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Abstract The phosphoinositide-3-kinases (PI3Ks) are a
conserved family of lipid kinases that phosphorylate the
3-hydroxyl group of phosphatidylinositols in response to
extracellular stimuli. PI3K pathway is enrolled in different
kinds of human cancer and plays a prominent role in cancer
cell growth and survival. Several PI3K inhibitors have been
recently identified but some PI3K inhibitors with high
potency in vitro do not show satisfactory effects in animal
cancer models because of the poor pharmaceutical proper-
ties in vivo such as poor solubility, instability, and fast
plasma clearance rate. In this study, we developed a
sustained release system of PI3K inhibitor (TGX221) based
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on polyhydroxyalkanoate nanoparticles (NP) and used it to
block proliferation of cancer cell lines. TGX221 was
gradually released from PHA-based NP and growth of
cancer cell lines was significantly slower in NP-TGX221-
treated cells than in either negative controls or in cells
receiving free TGX221. Since poor bioavailability and
limited in vivo half-life are common features of hydropho-
bic PI3K inhibitors, our results open the way to similar
formulation of other PI3K blockers and to new strategies in
cancer treatment.

Keywords Polyhydroxyalkanoate - PI3K inhibitor -
TGX221 - Nanoparticle - Drug delivery

Introduction

The application of nanotechnology has significantly
affected the development of drug delivery systems as it
provides significant advantages compared to conventional
strategies (Shi et al. 2010). For example, it could improve the
therapeutic activity of drugs by enhancing their bioavailability
and their effectual concentration, improving solubility of
hydrophobic drugs and prolonging half-life. It could also
reduce the toxic side effects by releasing drugs in a
sustained or stimuli-triggered manner. In addition, nano-
particles could be passively accumulated in specific
tissues such as tumor or inflammatory tissues through
the enhanced permeability and retention effect (Langer
1998). Many different materials including liposome,
polymers, and some self-assembled macromolecules have
been developed as drug delivery carriers (Mundargi et al.
2008). Among these, biodegradable polymers are of
interest because of their flexibility and biocompatibility
properties.
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Polyhydroxyalkanoates (PHA) are aliphatic biopolyesters
which are synthesized by a wide range of bacteria as the
energy- and carbon-storage materials. Based on their different
3-hydroxyalkanoate (3HA) monomers structure composition
and contents, PHAs demonstrate various physicochemical
properties and kinetics of biodegradation (Steinbuchel 2001;
Liu and Chen 2008). Because of their good biocompatibility
and biodegradability, PHAs have been studied for implant
biomedical and controlled drug-release applications (Sun et
al. 2007; Xiao et al. 2007; Wu et al. 2009; Xiong et al.
2010). In the past, some success was reported with the use of
polyhydroxybutyrate (PHB), poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), and poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) (PHBHHX) as controlled drug release
matrices (Koosha et al. 1989; Saad et al. 1996a, b; Gursel et
al. 2001; Wang et al. 2003; Rossi et al. 2004; Lu et al. 2010;
Xiong et al. 2010). They were more efficient in encapsulat-
ing the hydrophobic compounds due to their aliphatic
polymer properties and thus would be beneficial especially
for hydrophobic drugs such as phosphoinositide-3-kinases
(PI3Ks) inhibitors.

PI3Ks are a conserved family of lipid kinases that
phosphorylate the 3-hydroxyl group of phosphatidylinosi-
tols (PtdIns) in response to extracellular stimuli. PI3Ks
have important regulatory roles in multiple cellular pro-
cesses, including cell survival, proliferation, differentiation,
migration, and metabolism. PI3Ks could be divided into
four classes (Leevers et al. 1999). The best characterized
members of PI3K family are the class I PI3Ks. Mammals
possess four class I PI3Ks usually termed PI3K«, {3, v, and
5. While PI3Ko« and 3 are ubiquitously expressed, the
expression of PI3Ky and & is largely restricted to the
immune system (Vanhaesebroeck et al. 1997). Recent
progress in genomic studies and cancer biology have
indicated that components of the PI3K pathway play a
prominent role in cell growth and survival and are critically
involved in cancer. This pathway is frequently found
activated in human cancer as a result of mutations or
amplification of the PI3K enzymes or alterations involving
their upstream and downstream signaling players, such as
receptor tyrosine kinases (RTKSs), the serine/threonine
protein kinase Akt/PKB, or phosphatase and tensin homo-
log (PTEN) (Bader et al. 2005; Thomas et al. 2007; Chin et
al. 2008; Keniry and Parsons 2008; Parsons et al. 2008).
Therefore, inhibition of PI3K appears to represent a
promising strategy in cancer therapy. Several PI3K inhibitors
have been identified and some are currently under clinical
development (Liu et al. 2009). Nonetheless, several PI3K
inhibitors with high potency in vitro did not show sufficient
efficacy in vivo in animal models of cancer. This is often due
to poor pharmaceutical properties in vivo such as limited
solubility, insufficient stability, and fast plasma clearance
rate. Such drawbacks frequently represent the key obstacles
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to further clinical development of PI3K inhibitors. In
contrast, using nanoscale delivery vehicles, pharmacological
properties of such weak drug candidates could be signifi-
cantly improved. In this study, we developed a sustained
release system based on PHAs nanoparticle (NP) loaded with
TGX221, a PI3K inhibitor, and used it to control growth of
different cancer cell lines.

