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Wereport the in vitro release profile and comparative pharmacokinetics and biodistribution of a newperoxisome
proliferator-activated receptor-γ agonist and cyclooxygenase inhibitor (Lyso-7) free or associated to poly(D,L-
lactic acid) nanocapsules (NC) after intravenous administration in mice. Lyso-7 pertains to the class of insulin-
sensitizing agents that shows potential beneficial effects in diabetes therapy. Monodispersed Lyso-7 NC with a
mean diameter of 273 nm with high encapsulation efficiency (83%) were obtained. Lyso-7 dissolution rate was
reduced (2.6-fold) upon loading in NC. The pharmacokinetic parameters were determined using a non-
compartmental approach. In comparison with Lyso-7 in solution, the plasma-AUC increased 14-fold, the mean
residence time 2.6-fold and the mean half-life (t1/2) 1.5-fold for Lyso-7-NC; the Lyso-7 plasma clearance, distri-
bution volume and elimination rate were reduced 13, 10 and 1.4 fold, respectively, which indicates higher reten-
tion of encapsulated Lyso-7 in the blood compartment. Upon association with NC, organ exposure to Lyso-7 was
higher in the heart (3.6-fold), lung (2.8-fold), spleen (2.3-fold), kidney (2-fold) and liver (1.8-fold) compared to
Lyso-7 in solution. The analysis of whole data clearly indicates that body exposure to Lyso-7 was enhanced and
the general toxicity reduced upon nanoencapsulation, allowing further evaluation of Lyso-7 in nonclinical and
clinical studies.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Thiazolidinediones (TZD) are drugs used in diabetes treatment as
insulin-sensitizing agents [1,2]. They are peroxisome proliferator-
activated receptor-γ (PPAR-γ) synthetic ligands. The PPAR-γ partici-
pates in adipose and vascular cell differentiation [1–3]. Examples of
marketed TZDs are pioglitazone, rosiglitazone and troglitazone, but
the latter two have been withdrawn from the market [4,5]. Despite
andNanobiotechnology, Escola
iro, Ouro Preto, CEP 35400-000

@gmail.com (V.C.F. Mosqueira).
beneficial impact on therapy management of diabetes and metabolic
syndrome, serious side effects are reported for the most common
TZDs, such as hepatic and hematologic toxicity and body weight gain
[4]. In this sense, the search for new, less toxic, TZD analogs is an impor-
tant task to be undertaken.

New chemical entities pertaining to this class of compounds have re-
cently been investigated, particularly due to in vitro and in vivo anti-
inflammatory properties associated with cyclooxygenase (COX) inhibi-
tion [6–10]. A 5-indol substitution on the central thiazolidinic ring and
the absence of a sulfonyl moiety are two structural features of a
chemical series obtained, which are chemically related to indomethacin
(anti-inflammatory) and roziglitazone (used in type-2 diabetesmellitus
treatment) [9,10]. One of the compounds of this series is Lyso-7 (1),
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Fig. 1. Chemical structures of Lyso-7 (1) and benznidazole (2).
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the (5Z)-5-[(5-bromo-1H-indol-3-yl)methylene]-3-(4-chlorobenzyl)-
thiazolidine-2,4-dione) (Fig. 1) [10,11]. Lyso-7 down-regulates the pro-
duction of several inflammatory cytokines, such as IL-1β and NO by
mice neutrophils, confirming its effects on the inflammatory response
[10]. Santin et al. recently showed that Lyso-7 reduced the neutrophil
recruitment to inflammation sites at lower doses (3 mg/kg) than
those required by indomethacin (10 mg/kg), celecoxib (10 mg/kg) or
pioglitazone (50 mg/kg) after oral administration to mice [10]. Lyso-7
higher efficacy in the above-mentioned study reflects two combined ac-
tions: the activation of PPAR-γ that influences the complex process of
cellular migration to the inflammation sites, and the inhibition of COX
enzymes [10]. The authors also demonstrated that oral administration
of 25 mg/kg of Lyso-7 protects Et/HCl-induced gastric tissue damage
through the inhibition of neutrophil migration and the change in the
eNOS/iNOS balance inmice [11]. Thus, Lyso-7 is a promising compound
that may be applied in the treatment of inflammatory diseases. Further-
more, Lyso-7 has partial action as an agonist of PPAR-α and β/δ, which
supports its function as PPAR pan-agonist [10,11]. It was suggested
that PPAR pan-agonists have beneficial effects in the therapy of patients
with metabolic syndrome [4,5].

Low water solubility of Lyso-7 leads to insufficient oral bioavailabil-
ity in agreement with Lipinski's rules (estimated log p = 5.64 (ACD/
Lab©)). Its limited solubility requires pre-formulation strategies even
in the initial steps of pre-clinical evaluation and it is of critical impor-
tance in commercial drug product development [12]. Thus, Lyso-7 in
nanodispersed dosage form, which could be suitable for oral or intrave-
nous administration, is proposed herein to overcome this issue.
Nanometric drug delivery systems improve hydrophobic drug disper-
sion in water, allow controlled release profiles and frequently alter the
pharmacokinetics and biodistribution of the associated drug [13]. Poly-
meric delivery nanocarriers, such as nanocapsules (NC), possess high
capacity of encapsulation of poorly water soluble substances and repre-
sent an alternative system to deliver lipophilic drugs [13]. Furthermore,
it was recently reported that encapsulation of the TZD, pioglitazone, into
polymeric nanoparticles increased the efficacy of neovascularization in
hindlimb ischemia model improving drug therapeutic effect in mice
[14].

Lyso-7 is an original substance and the development of analytical
and bioanalytical methods for its assay is essential in order to
carry out preclinical studies. In this context, we developed Lyso-7
nanocapsules and determined the Lyso-7 dissolution/release profile in
vitro, major pharmacokinetics parameters and the biodistribution pro-
files of Lyso-7 in its free form and in polymeric NCdosage form. To attain
this goal we developed and validated accurate, specific, rapid and sensi-
tive high performance liquid chromatographywith ultraviolet detection
(HPLC–UV) methods to quantify Lyso-7 in the NC dosage forms and in
biologicalmatrices, such as the plasma, spleen, liver, heart, lung and kid-
ney of mice. Furthermore, we estimated Lyso-7 red blood cell toxicity
considering that it is the first reported intravenous dosage form and as
such blood biocompatibility studies were required.

