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ABSTRACT: Translocator protein 18 kDa (TSPO) is a promising target for molecular imaging and for targeted drug delivery to
tumors overexpressing TSPO. In our previous work, new macromolecular conjugates with a high affinity and selectivity for TSPO
were prepared by conjugating the biodegradable poly(p,L-lactic-co-glycolic acid) (PLGA) polymer with two potent and selective
TSPO ligands, namely, compounds 1 and 2. Based on this, nanoparticle delivery systems (NPs), employing TSPO ligand—PLGA
conjugated (PLGA—TSPO) polymers, were prepared. Furthermore, to evaluate the ability of the new NPs to be used as a drug
delivery systems for anticancer therapy, PLGA—TSPO NPs were loaded with S-fluorouracil ($-FU), chosen as a model
hydrophilic anticancer drug. The main goal of this work was to investigate the synergistic potential of using NP conjugates
PLGA—-TSPO, TSPO ligands being pro-apoptotic agents, to simultaneously deliver a cytotoxic anticancer drug. To better
highlight the occurrence of synergistic effects, dual drug loaded PLGA NPs (PLGA NPs/S-FU/1) and dual drug loaded PLGA—
TSPO NPs (PLGA—TSPO NPs/S-FU/1), with 5-FU and TSPO ligand 1 physically incorporated together, were also prepared
and characterized. The particle size and size distribution, surface morphology, and drug encapsulation efficiency, as well as the
drug release kinetics, were investigated. In vitro cytotoxicity studies were carried out on C6 glioma cells overexpressing TSPO,
and to evaluate the potential uptake of these nanoparticulate systems, the internalization of fluorescent labeled PLGA—TSPO
NPs (FITC—PLGA—TSPO NPs) was also investigated by fluorescence microscopy. Results demonstrated that PLGA—TSPO
NPs/S-FU and dual drug loaded PLGA NPs/S-FU/1 and PLGA—TSPO NPs/S-FU/1 could significantly enhance toxicity
against human cancer cells due to the synergistic effect of the TSPO ligand 1 with the anticancer drug S-FU.
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Bl INTRODUCTION proliferation, heme biosynthesis, calcium flow, chemotaxis and
Translocator protein 18 kDa (TSPO), previously known as cellular immunity, steroidogenesis, mitochondrial respiration,
peripheral-type benzodiazepine receptor (PBR)," has been and apoptosis.”~” TSPO overexpression has been shown in
identified as a new class of mitochondrial proteins and is an many tumor types, including brain, breast, colorectal, prostate,

emerging target for molecular imaging and for targeted drug

and ovarian cancers, as well as astrocytomas, hepatocellular, and
delivery to tumors overexpressing TSPO.>* TSPO forms a ’ ot » 1EP ’

multimeric complex with the 32 kDa voltage-dependent anion endometrial carcinomas.*™*”
channel (VDAC) and with the 30 kDa adenine nucleotide

carrier (ANC) in the outer mitochondrial membrane.* This Received: September 5, 2013
trimeric complex is a key component of the mitochondrial Revised:  January 10, 2014
permeability transitional pore (MPTP), which is involved in a Accepted: January 11, 2014
wide number of biological processes including cell growth and Published: January 11, 2014
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Endogenous ligands for the TSPO are the diazepam-binding
inhibitor (DBI) porphyrins, while different structural classes of
synthetic compounds such as 2-phenylindole-3-acetamides
(FGIN),! isoquinoline derivatives (PK 11195),"* benzodiaze-
pines (Ro-5-4864),"> N-phenoxyphenyl-N-isopropoxybenzyl-
acetamides (DAA1097),"* and 2-phenyl-imidazo[ 1, 2 a]pyridine
acetamides have been identified as TSPO ligands."®

For targeted release of anticancer drugs, TSPO-ligands have
been extensively explored,"®™* and they have been used as
diagnostic imaging agents as well.”' 7>* Moreover, recently we
have prepared new macromolecular conjugates with high
affinity for the TSPO, by conjugation of the biodegradable
poly(p,L-lactic-co-glycolic acid) (PLGA) polymers (TSPO
ligand-PLGA conjugates 4—6, in Chart 1) with 2-phenyl-
imidazo[1,2-a]pyridine acetamides (TSPO-ligand 1 and 2, in
Chart 1) These TSPO ligands possess high affinity (in
nanomolar concentration) and selectivity toward the mitochon-
drial protein.'® Moreover, the presence in the structure of
appropriate functional groups allows to obtain prodrugs,
bioconjugates, and targeted drug delivery systems.>” In
particular, TSPO ligands 1 and 2 contain a phenolic and an
amino group, respectively, useful for their further conjugation.
Finally, these ligands, at appropriate concentrations, are able to
induce apoptosis in rat C6 glioma cells.”®

The promising results of the above-mentioned work led us to
develop new nanoparticulate (NP) delivery system formula-
tions, potentially useful in the treatment of cancer. In particular,
starting from these TSPO-ligand—PLGA conjugates 4—6, NPs
containing the TSPO ligands 1 and 2 have been prepared
(TSPO-ligand—PLGA conjugates NPs, PLGA—TSPO NPs),
and TSPO ligand 1 loaded PLGA NPs/1 were also prepared.
Moreover biodegradable NPs made with PLGA alone 3 (PLGA
NPs) were used as controls. Fluorescent NPs (FITC—PLGA—
TSPO NPs and FITC—PLGA NPs), labeled with fluorescein
isothiocyanate (FITC), also have been prepared starting from
the TSPO ligand FITC—PLGA conjugate 7 and FITC—PLGA
conjugate 8, respectively (Chart 1).

PLGA-TSPO NPs, PLGA NPs, PLGA NPs/1, FITC—
PLGA-TSPO NPs, and FITC—PLGA NPs were prepared by a
quasi-emulsion solvent diffusion method (QESD). Further-
more, to ascertain the ability of the new NPs to be used as drug
delivery system for anticancer therapy, PLGA—TSPO NPs and
PLGA NPs were loaded with S-fluorouracil (5-FU), chosen as a
model hydrophilic cytotoxic anticancer drug. The S-FU is a
pyrimidine analogue used for the treatment of several
malignancies such as colorectal and breast cancers. S-FU
shows a short half-life of a few minutes after intravenous
injection (i.v.) and some dosing-related side effects.”® Thus, to
increase the therapeutic efficacy and safety of S-FU, various
drug delivery systems, including micro- and nanoparticles
encapsulating 5-FU have been evaluated.”*~* Recently, 5-FU
loaded biodegradable microparticles have been implanted in the
brain after resection of malignant gliomas.*>

The main aim of this work was to investigate the feasibility of
using NPs systems, formed with TSPO-ligand PLGA
conjugates, to deliver the anticancer drug S-FU into cancer
cells in combination with TSPO-ligands as pro-apoptotic
agents. This is to assess the potential synergistic effects of the
TSPO ligand 1 on the activity of the cytotoxic drug. Thus to
better highlight the occurrence of synergistic effects, dual drug
loaded PLGA NPs (PLGA NPs/5-FU/1) and dual drug loaded
PLGA-TSPO—4a NPs (PLGA-TSPO—4a NPs/S-FU/1),
with 5-FU and TSPO ligand 1, were prepared and
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Chart 1. Chemical Structures of TSPO Ligands 1 and 2,
PLGA (3a—c) TSPO Ligand—PLGA Conjugates 4a,b, Sa,b,
and 6, TSPO Ligand—FITC—PLGA Conjugate 7, and
FITC—PLGA Conjugate 8