TGX221 is described as a PI3K p110f selective inhibitor
which is an ATP competitive kinase inhibitor. The ICs, values
for TGX-221 against two main class I PI3K catalytic
isoforms pll10x and pll0f are 5 uM and 5-9 nM,
respectively (Jackson et al. 2005; Chaussade et al. 2007). It
could inhibit the growth of PTEN-deficient cancer cell lines
(Wee et al. 2008) and ErbB2-driven tumors (Ciraolo et al.
2008). It has been widely used as one of the very few
p1103-selective inhibitors but failed in different preclinical
trials because of poor solubility and very short circulating
half-life. In this study, we entrapped TGX221 into PHA
nanoparticles and investigated its release and cytostatic
activity in cell-based assays.

Materials and methods
Materials

Poly(3-hydroxybutyrate) with a weight-average molecular
weight (Mw) of 6x10°, poly(3-hydroxybutyrate-co-12 mol
% 3-hydroxyhexanoate) (PHBHHx) (Mw=4x10) were
donated by Lab of Microbiology, Department of Biological
Science and Biotechnology, Tsinghua University (Beijing,
People’s Republic of China). Poly(3-hydroxybutyrate-co-
5 mol% 3-hydroxyhexanoate) (PHBV) (Mw=4x10’) was
purchased from Tianan Biomaterials Co. Ltd. (Ningbo,
People’s Republic of China). Poly(vinyl alcohol) (PVA)
(Mw=2.2x10% 88% hydrolyzed) and poly(pL-lactide-co-
glycolide) (PLGA 75:25) (Mw=1x10") were purchased
from Sigma-Aldrich (USA). TGX221 was kindly donated
by Prof. Galli Ubaldina, University of Novara (Novara,
Italy).

Preparation of TGX221-loaded nanoparticles

The TGX221-loaded nanoparticles were fabricated by a
modified emulsification/solvent diffusion method (Perez
et al. 2001; Xiong et al. 2010). In this study, four types of
hydrophobic polymer nanoparticles (PHB, PHBYV,
PHBHHX, and PLGA) were prepared via ultrasonication.
Briefly, 50 mg of polymers and 5 mg of TGX221 were
added into 1 ml chloroform, and the mixture was stirred to
ensure that all materials were dissolved. Twenty milliliters
of 1% PVA (w/v) was sonicated for 1 min and was slowly
added with 1 ml of organic solution. The double emulsion



Appl Microbiol Biotechnol (2011) 89:1423-1433

1425

was then deal with sonication using a probe sonicator
(Sonics & Materials, Newtown, CT, USA) for 5 min and
the mixed solution was moderately stirred with a magnetic
mixer for 6 h to solidify the nanodroplets. Chloroform was
removed by volatilization at room temperature. The
nanoparticles were collected by centrifugation at
38,000 rpm for 60 min, followed by washing twice with
deionized water.

Characterization of nanoparticles

The particle size and zeta potential were measured by a
laser light scattering machine (Zetasizer Nano ZS, Malvern,
UK). The samples were diluted into proper concentration
with deionized water and examined to determine the
average particle diameters and zeta potential.