2. Materials and methods

2.1. Chemicals and reagents

Lyso-7, [(5Z)-5-[5-bromo-1H-indol-3-yl)methylene]-3-(4-chloro-
benzyl)-thiazolidine-2,4-dione] (CAS Registry Number 1505484-42-3)
(1), Mw 447.73 g/mol, log p = 5.642 (calculated by ACD/Lab software
V11.02©) was synthesized, purified and provided by Prof. Ivan
da Rocha Pitta (UFPE), as recently reported [10,11]. Benznidazole
(BZ) (N-benzyl-(2-nitro-1H-imidazol-1-yl), Mw 260.25 g/mol, purity
99.85% (2) (Fig. 1), Poloxamer® 188 and polymer poly-rac-lactide
(PLA), Mn 75,000–120,000 g/mol, Tween® 80, Polyethylene glycol 300
and methanol (HPLC grade) were purchased from Sigma-Aldrich
(Brazil). Symplicity® System (Millipore, Bedford, USA) was used to
produceMilli-Qwater, whichwas used to prepare all solutions through-
out the experiments. Soy lecithin (Epikuron® 170) was provided by
Lucas Meyer (France) as a kind gift. Mygliol 810 N was provided by
Hulls (Germany). Ethyl acetate, N,N-dimethylacetamide (DMA) and
dimethylsulfoxide (DMSO) (analytical grade) were provided by Tedia
(Rio de Janeiro, Brazil).

2.2. Nanocapsule preparation and characterization

Biodegradable Lyso-7 nanocapsules (Lyso-7NC)were preparedwith
poly-rac-lactide (PLA) using a similar methodology and formulation as
previously reported by Mosqueira et al. [13,15] and first described by
Fessi et al. [16] for a final concentration of 0.5–1.0 mg/ml of Lyso-7 in
the NC formulation. Briefly, Lyso-7-loaded PLANCwere prepared as fol-
lows: 0.6% wt/v of PLA, 0.75% v/v of oil, and 0.75% wt/v of soy lecithin
were dissolved in 10 ml of acetone. This clean organic solution was
injected at a constant flow rate with a syringe into the aqueous solution
containing 0.75%wt/v of Poloxamer®188 (20ml), and the finalmixture
was maintained under magnetic stirring for 10 min. Then, all organic
solvents and part of thewater were evaporated under reduced pressure
(Heidolph Rotary Evaporator, Germany) to render 5 ml of aqueous sus-
pension of NC.

Quasi-elastic light scattering (QELS) (Nanosizer N5 Plus, Beckmann-
Counter, USA) analysis of NC samples was performed at 90° to deter-
mine the mean hydrodynamic diameter and polydispersion of the par-
ticle population in three different NC batches. The zeta potential (ζ)
measurements were made using Laser Doppler Anemometry (LDA)
(Zetasizer 3000 HS, Malvern Instruments, UK) after diluting the NC in
1 mM NaCl (250-fold), with total conductivity of the colloidal suspen-
sions maintained as constant as possible (110 ± 5 μS/cm).

2.3. Drug encapsulation efficiency and drug payload in nanocapsules

The efficiency of the process of Lyso-7 encapsulation in the NC was
calculated following Eq. (1), as previously reported elsewhere [17].
Lyso-7 encapsulation efficiency % (EE) represents the weight percent-
age of feed lyso-7 that was encapsulated in the preparation process,
considering that the fraction that was not encapsulated was present in
the ultrafiltrate. The payload %, representative of the drug/polymer
mass ratio in the final formulation, is defined herein as the percentage
mass of Lyso-7 associated to NC per mass of polymer in the NC final
product (Eq. (2)). The payload % gives an insight into the capacity of
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the nanocapsules to transport the drug.

Lyso� 7encapsulationefficiency % ¼ Cfinal product−Cultrafiltrate of the final product

Cdrug feeding
� 100

ð1Þ

Payload% ¼ mass of drug encapsulated in the NCfinal formulation ðmg=mlÞ
mass of polymer in the formulation ðmg=mlÞ � 100

ð2Þ

The amount of Lyso-7 not encapsulated and dissolved in the external
phase was found in the ultrafiltrate after centrifuging the samples in
AMICON device (Microcon, 50 kDa MWCO, Millipore®) at 500 ×g for
40 min under tangential flow. The ultrafiltrate (50 μl) was mixed with
acetonitrile (200 μl), centrifuged and the supernatant assayed in HPLC.
The Lyso-7 encapsulated in NC was retained in the upper part of the
ultrafilter. The total amount of Lyso-7 in the NC suspension was
assessed by dissolving 80 μl of the NC suspension in 920 μl of methanol,
mixing on a vortex for 5min (Vortex Instruments, IKA, Germany). Then,
the solution was centrifuged and the drug in the supernatant (50 μl)
was quantified using the analytical method. The samples were filtered
(0.45 μm, 4 mm filters) before HPLC injection and the analyses were
performed in triplicate.

2.4. Nanocapsule surface morphology

Morphological evaluation and additional size analysis of theNCwere
performed using Atomic Force Microscopy (AFM). On a freshly cleaved
mica support, 5 μl of sample was deposited, spread on and dried with a
stream of argon. AFM analyses were performed at room temperature,
on Dimension 3000 equipment monitored by a Nanoscope IIIa control-
ler (Digital Instruments, Santa Barbara/USA). The images were obtained
in tapping mode, using commercial Si probes (Nanosensors) with canti-
levers having a length of 228 μm, resonance frequencies of 75–98 kHz,
spring constants of 3.0–7.1 N/m, a nominal tip curvature radius range
from 5 to 10 nm and scan rate of 1 Hz. Data treatment and dimensional
analysis were carried out using the software provided with the equip-
ment (Section of Analyses).

Scanning electron microscopy (SEM) analyses were performed on
Lyso 7 PLA NC in order to observe morphology, size dispersion and sur-
face characteristics. NC sampleswere deposited on a glass slide, allowed
to dry at room temperature under vacuumand coatedwith gold (Q150R
ES, Quorum/UK). The samples were examined by SEM using a MIRA-3
field emission gain equipment (Tescan, USA) applying a potential of
20 kV. SEM images of NC were recorded at different magnifications.

2.5. Hemolytic toxicity

The hemolysis was assayed by colorimetric measurement of the he-
moglobin release after incubation with samples. Blood was collected
from healthy female mice (n = 3) with heparin, centrifuged and the
plasma was discarded. The red blood cells (RBC) were diluted in PBS
(157mM) in order to reach an absorbance of 0.4 at 540 nmwavelength.
The hemolysis experiments were performed in accordance with
Dobrosvolskaia et al., with some modifications [18]. Three controls
were used: T0 cells incubated with PBS (no hemolysis or negative
control), T100 cells incubated with Triton 2% in water (total hemolysis
or positive control), and Ti control sample without blood incubated
with blank-NC (reference of NC turbidity). The absorbance of the
hemolysis assay was subtracted to the absorbance of the Ti at each
concentration tested. Free Lyso-7 and Lyso-7 loaded in PLA NC were
added (100 μl) to 900 μl of the RBC solution. The concentrations tested
were 25, 50, 75 and 100 μg/ml of free Lyso-7 in solution and in NC. All
the samples were incubated for 3 h at 37 °C, hemolysis was stopped in
an ice-bath and the not lysed cells were removed by centrifugation
(5 min at 500 × g at 4 °C). The supernatant was collected and
analyzed byUV–vis spectroscopy at 540 nmusing the Helios-α spectro-
photometer (Thermo Electron Corporation, USA). The results were
expressed as percentage of hemolysis by the following equation,
where T is the absorbance of the supernatant sample: % hemolysis =
[(T − Ti) − T0)] × 100 / T100.
2.6. Instrumentation and chromatographic conditions

