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Background: L'Y294002 (LY) is a potent inhibitor of phosphatidylinositol 3-kinases (PI3Ks);
however, biological applications of LY are limited by its poor solubility and pharmacokinetic
profile. This study aimed at developing LY-loaded surfactant-free poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (SF-LY NPs) to improve the therapeutic efficacy of LY.

Materials and methods: Cellular viability was measured by MTT assay. The subcellular
distribution of NPs was studied using an ultraviolet-visible spectrophotometer and confocal
microscope. The expression of cell-death-associated proteins was determined using Western
blotting and the in vivo activity of SF-LY NPs was tested in a xenograft animal model.
Results: SF-LY NPs enhanced the intracellular level of LY, induced sustained suppression of
AKT, and induced marked cancer cell death. In addition, SF-LY NPs tended to accumulate in
the endoplasmic reticulum (ER) and induce pronounced ER stress. Finally, SF-LY NPs exhibited
a prominent antitumor effect in vivo.

Conclusion: The surfactant-free formulation of PLGA is critical to the promising anticancer
activity of SF-LY NPs.

Keywords: LY294002, AKT, surfactant-free poly(lactic-co-glycolic acid), endoplasmic
reticulum stress

Introduction
Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases that are activated by growth
factors or oncogenes,! following which they phosphorylate the 3’-hydroxyl group of
membrane phosphatidylinositols. Subsequent activation of the AKT (protein kinase B,
PKB) downstream pathway by PI3Ks promotes cell survival.? Aberrations in PI3K
signaling commonly occur in many cancers; for example, PIK3CA, which encodes the
p110 catalytic subunit of PI3K, is probably the most commonly (15%) mutated kinase
in all cancers. In contrast, phosphatase and tensin homolog (PTEN), which encodes
the phosphatase opposing PI3K, is known to be mutationally or post-translationally
inactivated in tumors.>* The activation of PI3K signaling in cancer also occurs via
receptor tyrosine kinases (RTKs), AKT, and RAS.? It is believed that the many varia-
tions in PI3K signaling present important therapeutic targets for cancer treatment.
LY294002 (LY) is a potent inhibitor of PI3K activity and acts as a competitive
and reversible inhibitor for the ATP-binding site of the enzyme.® It has also been
demonstrated to have antitumor activity in vitro.”'° Moreover, LY significantly inhibits
growth and ascites formation associated with ovarian carcinoma and induces apoptosis
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of nasopharyngeal carcinoma cells in animal xenograft
models.!"1* However, LY has poor solubility in water and
poor pharmacokinetics in vivo.'* Improvement of the physical
and pharmacokinetic properties of LY is therefore desirable
for therapeutic application.

Nanotechnology is considered to be a feasible approach
for targeted drug delivery by minimizing potential side
effects.!’ To date, biocompatible nanoparticles (NPs) com-
prising various materials such as metals, polymers, and nano-
magnets have been employed as nanodrug delivery systems
to target cancer cells.'*'” Among the nanomaterials available
for drug delivery, poly(lactic-co-glycolic acid) (PLGA)
has been approved by the US Food and Drug Administra-
tion for use in humans.?® It has been demonstrated to be an
ideal carrier of drug delivery systems owing to its unique
properties, including biodegradable hydrolysis to metabolite
monomers (lactic and glycolic acids); easy formulation for
hydrophobic, poorly soluble drugs; easy surface modification
or bioconjugation for targeting; and high biochemical and
physicochemical stability.?!~23

A previous study reported the use of a surfactant
(polyvinyl alcohol; PVA) to formulate LY-loaded, PVA-
containing, PLGA NPs (PVA-LY NPs) for improving LY
solubility.?* Although PVA-LY NPs could cause cell death
resulting from the sustained release of LY inside cells, the
conjugates inhibited cell proliferation to a lesser extent
compared with free LY.>* A possible explanation is that the
residual PVA associated with PLGA prevented cellular uptake
of NPs.? Accordingly, we developed a novel surfactant-free
PLGA copolymer®? to carry LY. We demonstrate that in
the absence of surfactant, LY-loaded, surfactant-free NPs
(SF-LY NPs) enhanced the incorporation efficacy of NPs,
caused sustained inhibition of AKT phosphorylation, targeted
LY to the endoplasmic reticulum (ER) lumen, and effectively
decreased cancer cell growth in vitro and in vivo.

Material and methods

Cell culture and reagents

The cell lines H460, H157, H1650, and NL20 were obtained
from the American Type Culture Collection (ATCC;
Manassas, VA, USA). H460, H157, and H1650 cells were
cultured in RPMI-1640 containing 10% fetal bovine serum
(FBS; Life Technologies, Carlsbad, CA, USA) and the
NL20 cells were grown in Ham’s F12 medium supplemented
with glucose (2.7 g/L), L-glutamine (2 mM), nonessential
amino acids (0.1 mM), insulin (0.005 mg/mL), epidermal
growth factor (EGF, 10 ng/mL), transferrin (0.001 mg/mL),
hydrocortisone (500 ng/mL), and FBS (4%). The parental

PCI14PE6 cell line was generously provided by Dr Fidler
(MD Anderson Cancer Center, Houston, TX, USA), and its
derivative PC14PE6/AS2 (AS2) cell line was subsequently
established in our laboratory.?® The AS2 cells were main-
tained in Minimum Essential Medium Alpha Modification
(0-MEM,; Life Technologies) supplemented with 10% FBS.
Copolymers of PLGA (molecular weight: 35,000-65,000 Da;
lactide:glycolide, 50:50) were purchased from Bio Invigor
Corporation (Taipei, Taiwan). PVA, 3-[4,5-dimethylthiazol-
2-yl]-2, 5-diphenyltetrazolium bromide (MTT), Nile red,
3-methyladenine (3-MA), bafilomycin A1, dimethyl sulfoxide
(DMSO), Tris-HCl, NP-40, ethylene diamine tetra-acetic acid
(EDTA), sodium dodecyl sulfate (SDS), ethanol, acetone,
sodium chloride, disodium hydrogen phosphate, potassium
chloride, trifluoroacetic acid (TFA), and dimethyl fumarate
(DMF) were purchased from Sigma-Aldrich (St Louis, MO,
USA). ER-Tracker™ Green was purchased from Molecular
Probes (Life Technologies) and LY was purchased from
Biomol (Plymouth, PA, USA). Antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA).