Efficiency and drug-loading content measurement

The drug entrapment efficiency refers to the amount of
TGX221 loaded into the nanoparticles as compared with
the total amount used in the loading process. The drug-
loading content (DLC) was defined as the TGX221
entrapped as compared with the total amount of drug-
loaded nanoparticles. The TGX221 entrapment efficiency
and drug loading content were calculated according to Egs.
(1) and (2).

Entrapment efficiency (%) = (M;/M;) x 100% (1)

Drug — loading content (%) = (M;/M,) x 100% (2)

Where M,, represented for the mass of NPs, A is the
mass of TGX221 fed initially, and M, represented for the
total amount of TGX221 in PHAs nanoparticles (Li et al.
2008). The amount of TGX221 was analyzed by high
performance liquid chromatography (HPLC) with an
Xterra C18 column (2.5 pum, 2.0x15 mm; Waters
Corporation, MA, USA). Briefly, 2 mg of TGX221-
loaded nanoparticles were dissolved in 10 ml acetonitrile
at 60°C and followed by being stored at 4°C for 4 h to
precipitate PHA. The supernatant was used to perform the
HPLC analysis after filtrated with 0.2 um filter.

The absorbed TGX221 onto the surface of PHB nano-
particles were also analyzed as follows: 10 mg of PHB
nanoparticle suspended in 1 ml of PBS were incubated with
1 mg of TGX221 dissolved in 5 ml ethanol at 4°C overnight.
Nanoparticles were collected and resuspended in 1 ml PBS.
Fifty microliters of resuspended nanoparticles was dissolved
in 450 pl acetonitrile at room temperature and then stored at
—20 °C to precipitate polymer. The supernatant was analyzed
by HPLC after filtration.

In vitro drug release study

In vitro release studies of TGX221 from PHB, PHBYV,
PHBHHx, and PLGA nanopartilces were performed by the
dialysis bag method (Li et al. 2008). Briefly, 10 mg NPs/
MPs powder was suspended in 5 ml of phosphate buffered
saline (PBS) and placed in a dialysis membrane bag with a
molecular weight cutoff of 6000 g/mol. The bag was tied
and immersed into 100 ml of a phosphate buffer solution
(pH 7.4). The entire system was kept at 37 °C with
continuous stirring. Then 0.5 ml of the aqueous solution
was taken out of the release medium at predetermined time
intervals, replaced by fresh PBS buffer. The aqueous
solution was then measured by HPLC as described above
and the release amount of TGX221 was determined by a
calibration curve. The reported values are the mean values
for three replicate samples. The total amount of TGX221
(My) in 10 mg nanoparticles was determined by the method
mentioned in the previous section. The release percent was
calculated according to Eq. (3)

Released percentage (%) = (M, x 100/0.5 x M,)
x 100% (3)

Where M, represented the amount of TGX221 in 0.5 ml
of the aqueous sample solution and M, represented the total
amount of TGX221 in nanoparticles.

Cell culture and proliferation assay

All cell lines used were the preservation of Molecular
Biotechnology Center, Universita di Torino, Turin, Italy.
NIH/3T3 fibroblast cell line and BT-474 human breast
cancer cell line were cultivated in Dulbecco’s modified
essential medium containing GlutaMAX and 4.5 g/I glucose
(Invitrogen, USA) supplemented with 10% fetal bovine
serum and 1% penicillin—streptomycin at 37 °C in
humidified environment of 5% CO,. PC3 human prostate
cancer cell line and HCT-116 large intestine colon
carcinoma cell line were maintained in RPMI 1640 and
McCoy’s 5SA medium (Invitrogen), respectively, supple-
mented with 10% fetal bovine serum. The medium was
replenished every other day and the cells were subcultured
after reached confluence.

For measurement of proliferation, cells were seeded in
triplicate at 2x 10° cells/well in 96-well culture plates and
incubated overnight to allow cell attachment. The cells
were incubated with the TGX221-loaded PHA nano-
particles, empty PHA nanoparticles, or free TGX221 for
24, 48, and 72 h. At designated time intervals, cells were
quantified by a crystal violet staining-based colorimetric
assay (Kueng et al. 1989). Briefly, cells were fixed by
addition of 100 ul of 2.5% glutaraldehyde solution and
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incubated at room temperature for 30 min. Plates were
washed three times by submersion in PBS solution. Plates
were air-dried and stained by addition of 100 pl of 0.1%
solution of crystal violet dissolved in deionized water and
incubated for 20 min at room temperature, excess dye was
removed by extensive washing with deionized water, and
plates were air-dried prior to bound dye solubilization in
100 pnl of 10% acetic acid. The optical density of dye
extracts was measured directly in plates using a microplate
reader (Bio-Rad Laboratories, Inc., UK) at 570 nm.