Q@ H
HNJ\/N‘RZ

O}L Ole
o gl M%%

3a-b
3a)PLGA 50:50, Mw= 10.2 kDa
3b)PLGA 50:50, Mw= 35.2 kDa
3¢)PLGA 50:50, Mw= 6,6 kDa

M&f v Pl

5a-b

%»Mw—@«

0

COOH
Pp N Wy
Bty
CHsl 1O S Q
m n
OH
COOH

9 2 H H )
"O{J\VOHWAOP\/NTN Q
CHy | 0 . s Q
8

OH

O

O

characterized. In particular, S-FU loaded PLGA NPs (PLGA
NPs/5-FU), S-FU loaded PLGA—TSPO NPs set (PLGA—
TSPO NPs/S-FU), the dual drug loaded PLGA NPs/S-FU/1
and PLGA-TSPO—4a NPs/5-FU/1 were prepared by a
double emulsion solvent diffusion technique (DESD).

The particle size and size distribution, surface morphology,
thermal behavior, and drug encapsulation efficiency, as well as
the in vitro drug release kinetics, were investigate. The
cytotoxicity of empty PLGA—TSPO—4a NPs, PLGA-NPs/S-
FU, PLGA—TSPO—4a NPs/5-FU, PLGA NPs/5-FU/1, and
PLGA—TSPO—4a NPs/5-FU/1 was investigated in vitro on rat
C6 glioma cell line. Cellular up-take properties of these
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nanoparticulate systems were also evaluated on rat C6 glioma
cells using FITC-PLGA NPs.

B MATERIALS AND METHODS

Materials. Poly(p,L-lactide-co-glicolide) (PLGA, Resomer
RGS02H, M,, = 10.2 kDa 3a, and Resomer RGS503H, M,, =
35,2 kDa, 3b) having a lactic/glycolic acid molar ratio of 50/50
and a free hydroxyl- and carboxylic acid-group at its terminal
ends were purchased from Boehringer-Ingelheim, Ingelheim am
Rhein, Germany. Lutrol F68 (Poloxamer 188) was supplied
from BASF (Germany). S-Fluorouracil (S-FU) was purchased
from Sigma-Aldrich (Milan, Italy). All other chemicals were of
analytical grade.

The TSPO ligands N,N-di-n-propyl-[2-(6,8-dichloro-2-(4-
hydroxyphenyl)imidazo[1,2-a]pyridin-3-yl) Jacetamide 1,
PLGA conjugates 4—6, and FITC-conjugated probes 7—8
were prepared according to synthetic procedures reported
elsewhere.”®

Apparatus. HPLC analyses were performed with a Waters
Associates (Milford, MA, USA) model 1515 HPLC isocratic
pump, a Symmetry C18 (4.6 X 150 mm, S ym) column, a
Waters 2487 UV—vis detector, and the Breeze Software to
analyze the chromatographic data. The mobile phase was a
mixture of phosphate buffer solution (1 mM, pH 7.4) and
methanol 40:60 (v/v) at a flow rate of 0.8 mL/min. The
column effluent was monitored continuously by UV at 266 nm
to assay for 5-FU. TSPO-ligand 1 loaded into the NPs was
quantified using a mixture of water/methanol 30:70 (v/v) as
eluent (0.8 mL/min) and a wavelength of 254 nm to monitor
1.

Preparation of NPs. PLGA—TSPO-NPs set (PLGA—
TSPO—4a NPs, PLGA-TSPO—4b NPs, PLGA-TSPO—Sa
NPs, PLGA—TSPO—5b NPs, and PLGA—TSPO—6 NPs) and
PLGA NPs/1 were prepared by a QESD technique.** PLGA—
TSPO-NPs/S-FU set (PLGA—TSPO—4a NPs/S-FU, PLGA—
TSPO—4b NPs/5-FU, PLGA—-TSPO—Sa NPs/5-FU, PLGA—
TSPO—-5b NPs/S-FU, and PLGA—TSPO—6 NPs/S-FU) and
dual drug loaded PLGA NPs/5-FU/1 and PLGA-TSPO—4a
NPs/5-FU/1 were obtained by the DESD method (w/o/w).*
Applying the first method the appropriate TSPO-ligands PLGA
conjugate (4a,b, Sa,b, and 6) (30 mg) was dissolved in acetone
(3 mL) at room temperature (ca. 25 °C) and poured into 30
mL of an aqueous solution of 0.1% (w/v) Lutrol F68. The
resulting mixture was homogenized using a T25 Ultra-Turrax
homogenizer (Janke and Kunkel, Germany) equipped with an
S25N dispersing tool at 13 000 rpm for 30 s and then stirred for
overnight to evaporate the organic solvent. The suspension was
then transferred into Eppendorf vials and centrifuged at 13 200
rpm for 30 min (Eppendorf centrifuge, model 5415 D). The
NPs thus obtained were washed with deionized water and then
were finally resuspended in 1 mL of water and lyophilized for
24 h at =50 °C (ALPHA 1—4 LSC model, CHRIST freeze-
drier, Osterode am Harz, Germany). For the encapsulation of
free TSPO-ligand 1 into PLGA NPs (PLGA NPs/1), 30 mg of
polymer (PLGA 3a) and S mg of TSPO ligand 1 were
codissolved in acetone and then used to prepare the desired
NPs, following the same procedure. Blank PLGA NPs were
prepared as controls following the above procedure.

PLGA—TSPO NPs loaded with 5-FU were prepared using a
water—oil—water (w/o/w) emulsion solvent evaporation
method. Briefly S mg/mL of S-FU dissolved in phosphate
buffer solution (S0 mM, pH 7.4) was emulsified in 3 mL of
acetone containing 0.5% (w/v) Lutrol F68 and the appropriate
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TSPO ligand—PLGA conjugate (30 mg) by Ultra-Turrax
homogenizer at 13 000 rpm for 60 s. This w/o emulsion was
added to 30 mL of phosphate buffer solution (50 mM, pH 7.4)
containig 0.1% (w/v) of Lutrol F68 and emulsified using again
an Ultra-Turrax (13 000 rpm for 60 s). The resultant w/o/w
emulsion was agitated with a magnetic stirrer for 3 h at room
temperature. The suspension was then transferred into
Eppendorf vials and centrifuged at 13200 rpm for 30 min.
The NPs thus obtained were washed quickly with distilled
water and finally resuspended in 1 mL of water and lyophilized
for 24 h at —50 °C. 5-FU loaded PLGA NPs (PLGA NPs/5-
FU) were prepared following the above procedure started with
PLGA RGS02H 3a. For the encapsulation of free TSPO ligand
1 into dual drug loaded NPs (PLGA NPs/S-FU/1 and PLGA—
TSPO—4a NPs/S-FU/1), 30 mg of polymers (PLGA 3a for
PLGA NPs/5-FU/1 and TSPO-ligand PLGA conjugate 4a for
TSPO—4a NPs/S-FU/1, respectively) and S mg of compound
1 were codissolved in acetone and then used to prepare the
desired NPs, following the same procedure.