Preparation of PLGA NPs

The method for preparation of surfactant (PVA)-containing
PLGA NPs was described previously,** while the method for
preparation of surfactant-free PLGA NPs (SF NPs) was modi-
fied from a previous study.?® In brief; to prepare LY or Nile red-
loaded PLGA NPs (SF-LY NPs or SF-Nile red NPs), 50 mg of
PLGA polymers was dissolved in 5 mL of acetone and 1 mg of
LY or Nile red, respectively, was added. Next, an ethanol/H,0
(50/50, % v/v) solution was added dropwise (1 mL/minute)
into the PLGA solution using a tubing pump. The solution was
stirred at 240 rpm until the mixture was turbid. The suspension
was transferred into 20 mL of deionized water and stirred at
300 rpm for 15 minutes. The organic solvent was then removed
under reduced pressure for 30 minutes. To prevent PLGA from
aggregating, the solution was filtered using 90 mm filter paper.
To measure encapsulation capacity, PLGA NPs were collected
and dissolved in acetone and the content of LY was determined
using an ultraviolet-visible (UV—Vis) spectrometer (Hewlett-
Packard Model 8453; Hewlett Packard, Palo Alto, CA, USA)
at a wavelength of 300 nm. Encapsulation capacity (%) was
determined by comparing the amount of encapsulated LY with
the initial LY concentration.

Transmission electron microscopy

(TEM) of NPs

Electron micrographs of PLGA NPs were acquired by
placing a drop of the sample onto a copper mesh coated with
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amorphous carbon film (79725; Ted Pella Inc, Redding, CA,
USA) and dried in a vacuum desiccator (Thermo Scientific
Nalgene Vacuum Desiccator, EW-06520-05; Thermo Fisher
Scientific, Waltham, MA, USA). PLGA NPs were stained
with phosphotungstic acid before TEM (CM-200; Philips,
Amsterdam, Netherlands) at 80 KV. The mean diameter and
morphology of PLGA NP images were recorded.

In vitro PI3K inhibitor release studies

NPs (50 mg) were added directly to a 1.5-mL Eppendorf
tube containing 1 mL of phosphate-buffered saline (PBS;
10 mM, pH 7.4) with 0.1 mL of FBS. The supernatant con-
taining LY released from the PLGA NPs was collected after
10 minutes of centrifugation at 13,000 rpm at various time
intervals after the addition of NPs. The total amount of LY
in NPs (50 mg) was determined by the addition of acetone
to dissolve the PLGA NPs and collection of the supernatant
for assays. The amount of LY in the supernatant was mea-
sured by high-performance liquid chromatography (HPLC;
Agilent 1100 series; Agilent Technologies, Santa Clara, CA,
USA). The mobile phase consisted of water (0.1% TFA) and
methanol (0.1% TFA; 40:60 v/v). The reverse-phase column
used was a CC 125/4 Nucleod UR 100-5 C18 (Macherey-
Nagel, Diiren, Germany). The column temperature was
maintained at 25°C. The flow rate was set at 1.0 mL/minute
and the detection wavelength was 300 nm. Sample solution
was injected in a volume of 10 puL. The release pattern was
defined as the ratio of measured to initial amount of LY
encapsulated in the NPs.

MTT cytotoxicity assay

Cells were seeded (5x10° per well) in a 96-well culture plate
and incubated overnight at 37°C in humidified air contain-
ing 5% CO,. Concentration-effect and time-course studies
were performed in the presence of free LY, SF NPs, and
SF-LY NPs. After the required incubation periods, 20 UL of
MTT reagent stock solution (5 mg/mL in PBS) was added
to each well and incubated for 4 hours at 37°C. Plates were
centrifuged at 1200 rpm for 5 minutes. After the supernatant
was discarded, DMSO (200 puL) was added to each well fol-
lowed by incubation for 5 minutes. The supernatants were
transferred into a new enzyme-linked immunosorbent assay
(ELISA) plate and absorbance was measured at 490 nm with
an ELISA reader (Varioskan; Thermo Fisher Scientific).

Cytochrome c detection
Cells (5x10°) were trypsinized and resuspended in ice-cold
preparation buffer (10 mM Tris-HCI, pH 7.5, containing

300 mM sucrose supplemented with a protease inhibitor
cocktail) on ice for 20 minutes. After incubation, cells were
homogenized with Dounce homogenizer and centrifuged at
800 g for 10 minutes at 4°C. The resulting supernatant was
centrifuged at 8000 g for 20 minutes at 4°C to yield mito-
chondria-enriched pellet and cytosolic supernatant fractions.
These fractions were used to monitor cytochrome c release
from mitochondria to cytosol by Western blotting.