To quantify Lyso-7 high performance liquid chromatographic
(HPLC) system (Waters Alliance 2695) was used that includes a separa-
tion module with autosampler, pump column oven (35 °C) and UV
detector (Waters 2489) set at 385 nmwavelength. C18-RP Phenomenex
column (150 mm × 4.6 mm, 4 μm) was protected by security
guard column (Phenomenex C18-RP, 2mm×4.6mm, 3 μm). Themeth-
anol/water (90:10 v/v) was the isocratic mobile phase, pumped at
1 ml/min. The injection volumes were 50 μl and 25 μl, in analytical
and bioanalytical methods, respectively. Each sample was analyzed in
triplicate in HPLC.

The analytical method to quantify Lyso-7 in the NC formulation was
developed according to the guidelines of the International Conference
on Harmonization (ICH) [19]. The selectivity of the method in the pres-
ence of potential interfering substances, such as polymers, oil and other
excipients used in the NC formulations was analyzed by injecting de-
fined concentration of drug-free PLA NC and Lyso-7 PLA NC. Linear re-
gression analysis of the calibration curve (Lyso-7 peak area versus
concentration) was performed to determine linearity. The equations
LOD=3.3σ/S and LOQ=10σ/Swere used to calculate the limits of de-
tection (LOD) and of quantification (LOQ), respectively, where S is the
slope of the calibration curve and σ represents the standard deviation
of y-intercepts in the regression curves. In order to determine the preci-
sion and accuracy, quality-control samples of Lyso-7 were prepared at
concentrations of 1, 10 and 75 μg/ml (n = 5) on three different valida-
tion days.
2.7. Lyso-7 dissolution/release profile in vitro

Firstly, Lyso-7 equilibrium solubility was determined in the release
medium, i.e. phosphate buffered saline (PBS), at pH 7.4. Lyso-7 (2 mg)
was maintained under stirring with 2 ml of PBS during 24 h at 37 °C.
At the end of this period, the solution was centrifuged at 1000 × g and
a sample of the supernatant was withdrawn and diluted in methanol
to be quantified by HPLC using the analytical method described herein.
The in vitro Lyso-7 dissolution/release studieswere performed using the
reverse dialysis technique [20]. Dialysis bags (12–14 kDa MWCO) con-
taining 1 ml of PBS were immersed in 500 ml of PBS. Lyso-7 PLA NC
(4 μg/ml) was added to the medium outside of the dialysis bags,
respecting sink conditions (20% of saturation solubility). At pre-
determined time-intervals (15, 30, 60, 180, 360, 720 and 1440 min), a
dialysis bagwas removed from themedium, 500 μl was collected, dilut-
ed in 500 μl of methanol and quantified by HPLC–UV. Mathematical
models (Higuchi, zero-order, first-order and Korsmeyer–Peppas) were
used to analyze the Lyso-7 dissolution and release data.
2.8. Development and validation of bioanalytical method

2.8.1. Animals
Healthy female Swiss mice weighing 29–31 g were provided by

UFOP animal facility (CCA) and maintained according to the guidelines
established by the Brazilian College of Animal Experimentation
(COBEA). The experiments were submitted and approved by the Ethical
Committee on Animal Experimentation of the Universidade Federal de
Ouro Preto, Brazil (protocol no. 2013/26). The animals were kept in a
12 h day/night cycle, temperature 22 ± 2 °C, standard diet and water
ad libitum.
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2.8.2. Preparation of biological samples and validation parameters
Benznidazole (BZ) was used as the internal standard (IS) because of

its high purity, chemical stability, similar solubility in methanol and ap-
propriate retention time compared to Lyso-7. The calibration standards
to quantify Lyso-7 in biological matrices were made by preparing stock
solutions of Lyso-7 (1000 μg/ml) and BZ (500 μg/ml) dissolved in ethyl
acetate/methanol (80:20 v/v). Theworking solutionswere prepared via
serial dilution of the stock solution atfinal concentrations of 0.1, 1.0, 2.5,
5.0, 10, 25, 50, 75 and 100 μg/ml and were used to prepare calibration
curves. The linearity was evaluated with calibration standards (n = 6)
over the concentration range 0.1–10 μg/ml. Calibration curves
were constructed using peak area ratios (Lyso-7/IS) versus analyte con-
centrations. After blood sampling from anesthetized mice (xylazine
7.5 mg/kg; ketamine 60 mg/kg), the plasma was separated, aliquoted
and stored at −80 °C until analysis, as previously described [21].
Thawed pieces of liver (200 mg) or weighed whole heart, spleen,
lung and kidney were placed in a round-bottom flask, homogenized
(1 min) with 1 ml of phosphate buffer (pH 6.5) in an ultrasonic proces-
sorwith titaniumprobe (Vibra cell™VC750, 300W). The tissue homog-
enates were then stored at−80 °C until analysis [21].

To determine the percentage of recovery of the method the tissue
samples of mice (drug-free) were used as blanks, following FDA guide-
lines for validation of bioanalyticalmethods [22]. The blankmiceplasma
(80 μl) or tissue homogenate (80 μl) was spiked with Lyso-7 solution
(10 μl) plus 10 μl of internal standard solution (BZ 500 μg/ml). Two
methods of plasma extraction were compared: protein precipitation
(PP) with methanol and acetonitrile and liquid–liquid extraction (LLE)
with ethyl acetate. Furthermore, parameters that influenced the recov-
ery of the analyte and of the IS were analyzed, such as the solvent vol-
ume (300, 500 and 1000 μl) and the time of mixing the solvent with
the sample (1–10 min). When the solid tissue samples were used
(60–200 mg), ethyl acetate, hexane and diethyl ether were tested
(1ml), bymixing them for 10minon vortex once or twice and extracted
as previously reported by Oliveira et al. [21]. Briefly, the tubes contain-
ing real samples (80 μl plasma + 10 μl IS) or quality control (80 μl
plasma + 10 μl IS + 10 μl Lyso-7 working solution) samples were
mixed with the corresponding amount of solvent at different times
and centrifuged at 900 ×g during 10 min The resulting upper organic
layers were pooled, filtered with 0.45 μm filters (Millipore, USA) and
evaporated to dryness in a nitrogen-stream apparatus (TE-019 Concen-
trator/Tecnal, Brazil). Each dried sample was then reconstituted in
100 μl of the mobile phase and injected (25 μl) in the HPLC system.