Fluorescent labeled FITC—PLGA—TSPO NPs and FITC—
PLGA NPs were prepared using by QSESD technique
following the same procedure described for PLGA—TSPO
NPs. These formulations were stored at 4 °C until further use.

Physicochemical Characterization of NPs. The mean
size and polydispersity index (PDI) of the NPs suspension were
measured using a Zetasizer Nano ZS (Malvern Instruments
Ltd, Worcestershire, UK) after suitable dilution of bulk
suspensions in demineralized water. The zeta potential, that
is, the surface charge of NPs, was determined by laser Doppler
velocimetry with the same instrument after dilution with 1 mM
KClL

The morphological examination of NPs was performed by
transmission electron microscopy (TEM) (CM12 Philips,
Eindhoven, The Netherlands). Drops of water-resuspended
NPs were stained with 2% (w/v) phosphotungstic acid and
were placed on copper grids with Formvar films for TEM
observation.

Determination of 5-FU and 1 Contents. The encapsu-
lation efficiency (EE) of the NPs was defined as the percentage
of 5-FU or 1 respectively encapsulated, in respect to the total
amount of 5-FU or 1 used to prepare the NPs. The 5-FU or 1
loading was calculated as milligrams of S-FU or 1 encapsulated
relative to one gram of the lyophilized loaded NPs.

The amount of compounds included in the polymeric NPs
was determined using a direct procedure. S-FU-loaded NPs (2
mg) were dissolved in chloroform (1 mL), 5-FU was extracted
in phosphate buffer (1 mM, pH 7.4),* and quantified by high-
performance liquid chromatography (HPLC) method. Instead
to quantify TSPO ligand 1 loaded in PLGA NPs/1, PLGA
NPs/5-FU/1 and PLGA—TSPO NPs/S-FU/1, NPs (2 mg)
were dissolved in chloroform (1 mL), and the polymer was
precipitated by diethyl ether (2.5 mL). The organic phase was
then collected and dried under reduced pressure. The residue
was dissolved in methanol (1 mL), and TSPO ligand 1 was
quantified by the HPLC method.

In Vitro Release Studies. In vitro release of drug from NPs
formulation was studied in phosphate buffer (pH 7.4 in 0.05
M) at 37 °C. NPs suspensions (1 mg/mL) were prepared in
buffer solution (pH 7.4 in 0.05 M) and maintained in a shaker
water bath at the constant temperature of 37 £ 0.2 °C. Periodic
samples (1 mL) were taken and replaced with fresh phosphate
buffer of equivalent volume. Each sample was then centrifuged
at 13200 rpm for 10 min, and the supernatant was removed
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Figure 1. (A—B) Schematic representation of unloaded and loaded NPs based on PLGA or TSPO ligand—PLGA conjugates.The PLGA NPs (a—d)
were prepared started on a PLGA that has a free hydroxyl and carboxylic acid group at its terminal ends. The PLGA carboxylic end group was
conjugated to TSPO ligand 1 and 2, to obtained TSPO ligand—PLGA conjugates 4—6, which have been used as started polymers to build unloaded
TSPO ligand 1 functionalized NPs (PLGA—TSPO—4a NPs, PLGA—TSPO—4b NPs, and PLGA—TSPO—6 NPs) (e and i) and unloaded PLGA—
TSPO ligand 2 functionalized NPs (PLGA—TSPO—5a NPs and PLGA—TSPO—5b NPs) (g), respectively. S-FU loaded PLGA—TSPO NPs (£, h,
and 1) and dual drug loaded PLGA NPs (PLGA NPs/SFU/1) (d), and PLGA—TSPO NPs (PLGA—TSPO NPs/SFU/1) (m) were prepared by a
double emulsion solvent diffusion method. Moreover the PLGA hydroxylic end group was conjugated to fluorescent probe FITC, in order to prepare
fluorescent FITC—PLGA NPs (n) and FITC—PLGA—TSPO NPs (o).

and filtered through cellulose acetate membranes (0.22 ym, ligands 1 was done by measuring the peak area in relation to
Advantec MFS, Pleasanton, CA, USA). Then 20 uL of filtrates standard solution of the 5-FU and the ligand 1 respectively,
was directly analyzed by HPLC. All the experiments were chromatographed under the same conditions. The cumulative
performed in triplicate. Quantification of S-FU and TSPO amount of compound released over time was expressed as the
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Table 1. Characteristics of NPs: S-FU and 1 Loading Efficiency, Encapsulation Efficiency (EE), and Yield”

polymer or stated

NPs set NPs conjugate
PLGA NPs 3a
PLGA NPs/1 3a
PLGA NPs/S-FU/1 3a
PLGA NPs/S-FU 3a
PLGA-TSPO NPs PLGA-TSPO—4a NPs 4a
PLGA-TSPO—4b NPs 4b

PLGA-TSPO—6 NPs 6

PLGA—-TSPO—5a NPs Sa
PLGA-TSPO—S5b NPs Sb
FITC-PLGA-TSPO 7
NPs
FITC—PLGA NPs 8
PLGA-TSPO NPs/5- PLGA—-TSPO—4a NPs/ 4a
U S-FU
PLGA-TSPO—4b NPs/ 4b
S-FU
PLGA—-TSPO—6 NPs/5- 6
PLGA-TSPO—Sa NPs/ Sa
S-FU
PLGA-TSPO—5b NPs/ Sb
S-FU
PLGA-TSPO NPs/5- 4a
FU/1

type of compound drug Ioad.ingb yield %
loaded (mg drug/g NP) EE (%) (w/w)

85
1 1100 + 28 77.7 £ 18.5 88

S-FU +1 17.5 + 2.8 (5-FU) 10.7 + 2.8
(5-FU) 58

89.4 + 100 (1) 481 + 175 (1)
S-FU 439 + 8.1 5$9.1 £2.0 76
85
54
69
80
80
52
48
S-FU 42.5 £ 3.5 3L1 £ 12,0 62
S-FU 36.6 + 5.0 241+ 0.9 60
S-FU 15.8 + 44 9.1 & 1.1 57
S-FU 285+ 5.6 15.8 + 4.2 64
S-FU 29.7 £ 8.7 164 + 3.5 89
S-FU + 1 14.4 + 2.8 (5-FU) 104 + 1.8 49
(5-FU)

710 + 17.6 (1) 43.5 + 102 (1)

“Data are shown as media + SD (n = 3). bMilligrams of compound 1 or 5-FU loaded for gram of NPs.

percent of the initial drug loaded in the NPs. Each data point is
the mean + standard deviation (S.D.) calculated on three
measurements.

Differential Scanning Calorimetry (DSC) Analysis. DSC
thermograms of 5-FU, TSPO ligand 1, PLGA 3a, TSPO-ligand
PLGA conjugate 4a, empty PLGA—TSPO NPs, and 5-FU
loaded PLGA—TSPO NPs (PLGA—TSPO—4a NPs/S-FU and
PLGA—-TSPO—4a NPs/5-FU/1) were performed to analyze
the physicochemical behavior of nanoparticles. DSC thermo-
grams were obtained by a Mettler Toledo DSC 822 Star® 2002
System equipped with a thermal analysis automatic program;
indium was used as internal standard. Samples (about 5 mg)
were placed in an aluminum pan and heated from 25 to 305 °C
at a rate of § °C min™" under a nitrogen flow of 50 cm® min™".