Caspase 3/7 and caspase 8 activity assay
Cells (1x10*) were lysed in caspase assay buffer, mixed
gently, and incubated at room temperature for 3 hours
according to the Caspase-Glo™ 3/7 Assay or Caspase-
Glo® 8 Assay (Promega Corporation, Fitchburg, W1, USA)
protocol. Caspase activity was quantified in a Veritas™
Microplate Luminometer (Promega).

Intracellular LY uptake

Cells (5x10° per well) were seeded onto 6 cm dishes and
incubated overnight at 37°C in humidified air containing
5% CO,. Free LY and NPs (SF-LY and PVA-LY) with equal
concentrations of LY (50 uM) were added to the medium.
Cells were harvested at the indicated time periods for further
analyses. For LY detection in the ER organelle, isolation of
the ER was performed with a Sigma-Aldrich ER isolation kit
(catalog number ER0100 —1 KT) according to the supplier’s
instructions. The levels of intracellular LY were measured
according to a previously published protocol®* with a slight
modification. Briefly, lysed cells were lyophilized to remove
water before suspension in 100 uL of DMF and shaken for
1 hour to dissolve internalized LY. The samples were then
centrifuged at 14,000 rpm for 1 hour to obtain supernatants
for LY quantification by measurement of absorbance on a
UV-Vis spectrometer at 300 nm against a standard concen-
tration—absorbance curve.

Intracellular localization by confocal laser

microscopy

Viable cells (1x10°) were plated onto 3.5 cm dishes with 3 mL
of culture medium. After overnight incubation, cells were
treated with free Nile red or PLGA NPs loaded with Nile
red (SF-Nile red NPs) for 3 hours of incubation and stained
with ER tracker™ Green dye according to the manufac-
turer’s protocol (Molecular Probes®; Life Technologies) and
4’ 6-diamidino-2-phenylindole (DAPI). After replacement of
original medium with particle-free, fresh medium, cells were
immediately imaged with a scanning confocal microscope
(Fluoview® FV-1000; Olympus Corporation, Tokyo, Japan)
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set to detect fluorophores by A laser (excitation 405, 488,
or 546 nm).

Western blot analysis

Cells were lysed on ice for 30 minutes with whole-cell
extract lysis buffer (50 mM Tris-HCI, pH, 7.2-7.8; 1%
NP-40; 2 mM EDTA; 100 mM NaCl; 0.1% SDS supple-
mented with protease inhibitor cocktail; Roche Applied
Sciences, Indianapolis, IN, USA). Lysates were collected
by centrifugation at 14,000 rpm for 10 minutes and protein
concentration was determined by the Bradford assay (Bio-
Rad Laboratories, Hercules, CA, USA). Protein extracts
(20-50 pg) were boiled for 5 minutes in sample buffer
before separation by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). The proteins were
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA) at 400 mA for 1.5 hours
using an electroblotter (Amersham Pharmacia Biotech Inc,
Piscataway, NJ, USA). Membranes were blocked with a
mixture of Tris-buffered saline and Tween 20 (TBST) con-
taining 5% nonfat milk for 1 hour at room temperature and
incubated overnight at 4°C with pAKT-S473, AKT, CHOP,
p-JINK, JNK, GRP78, and actin antibodies. Proteins were
detected with horseradish peroxidase-conjugated second-
ary antibodies using an enhanced chemiluminescence
(ECL) kit (Amersham) according to the manufacturer’s
instructions.

Design and transfection of small
interfering RNA (siRNA)

The 21-nucleotide CHOP siRNA, 19-nucleotide INK siRNA,
and negative control duplexes were purchased from Dhar-
macon Research (Thermo Fisher Scientific). The CHOP
siRNA sequence used was 5-AAGAACCAGCAGAGGU-
CACAA-3" and the siRNA JNK sequence for targeting both
INK isoforms (JNK1 and INK2) was 5'-GAAAGAATGTC-
CTACCTTC-3". The transfection of siRNA oligonucleotides
was performed with Lipofect AMINE 2000 (Life Technolo-
gies) according to the manufacturer’s recommendations. In
brief, 16 UL of LipofectAMINE 2000 reagent was mixed
with 400 uL of Opti-MEM (Life Technologies) at room
temperature for 5 minutes and incubated with a mixture of
12 uL of siRNA duplex and 400 puL of Opti-MEM for an
additional 20 minutes at room temperature. The complexes
were then applied to cultured cells at 70% confluence on a
60 mm plate. After incubating for 6 hours, the medium was
replaced with fresh medium supplemented with 10% FBS
and 1% penicillin/streptomycin.

Tumor xenograft experiments

Female athymic nude mice (6—8 weeks) were obtained from
the National Laboratory Animal Center in Taiwan. All animal
studies were approved by the Animal Welfare Committee at
National Cheng Kung University for the same environment
with controlled temperature, humidity, and a 12-hour light/
dark cycle. Mice were subcutaneously inoculated in the flank
with PC14PE6/AS2 cells (1x10° cells/mouse in 100 uL of
PBS) and randomized at approximately 14 days after implanta-
tion, when the tumor size reached 50-60 mm?. The following
intratumoral injections were administered every other day for
atotal of six times to the xenograft mice: normal saline (n=_8),
SF NPs only (n=8), LY (1 mg/kg; n=8), or SF-LY NPs (LY,
1 mg/kg; n = 10). The treated mice were monitored for signs
of distress and tumor size was measured with calipers. Tumor
volume was calculated according to the following formula:
(volume = long axis X short axis? x0.5). For ethical reasons,
mice were sacrificed when tumor size reached 4000 mm?.