Specificity of the bioanalytical method was evaluated by comparing
the chromatograms of blankmouse tissues (six different batches) to en-
sure no interference from biological samples at the retention time for IS
and Lyso-7, respectively. Calibration curves were constructed and fur-
ther analyzed following FDA criteria [22]. The low (0.25 μg/ml),medium
(2.5 μg/ml) and high (7.5 μg/ml) analyte concentrations (n = 6) were
used in precision and intra-batch accuracy determination at three dif-
ferent days for the biological samples. To evaluate the method sensitiv-
ity, lowest limit of quantification (LOQ) and limit of detection (LOD)
were determined for Lyso-7. Analyte stability in the plasma, liver,
heart, spleen, lung and kidney was determined (n = 6) under the fol-
lowing conditions: (1) determination of Lyso-7 in tissues through 3
freeze–thaw cycles; (2) Lyso-7 in tissues at room temperature for 4 h
(short-term); and (3) Lyso-7 post-preparative stability into auto-
sampler under 24 h storage.

2.8.3. Pharmacokinetic and biodistribution studies
The drug pharmacokinetic and biodistribution were determined in

five organs (heart, liver, spleen, lung and kidney) in healthy mice
using the bioanalytical method developed herein. The pharmacokinetic
studywas carried out with free Lyso-7 and Lyso-7-loaded PLA NC at the
dose of 1.6 and 2.2 mg/kg. The free Lyso-7 solution for intravenous (iv)
injectionwas prepared dissolving 2mg of Lyso-7 in 20 μl of DMSO, 20 μl
of Tween® 80, 380 μl of DMA and 580 μl of PEG 300. This solution was
mixed for 10 min and then appropriately diluted in isotonic glucose to
obtain 0.5 mg/ml of Lyso-7. The Lyso-7 iv solution and the 0.5 mg/ml
Lyso-7 PLANC suspensionwere passed through a 0.8 μmsterilefilter be-
fore appropriate dilution to allow intravenous injection in mice (n=6)
of the doses established. After each time interval, 5, 20, 40, 60, 120, 180
and 360min, blood samples (100–150 μl) were collected in heparinized
tubes and centrifuged for 15min (400 ×g) to separate the plasma. Plas-
ma (80 μl) was spiked with 10 μl of IS solution. Exceptionally after ad-
ministration of the free Lyso-7 solution, four animals were euthanized
at in each time interval of 40, 60, 120 and 180 min and total blood
was collected by cardiac puncture in order to obtain a higher volume
of plasma samples, because in those cases the amount of Lyso-7 assayed
was lower than the quantification limit. The plasma samples were sub-
sequently extracted using the method described above.

Lyso-7 distribution in organs (heart, liver, spleen, lung and kidney)
was determined after intravenous administration of both formulations.
Mice (n=4)were euthanized at 10, 30 and 60min after iv administra-
tion of Lyso-7 single dose (1.6 mg/kg) for both tests. The organs were
collected and quickly washed with cold saline to remove blood excess
and blotted with filter paper before weighing [21]. The analyses of the
biological samples and quality control samples were performed within
12–24 h after sample collection.

In another experiment, the blood was removed from the organs
using perfusion with saline before organ collection. This procedure al-
lows the Lyso-7 concentration in each organ to be determined without
the influence of blood flow. A single dose of 1.6 mg/kg of Lyso-7 PLA
NC and free Lyso-7 was intravenously administrated to mice (n = 4)
and 10 min after, the mice were euthanized and the organs perfused.
The perfused heart and liver were processed as described above.

2.8.4. Pharmacokinetics and statistical analysis
The pharmacokinetic parameters for Lyso-7 were determined

by means of non-compartmental approach based on the plasma–
concentration profiles of Lyso-7 in both formulations after bolus intra-
venous administration. The area under the curve (AUC0-t) and the
area under the first-moment curve (AUMC0-t), where t is the last sam-
pling time, were calculated by the linear trapezoidal rule method. The
area under the curve extrapolated to infinity (AUC0-∞) was obtained
by the equation AUC0-∞=AUC0-t + Cp / ke, where Cp is the last measur-
able concentration and ke is the elimination rate constant. The AUMC0-∞
was calculated as AUMC0-t + (Cp × t / ke) + (Cp / ke2). The clearance (Cl)
was calculated as Dose / AUC and the apparent volume of distribution
(Vd) as MRT × Cl, where MRT is the mean residence time obtained
by AUMC0-∞ / AUC0-∞. The slope of linear regression of the log-
transformed concentration versus time in the terminal phase was
used to obtain ke. All data analysis was performed with PKSolver®

add-in software (Microsoft® Excel) [23]. Mean ± standard errors (SE)
were plotted in plasma × concentration curves. Student's t-test was
used to calculate differences between mean values obtained for some
of the pharmacokinetic parameters in each experimental group
(Graph Pad Prism 5.01 software).

3. Results

Biodegradable PLA NC loaded with Lyso-7 were successfully obtain-
ed by precipitation of the preformed polymer followed by the solvent
displacement method [16], which resulted in a colloidal suspension
with a mean particle size of 273 nm, polydispersity indexes lower
than 0.3 and ζ potential of −39.7 ± 6.1 mV. The drug payload was 6–
7% wt/wt and the encapsulation efficiency of Lyso-7 was as high as
83% at 0.42 mg/ml Lyso-7 concentration in the final formulation
(Table 1). Higher concentrations of Lyso-7 seemed to saturate the load-
ing capacity of these NCs and the drug appeared as a precipitate upon
storage for a short period of time, reducing the encapsulation efficiency
(Table 1). Loading of Lyso-7 had no influence on the surface charge of
the PLA NC (p N 0.05), as shown by zeta potential measurements,



Table 1
Physicochemical characterization of Lyso-7 nanocapsules.

NC Lyso-7 feed
(mg/ml)

Mean diametera ± SD
QELS (nm)

Mean polydispersion
indexb

Mean diameter ± SD
AFM (nm)

Zeta potentiala ± SD (mV) % EE % Payload
(drug/polymer)

Lyso-7 final
(mg/ml)

PLA-NC – 201 ± 5 0.140 246 ± 42 −46 ± 5 – –

Lyso-7 NC 0.5 274 ± 1 0.177 281 ± 38 −40 ± 5 83 6.9% (wt/wt) 0.42
Lyso-7 NC 1.0 286 ± 3 0.290 ND ND 37 6.2% (wt/wt) 0.37

EE: encapsulation efficiency as defined in the methodology section; AFM: atomic force microscopy; QELS: quasi-elastic light scattering.
a Means ± standard deviation (n = 3 formulation batches).
b Mean polydispersity index of nanoparticle population measurements (3 batches) just after preparation without any purification.
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which suggests that Lyso-7 is mainly associated with the oily core.
The size of the NC increased upon loading with Lyso-7, which is
also in agreement with Lyso-7 being located in the NC core. The mean
z-average hydrodynamic diameter obtained by QELS analysis, SEM
and AFM diameter measurements were similar, in the range of
200–280 nm (Table 1 and Figs. 2 and 3). The mass ratios between
Lyso-7 and PLA polymer were 0.07 and 0.06 wt/wt at the Lyso-7 initial
concentrations of 0.5 and 1.0 mg/ml of feeding, respectively (Table 1).