Cell Cultures. Rat C6 glioma cells were cultured in Ham’s/
F12 nutrient supplemented with 10% heat inactivated FBS, 2
mM L-glutamine, penicillin (100 U/mL), and streptomycin
(100 pug/mL) (complete medium). Cells were maintained at 37
°C in a humidified atmosphere with 5% CO, and were fed
every day. Cells were seeded in 96-well plates at a density of
~5000 cells/well for viability assays, while for fluorescence
microscopy cells were seeded in 6-well plates at a density of
~100 000 cells/well. The following day, medium was changed
with complete medium (untreated-cells) or with medium
supplemented with the tested NPs at several concentrations of
either 5-FU or the TSPO ligand 1, and the cells were incubated
for different times. The percentage of DMSO, the organic
solvent in which the tested compounds S-FU and 1 were
dissolved, never exceeded 1% (v/v) in the samples. We verified
that this amount did not affect cell viability.

Cell Viability Analysis by MTT Conversion and
Combination Index (Cl) Calculations. The number of
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living cells was assessed by a quantitative colorimetric
tetrazolium salt reduction (MTT) assay. In particular, 200 L
of cell suspension were plated in 96-well plates at a density of
~5000 cells/well. After 1 day of incubation at 37 °C in a
humidified atmosphere with 5% CO,, the culture medium was
replaced with the same volume of fresh complete medium or
with medium containing different concentrations of the tested
compounds. Untreated cells were used as a positive control,
and cells incubated with a 2% (w/v) sodium dodecyl sulfate
(SDS) solution were used as a negative control. After the
incubation period of 24 h, 10 uL of a 0.5% (w/v) MTT/PBS
solution were added to each well, and the incubation was
prolonged for further 4 h. After this period, medium was
removed and replaced with 150 uL of a DMSO/ethanol (1:1)
solution per well. The absorbance of the individual well was
measured by microplate reader (Wallac Victor3, 1420 Multi-
label Counter, Perkin-Elmer). Each drug concentration was
tested in triplicate, and the experiments were repeated three
times.

The cytotoxic effects measured for PLGA NPs/1, PLGA
NPs/5-FU, PLGA NPs/5-FU/1, PLGA—TSPO—4a NPs,
PLGA—TSPO—4a NPs/5-FU, and PLGA—-TSPO—4a NPs/5-
FU/1 were further analyzed according to the Chou and Talalay
method on CompuSyn software (ComboSyn, Inc., Paramus,
NJ, USA)3® The combination index (CI) was calculated
according to the equation of Chou-Talalay for two drugs: CI =
(D),/(Dx), + (D),/(Dx),, where in the denominators, (Dx); is
the dose of Drug, alone that inhibits x%. Likewise, (Dx), is the
dose of Drug, alone that inhibits x%. In the numerators, (D), is
the portion of Drug; in combination (D), + (D), also inhibits x
% and, again, likewise with (D),. PLGA NPs/5-FU/1 and
PLGA—TSPO—4a NPs/S-FU were considered at a fixed-dose-

dx.doi.org/10.1021/mp400536z | Mol. Pharmaceutics 2014, 11, 859—871
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Table 2. Hydrodynamic Diameter (Size), Polydispersity (PDI), and Zeta Potential (PZ) of NP Formulations®

NP set NPs size (nm) PDI PZ (mV)
PLGA NPs 1652 + 28.7 021 + 0.01 —346 + 1.9
PLGA NPs/1 133.0 + 183 024 + 0.07 =395 £ 2.7
PLGA NPs/S-FU/1 1500 + 12.2 0.08 + 0.01 —467 + 2.3
PLGA NPs/5-FU 117.8 + 15.6 043 + 0.03 —378 £ 24
PLGA-TSPO NPs PLGA—-TSPO—4a NPs 118.5 + 10.1 0.09 + 0.02 —37.6 + 1.0
PLGA-TSPO—4b NPs 1229 + 1.6 0.07 + 0.01 =273 + 32
PLGA-TSPO—6 NPs 1704 + 2.6 0.07 + 0.02 =309 + 2.8
PLGA-TSPO—5a NPs 195.0 £ 0.9 0.12 + 0.01 =292 + 3.3
PLGA-TSPO-5b NPs 81.1 + 0.9 0.15 + 0.01 =312 + 2.7
FITC—PLGA—-TSPO NPs 84.8 + 1.6 0.23 + 0.03 =227 + 1.3
FITC—PLGA NPs 94.7 £ 0.7 0.18 + 0.01 =312 + 2.7
PLGA—TSPO NPs/S-FU PLGA-TSPO—4a NPs/S-FU 165.0 + 2.0 0.13 + 0.01 —39.5 + 2.7
PLGA-TSPO—4b NPs/5-FU 1684 + 6.1 0.08 + 0.02 —38.1 + 24
PLGA—-TSPO—6 NPs/S-FU 168.6 + 4.3 0.15 + 041 —334 + 1.6
PLGA-TSPO—S5a NPs/S-FU 1303 + 1.7 0.15 + 0.02 =519 + 2.5
PLGA-TSPO—-5b NPs/5-FU 175.1 £ 32 0.11 + 0.01 =375 £ 22
PLGA-TSPO NPs/S-FU/1 147.6 £ 7.0 025 + 0.08 =375 £ 22
“Data are shown as media + SD (n = 3).
ratio combination of their building blocks: compound 1 and - B RESULTS

FU (8:1 and 1.7:1, respectively). CI = 1 indicates an additive
effect in the absence of synergism or antagonism; CI < 1
indicates synergism; CI > 1 indicates antagonism.

Fluorescence Microscopy. Fluorescence of cells was
examined through an inverted Zeiss Axiovert 200 microscope
(Zeiss, Milano, Italy) equipped with a 63 X 1.4 oil objective.
The uptake of 0.2 uM fluorescent labeled NPs (FITC—TSPO
NPs) into rat C6 glioma cells was imaged after the incubation
for 4, 8, and 24 h at 37 °C in a $% CO, atmosphere. Excitation
and emission wavelengths of FITC-conjugated probe were
selected with appropriate filters (Filter set Zeiss 10: excitation
filter BP 450—490 nm; beamsplitter, dichroic mirror FT 510
nm; emission filter 540BP25 nm) mounted in Lambda 10-2
filter wheel controllers (Sutter Instruments, Novato, CA, USA),
and fluorescence images were captured by a CoolSNAP HQ
CCD camera (Roper Scientific, Trenton, NJ) using the
Metamorph/Metafluor software (Universal Imaging Corpora-
tion). The average emission intensity of fluorescent cells was
measured every 30 s for S min subtracting the background.
During this period of time, the FITC emission intensities
remained stable within +5%. In each acquisition 20—30 cells
were selected, and measurements were repeated S times using
cells from independent cultures. All data are given as means +
SD.