PI3K inhibition assay and western blot analysis

NIH 3T3 cells were seeded in 96-well plates at
10,000 cells/well and incubated at 37 °C with 5% CO, in
a humidified incubator. Before the inhibition assay, cells
were first starved in serum-free DMEM for 16 h and then
treated with TGX221 or drug-loaded PHB nanoparticle at
0.2, 2, and 20 uM, respectively, for 2 h. Cells were then
stimulated with LPA (10 uM) and insulin (1 uM) for 5 min
to test the inhibition effect of p1103 and pl10«, respec-
tively. Cells were lysated by adding 1x Laemmli SDS—
PAGE buffer (Tris-HCI 63 mM, glycerol 10%, SDS 2%,
bromophenol blue 0.0025%, pH 6.8) and extracted proteins
were then loaded into 10% SDS-PAGE gels. After
electrophoresis, proteins were transferred on to PVDF
membranes, which were then blocked for 1 h at room
temperature with 5% bovine serum albumin in TBS buffer.
PVDF membrane was incubated overnight with an anti-
phospho-Akt (Ser 473) antibody purchased from Cell
Signaling Biotechnology (#9271) and anti-3-actin antibody
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The PVDF membrane was subsequently hybridized with
secondary HRP conjugated anti-rabbit IgGs (Sigma Aldrich
#A6154) and the amount of phosphorylated Akt was
detected by incubating with a chemiluminescence solution
(ECL) purchase from Millipore (#WBKLS0050).

Statistical analysis

All results were expressed as meanzstandard deviation of
experiment performed in triplicates. Statistical differences
were evaluated using a one-way analysis of variance
(ANOVA) with Student’s ¢ test. Differences were considered
to be statistically significant at a level of P <0.05.

Results

Preparation and characterization of nanoparticles

Four kinds of nanoparticles (PLGA, PHB, PHBYV, and
PHBHHX) and three kinds of TGX221-loaded nanoparticles
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(PLGA, PHB, and PHBHHx) were prepared by emulsifica-
tion—solvent evaporation technique. The sizes, polydisper-
sities, and surface charges of the nanoparticles are listed in
Table 1. Figure 1 shows the size distribution of nanoparticles
and TGX221-loaded nanoparticles with various diameters
which were prepared from PLGA and PHAs, respectively.
The diameter of nanoparticles mainly depended on the
shearing force during the preparation and small nanoparticles
could be achieved by intense stirring. The sizes of nano-
particles ranged from 100 to 300 nm after 3—6 h stirring with
relative low polydispersity index (PDI).

All nanoparticle preparations exhibited negative zeta
potential values which ranged from —10 to —27 mV.
Compared with PLGA nanoparticles, PHA nanoparticles
showed more negative surface charges (especially the
PHBHHx nanoparticle). This impacted on stability of the
nanoparticle suspension because the negative zeta potential
of the nanoparticles is directly proportional to the disper-
sion stability of the nanoparticles in the medium (Jeong et
al. 2009). The TGX221-loaded nanoparticles showed
relative low zeta potential values, possibly due to the
absorption of the hydrophobic drug on the surface of
nanoparticles that reduced the ionization of the stationary
layer of fluid attached to the dispersed nanoparticle. The
PHA nanoparticles formed an incipient stable colloidal
suspension in aqueous medium which could be stored for at
least 1 month without aggregation.

In terms of entrapment efficiency of TGX221, PHA
nanoparticles showed the highest ranking. While PLGA
nanoparticles showed only 65% efficiency, PHA nano-
particles that made from PHBHHx reached a peak of
97% efficiency. The drug-loading content of TGX221 in
PHA nanoparticles was around 8.5-8.8%. To further
assess the entrapment efficiency, the amount of TGX221
absorbed onto the surface of PHB nanoparticles was
analyzed. Results showed that about 930 pg of TGX221
can be detected in 10 mg of TGX221-loaded nano-

Table 1 The sizes, polydispersities, and zeta potential of the free and
TGX221-loaded nanoparticles

NP/NP-TGX  Size PDI Zeta Entrapment
(nm) potential  efficiency (%)
(mV)