The morphology and sizes of unloaded and Lyso-7 loaded NC were
also determined by AFM. The images showed the presence of well-
defined spherical structures with a fairly homogenous surface, as
shown in Fig. 2A, phase image of 2B and on Fig. 2D, in a three-
dimensional view. Analysis of the topographical profile indicated a di-
ameter/height ratio of 1.3, which is consistent with a fluid inner struc-
ture of these Lyso-7 NC (Fig. 2C), as previously reported for other
drug-loaded NC [17,24]. Furthermore, AFM phase images show differ-
ences in the texture and stiffness of NC between the core and the
outer layer (Fig. 2B). Micelles of reduced size (12–25 nm) were also ob-
served in the AFM images (Fig. 2B) and are in agreement with
poloxamer 188 micellar diameters (14 nm) [25].

SEM images show Lyso-7 NC (Fig. 3) monodisperse in size, which
corroborate the QELS and AFM analyses. Furthermore, although the
samples were analyzed under very low energy electron beam and
under thin coating with gold (100 Å) fast deformation of the spheres
upon heating was observed (Fig. 3A), most likely due to the liquid na-
ture of the core and thin polymeric membrane of the NC. PLA has low
glass transition temperature (Tg 50–84 °C). Therefore, obtaining SEM
images of Lyso-7 PLA NC is a challenging task, as the NC were found to
melt and shrink upon heating with the electron beam. Shrinking of
the polymeric wall of the NC can be seen on Fig. 3A and B.

Hemolytic activity was determined to evaluate the in vitro toxicity
towards RBC of the free Lyso-7 and Lyso-7 in NC, considering that
these formulations may be used for intravenous administration
(Fig. 4). The percentage of hemolysis observed was 14% (free Lyso-7),
8% (Lyso-7 loaded PLA NC) and 2% (blank PLA NC) at the high doses.
The mean hemolytic activity of Lyso-7 in solution was significantly
higher (p b 0.05) than the Lyso-7 PLA NC (1.6-fold lower).

The chromatographic method developed to quantify Lyso-7 in the
formulations showed a retention time of 4.80 min for Lyso-7 and good
selectivity in the presence of NC excipients, as shown in the chromato-
grams (Fig. ST1). The method is linear in the concentration range of
500–100,000 ng/ml. The slope, intercept and the correlation coefficient
were 119817 (a), 8229.4 (b) and 0.9997 (r2), respectively. The method
was entirely validated according to the current guidelines. The results
are presented in the Table ST2 of the Supplementary material, which
shows that all precision and accuracy datawerewithin the recommend-
ed values [22]. The LOD and LOQ values were 150 ng/ml and 450 ng/ml,
respectively.

The Lyso-7 dissolution profile and the release profile of Lyso-7 PLA-
NC are shown in Fig. 5. Within 360 min (6 h) of NC dispersion into the
release medium, a rapid initial burst of Lyso-7 occurred, releasing 47%
of Lyso-7 from the NC. After that, between 360 and 720min the release
from the NCwas slow and sustained, reaching 58% of release, compared
to 82% of dissolution of the free Lyso-7 in the medium. The time re-
quired to release 50% of the encapsulated Lyso-7 was 427 min versus
32 min for Lyso-7 to reach 50% dissolution in PBS medium at pH 7.4.
The quantitative interpretation of the values obtained in the dissolu-
tion/release tests is facilitated by the use of mathematical models [26].

The Lyso-7 release kinetics was fitted using Higuchi, zero-order,
first-order and Korsmeyer–Peppas models. Table 2 shows the regres-
sion coefficients (r2), the release constants (kh, k0, k1 and k values),
and the n value, which is the release exponent calculated using the
Korsmeyer–Peppasmodel [26]. The Lyso-7 release kineticswas best de-
scribed by the Korsmeyer–Peppas model, which provided the highest
regression coefficient.

In the development of a bioanalytical method to quantify Lyso-7 in
biological samples, the protein precipitation (PP) with acetonitrile
(1 ml) procedure was chosen to extract Lyso-7 from plasma samples,
because it provides very clean chromatograms and a higher percentage
of recovery (97.46%) than the liquid–liquid extraction (LLE) procedure
using ethyl acetate (24.3–84.8%). On the contrary, higher recovery
values for Lyso-7 and IS (approximately 100%) from the heart, liver,
spleen, lung and kidney samples were obtained via extraction with
ethyl acetate, as shown in Table ST3 (Supplementary data). Thus, the
extraction procedure was performed for all tissues with three portions
of 500 μl of ethyl acetate. No interferences were found from the biolog-
ical matrices or from assay reagents, as shown in plasma, heart and liver
chromatograms (Fig. ST1 B, C and D, respectively). The retention times
for Lyso-7 (4.8 min) and IS (1.8 min) and the resolution in our chro-
matographic conditions were considered appropriate (Fig. ST1). The
method was linear in the range of 100–10,000 ng/ml in all matrices.
The LOQ and LOD were 100 ng/ml and 50 ng/ml, respectively, in all bi-
ological matrices. Standard curves, equations (means, n=6), the corre-
lation coefficients (r2), and the between-day, intra-day precision,
accuracy and stability assays are shown on Tables ST4, ST5 and ST6, re-
spectively (Supplementary material).

3.1. Pharmacokinetic and biodistribution studies

The intravenous administration of 2.2 mg/kg of free Lyso-7 in solu-
tion in mice led to immediate death of all animals (n = 6), indicating
that intravenous LD50 of free Lyso-7 is lower than 2.2 mg/kg in mice.
The same concentration of excipients used to prepare Lyso-7 in solution
was administered and induced no deaths or adverse effects within 24 h.
Therefore, we evaluated the plasma profile of the free Lyso-7 adminis-
tering a lower dose (1.6 mg/kg), which induced no deaths in mice,
after a preliminary dose screening with no observable adverse effect
level (NOAEL) in acute toxicity test (data not shown), according to
OECD (Organization for Economic Co-Operation and Development)
guidelines. The doses of 1.6 and 2.2 mg/kg of Lyso-7 loaded in PLA NC
were administered iv to the animals andwere found to inducenodeaths
or observable toxic effects. Lyso-7 association with NC increased the
LD50 of Lyso-7 and produced no signals of general toxicity observable
during this study.