Statistical Analysis. All data are presented as mean + SD.
The statistical analysis of cytotoxicity was accomplished using
one-way analysis of variance (ANOVA) followed by the
Bonferroni post hoc tests (GraphPad Prism version 4 for
Windows, GraphPad Software, San Diego, CA). Differences
were considered statistically significant at p < 0.05. For
calculation of ECs, values, the nonlinear multipurpose curve-
fitting program SigmaPlot 9.0 was used.

In fluorescence microscopy studies the data are given as
means + SD (bars) for five separate cultures. The statistical
significance of differences was calculated by the unpaired
Student’s t test with Bonferroni’s correction. *P < 0.0S, **P <
0.00S.
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Preparation and Characterization of NPs. All of the
prepared NPs are shown in Figure 1A—B. The yield, the drug
encapsulation, and the loading efficiency are listed in Table 1.
Sizes, size distributions, and the zeta potential of the NPs were
characterized using a Zetasizer Nano ZS instrument, and the
results were reported in Table 2 and in Figure 2. The PLGA—
TSPO NPs set includes the following formulations: PLGA—
TSPO—4a NPs (Figure 1A, e), PLGA—TSPO—4b NPs (Figure
1A, e), PLGA—TSPO—5a NPs (Figure 1A, g), PLGA—TSPO—
Sb NPs (Figure 14, g), and PLGA—TSPO—6 NPs (Figure 1B,
i). PLGA—TSPO NPs were prepared by QESD methods with a
good yield, started from five different TSPO ligand—PLGA
conjugates 4a,b, Sa)b, and 6, respectively. PLGA—TSPO NPs
set exhibit diameters between 81 and 195 nm and a low
polydispersity index (PDI). Analysis of the zeta potential of
PLGA—TSPO NPs suspended in 1 mM KCI demonstrates that
all PLGA—TSPO-NPs were characterized by negative surface
charges that ranged from —29.2 to —37.6 mV. The process
yield was calculated as amount of lyophilized NPs relative to
the amount of solid materials used in the process. PLGA NPs/1
(Figure 1A, c) were also prepared by QESD methods with a
good yield, started from PLGA polymer 3a, and showed a high
EE of 77.7% with a loading efficiency of 110.0 mg/g. PLGA
NPs/1 showed an average hydrodynamic diameter of 133.0 nm
with a high negatively charged surface of —39.5 mV.

PLGA NPs/5-FU (Figure 1A, b) and the five formulations of
PLGA—-TSPO-NPs/5-FU set, that is, PLGA—TSPO—4a NPs/
S-FU (Figure 1A, f), PLGA—TSPO—4b NPs/S-FU (Figure 14,
f), PLGA-TSPO—5a NPs/S-FU (Figure 1A, h), PLGA—
TSPO—Sb NPs/S-FU (Figure 1A, h), and PLGA-TSPO—6
NPs/S-FU (Figure 1B, 1) were prepared by DESD methods
with a discrete yield, started from PLGA 3a and with TSPO
ligand—PLGA conjugates 4a,b, 5a,b, and 6, respectively. The
hydrodynamic diameters of TSPO-NPs/S-FU ranged from
130.3 to 175.1 nm, and they have a negative surface charge with
an average value between —33.4 and —51.9 mV. The PLGA—
TSPO-NPs/5-FU had a low EE between 9.1 and 31.1%, with a
discrete 5-FU loading efficiencies, instead PLGA NPs/5-FU
have higher EE of 59.1% with a loading efficiency of 43.9 mg/g.
In particular TSPO—4a NPs showed an average hydrodynamic
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Figure 2. Particle size distribution (A) and zeta distribution (B) of
PLGA—TSPO—4a NPs (a), PLGA NPs/5-FU (b); PLGA—TSPO—4a
NPs/S-FU/1 (c) and PLGA—TSPO—4a NPs/5-FU (d).

diameter near 100 nm (115.5 & 10.1 nm), as also confirmed by
the average diameter obtained by TEM analysis, a very low
polydispersity (0.09 + 0.02), with a high negatively charged
surface of —37.6 mV (Figure 2). Moreover, PLGA—TSPO—4a
NPs/5-FU showed the highest 5-FU loading efficiency and EE
of 42.5 mg/g and 31.1%, respectively. PLGA—TSPO—4b NPs
and PLGA—TSPO—4b NPs/5-FU show similar features of the
formulations above prepared starting from polymer 4a but have
a low percentage of TSPO ligand 1 covalently linked to the
polymeric carrier.”> On the other hand, PLGA—TSPO—Sb NPs
had an suitable average diameter of 81.1 + 0.9 nm, which
increase in size to 175.1 + 3.2 nm when 5-FU is loaded. In fact,
the resulting PLGA—TSPO—5b NPs/S-FU are characterized
by a S-FU loading efficiency and EE of 29.7 mg/g and 16.4%,
respectively. Furthermore, a low conjugation degree of TSPO
ligand 2 linked to PLGA polymer conjugate Sb was observed.*®
PLGA—TSPO—6 NPs, which have the highest conjugation
degree of TSPO ligand 1, shown to load the lower amount of S-
FU most likely due to the high hydrophobic nature of the
started polymer 6, as confirmed by the its high PZ value of
—33.4 mV (Table 2). Dual drug loaded PLGA NPs/S-FU/1,
(Figure 1A, d), and PLGA-TSPO—4a NPs/S-FU/1 (Figure
1B, m), had average diameters of 150.0 nm and 147.6 nm,
respectively, and a negative charge of —46.7 (PLGA NPs/S-
FU/1) and —37.5 mV (PLGA—TSPO NPs/S-FU/1). The EE
% were 10.7% (S-FU) and 48.1% (TSPO ligand 1) for PLGA
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NPs/S-FU/1 and 10.4% (S5-FU) and 43.5% (TSPO ligand 1)
for PLGA-TSPO NPs/S-FU/1.

TEM micrograph of TSPO—5a NPs, TSPO—4a NPs/5-FU,
FITC—TSPO NPs, PLGA NPs/5-FU/1, and TSPO NPs/S-
FU/1 are shown in Figure 3. In particular, TEM analysis

o

i

¥

¥

Figure 3. Transmission electron micrographs of NPs: PLGA—TSPO—
4a NPs (a); PLGA-TSPO—5a NPs (b); PLGA—TSPO—4a NPs/S-
FU (c); FITC-PLGA—TSPO NPs (d—e); PLGA NPs/S-FU/1 (f)
and PLGA-TSPO NPs/5-FU/1 (g—h).

showed that TSPO—PLGA NPs and TSPO—PLGA NPs/5-FU
are well-dispersed and have diameters smaller than the ones
measured by dynamic light scattering. Most of these nano-
particles are characterized by a spherical shape, and the
presence of some extended shapes, evidenced for FITC-TSPO-
NPs, is due to the presence of aggregates. However, these
aggregation properties are more evident for TSPO-NPs/S-FU/
1 than FITC-TSPO-NPs (Figure 3, panel h and d,
respectively). DLS and TEM analysis confirm the colloidal
stability of dispersed particles.

