nanoparticle–tumor interactions to more accurately
assess in vivo cytotoxic activity and clinical outcomes.
Given the high cost and limitations of in vivo animal
studies, spheroid models may present a clinically relevant
platform for screening novel pharmaceuticals and unique
drug-delivery systems during the preclinical phase.
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Discussion
Dr Joseph Friedberg (Philadelphia, Pa). Yolonda, I congratu-

late you on this innovative work. I think there is a lot to it. I think
the spheroids are interesting because they have an oxygen gradient
that I think is probably much more reflective than a monolayer
where you are going to have uniform oxygen. Obviously we
know that a lot of the things that we do are oxygen-dependent.

Before I ask my questions, I just want some clarification on the
technique. When you say you gave an equivalent drug dose, it’s the
same concentration of drug, but 1 is delivered free and then 1 is
contained within the nanoparticles, and it’s just 1 shot? You put
them in at the same time?

Dr Colson. Correct.
Dr Friedberg. Have you done the positive control where you

separate the free drug, giving it in smaller doses over a longer
period of time? Has that ever been done?

Dr Colson. We didn’t do it in the spheroid model, but we have
done it in vivo in the animal models. The data that I showed you
were multiple doses, with the idea that we could get a level up
that would stay. What we found was that all of the animals died
during the treatment phase because mesothelioma is resistant to
paclitaxel, whereas we got through the whole treatment and it
was much longer when we gave repetitive doses of the nanopar-
ticles. Even if you give a larger dose, it doesn’t catch up.

Dr Friedberg. Have you done it in vitro with the spheroid
model? It’s clear that you have an active pinocytotic mecha-
nism—the drug is getting in—so you have that, but before I would
be convinced that it is superior, at least in the spheroid model, I
would want to see several—so if you are giving 100 mg all
together, or whatever, and it’s 1 shot with the nanoparticles, to
give maybe 5 times 20 or whatever.

Dr Colson. Just break it out so you get a constant level?
Dr Friedberg. Yes, break it out. Have you done that?
Dr Colson. We haven’t done lower doses constantly yet.
Dr Friedberg. More like we give chemotherapy in patients, I

would think, to make the leap that this is more reflective of the
in vivo.

Dr Colson. Right.
Dr Friedberg. How big are the nanoparticles?
gery c May 2015
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Dr Colson. We can make them different sizes. That is why I am
hesitating a little bit.We try to get themprobably around 50 nmor so.

Dr Friedberg. When you did it in vivo, was it given
intravascularly?

DrColson.Wegave it via intraperitoneal injection. One can coat
nanoparticles a little bit, butwhen administered intravascularly they
get such a big uptake in the lung and the spleen that it’s hard to calcu-
late what your dose really is. For this model, we gave the doses all
intraperitoneally and they seemed to home right to the tumor.

Dr Friedberg. Clinically, would you picture giving these
locally or are you capitalizing on the size within the abnormal
vasculature in a tumor for delivery?

Dr Colson.We think, at least for now, that the idea of giving
them locally for these diseases would have much higher effi-
Readers who found these articles interesting may also l
future issues of our sister publications, Seminars in Th

Techniques in Thoracic and

News and Views: John Ikonomidis. Integrated Surgical Residency In
Cardiovasc Surg. Spring 2014;26(1):14-26.

Discussion in Cardiothoracic Treatment and Care: Richard Shem
Wright. Manpower. Semin Thorac Cardiovasc Surg. Expected publi

The Journal of Thoracic and Car
cacy, and we tend to get them so that they are local, within
that area.

Dr Friedberg.Have you done a biodistribution?When you give
the dose intraperitoneally, do you find it in other places in the
body?

Dr Colson. It tends to stay very localized. We can get it some-
what in the lymphatic system to the lymph nodes, so we have been
able to show that we can traffic it that way. In another model it
actually decreased lymph node metastases, but we haven’t been
able to find it in the liver and spleen and some of the other areas
where we are more worried about.

Dr Friedberg. It doesn’t show up in other organs?
Dr Colson. We don’t seem to see that.
Dr Friedberg. That’s great.
ike to read the following papers found in recent and
oracic and Cardiovascular Surgery and Operative
Cardiovascular Surgery!

itiative: Implications For Cardiothoracic Surgery. Semin Thorac

in, David Fullerton, John Ikonomidis, John Mayer, Cameron
cation December 2014.
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FIGURE E1. A, The effect of Pax-eNP and Pax-C/E on PI intensity in spheroids. Green represents OG-Pax, and red represents PI (necrosis). Spheroids

treated with Pax-eNP or Pax-C/E for 24 hours, then washed and exchanged freshmedia 24 hours, 48 hours, 72 hours, or 7 days. Spheroids treated for 24 hours

and imaged immediately are designated 24/0, while 24/24, 24/72, and 24/7d represent spheroids treated for 24 hours, with measurement of PI intensity 24

hours, 72 hours, or 7 days later, respectively. B,The enhanced delayed effect of paclitaxel-induced spheroids cytotoxicity using Pax-eNP delivery. Red rep-

resents PI. Spheroids were exposed with Pax-eNP or Pax-C/E for 4 hours, exchanged fresh media for 24 hours, 48 hours, and 72 hours and underwent

confocal imaging for evidence of non-viable cell using PI. PI is shown in red with cell nuclei in blue.
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