Fig. 6 shows the curves of Lyso-7 concentration versus time in the
blood upon iv administration of Lyso-7 in solution and Lyso-7-
loaded in PLA-NC. The pharmacokinetic profiles show that the Lyso-7
plasma concentration was significantly higher (p b 0.001) for NC than
for the solution until 1 h after administration. After 3 hour post-
administration of free Lyso-7, its plasma concentration was below the



Fig. 2. AFM images of height (A), phase (B) of PLA NC and topographical profile (C) given by the “section analysis” software showingmeasurements of nanocapsules diameter and height.
Scan size: 2.5 × 2.5 μm. (D) AFM image giving a three-dimensional view of PLA NC containing Lyso-7 (0.5 mg/ml) spread on mica. Scan size: 5 × 5 μm.
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detection limit by the HPLCmethod. Higher concentrations were recov-
ered from plasma with Lyso-7 associated with NC even after 6 h. The
mean pharmacokinetic parameters are summarized in Table 3. Higher
body exposure to Lyso-7 with NC formulation was further confirmed
by the increase in the area under the curve (AUC0-t) (Table 3). The
AUC0-t and AUC0-∞ values after intravenous administration of free
Lyso-7 were 14-fold and 12-fold lower than Lyso-7-loaded PLA-NC,
respectively. Furthermore, the Lyso-7-loaded PLA-NC increased
considerably the MRT by 2-fold while plasma half-life was increased
1.4-times. Plasma clearance (Cl) was reduced 13-fold, as well as the



Fig. 3. SEM images of Lyso-7 PLA NC (A) and nanocapsule detail (B). Images were obtained at 20 kV after sample coating (100 Å) with gold.
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apparent distribution volume (Vd) (10-fold) and the elimination rate
(ke) (1.3-fold).

The Lyso-7 distribution in the heart, liver, spleen, lung and kidney
samples is shown in Fig. 7, as the concentration of Lyso-7 in μg per g
of tissue after 10, 30 and 60 min post-administration of Lyso-7. After
10min, the Lyso-7 concentrations in all tissueswere significantly higher
(p b 0.05)when Lyso-7was administrated in NC formulation thanwhen
it was administrated in solution. The AUC increased significantly
(p b 0.05) in the heart (3.6-fold), liver (1.8-fold), spleen (2.3-fold),
lung (2.8-fold) and kidney (2-fold) for Lyso-7 in NC compared to solu-
tion (Fig. 7). Furthermore, there were no significant differences be-
tween the Lyso-7 levels in the heart and liver, with or without
vascular perfusion of the organs with saline (Table 4), indicating that
the increase in Lyso-7 concentration after NC administration in these
tissues was not due to alterations in the blood flow, neither in the
amount of blood in the vessels in these tissues after necropsy.

4. Discussion

Lyso-7 was efficiently encapsulated in the oily core of PLA NC, as ex-
pected due to its high lipophilicity (log p = 5.62). Suitable encapsula-
tion efficiency (EE) was achieved (~83%) with an encapsulation
process that requires no further purification steps, in agreement with
EE reported in previous studies (40–100%) for PLA NC prepared by the
nanoprecipitation method [27]. In vivo studies showed that Lyso-7
has high potency within this class of drugs (3 mg/kg) compared to
other anti-inflammatory drugs, indomethacin (10 mg/kg), and TZDs,
75 10025 50
0

5

10

15

20
60
80

100
Free Lyso-7
Lyso-7 PLA-NC
Blank PLA-NC

**

**

**

**

**

**

**

Lyso-7 concentration (µg/ml)

%
 h

em
ol

ys
is

Fig. 4. Percentage of hemolysis upon incubation with free Lyso-7, blank PLA-NC and Lyso-
7-loaded PLA-NC.
pioglitazone (50 mg/kg) [10,11], which enables the use of such Lyso-
7-NC formulation even though the drug payload was not very high
(7% wt/wt). However, lower payloads of 0.6–1.4% and 1.3–3% wt/wt
were recently reported for genistein PLA NC [28] and hydrophobic
phtalocyanine in PLA NC, respectively [17]. Furthermore, similar pay-
load of 4–6% wt/wt was obtained with docetaxel in PLGA NC [29]. The
negative zeta potential of the NC can be attributed to the polarization
of the ionic groups located at their surface, mainly the phosphatidic
acid of the lecithin used in the formulation (Epikuron170®), as
discussed previously [30]. Loading with Lyso-7 produced no significant
modification on the zeta potential of the NC, which suggests that at con-
centrations up to 0.5 mg/ml of Lyso-7 is mainly located in the oily core.

The AFM images of Lyso-7 NC (Fig. 2C) evidenced the deformable
structure of this vesicular carrier with a diameter/height ratio higher
than 1.3. Another type of evidence from AFM images is the difference
in contrast between the core and the corona observed in phase images
(Fig. 2B), as already reported for NC systems [17,24]. The core appears
brighter and surrounded by a darker rim, indicating that the texture
and stiffness of the NC core are different from the NC wall, as observed
clearly in Fig. 2B (phase image). The difference in mean diameter ob-
tained by AFM in comparisonwith QELS could be attributed to two arti-
facts associated with AFM analysis as previously discussed by other
authors, namely flattening of the NC [24] and overestimated lateral di-
mensions related to the geometry of the AFM tip [31]. SEM images
show enlarged NC diameters (Fig. 3A), of approximately 300 nm, that
could be attributed to the melt, shrinkage and deformation of NC
Fig. 5. Profiles of in vitro Lyso-7 free dissolution kinetics and Lyso-7 release kinetics from
PLA-NC in PBS at pH 7.4. The insert shows the first 180 min in detail.



Table 2
Mathematical modeling of dissolution/release data of free Lyso-7 and Lyso-7 loaded PLA-
NC.

Mathematical model Free Lyso-7 Lyso-7 PLA-NC

Higuchi kh 0.0745 min−1/2 0.0481
r2 0.7765 0.8573

Zero-order k0 0.0195 min−1 0.0109
r2 0.6158 0.5056

First-order k1 0.0404 min−1 0.1209
r2 0.9562 0.6810

Kosmeyer–Peppas k 0.1717 min−n 0.0639
n 0.1920 0.3952
r2 0.9377 0.8716

Table 3
Pharmacokinetics parameters of Lyso-7 after intravenous administration.

Parameter Lyso-7 free Lyso-7 loaded in PLA-NC

AUC[0-t] (μg/ml × min)a 5.45 ± 0.65 80.43 ± 9.10⁎

AUC[0-∞] (μg/ml × min) 5.73 ± 1.05 82.64 ± 7.50⁎

Cl (ml/min) 244.50 ± 35.20 18.37 ± 2.13⁎

Vd (ml) 5943 ± 1704 584.90 ± 34.03⁎

MRT (min) 27.57 ± 3.47 72.40 ± 13.82⁎

ke (1/min) 0.042 ± 0.008 0.031 ± 0.005⁎⁎

t1/2 (min) 16.40 ± 1.40 23.70 ± 2.50⁎

Data are expressed as means ± relative standard deviation (n = 6). Administered dose:
1.6 mg/kg.

a Time (t) was 60 min for Lyso-7 free and 360 min for Lyso-7 loaded in PLA-NC.
⁎ p b 0.001 compared to free drug.
⁎⁎ p b 0.01 compared to free drug.