PLGA 211+5 0.074+0.02  —-13.4+3 —

PHB 22043 0.107+£0.03  —182+2 -

PHBV 22144 0.103+0.03  —155+1 -
PHBHHx 19542  0.053£0.01  —24.8+1 —
PLGA-TGX 22246  0.069+0.02  —9.3+1 65+2
PHB-TGX 223+4  0.099+£0.04 —9.9+2 93+1
PHBHHx- 2064  0.073£0.03  —14.9+1 9742

TGX
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Fig. 1 The size distribution of free and TGX221-loaded nanoparticles determined by dynamic light scattering

particles, while only 60 pg of TGX221 can be absorbed
onto the surface of 10 mg PHB nanoparticles. This
indicates that only a small part of TGX221 was absorbed
on the surface of PHB nanoparticle and that most of the
drug was incorporated within the particle. Because of the
high potency of TGX221 against pl10f isoform, this
drug-loading efficiency was considered sufficient for
subsequent experiments.

In vitro release of TGX221 from nanoparticles

Three kinds of TGX221-loaded nanoparticles were pre-
pared based on PLGA, PHB, and PHBHHXx, respectively.
Figure 2 shows the in vitro release profiles of TGX221-
loaded nanoparticles in PBS at 37 °C. All different
nanoparticles showed similar profiles of an initial burst
release followed by a sustained discharge stage. Interest-
ingly, at the initial phase, the release of TGX221 from
PHBHHx nanoparticles was faster than from either PHB or
PLGA nanoparticles. Indeed, in PHBHHx nanoparticles,
about 76% of the drug was released within the first 32 h.
Such behavior might be due to the relative low level of
crystallized PHBHHx material, thus allowing TGX221 to
diffuse from the loose particle core. On the contrary, the
initial release of TGX221 from PHB and PLGA nano-
particles was slower, showing around 42% and 54% of drug
release within the first 32 h, respectively. Although the
release of TGX221 from PLGA nanoparticles during the
initial stage was slower than that from PHBHHx nano-
particles, it did not sufficiently last over time and almost
reached the maximum release limit at 48 h with 40%

discharge of the drug. On the contrary, TGX221-loaded
PHB nanoparticle showed a sustained release phase, lasting
for at least 6 days and releasing about 65% of entrapped
TGX221 only at the end of the 6-day term. From the trend
of the release curve, it is reasonable to expect that the
release of TGX221 could continue for longer time. The in
vitro release study of TGX221-loaded PHB nanoparticles
was also performed with 2 ml resuspension immerged in
50 ml H,O and the release profile was almost the same as
that showed in Fig. 2 (data not shown). These results thus
indicate that the PHA nanoparticles could efficiently and
effectively extend the release of TGX221 and could be
eventually used for controlled delivery of the drug.

100

Drug release (%)

20 +

«-s-« PHBH -4-PLGA —=—PHB

o# T T T T T T T 1
60 80 100 120 140 160
Time (hour)

Fig. 2 In vitro release profiles of TGX221-loaded PHB, PHBHHXx,
and PLGA nanoparticles
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In vitro cytotoxicity evaluation of PHA and PLGA
nanoparticles

The cytotoxic effect of PHA and PLGA nanoparticles was
evaluated in vitro using the NIH/3T3 fibroblast cell line in a
crystal violet staining-based colorimetric assay. Figure 3
shows proliferation of NIH/3T3 fibroblast cells incubated
with different nanoparticles at doses of 0.1 g/1, 0.05 g/, and
0.01 g/l, respectively, as a percentage of the untreated
control. All PHA-based nanoparticles showed excellent
biocompatibility at concentrations between 0.01 and 0.1 g/I.
However, in agreement with the previous reports (Muller et
al. 1996), decreased cell proliferation was observed in the
group treated with PLGA nanoparticles. On the contrary,
PHA nanoparticles could promote cell growth especially at
low concentration. PHA copolymers with medium-chain-
length component such as PHBHHx showed the highest
bioactivity in terms of proliferation stimulation. These
findings show that, at certain concentration, PHA-based
nanoparticles promote cell proliferation, thus narrowing the
window of their use in cancer treatment.