Statistical analysis

All experiments were repeated at least three times. The
data are presented as means * standard error of the mean.
Statistical analyses were performed using one-way and
two-way analysis of variance (ANOVA). Differences in the
mean values for apoptosis, tumor growth, and body weight
response to treatment were compared between groups using
two-way ANOVA with Bonferroni post-testing. All other data
for statistical differences between experimental groups were
analyzed using one-way ANOVA. A P-value of < 0.05 was
considered statistically significant.

Results

Characteristics of surfactant-free

PLGA NPs

The particle size and polydispersity index (PDI) of SF NPs
and SF-LY NPs were analyzed by dynamic light scatter-
ing (DLS; Table 1). The mean diameter of SF NPs was
74.5 £ 1.74 nm, while that of SF-LY NPs was 98.9 £2.64 nm.
Representative transmission electron micrographs illustrate
that SF-LY NPs were spherical in shape and monodispersed.
The mean diameter of SF-LY NPs was 80 nm as measured
by TEM (Figure 1A). The encapsulation efficiency and
loading capacity of LY in SF NPs was 37% and 7.4 ug/mg,
respectively. The release of LY from the SF-LY NPs was
measured in vitro in serum-containing PBS. After incubation,
there was a burst of initial release of LY (approximately 27%
of total loaded LY) within the first 6 hours, followed by a
slow release of LY (57% of the total LY amount) from 6 to
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Table | Particle size, polydispersity index (PDI), entrapment efficiency, and drug-loading capacity of SF NPs and SF-LY NPs as detected

by dynamic light scattering (DLS)

Particle Polydispersity Encapsulation Loading capacity
size (nm)? index efficiency (%)° (ng/mg)

SF NPs 745+ 1.74 0.19+0.01 N/A N/A

SF-LY NPs 98.9 £ 2.64 0.134+0.03 37% £ 2.1% 74 +£0.42

Notes: *Data represent mean + SEM from three independent experiments; efficiency expressed as a percentage mean of three determinations + standard deviation of drugs
recovered in NPs compared with theoretical drugs loaded in the generated formulations.
Abbreviations: LY, LY294002; N/A, not applicable; NPs, nanoparticles; SEM, standard error of the mean; SF NPs, surfactant-free NPs; SF-LY NPs, surfactant-free NPs

loaded with LY.

12 hours and a sustained release of approximately 73% of
the total loaded LY over the next 7 days (Figure 1B).

In vitro cytotoxicity assay
To evaluate the dose-dependent cytotoxicity of SF NPs, free
LY, PVA-LY NPs, and SF-LY, we conducted MTT assays
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Figure | Characterization of SF-LY NPs

Notes: (A) The analysis of SF-LY NP morphology by TEM. (B) Drugs released from
SF-LY NP nanoparticles at the indicated time points were measured by UV-VIS
spectrometry at a wavelength of 300 nm. Data represent mean + SEM from three
independent experiments.

Abbreviations: LY, LY294002; NPs, nanoparticles; SEM, standard error of the
mean; SF-LY NPs, surfactant-free NPs loaded with LY; TEM, transmission electron
microscopy; UV-VIS, ultraviolet-visible.

in AS2 (PTEN-null), H157 (PIK3CA mutation, PTEN-null),
H460 (PIK3CA mutation), and H1650 (EGFRAE747-
A750 mutation, PTEN-null) cells (Figure 2A). No sup-
pression of cell growth was evident after AS2, H460, and
H157 cells were treated with SF NPs and PVA-LY NPs for
48 hours or after H1650 cells were treated with SF NPs and
PVA-LY NPs for 24 hours. Treatment with free LY induced
modest cytotoxicity in all four cell lines, whereas treatment
with a low concentration of LY (0.25-1.00 uM) in SF-LY
NPs induced marked cellular death in the H460, H157, and
H1650 cell lines. A relatively high concentration of LY
(5 uM) was required in SF-LY NPs to induce similar cyto-
toxicity in AS2 cells. A time-course study of cytotoxicity
was conducted with a fixed concentration of LY compounds
(Figure 2B). Treatment with SF-LY NPs again resulted in a
significantly greater suppression of cell growth in these lung
cancer cell lines compared with treatment with free LY and
PVA-LY NPs. The half maximal inhibitory concentration
(IC,) value for free LY in the four cancer cell lines was
25-50 uM; however, the IC, values for PVA-LY NPs in the
four cell lines were greater than 50 uM (Figure 2C). These
results are consistent with an earlier report** that PVA-LY
NPs are less effective than free LY in the inhibition of cancer
cell growth. Taken together, these findings suggest that the
cytotoxicity of SF-LY NPs is greater than that of PVA-LY
NPs and free LY and that a relatively low concentration of
LY in SF-LY NPs is sufficient to induce cancer cell death.
Next, we examined the cytotoxicity of SF-LY NPs on an
NL20 cell line; an immortalized, nontumorigenic, human,
bronchial epithelial cell line, in a dose-dependent manner
(Figure 2D). Even after treatment with SF-LY NPs contain-
ing relatively high concentrations of LY (0.25 to 5 uM),
the growth suppression rate was approximately 15%. The
toxicities from SF NPs, free LY, PVA-LY NPs, and SF-LY
NPs to NL20 cells were comparable. The data show that
there is only modest toxicity of SF-LY NPs to NL-20 cells,
suggesting that the therapeutic window of SF-LY NPs is
promising.
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Figure 2 Cytotoxic effects of SF-LY NPs determined by MTT assay.