214 G.M. Garcia et al. / Journal of Controlled Release 209 (2015) 207–218
under electron beam heating (Fig. 3B). Benita and co-workers observed
the same effects on PLGA NC analyzed by SEM [29]. These results indi-
cate that evaluation of the NC diameters must be done by two or more
complementary sizing techniques considering the limitations of each
one, as previously discussed [31]. Altogether, the physicochemical re-
sults indicate that Lyso-7 is associated to the oily core and that a poly-
mericwall surrounds and separates the drug from the externalmedium.

The observations described above were in agreement with the Lyso-
7 NC reduced in vitro toxicity against RBC compared to free drug. It oc-
curred likely by delaying the Lyso-7 release from the NC and reducing
the fraction of drug in contact with RBC. NC without drug or loaded
with Lyso-7 exhibited very low hemotoxicity in our studies and they
can be considered non-hemolytic, in accordance with recently pub-
lished work [32]. In our pharmacokinetic study in mice, the estimated
plasma concentration at time zero of free Lyso-7 was 35.5 μg/ml, 3-
fold lower than the concentration of 100 μg/ml that caused 14% of he-
molysis by free Lyso-7 in solution and 6% of hemolysis by Lyso-7-
loaded NC, which are both acceptable values. Thus, even plasma
concentrations of free Lyso-7 higher than 100 μg/ml seem to be safe
for parenteral administration in terms of toxicity against RBC and the
nanoencapsulation improves safety for intravenous administration of
Lyso-7. Furthermore, the release rate of Lyso-7 from NC was reduced
in comparison with the dissolution rate of Lyso-7 in buffered saline,
which proves that NC is an efficient carrier to retain and prolong Lyso-
7 release in the blood.

The analysis of mathematical modeling of dissolution/release data
suggests that the dissolution is better described by the first-order
model (r2 = 0.9562) and Lyso-7 release from NC is better described
by Korsmeyer–Peppas modeling (r2 = 0.9377), with a 4-fold reduction
of the dissolution rate constant (Table 2). The n value, relative to
Korsmeyer–Peppas model, indicates that the Lyso-7 has to diffuse
Fig. 6. Plasma concentration–time profiles after intravenous administration inmice of free
Lyso-7 (1.6 mg/kg) and Lyso-7 in PLA-NC (1.6 and 2.2 mg/kg) formulations. Mean ± SE,
n = 6; ***p b 0.001, **p b 0.01, using two-way ANOVA.
through the polymeric wall following Fickian diffusion, and the thick-
ness of the polymeric wall can influence the diffusion rates [26].

Encapsulation led to reduced general toxicity of Lyso-7 upon iv ad-
ministration, which was otherwise lethal at doses above 2 mg/kg (free
Lyso-7). The cause of death provoked by iv injection of 2 mg/kg of
Lyso-7 in solution requires further investigation. However, our in vivo
studies demonstrated that this toxicity could be reduced by association
of Lyso-7 with the NC. It is difficult to determine the fraction of Lyso-7
that is not associated with the NC after iv administration, however the
NC most likely retained a significant fraction of Lyso-7 over time,
which allowed the blood concentration to remain below the limit of
toxicity. This may be a key to understanding the difference in toxicity
between free Lyso-7 and the NC formulation.

No data concerning Lyso-7 quantificationmethod have been report-
ed to date. Thus, the development of analytical and bioanalytical
methods is crucial for continuing research with this investigational
drug. Both methods developed in the present study, analytical and
bioanalytical, have shown to be selective, since Lyso-7 retention-time
in the chromatograms was not significantly modified in the presence
of the biologicalmatrices or of the excipients of theNC formulation. Fur-
thermore, no degradation peaks were observed in chromatograms ob-
tained with multi-wavelength detection using photon diode array
detector (data not shown), which indicates that the conditions used
were suitable to maintain Lyso-7 chemical stability. The analytical
method was sensitive, precise and accurate enough to allow routine
analysis of Lyso-7 content associated with NC as well as the encapsula-
tion efficiency.

The bioanalytical methods developed and validated hereinwith bio-
logical samples (PP for plasma samples and extraction with ethyl ace-
tate for the heart, liver, spleen, lung and kidney samples) allow a fast,
simple and cost-effective assay of the plasma and tissue samples. Fur-
thermore, this method is sensitive in the sense that only small samples
of plasma and tissues are required to enable pharmacokinetic and
biodistribution studies to be performed (80 μl and 200 mg, respective-
ly). The selected internal standard (BZ) was appropriate because of its
high recovery from biological matrices (N95%), good chromatographic
separation from the analyte and similar solubility in the solvents used
in the extraction procedure. The stability data analysis suggested that
the biological samples containing Lyso-7 can be manipulated, frozen,
thawed and refrozen without loss of its chemical integrity and purity
in these matrices (complete data is available in Supplementary materi-
al). This method is a valuable contribution to better define pharmacoki-
netic profiles of this new substance and assess further preclinical
investigations, such as pharmacokinetic/pharmacodynamic relation-
ships and biodistribution studies in other animal models.

The pharmacokinetics analysis revealed that Lyso-7 elimination
half-life was short in mice, approximately 17 min. In order to be useful
in diabetes, inflammatory cardiovascular disorders and in metabolic
syndrome, a more sustained residence of Lyso-7 in the vascular com-
partment is desirable. In this sense, the increase in Lyso-7 plasma AUC
and MRT and reduction in apparent volume of distribution provided



Fig. 7. Lyso-7 concentrations in liver (A), heart (B), spleen (C), lung (D) and kidney (E) of mice at 10, 30 and 60min after intravenous administration of Lyso-7 solution (white bars) and
Lyso-7 in PLA nanocapsules (black bars), and area under the curve (AUC) on the right axis of the graph. Administered dose: 1.6mg/kg of Lyso-7. ⁎p b 0.05 compared to free Lyso-7 (n=4).
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by the NC have beneficial effect. In this work, the ability of PLA NC to
modify the plasmatic profile of Lyso-7 (Table 3) was demonstrated, as
an increase in the plasma concentration was observed in the first
60 min after administration, as well as a 14-fold increase in the AUC.
Our results are in agreement with those of Mosqueira et al., where the
biodistribution of another hydrophobic drug, halofantrine, associated
with a similar PLA NC formulation, was altered in a similar way in
vivo, increasing the AUC by 6-fold [33]. Similar formulations of PLA NC
loading lipophilic drugs also resulted in an increase of the lethal dose
of the associated drug and reduced cardiac toxicity in the first 30 min
after iv administration [33,34]. Lyso-7 clearance was significantly re-
duced by associating this drug with polymeric NC, probably because
its release was delayed in accordance with in vitro data.