DSC thermograms of free 5-FU, TSPO ligand 1, PLGA 3,
TSPO ligand PLGA conjugate 4a, 5-FU and PLGA physical
mixture, empty NPs, 5-FU-loaded TSPO NPs (TSPO—4a
NPs/S-FU) are shown in Figure 4. The curves of S-FU and
TSPO-ligand 1 are characterized by the presence of
endothermic peaks of pure compounds at 2869 °C and at
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Figure 4. DSC thermograms of $-FU (a), TSPO ligand 1 (b), PLGA 3a (c), TSPO ligand PLGA conjugate 4a (d), PLGA—TSPO—4a NPs (e), and

PLGA—TSPO—4a NPs/S-FU) (f).

226 °C, respectively. NPs formulations evaluated are
amorphous, and PLGA and 4a polymers show evident glass
transition temperature (T,) peaks around 50 °C.

In Vitro Drug Release. The in vitro release profile of 5-FU
loaded NPs was investigated in PBS at 37 °C. The cumulative
percentage release of 5-FU from PLGA NPs/S-FU, TSPO—4a
NPs/5-FU, PLGA NPs/5-FU/1, and TSPO NPs/S5-FU/1 are
shown in Figure Sa,b. All 5-FU loaded NPs showed a biphasic
release profiles with an initial common burst release in the first
1 h followed by a slower phase with a sustained release of 5-FU
from NPs over 72 h. PLGA NPs/5-FU/1 in the first hour
showed the highest drug release that was equivalent to 53.0 +
14.7% of the initial drug load. The amount of cumulated 5-FU
release from TSPO NPs/5-FU/1, PLGA NPs/5-FU/1, TSPO—
4a NPs/S5-FU, and PLGA NPs/S-FU, after 24 h, was 90.4 +
4.8%, 85.6 + 3.7%, 75.8 + 5%, and 65.7 + 16.1%, respectively.
While the total amount of drug (expressed as milligrams of
drug released per gram of NPs) was equal to 32.2 + 3.7% mg/g
for TSPO—4a NPs/S-FU, 28.8 + 7.5% mg/g for PLGA NPs/5-
FU, 15.0 + 3.4% for PLGA NPs/5-FU/1, and 13.0 + 3.6% for
TSPO NPs/5-FU/1. PLGA NPs/1, PLGA NPs/5-FU/1, and
TSPO NPs/5-FU/1 were also assessed in PBS at 37 °C to
determine the release profile of the TSPO ligand 1
incorporated, and the relative release profiles were shown in
Figure Sc,d. Dual drug loaded NPs showed an initial burst
release phase with about 10—15% of the ligand released in the
first 1 h followed by a sustained release over 72 h that may be
due to diffusion from the polymeric matrix. After 24 h the total
amount of cumulated ligand released from PLGA NPs/1,
PLGA NPs/5-FU/1, and TSPO NPs/S5-FU/1 was 17.9 + 1.9%,
29.2 + 8.1%, and 25.8 + 9.0%, respectively, and after 120 h
became 31.3 + 6.0% for PLGA NPs/1, 35.7 + 7.2 for PLGA
NPs/5-FU/1, and 36.2 + 2.4 for TSPO NPs/5-FU/1, while the
total amount of compound was equivalent to 28.4 + 5.5 mg/
mL for PLGA NPs/1, 31.9 + 5.0 for PLGA NPs/5-FU/1, and
25.7 + 9.0 for TSPO-NPs/5-FU/1.

Induction of Cell Death. In vitro cytotoxicity of free S-FU
and TSPO ligand 1, unloaded PLGA NPs (PLGA NPs) PLGA
NPs/1, and selected 5-FU loaded PLGA NPs: PLGA NPs/S-
FU, TSPO—4a NPs/FU, and TSPO NPs/5-FU/1 was
evaluated using the MTT assay. In particular, we investigated
the ability of the above-mentioned compounds and nanovectors
to interfere with the cell survival of rat C6 glioma cells. This
tumor cell line was chosen because it is well-known that the
TSPO protein is highly expressed on glial tumors.”” Cell
viability was determined quantitatively by the MTT conversion
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assay. In Table 3 are reported the ICy, values (ie., the
concentration inducing 50% cell survival inhibition) obtained
from dose response curves. Blank PLGA NPs used as a control
at a concentration of 1 mg/mL showed no toxicity, while free
anticancer drug and TSPO ligand 1 exhibited an ICy, value of
1.46 + 0.06 and 17.5 + 0.7, uM, respectively. In Table 3 the
ICsy values were entered as absolute values and as values
normalized to take into account the relative drug loading of 5-
FU or TSPO ligand.

The rank order of ICs, values (concentrations referred to S-
FU) for formulations of S-FU loaded NPs were 27.17 + 1.07
(PLGA NPs/5-FU), 1.83 + 0.03 (TSPO-NPs/5-FU/1), 1.07 +
0.04 (PLGA NPs/5-FU/1) and 0.88 + 0.07 (TSPO—4a NPs/
S-FU), uM, respectively. However, for the TSPO-ligand 1 the
ranking order of ICy, values becomes: 209.0 = 0.1 (PLGA-
NPs/1), 23.95 + 0.96 (TSPO—4a NPs), 18.5 + 0.74 (TSPO-
NPs/5-FU/1), 3.02 + 0.12 (PLGA NPs/5-FU/1) and 1.94 +
0.08 (TSPO—4a NPs/S-FU), uM, respectively. While consid-
ering the values normalized on the basis of drug loading
(relative value) the rank order of ICg, values (concentrations
referred to S-FU) for S-FU loaded NPs becomes: 0.13
(PLGA-TSPO—4a NPs/5-FU/1), 0.21(PLGA-TSPO—4a
NPs/5-FU), 0.61(PLGA NPs/S-FU/1), and 0.62(PLGA
NPs/5-FU), uM, respectively. However, for the TSPO-ligand
1 the ranking order of ICs, values becomes: 0.26 (PLGA—
TSPO—4a NPs/5-FU/1), 0.34 (PLGA NPs/5-FU/1), 1.90
(PLGA NPs/1), and 1.94 (PLGA—TSPO—4a NPs/5-FU) uM,
respectively.

Uptake Studies of FITC—TSPO Nanoparticles (FITC—
TSPO NPs) into Rat C6 Glioma Cells. The internalization of
FITC—PLGA—TSPO NPs into rat C6 glioma cells, was
investigated by fluorescence microscopy. The integrity of
control cells was confirmed incubating the cells with specific
markers which highlight the healthy of the selected organelle. In
particular, in the present study we have imaged the
mitochondrial network incubating cells with 25 nM Mito-
Tracker Red CMXRos, thus highlighting the morphology of
healthy mitochondrial network in control C6 glioma cells
(Figure 6, panel iv). As shown in Figure 6 (panels i—iii,vi), cells
treated with 0.2 uM of FITC—PLGA—TSPO NPs (concen-
tration is referred to FITC), revealed a time-dependent increase
of internalized green fluorescence that widely diffused in the
cytosol of the cells. By contrast, no green fluorescence was
imaged when cells were incubated in the presence of FITC (7
uM) (panel v), thus demonstrating that the internalized
fluorescence of the cells was exclusively due to the cellular
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Figure S. In vitro release profiles of 5-FU from PLGA—TSPO—4a
NPs/5-FU/1, PLGA NPs/5-FU/1, PLGA—TSPO—4a NPs/5-FU, and
PLGA NPs/5-FU in phosphate buffer at 37 °C and pH 7.4 after 120 h
(a) and in first half hour (b). In vitro release profiles of TSPO-ligand 1
from PLGA NPs/5-FU/1 and PLGA-TSPO—4a NPs/S5-FU/1 in
phosphate buffer at 37 °C and pH 7.4 after 120 h (c) and in first hour
(d). Values were reported as averages and standard deviations (mean
+ SD, n =3).