Notes: (A) The concentration-dependent effect on viability of four lung cancer cell lines. (B) Time-course study of cytotoxicity by MTT assay following treatment with LY
or SF-LY NPs. (C) The analysis of cytotoxicity by MTT assay following treatment with LY or PVA-LY NPs. (D) The effect on viability of normal lung cells (NL20) by MTT
assay following treatment with LY or PVA-LY NPs. (E) Cytochrome ¢ was monitored by Western blotting after treatment with free LY and SF-LY NPs. (F) Caspase 3/7 or
caspase 8 activity was detected after treatment with free LY and SF-LY NPs. The concentrations of free LY and SF-LY NPs were 5 UM for the AS2 cell line, 0.5 uM for the
H157 cell line, and 0.25 uM for the H460 and H1650 cell lines. The concentration of TNF-a. was 50 ng/mL. Each experiment was repeated three times. Data are expressed
as mean £ SEM. *P < 0.05; **P < 0.005; ***P < 0.001 (free LY versus SF-LY NPs). TNF-a. is positive control for caspase 8-dependent cell death.

Abbreviations: cyto ¢, cytochrome ¢; LY, LY294002; MTT, 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide; NPs, nanoparticles; PVA, polyvinyl alcohol; PVA-
LY NPs, PVA NPs loaded with LY; SEM, standard error of the mean; SF NPs, surfactant-free NPs; SF-LY NPs, surfactant-free NPs loaded with LY; TNF-o, tumor necrosis
factor alpha.
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The mechanisms of cell death induced
by SF-LY NPs

First, we analyzed the mechanism of cell death® induced
by SF-LY NPs using flow cytometric analysis (annexin
V/propidium iodide [PI] double staining method) and found
that SF-LY NPs, but not free LY, induced significant cellular
apoptosis in the four cell lines (Figure S1). The phenom-
enon of apoptosis was further supported by DAPI staining,
which showed an increase in chromatin condensation in
SF-LY NP-treated cells (Figure S2). We next examined the
release of cytochrome c¢ from mitochondria into the cyto-
sol. Treatment with SF-LY NPs resulted in higher levels of
cytosolic cytochrome c in four lung cancer cells compared
with free LY (Figure 2E). To further characterize the type of
apoptosis activated, we measured the activities of caspase
3/7 and caspase 8 using a luminescent assay kit (Figure 2F).
Although SF-LY NPs induced significantly high caspase
3/7 activities, they had little effect on caspase 8 activities in
the four cells (Figure 2F). With regard to the free LY, it only
modestly induced both caspase 3/7 and 8 activities in the four
cells. We conclude that SF-LY NP-induced cell death occurs
primarily via the intrinsic apoptotic pathway.

The effects of SF-LY NPs

on phosphorylation of AKT in cells

The phosphorylation of serine 473 on AKT in response to
different concentrations of LY, PVA-LY NPs, or SF-LY NPs
was measured in AS2, H157, H460, and H1650 cell lines by
Western blotting (Figure 3A). The ratio of pAKT/AKT was
calculated for comparison of the effects of the test agent
effects on the cells (Figure 3A). At the indicated concentra-
tions, only SF-LY NPs effectively suppressed the levels of
constitutively phosphorylated AKT in the four cancer cell
lines. A sustained (>24 hours) suppression of AKT phos-
phorylation was observed in H460, H157, and H1650 cells
in response to a fixed concentration of SF-LY NPs. The
same concentration of free LY had no effect (Figure 3B).
In AS2 cells, free LY at a concentration of 5 uM induced
a transient suppression of AKT phosphorylation at 8 hours,
whereas the suppression of AKT phosphorylation by SF-LY
NPs began after 8 hours and lasted up to 48 hours. In contrast
to free LY, PVA-LY NPs with 25 uM LY were effective
in decreasing AKT phosphorylation only in H1650 cells
(Figure 3C). The difference between the phosphorylation
levels in the four cell lines suggested that refractoriness to
PVA-LY NPs is independent of the activation status of the
target protein.>* Therefore, SF-LY NPs, but not free LY or

PVA-LY NPs, can induce sustained suppression of AKT
phosphorylation with relatively low concentrations of LY
in cancer cells.

Internalization and subcellular

accumulation of NPs

Analysis of the intracellular levels of LY in these lung
cancer cell lines after exposure to equivalent concentra-
tions of free LY, SF-LY NPs, or PVA-LY NPs for various
time periods (Figure 4A) revealed that the intracellular LY
levels of cells were saturated within 8 hours and declined
gradually thereafter in response to free LY, SF-LY NPs,
and PVA-LY NPs. The intracellular LY levels were highest
in cells treated with SF-LY NPs, whereas the intracellular
levels of LY after treatment with PVA-LY NPs were similar
to those of free LY following incubation for the same time
intervals, confirming the results of the previous report®
that the intracellular LY concentration in LY-loaded PLGA
NPs with PVA was similar to that in free LY. Therefore, our
results showed that intracellular effects are greatly enhanced
when induced by SF NPs in all lung cancer cell lines. Next,
the subcellular localization of SF NPs was studied using
confocal microscopy. Nuclei stained with DAPI (blue) were
observed by confocal microscopy, and the ER, marked by
ER tracker in green, was disturbed in the perinuclear region.
Following treatment with native Nile red or SF-Nile red NPs
for 3 hours, Nile red carried by SF NPs tended to colocalize
with ER (yellow spot). This colocalization was not observed
when cells were treated with native Nile red (Figure 4B) or
PVA-Nile red NPs (Figure S3), where the Nile red staining is
separated from green staining. The data suggest that SF-Nile
red NPs target Nile red to ER. To provide more evidence to
show the colocalization, we isolated the ER organelle from
the cytosol and separately measured the concentration of
LY in ER and cytosol after treatment with free LY or SF-LY
NPs in the four cell lines. The amount of LY in the ER was
significantly higher after SF-LY NP treatment than after free
LY treatment (Figure 4C).