In vitro inhibition of cancer cell lines by TGX221-loaded
PHA nanoparticle

Because of their features in drug release and their
bioactivity profile, TGX221-loaded PHB nanoparticles
were used for testing growth inhibition of cancer cell lines.
The in vitro cytotoxic activity of TGX221-loaded PHB
nanoparticles, drug-free nanoparticles, and free TGX221
were evaluated by the crystal violet staining-based colori-
metric assay using the PC3, BT-474, and HCT-116 cell

140
§ 120 A ] .
£ 100 - ' S
E ;
= B0
T 60 -
o
=
3 404
=
B 20

0 T ]
0.01 0.05 0.1
Nanoparticles concentration (g/L)
OPHE ®PHBYV wPHEHHx OPLGA

Fig. 3 Cytotoxicity evaluation of PHA and PLGA nanoparticles.
NIH/3T3 fibroblast cell line was cultured with different type of
nanoparticles. Cells were seeded in 96-well plates and incubated with
different concentrations (0.01-0.1 g/l) of the nanoparticles in DMEM
for 48 h. Cell number was qualified by crystal violet staining-based
colorimetric assay. The cell number of untreated control group was
considered as 100%. *P<0.05, based on repeated measures ANOVA
(Student’s ¢ test). Data shown as mean+SD (n=3) with three plates in
each experiment of the specific absorbance
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lines, respectively. As shown in Fig. 4, the relative growth
of PC3 cell line was evaluated after incubation for 72 h
with either TGX221-loaded PHB nanoparticles or drug-free
nanoparticles or free TGX221. Both TGX221-loaded PHB
nanoparticles and free TGX221 could inhibit the growth of
PC3 cell line when medium was changed every 24 h. Of
note, these two experimental groups showed matching
responses to the treatment: only 10-15% of decrease was
observed when either 20 pM of TGX221 or an equal
amount of drug-loaded nanoparticle was used (Fig. 4b). On
the other hand, likely because of TGX221 instability in
cells, when only half of the medium was changed at 32 h,
the difference between the free TGX221-treated group and
the drug-loaded nanoparticles-treated group was more
evident. Exposure to TGX221-loaded nanoparticles reduced
cell growth by 15% at doses as low as 0.2 uM. Moreover,
cells treated with 20 uM TGX221-loaded nanoparticles
proliferated 45% less than the untreated group (Fig. 4a, c).
The long-term effect of drug-loaded nanoparticles was
likely due to the sustained release of TGX221 which
continuously inhibited cell growth. Consistently, western
blot analysis of phosphorylated PKB/Akt, a downstream
target of PI3K, revealed that administration of TGX221-
loaded nanoparticles led to a significant inhibition of the
PI3K pathway (Fig. 5). At 2 h after treatment with drug-
loaded PHB nanoparticles or free TGX221 (0.2, 2, and
20 uM), PC3 cells showed a significant reduction of the
activity of the p110f3 PI3K isoform, as evidenced by the
decreased LPA-mediated triggering of Akt/PKB phosphor-
ylation (Fig. 5). However, PHB nanoparticles with equal
amounts of entrapped drug showed pl110f inhibition only
at 2 and 20 uM. The reduced efficacy of lower doses of
nanoparticles was likely due to the fact that only about 10%
of entrapped TGX221 was released from the nanoparticle at
the end of 2 h, thus reaching levels too low to impact on
pl103 activity. Nonetheless, the effect appeared selective
for p110{3 as only at doses reaching 20 uM TGX221 were
found to inhibit the p110c isoform.

The inhibitory effect of TGX221-loaded PHBHHx
nanoparticles on cell growth was also tested, and results
showed that empty PHBHHx particles promote growth of
PC3 cells (Fig. 4d). In agreement, the growth inhibition of
20 uM TGX-loaded PHBHHx nanoparticles was lower
than that of 20 uM TGX-loaded PHB nanoparticles. The
observation that nanoparticles other than PHB promote
proliferation and counteract TGX221 activity indicates
that PHB is the most promising carrier for anti-cancer
treatments.

As expected, treatment with TGX221 was more effective
in the PTEN-deficient/p1103-dependent PC3 cells than in
HCT-116 and BT-474 cells, carrying K-Ras or PIK3CA
mutations, respectively (Fig. 6a). Only 20 uM TGX221-
loaded PHB nanoparticles could weakly inhibit cell growth
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Fig. 4 Growth inhibitions of
PC3 cell line treated with
TGX221-loaded PHB nanopar-
ticles, drug-free nanoparticles,
and free TGX221. Cells

were seeded in 96-well plates
and incubated with different
concentrations (0.2-20 uM) of
free TGX221 or drug-loaded
PHB nanoparticles in

DMEM medium for 72 h.