uptake of FITC-conjugated probe. In addition, by comparing
uptake studies conducted with FITC—TSPO NPs, FITC NPs,
or FITC—TSPO NPs in combination with TSPO ligand 1, no
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Table 3. ICy, Values of Free 5-FU, TSPO Ligand 1, and the
NPs after 72 h Incubation with C6 Glioma Cancer Cell

ICs, (uM), concentration
referred to TSPO ligand 1

IC, (uM), concentration
referred to 5-FU

relative relative
NPs® value® value®
5-FU 146 + 0.06 1.46
1 17.5 £ 0.70 17.5
PLGA NPs >1° si¥ >1” >17
PLGA NPs/1 209.0 + 0.10 19
PLGA NPs/5-FU/1 1.07 + 0.04 0.61 3.02 + 0.12 0.34
PLGA NPs/5-FU 2717 = 1.07 0.62
PLGA-TSPO—4a 2395 + 0.96 23.95
NPs
PLGA-TSPO—4a 0.88 + 0.03 021 1.94 + 0.08 1.94
NPs/5-FU
PLGA-TSPO—4a 1.83 + 0.07 0.13 18.5 + 0.74 0.26
NPs/5-FU/1

“Data are shown as media + SD (n = 3). ®The concentration referrs to
mg of PLGA per mL of suspension. “Values were normalized on the
basis of drug loading.

significant differences were observed (data not shown), proving
that, as expected, the TSPO moiety does not influence the
uptake of the NPs inside cells. Since TSPO is a subcellular
target, once ligands are delivered inside the cells they can bind
the mitochondrial protein inducing apoptosis.

B DISCUSSION

In a previous report of our work, we investigated TSPO
ligand—PLGA macromolecular conjugates characterized by
high affinity and selectivity toward the 18 kDa mitochondrial
translocator protein. Results suggested that in addition to
modulating neurosteroid synthesis, they could be considered as
macromolecular apoptosis inducing agents and, hence, able to
induce tumor cell death. In fact, in vitro cytotoxicity studies
outlined the ability of these TSPO polymer conjugates to
constrain C6 glioma cells survival with ECg, values (ie., the
concentration inducing 50% cell survival inhibition) ranging
from 1.75 to 34.29 yM and, moreover, to induce mitochondrial
morphology modifications.”® As a consequence, the obvious
subsequent step of our research was focused on the formulation
of these TSPO ligand—PLGA conjugates into nanoparticulate
anticancer drug delivery system loaded with 5-FU, chosen as a
model of hydrophilic anticancer drug, to obtain NPs potentially
useful for anticancer therapy. Dual drug loaded NPs, with 5-FU
and TSPO ligand 1, were successfully achieved. Dual drug
loaded PLGA—TSPO—4a NPs/5-FU/1 have the advantage of
delivering the TSPO ligand 1 through a chemical conjugation
as well as by physical encapsulation.

Although the double emulsion (w/o/w) technique is used to
incorporate hydrophilic drugs into micro- and nanoparticles
prepared starting from hydrophobic polymers,®® the low EE of
S-FU into S-FU loaded NPs is probably mainly due to the
hydrophilic nature of drug, the drug concentration in the
internal aqueous phase and the PLGA concentration in the
organic phase.>"** Moreover, the different EE % values can be
attributed to the characteristics of the several polymers used in
NP formulations. In fact, PLGA lipophilic/hydrophilic proper-
ties change after conjugations with TSPO ligands. After
encapsulation of $-FU in PLGA—TSPO—4a NPs and
PLGA—TSPO—4b NPs, the size increased significantly from
115.5 to 165.0 nm for PLGA—TSPO—4a NPs and from 122.9

dx.doi.org/10.1021/mp400536z | Mol. Pharmaceutics 2014, 11, 859—871



Molecular Pharmaceutics

fluorescence intensity

(arbitrary units)

2000 <

1600 4

1200 4

8
<

8
s

o
L

4h 8h 24h

Figure 6. Cells were seeded onto 24 mm coverslips and treated at 37 °C in a 5% CO, atmosphere with 0.2 M FITC—TSPO NPs (concentration is
referred to FITC). Internalized FITC fluorescence was acquired after 4 (i), 8 (ii), and 24 h (iii). Images are representative of 4—6 independent
experiments, and identical fields are presented. Cells incubated with 25 nM MitoTracker Red CMXRos (iv) and cells treatment with FITC (7 uM)
alone after 24 h (v) were used as the control. Average intensity of internalized fluorescence of treated cells as imaged after 4, 8, and 24 h of
incubation (vi). Data are given as means + SD (bars) for five separate cultures. The statistical significance of differences was calculated by the
unpaired Student’s ¢ test with Bonferroni’s correction. *P < 0.05, **P < 0.00S.

to 168.4 nm for PLGA—TSPO—4b NPs due to the high degree
of encapsulation, compared to other drug loaded NPs. In fact in
most nanoparticles the embedding of the 5-FU in NPs causes
slightly increased size, with the exception of the PLGA—
TSPO—-5b NPs/S-FU. In the latter case the size reduction is
probably due to the degradation of the polymer after the
preparation of nanoparticles. In fact, the polymer becomes
more hydrophilic, as shown by the increase in the zeta potential
of NPs (from —29.2 to —51.9 mV). PLGA NPs/1, PLGA—
TSPO—4a NPs, PLGA-TSPO—4a NPs/5-FU, and PLGA
NPs/5-FU/1 showed no aggregation in TEM images, which is
attributed to the negative surface charges of the NPs and to the
presence of some unconjugated hydroxyl and carboxylic acid
groups at PLGA terminal ends, most likely expressed on the
surface of the NPs. The morphology of S-FU and TSPO ligand
1 loaded NPs revealed similar structures. FITC—TSPO NPs
and PLGA—TSPO—4a NPs/5-FU/1 showed the presence of
some aggregates as confirmed by the PDI of 0.23 + 0.03 and
0.25 + 0.08, respectively.