SF-LY NPs induced ER stress and ER

stress-related apoptosis in cancer cells

Following the observation that SF NPs may target their
payloads to ER, we investigated whether ER stress could be
induced by SF-LY NPs. We assayed the expression of three
important ER stress markers: CHOP, phosphorylated JNK,
and GRP78. In H460, H157, and H1650 cells, the SF-LY
NP-induced elevation of CHOP and GRP78 began at 3 hours
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and persisted up to 24 hours, whereas the CHOP and GRP78
expression induced in AS2 cells began 24-48 hours after
treatment with SF-LY NPs (Figure 5A). The levels of phos-
phorylated JNK increased rapidly within 3 hours in H157,
H460, and H1650 cells after SF-LY NP treatment, whereas

the elevation of phosphorylated JNK occurred 24 hours after
SF-LY NP treatment in the AS2 cell line. In the four cell lines,
treatment with free LY at a dose equivalent to that in SF-LY
NPs had very little effect on the expression of CHOP, GRP78,
and phosphorylated JNK (Figure 5A). Treatment with
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SF NPs alone did not induce expression of CHOP (Figure  apoptotic cell death,’! we investigated whether SF-LY NP-
S4). These findings suggest that SF-LY NPs, but not free LY  induced ER stress contributed to apoptotic death. We used
or SF NPs, can induce ER stress. Because CHOP has been  salubrinal to block ER stress and SP600125 to inhibit JNK
implicated in ER stress-induced cell death®® and the activation ~ function in the four cancer cell lines and observed that pre-
of JNK by unfolding protein response (UPR) may lead to  treatment with salubrinal or SP600125 alone slightly rescued
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SF-LY-NP-induced cell death in the four cell lines. Again,
the combination of salubrinal and SP600125 significantly
rescued cell death induced by SF-LY NPs (Figure 5B). The
data suggested that both JNK and CHOP are critical, but
redundant, in mediating cell death induced by SF-LY NPs

via ER stress. We attempted to silence endogenous CHOP
expression using siRNA. After transfection of the siRNA
into the four cell lines, CHOP expression was suppressed in
H460 and H157 cells, but not in the AS2 and H1650 cells.
Accordingly, we selected H460 and H157 for further studies.
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We treated the two cell lines with free LY or SF-LY NPs
after silencing CHOP or JNK with siRNA. The silencing of
CHOP or JNK alone partially abolished the antiproliferative
activity of SF-LY NPs, whereas the combination of CHOP
and JNK siRNA to silence both proteins together restored
cell death induced by SF-LY NPs (Figure 5C). ER stress
in cells was reported to induce autophagy.*? It is intriguing
to ask whether SF-LY NP treatment induces autophagy
in cancer cells. We found that the LC3 protein converted
from Type I to Type I, a hallmark of autophagy, in cells
treated with SF-LY NPs but not free LY (Figure SS5A). We
used autophagy inhibitors, including 3-MA (inhibition of
autophagosome formation) and bafilomycin A1 (inhibition
of autophagosome and lysosome fusion), to characterize the
impact of SF-LY NP-induced autophagy on cell viability.
Pretreatment with 3-MA or bafilomycin A1 further enhanced
cell death induced by SF-LY NPs (Figure S5B), indicating
that the activation of autophagy by SF-LY NP treatment is
essential for cell survival.

In vivo efficacy in an AS2 xenograft

mouse model

To investigate whether LY in the SF NP formulation was
active in vivo, we injected it intratumorally into mice bearing
tumor xenografts. A previous study suggested that localized
drug delivery through intratumoral administration is an
attractive approach, given that direct application permits
higher concentrations of the drug to access the tumor tissue
and avoid entering the systemic circulation.’* An AS2 tumor
model was developed in athymic mice. After the average
tumor volume reached 50—60 mm? (approximately 14 days),
the following regimens were administered by intratumoral
injections every other day for a total of six times: (1) saline,
(2) LY (1 mg/kg), (3) SF NPs (1 mg/kg), and (4) SF-LY NPs
(1 mg/kg). The change in tumor volume from the initial
volume (50-60 mm?) was monitored until the average tumor
size reached 3000—4000 mm? after intratumoral injection.
The results showed that tumor volume steadily increased
with time in mice injected with saline, SF NPs, and free
LY, reaching an approximately 40-fold increase from the
size of the original tumor after 12—14 days. In contrast,
administration of SF-LY NPs (1 mg/kg) effectively slowed
tumor growth, restricting the total increase in tumor vol-
ume to approximately 2.5-3 times the original tumor size
(Figure 6A). No significant difference in body weight was
observed within or among each group of mice (Figure 6B),
indicating that SF NPs, free LY, and SF-LY NPs were not
toxic to mice. Collectively, these results indicated that

intratumoral injection of SF-LY NPs induced long-lasting
inhibition of tumor growth.

Discussion

In this study, we formulated a surfactant-free PLGA
copolymer?*?” as a carrier for LY and demonstrated that in the
absence of surfactant, SF-LY NPs could enhance the incor-
poration efficacy of NPs, cause sustained inhibition of AKT
phosphorylation, target LY to the ER lumen, and effectively
decrease cancer cell growth in vitro and in vivo.