Cell number was qualified by
crystal violet staining-based
colorimetric assay. The

cell number of untreated control
group was considered as

100%. *P<0.05, based on re-
peated measures ANOVA
(Student’s ¢ test). Data shown as
mean+SD (n=3) with three
plates in each experiment of the
specific absorbance. a Two
hundred microliters of DMEM
medium was added in each well
and half of the medium was
removed and supplemented with
fresh medium at 32 h. b One
hundred microliters of DMEM
was added in each well and
medium was changed every

24 h. ¢ Crystal violet staining of
PC3 cell line treated with
TGX221-loaded PHB nanopar-
ticles or free TGX221. The
culture method was the same

as that of (b). d Growth inhibi-
tion effect comparison of 20 uM
TGX221-loaded PHB/PHBHHx
nanoparticles. Two hundred
microliters of DMEM medium
was added in each well and half
of the medium was removed and
supplemented with fresh
medium at 32 h
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Fig. 5 Analysis of Akt phosphorylation after treated with 0.2, 2, and
20 uM free TGX221 or TGX221-loaded PHB nanoparticle. a Cells
were stimulated with 10 pM LPA (which could activate pl110f3
isoform) for 5 min. b Cells were stimulated with 1 uM insulin (which
could activate pl10« isoform) for 5 min. — negative control, cells
were not treated with any inhibitor and stimulant; + positive control,
cells were treated with only stimulant (LPA or insulin). / 20 pM
TGX221, 2 2 uM TGX221, 3 0.2 uM TGX221, 4 20 uM TGX221-
loaded PHB NP, 5 2 uM TGX221-loaded PHB NP, 6 0.2 uM
TGX221-loaded PHB NP

Fig. 6 Growth inhibitions of a
BT-474 and HCT-116 cell lines 500 1
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drug-loaded PHB nanoparticles
in DMEM and McCoy’s 5A
medium, respectively, for 72 h.
Cell number was qualified by
crystal violet staining-based
colorimetric assay. The

cell number of untreated control
group was considered as

100%. *P<0.05, based on
repeated measures ANOVA
(Student’s ¢ test). Data shown
as mean=SD (n=3) with three b
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specific absorbance. a Growth
inhibition of BT-474 cell line. 500
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every 24 h. b Growth inhibition
of HCT-116 cell line. Two
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5A medium was added in each
well and half of the medium was
removed and supplemented with
fresh medium at 32 h
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at 72 h (Fig. 6b). Overall, these results indicate that
entrapment of TGX221 in PHA nanoparticles does not
change the selectivity of TGX221 against p110f3 and
results in a promising delivery strategy.

Discussion

Activation of the PI3K signaling pathway is frequently
found in common human cancers (Liu et al. 2009).
However, recent studies have indicated that pl10x and
pl10f exert distinct functions in cell signaling and
tumorigenesis. Specifically, pl10« is essential for the
signaling and growth of tumors driven by PIK3CA
mutations and/or oncogenic RTKs/Ras, whereas p110f3 is
the major isoform involved in tumorigenesis in conditions
of PTEN loss. Several pan-PI3K inhibitors are currently
being evaluated in clinical studies but the obvious disad-
vantage of using pan-PI3K inhibitors are potential side
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effects such as diabetes, sterility, and immune suppression.
Nonetheless, different pl110 isoforms possess specific
functions and inhibitors selective for specific p110 isoforms
are expected to show a reduction in those unwanted side
effects. For example, genetic blockade of p1103 was found
to protect from breast cancer but to cause partial insulin
resistance (Ciraolo et al. 2008). At present, pl10f3
pharmacological inhibitors have been identified and
TGX221 presently represents the molecule with highest
selectivity (Chaussade et al. 2007; Jackson et al. 2005).
Nonetheless, while TGX221 can be used for in vitro
studies, its use in preclinical and clinical studies has been
limited by its poor pharmacokinetic properties. This study
was thus aimed at finding a formulation of TGX221 that
could improve its bioavailability and extend its in vivo half-
life. TGX221 was entrapped at 93-97% efficiency in PHA
nanoparticles, thus indicating an advantage of PHA as a
delivery carrier of hydrophobic drugs. Amounts of
TGX221 and PHA nanoparticles had to be precisely
balanced because PHA particles are known to promote cell
proliferation at low concentration, and this might represent
a potential drawback when blocking cancer cell growth is
the goal. This is in agreement with previous reports showing
that PHBVHHX nanoparticles could increase proliferation by
stimulating a rapid increase of cytosolic calcium influx in
HaCaT cells (Ji et al. 2008). Several studies also indicated
that cell proliferation can be stimulated by 3-hydroxybutyrate
(HB), the main component and degradation product of PHB,
PHBYV, and PHBHHx (Cheng et al. 2005, 2006). However,
the concentration of nanoparticles used in our study was
calculated to avoid significant effects on cell proliferation.
Furthermore, maximal inhibition of proliferation was
achieved by a concentration of TGX221 of 20 uM where
the corresponding amount of PHB nanoparticles was about
0.1 g/l, a concentration much higher than that of 0.01-
0.05 g/l reported to promote cell proliferation (Ji et al. 2008).