Since TSPO ligand PLGA 4a conjugate induce a
mitochondrial morphology modification and for all the reasons
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described above (see the Results section), PLGA—TSPO—4a
NPs, PLGA-TSPO—4a NPs/S-FU, and PLGA-TSPO—4a
NPs/S5-FU/1 were chosen as reference formulations in the
following studies. In particular, DSC, drug release, and in vitro
cytotoxicity and uptake studies on C6 glioma cells were carried
out. Thermal behavior studies showed that the physical
mixtures, PLGA—TSPO—4a NPs/5-FU/1 and PLGA-
TSPO—4a NPs/S-FU do not exhibit the endothermic
crystalline melting peaks of the pure compounds suggesting
that 5-FU and TSPO ligand 1 are both dispersed in molecular
form inside the polymer matrix as also confirmed by X-ray
diffractogram of 5-FU loaded PLGA 50:50 NPs prepared by
DESD (w/o/w) and reported elsewhere.*

Regarding the release studies, it should be highlighted that in
PLGA-based nanoparticulate system, the polyester PLGA
undergoes both bulk and surface erosion, as reported by
Dinarvand et al.*' Several already published works describe the
initial burst release of 5-FU as the result of the dissolution of
the drug located on the surface along with the surface erosion
of the polymer matrix. Instead, the slow diffusion of the loaded
drug in the core of the NPs, in combination with the polymeric
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matrix degradation, causes a slow and sustained release of 5-FU.
PLGA NPs/5-FU and PLGA—TSPO—4a NPs/S-FU exhibited
significant differences regarding to cumulative percentage
released of 5-FU after 72 h, compared to dual drug loaded
PLGA NPs/5-FU/1 and PLGA-TSPO—4a NPs/S-FU/1
formulations. In fact, the rate of release from dual drug NPs
appears to be greater although they have a lower drug loading.
Regarding the in vitro release profiles of TSPO-ligand 1 from
NPs is obvious that the ligand is released from the
nanoparticles more slowly than 5-FU. The variation of release
rate of the ligand is due to the slower diffusion of the
hydrophobic ligand in the hydrophobic polymer matrix of
PLGA. PLGA NPs/5-FU/1 and PLGA-TSPO—4a NPs/S-
FU/1 display no significant differences regarding to cumulative
percentage released of TSPO-ligand after 120 h.

The in vitro cytotoxicity assay demonstrated that PLGA—
TSPO-NPs/S-FU induce survival inhibition in rat C6 glioma
cell line and uptake studies offered evidence that FITC-
PLGA—TSPO-NPs penetrated into glioma cells. In the in vitro
cytotoxicity studies were evaluated some NPs selected on the
basis of the highest efficiency of embedding of 5-FU. Moreover
were also included dual drug loaded PLGA NPs/5-FU/1 and
PLGA—-TSPO—4a NPs/5-FU/1 to highlight the occurrence of
synergistic effects while unloaded PLGA NPs were used as
reference. The results obtained shown that 5-FU loaded
PLGA-TSPO NPs (PLGA—TSPO—4a NPs/S-FU, PLGA—
TSPO—4a NPs/5-FU/1, and PLGA NPs/5-FU/1) are more
cytotoxic that the PLGA NPs/5-FU, and furthermore PLGA—
TSPO—4a NPs/S5-FU showed the highest cytotoxicity
compared with free 5-FU as well as the concentrations are
related to TSPO ligand 1, although dual drug loaded PLGA—
TSPO NPs/5-FU/1 do not appear to be more cytotoxic of the
PLGA—TSPO NPs/5-FU. However, we have also considered
that these nanoparticle systems have a different drug loaded. In
fact, when the concentration is normalized (relative values),
considering the correct load of S-FU or TSPO ligand, the
values show that PLGA NPs/5-FU/1, PLGA-TSPO—4a
PLGA NPs/5-FU, and PLGA-TSPO—4a PLGA NPs/S-FU/
1 are more cytotoxicity than 5-FU. Moreover the dual drug
loaded PLGA—TSPO—4a NPs/S5-FU/1 are more efficient of
PLGA—TSPO—4a NPs/SFU both when the concentration is
referred to S-FU that when the concentration is referred to
TSPO-ligand 1.

We have also evaluated the combination index (CI) which
allows to compare the single-drug dose—response to that of
their combination. In PLGA NPs/S5-FU/1 and PLGA—TSPO—
4a NPs/S-FU the ratio between the TSPO ligand 1 and the
anticancer drug S-FU was set to 8:1 and 1.7:1, respectively. As
presented in Table 4, in our experiments we have found that
compound 1 was synergistic to S-FU for both PLGA NPs/S-
FU/1 and PLGA-TSPO—4a NPs/5-FU on C6 cells at
concentration of drugs leading to SO and 75% cell survival
These results indicate that the assembling of the two building
blocks, that is, the TSPO ligand 1 and 5-FU, produces NPs
(PLGA NPs/5-FU/1 and PLGA—TSPO—4a NPs/S-FU)
pharmacologically profitable. Typical examples of CI/fractional
effect (FA) curves are illustrated in Figure 7. These findings
indicate that the apoptotic agent synergistically potentiates the
antitumor effect of the anticancer drug 5-FU in rat C6 glioma
cell line.
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Table 4. CI Results in C6 Cells Corresponding to
Concentration of Drugs Leading to 50 and 75% Cell Survival

C6 cells
NPs 50% CI* 75% CI¢
PLGA NPs/5-FU/1 0.29 0.82
PLGA-TSPO—4a NPs/5-FU 0.25 0.37

“Combination index (CI) was calculated according to the equation of
Chou-Talalay for two drugs on CompuSyn software (ComboSyn, Inc.,
Paramus, NJ. USA): CI = (D),/(Dx); + (D),/(Dx),, where in the
denominators, (Dx), is the dose of Drug, alone that inhibits x%.
Likewise, (Dx), is the dose of Drug, alone that inhibits x%. In the
numerators, (D), is the portion of Drug, in combination (D), + (D),
also inhibits x%. Again, likewise (D),. CI = 1 indicates additive effect
in the absence of synergism or antagonism; CI < 1 indicates
synergism; CI > 1 indicates antagonism.

O PLGA-NPs/5-FU/1
O PLGA-TSPO-4a-NPs/5-FU
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Figure 7. Typical examples of CI/fractional effects (FA) curves for C6
cells.

B CONCLUSION

In conclusion the results achieved demonstrate that PLGA—
TSPO NPs are potential carriers for selective delivery of
anticancer drug in tumor cells overexpressing the TSPO and
that the assembling of the two building blocks, that is, the
TSPO ligand 1 and S-FU, produces nanoparticles pharmaco-
logically profitable. In fact, the dual drug loaded NPs (PLGA
NPs/5-FU/1) and PLGA—TSPO NPs/5-FU (PLGA—-TSPO—
4a NPs/S-FU) could significantly enhance toxicity against
human cancer cells due to the synergistic effect of the TSPO-
ligand with anticancer drugs loaded in these systems.

The blood—brain barrier (BBB) limits access of NPs with
large average diameter to the brain, even the BBB becomes
impaired due to development of glioma. In literature it is
documented that nanoparticles with mean diameters less than
200 nm might be able to permeate the BBB. Nevertheless, the
further growth of the brain tumor, when both BBB and blood—
brain tumor barrier (BBTB) become compromised, endothelial
gaps form on the microvessels of brain tumors and enhanced
permeability and retention (EPR) effect goes into action. Thus,
in brain tumors and NPs can be addressed tumor tissue via
passive targeting across BBB and BBTB, allowing NPs slightly
larger to accumulate in tumor tissue much more than they do in
normal tissues.””** For these purposes the preparation of
suitable injectable formulations of dual drug loaded NPs
(PLGA—TSPO NPs/5-FU and PLGA-TSPO—4a NPs/S-FU)
with the particle size and in vivo stability of NPs should be
strictly controlled. Finally, drug delivery systems capable to
release an anticancer drug together with a pro-apoptotic agent
might have an enormous potential in anticancer therapy.
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Therefore, further in vivo studies are needed to prove the
synergistic effect and the potential application of these dual
drug loaded NPs.
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