The size (diameter) of SF-LY NPs was in the range of
80—-100 nm. NPs of this size have the potential to avoid
retention in the reticuloendothelial system (RES).** In a
previous study, we found that surfactant-free PLGA copo-
lymers could be easily and directly conjugated on their
surface.?® This advantage was particular to surfactant-free,
but not surfactant-containing, PLGA NPs.?® Because the
hydrophilicity of surfactant PVA may decrease intracellular
uptake and lysosomal escape of NPs,>353¢ we attempted to
formulate PVA-LY NPs and examine their activities in the
four cell lines (Figure 2C). Similar to the findings in a previ-
ous study,” PVA-LY NPs showed inferior antiproliferative
activity compared with SF-LY NPs. According to the release
profile of SF-LY NPs, LY is released from NPs in a sustained
manner. The results of in vitro experiments showed a sus-
tained inhibition of AKT phosphorylation for up to 48 hours
in cells treated with SF-LY NPs, but not in cells treated with
free LY (Figure 3). The sustained inhibition of AKT activity
by SF-LY NPs may contribute substantially to its prominent
proapoptotic property, given that constitutive activation of
AKT may promote cellular survival in lung cancer cells.”’
Among the four cell lines incubated with SF-LY NPs, the
ratio of LY uptake in AS2 cells was the lowest (Figure 4A).
The effect of suppressing AKT phosphorylation by SF-LY
NPs in AS2 cells was also inferior to that observed in the
other three lung cancer cell lines. Consequently, SF-LY NPs
induced less cell death in the AS2 cell line than in the other
cell lines. Therefore, the ratio of cellular uptake of NPs may
influence the final therapeutic effects. Our data demonstrated
that cells take up a greater amount of NPs synthesized with-
out surfactant compared with surfactant-containing NPs.
The higher intracellular concentration of LY delivered by
SF-LY NPs contributed to the greater cytotoxicity of SF-LY
NPs compared with that of free LY and PVA-LY NPs in
cancer cells.

The four cancer cell lines used in this study harbor
genetic alterations in the PI3K pathway. Both AS2 and
H1650 cells are PTEN-null, whereas H460 cells harbor a
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PIK3CA mutation and H157 cells are PTEN-null and harbor
a mutation in PIK3CA. Although a low concentration of
free LY induced modest cellular death in the four cell lines,
treatment with SF-LY NPs over the same concentration range
resulted in significantly increased cellular death. In contrast,

in a normal bronchial cell line called NL-20, we found only
modest toxicity of SF-LY NPs to NL-20 cells. Toxicities of
SF NPs, free LY, PVA-LY NPs, and SF-LY NPs to normal
cells are comparable, suggesting that SF-LY NPs offer a
promising therapeutic window for cancer therapy.
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A study of the subcellular localization of SF NPs revealed
that SF NPs targeted Nile red to the perinuclear region and
colocalized with an ER marker (Figure 4B). A previous study
reported that PLGA NPs could localize with specific organ-
elles such as ER and the Golgi apparatus,®® suggesting that SF
NPs in this study delivered their payloads to ER and induced
specific cellular responses. We examined the changes in ER
stress-related proteins and found that treatment with SF-LY
NPs, but not free LY or SF NPs, enhanced the expression
of CHOP, phosphorylated INK, and GRP78 in the four lung
cancer cell lines (Figure SA and Figure S4). We further
demonstrated that the induced ER stress facilitates cellular
apoptosis. The inhibition of CHOP or JNK alone by either
siRNA or inhibitors partially abolished the antiproliferative
activity of SF-LY NPs, whereas combinational inhibition of
CHOP and JNK significantly rescued the cell death induced
by SF-LY NPs (Figure 5B and C). The data suggested that
both JNK and CHOP are critical but redundant in mediating
cell death induced by SF-LY NPs via ER stress. Interestingly,
the induction of ER stress signals by SF-LY NPs is less
obvious in AS2 cells than in the other three cell lines. These
observations are consistent with those for SF-LY NPs, which
produce the least cytotoxic effects on AS2 cells.

Although SF-LY NPs induced significantly high caspase
3/7 activities, they exerted little effect on caspase 8 activi-
ties in the four cancer cell lines (Figure 2F). Free LY only
modestly induced both caspase 3/7 and 8 activities in the four
cell lines. We conclude that SF-LY NP-induced cell death is
primarily through the intrinsic apoptotic pathway. We found
that after SF-LY NP treatment, autophagy was induced in
the four cancer cell lines (Figure SSA). Because treatment
with autophagy inhibitors 3-MA and bafilomycin A1 further
enhanced cell death induced by SF-LY NPs (Figure S5B),
we considered the activation of autophagy by SF-LY NPs
treatment to have protective effects on cell survival.

Although the AS2 cells are relatively insensitive to treat-
ment with SF-LY NPs in vitro (Figure 2), they exhibit rapid
xenograft tumor growth in nude mice. For this reason, the
AS2 xenograft model was chosen to test the in vivo antitumor
activity of SF-LY NPs. Treatment with SF-LY NPs signifi-
cantly suppressed growth of AS2 xenograft tumors in mice,
suggesting that they have strong in vivo antiproliferative
activities (Figure 6), even against tumors generated from a
less sensitive cell line.

Conclusion
We successfully synthesized SF-LY NPs and demonstrated
their potential application in biomedical engineering.