In this study, three different cancer cell lines (PC3, BT-
474, and HCT-116) with different genetic background were
tested to evaluate the potential cytotoxic effects of
TGX221-loaded PHA nanoparticles. Interestingly, efficacy
in proliferation arrest was significant in PC3 cells, while in
the other two lines only 5% to 10% growth inhibition could
be observed. Interestingly, this is in line with the current
view of pl110f3 involvement in cancer where pl110f is
critically supporting proliferation when cells lose expres-
sion of the phosphatase PTEN (Wee et al. 2008).
Consistently, while prostate cancer cells PC3 cells are
PTEN deficient, BT-474 breast cancer and HCT-116 colon
cancer cells express a wild-type PTEN. In further agree-
ment, low dosage of TGX221-loaded nanoparticles had
little effect on HCT-116 colon cancer cells where growth
mainly depended on a hotspot mutation in PIK3CA gene
and on the expression of a hyperactive pl10c isoform.

Only the 20 uM TGX221-loaded nanoparticle group
showed about 13% inhibition at 72 h. This can explained
by the fact that TGX221 can also inhibit p110x isoform at
high concentrations and shows an ICsy, of 5 uM against
pl10«x in assays with purified enzymes. Although in vivo
this I1Cso might be higher, our use of TGX221 at 20 uM
resided well beyond its selectivity limit.

Further studies are needed to evaluate the efficacy of
TGX221-loaded PHA nanoparticles in vivo. Indeed, the
behavior of these nanoparticles in experimental animal
models shows that this is potentially an interesting route
to follow. Of note, one of the advantages of PHA
nanoparticles is the possibility of modification of their
surface to achieve tissue-specific drug delivery in vivo.
To this aim, the PhaP nanoparticle protein can be fused
to other proteins of therapeutic interest: for example,
PhaP fusion proteins exposing tissue-specific markers
such as human a«l-acid glycoprotein (hAGP) or human
epidermal growth factor (hEGF) target macrophages or
EGF-responding cancer cells, respectively (Yao et al.
2008). In these conditions, while control nanoparticles
concentrate in the liver, the modified PHA biopolymers
accumulate in targeted cells. Thus, it would be of interest
to investigate the ligand—PhaP—PHA nanoparticle-specific
drug delivery system combined with anti-cancer drugs
such as PI3K inhibitors. This technique might in principle
open the way to an improvement in drug delivery targeting
cancer cells but leaving out healthy cells, thus reducing
unwanted side effects.

Overall, this study represents to our knowledge the
first report concerning the application of PHA as a drug
delivery carrier in anti-cancer study. Our result indicated
the entrapment of TGX221 into PHA nanoparticles could
sufficiently extend its half-life and thus enhance its
bioavailability. While in vivo anti-cancer evaluation of
the TGX221-loaded PHA nanoparticles in animal models
is still needed, the proven effectiveness in cell-based
assays of this technique opens the way to similar
formulation of other PI3K inhibitors. Because poor
bioavailability and limited in vivo half-life are rather
common features of PI3K inhibitors that usually are
highly hydrophobic compounds, this PHA nanoparticle-
based drug delivery system might have further applica-
tions in the field. Future studies might thus explore the
possibility of delivering PI3K inhibitors specifically
towards cancer cells, thus enhancing efficacy and further
reducing the side effects due to targeting of the protein
in healthy tissues.
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