The particle size, encapsulation efficiency, and the controlled
release kinetics of SF NPs were particularly suited for drug
delivery. It was demonstrated that SF-LY NPs induced
significantly increased cell death through the apoptotic
pathway in lung cancer cells compared with free LY and
PVA-LY NPs. Moreover, surfactant-free PLGA NPs were
able to enhance intracellular uptake of LY and subsequently
deliver their payloads to ER, inducing ER stress. Finally,
we demonstrated that SF-LY NPs have impressive in vivo
antitumor activities. We conclude that surfactant-free PLGA
is an ideal nanocarrier for the LY compound.
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Supplementary materials

Materials and methods

Flow cytometric analysis

Asynchronous cultures were set for experiments (2x10° cells
in 6-well plates). Individual wells were treated with free LY
or SF-LY NPs for 24 hours. Cells were stained according to
the manufacturer’s instructions with Annexin V-fluorescein
isothiocyanate and propidium iodide staining assay kit (Life
Technologies) and measured by flow cytometry (BD FACS-
Calibur System; BD Biosciences, San Jose, CA, USA).

DAPI staining for chromosome

condensation

Chromosome condensation due to free LY and SF-LY NPs
in cell lines was observed by DAPI staining. DAPI solution
was used to stain the exposed cells in chamber slides, which
were incubated for 10 minutes in the dark at 37°C. Images of
the nucleus were captured using a fluorescence microscope
(Nikon Corporation, Tokyo, Japan) at an excitation wave-
length of 330 nm and an emission wavelength of 420 nm.

MTT cytotoxicity assay

Cells were seeded (5x10° per well) in a 96-well culture plate
and incubated overnight at 37°C in humidified air contain-
ing 5% CO,. Concentration—effect and time-course studies
were performed in the presence of free LY, SF NPs, and
SF-LY NPs. After the required incubation periods, 20 UL of
MTT reagent stock solution (5 mg/mL in PBS) was added
to each well and incubated for 4 hours at 37°C. Plates were
centrifuged at 1200 rpm for 5 minutes. After discarding
the supernatant, DMSO (200 uL) was added into each well
and incubated for 5 minutes. Supernatants were transferred
into a new ELISA plate and absorbance was measured at

490 nm with an ELISA reader (Varioskan; Thermo Fisher
Scientific).

Intracellular localization by confocal laser

microscopy

Viable cells (1x10%) were plated onto 3.5 cm dishes with
3 mL of culture medium. After overnight incubation, cells
were treated with free Nile red or PLGA NPs loaded with
Nile red (PVA-Nile red NPs) for 3 hours of incubation
and stained with ER tracker™ Green dye according to the
manufacturer’s protocol (Molecular Probes®, Life Technolo-
gies) and DAPI. After replacement of original medium with
particle-free, fresh medium, cells were immediately imaged
with a scanning confocal microscope (Fluoview® FV-1000;
Olympus Corporation) with settings to detect fluorophores
by A laser (excitation 405, 488, or 546 nm).

Western blot analysis

Cells were lysed on ice for 30 minutes with whole-cell extract
lysis buffer (50 mM Tris-HCI, pH 7.2-7.8; 1% NP-40;
2 mM EDTA; 100 mM NaCl; 0.1% SDS supplemented
with protease inhibitor cocktail; Roche Applied Sciences).
Lysates were collected by centrifugation at 14,000 rpm for
10 minutes, and protein concentration was determined using
the Bradford assay (Bio-Rad). Protein extracts (20-50 ug)
were boiled for 5 minutes in sample buffer before separa-
tion by SDS-PAGE. The proteins were transferred to PVDF
membranes (Millipore) at 400 mA for 1.5 hours using
an electroblotter (Amersham Pharmacia Biotech Inc).
Membranes were blocked with TBST containing 5% nonfat
milk for 1 hour at room temperature and incubated over-
night at 4°C with LC3 or CHOP antibodies. Proteins were
detected with horseradish peroxidase-conjugated secondary
antibodies using an ECL kit (Amersham) according to the
manufacturer’s instructions.
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Figure S1 The level of apoptosis after exposure to free LY or SF-LY NPs.
Notes: The graphs present flow analysis of four cell lines treated with free LY or SF-LY NPs for 24 hours. The scatter plot of FLI1-H (X-scale) versus FL2-H (Y-scale) indicates
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Figure S2 The level of chromatin condensation after exposure to free LY or SF-LY NPs.
Notes: The graphs show chromatin stained by DAPI after exposure to LY and SF-LY NPs at a concentration equivalent to that of LY for 24 hours in the four cell lines. The

arrow indicates chromatin condensation.
Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; LY, LY294002; NPs, nanoparticles; SF-LY NPs, surfactant-free NPs loaded with LY.
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Dove

PVA-Nile red NPs

DAPI

Figure S3 Intracellular localization of PVA NPs in cells.

Notes: Confocal microscopic analysis of PVA-Nile red NPs. The cells were incubated with PVA-Nile red NPs for 3 hours at 37°C, stained with ER tracker and DAPI,

extensively washed, and imaged for living cells under a confocal microscope.

Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; ER, endoplasmic reticulum; NPs, nanoparticles; PVA, polyvinyl alcohol; PVA-Nile red NPs, PVA NPs loaded with

Nile red.
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Figure S4 The level of CHOP after exposure to SF NPs or SF-LY NPs.
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Notes: Western blots showing levels of CHOP in the four cell lines following treatment with SF NPs or SF-LY NPs for a time-course study.
Abbreviations: LY, LY294002; NPs, nanoparticles; SF NPs, surfactant-free NPs; SF-LY NPs, surfactant-free NPs loaded with LY; h, hours.
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Figure S5 The regulation of autophagy after treatment with free LY or SF-LY NPs.

Notes: (A) Western blots showing levels of LC3 in four cell lines following treatment with LY or SF-LY NPs for a time-course study. (B) The analysis of cytotoxicity by MTT
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assay after treatment with 3-MA (5 mM) or bafilomycin Al (1 nM). Each experiment was repeated three times. Data are mean £ SEM. *P < 0.05; **P < 0.005.
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