In a previous work doses of 1 μM (0.45 μg/ml) of Lyso-7 were active
in inhibiting COX-1 and COX-2 and EC50 of 10 and 50 μM activated
PPAR-α, PPAR-β/δ or PPAR-γ in vitro [10]. Thus, if we define the mini-
mum effective concentration (MEC) in plasma for Lyso-7 to be 10 μM
(4.48 μg/ml) for both actions, then three half-lives will be necessary
for the plasma concentration to be above the MEC for the intravenous
dose of 1.6 mg/kg. This corresponds to approximately 50 and 75 min
after iv administration of free Lyso-7 and Lyso-7 NC, respectively, as-
suming 45 ml/kg as the mice plasma volume. The oral dose (3 mg/kg)
Table 4
Effect of organ perfusion with PBS on Lyso-7 tissue concentrations in heart and liver 10
min after Lyso-7 administration (μg/g of tissue).

Without perfusion Perfused

Hearta Livera Hearta Livera

Lyso-7 PLA NC 15.48 ± 2.33 51.17 ± 7.47 13.81 ± 0.96 49.90 ± 5.69
Free Lyso-7 3.96 ± 1.42 20.82 ± 4.58 3.60 ± 0.49 20.47 ± 6.23

Administered dose: 1.6 mg/kg.
a Mean of μg/g of tissue ± SE (n = 4).
used to produce effects of reduced neutrophil infiltration in vivo report-
ed for Lyso-7 in mice [11] is in agreement with the above-mentioned
calculations. Consequently, the intravenous doses of 1.6 and 2.2 mg/kg
used in the present work are sufficient to activate PPARs and are likely
to be sufficient to inhibit COX-1 and COX-2 in mice. Our data corrobo-
rates the previous observations that Lyso-7 may be employed to treat
neutrophil-mediated diseases and to reestablish damaged gastric mi-
crocirculatory networks in vivo as observed by Santin and co-workers
[11].

In the biodistribution study described herein, the amounts of Lyso-7
in the liver and spleen were dramatically higher than the free drug
when it was loaded in PLA-NC (Fig. 7), as expected, due to uptake by
resident phagocytes of the mononuclear phagocytic system, as previ-
ously reported for the radiolabeled PLA-NC [13]. On the other hand,
the increase in the Lyso-7 levels in the heart when administered associ-
ated with NC (3-fold, Fig. 7) is unexpected. In an attempt to better ex-
plain this point, the blood was removed from the organs by infusion
with saline (Table 4) and the concentration in the organs tested again
upon infusion. However, no significant differences were observed
when comparing the organs with or without infusion, indicating that
Lyso-7 concentration in the heart with the use of NC is not related to
blood flow, but probably related to specific affinity of the compound
for this organ after prolonged plasma exposure. However, this accumu-
lation does not seem to be related to free Lyso-7 toxicity observed after
intravenous administration in mice, because heart concentration in-
creases with the administration of Lyso-7 loaded in NC and in this
case, no toxicity was observed. Another hypothesis is that the uptake
of Lyso-7-NC by different tissues in a modified biodistribution profile
could reduce the toxicity. In fact, we observed a drastic modification
in biodistribution of Lyso-7 after encapsulation.

When a drug is given in the form of an iv bolus, the drug absorption
can be considered instantaneous since the drug enters the circulation
immediately. The rates at which various tissues will uptake the drug
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will depend on the drug's lipophilicity, the blood flow of the tissue, the
drugmolecularweight, and the binding affinity of the drug for the tissue
[35]. After iv administration Lyso-7 is rapidly distributed throughout the
mice body, as clearly evidenced by its fast concentration decay in plas-
ma, reaching the highest concentrations in the different tissues in
10 min after administration (Figs. 6 and 7). This is probably a conse-
quence of the high lipophilicity of Lyso-7 and of its ability to permeate
membrane barriers, which induces fast tissue distribution and high ap-
parent volume of distribution (Vd). NC retains Lyso-7 in the plasma for
longer times, which correlates with the slower release from the carrier
or with the transfer of Lyso-7 fromNC to plasma lipoproteins, as recent-
ly observed by Benita and co-workers with PLGA NC [29]. However, a
fast decay of Lyso-7 concentration in the organs was observed up to
30 min upon injection for NC compared with free Lyso-7, indicating an
efficient mechanism of organ clearance in the case of Lyso-7-NC
(Fig. 7). Saxena and co-workers analyzed the biodistribution profile of
the dye indocyanine green (log p= 6) in PLGA NC and a similar profile
of distribution was found in different organs [36]. They observed a re-
duction of the concentration of the dye associated to NC in different or-
gans from10 to 30min upon injection of approximately 55% in the liver,
20% in the spleen, 40% in the lungs, 17% in the heart and 30% in the kid-
neys. In our case similar values were found, with Lyso-7 (log p = 5.6)
organ clearance from 10 to 30 min upon injection of 56% in the liver,
45% in the spleen, 50% in the lungs, 40% in the heart and 20% in the kid-
neys. Similarly, in the first 10 min post-injection they observed an in-
crease of indocyanine green (log p = 6) of 1.8-fold in the liver, 5.5-
fold in the spleen, 4-fold in the heart, 8-fold in the lungs and 5-fold in
the kidneys, which corroborates with our results in the present work.
The similarity between both studies could be attributed to their values
of drug lipophilicity that play a major role in the drug permeation and
elimination in different organs. Comparing our biodistribution results
with those from other authors using the same type of nanocarrier, PLA
NC with no surface modification, we found similar high accumulation
in organs in the first minutes post-injection, for the PLA NC itself [13]
and for the substance encapsulated, even if they differ largely in the
chemical nature [37]. The affinity of a drug by a tissue strongly depends
on its lipophilicity and permeability and unfortunately, the separation of
free and encapsulated drug in plasma or tissue is a very difficult task to
be performed experimentally after administration in vivo. Although the
pharmacodynamic investigation of the pharmacological response was
beyond the scope of this work, our results will provide a new tool to
quantify Lyso-7 in above-mentioned tissues and to establish the re-
quired therapeutic dose range and Lyso-7 potency in further in vivo
experiments.

As observed in Table 4, Lyso-7 shows a binding affinity to some tis-
sues, such as the heart and liver. In this sense, the use of medium
chain triglycerides (MCT) in the nanocapsule formulation could be par-
tially responsible for the encapsulated Lyso-7 biodistribution. The use of
MCT as NC core includes some advantages, such as its high capability to
dissolve drugs compared with long chain triglycerides (LCT), low accu-
mulation in adipose tissue and liver, faster plasma clearance, low pro-
motion of pro-inflammatory mediator synthesis and resistance to
peroxidation [38,39]. It has been suggested that substantial MCT
amounts are cleared from blood as intact whole particles by different
tissues [39–42], which in our case could increase the association of
Lyso-7 with those same tissues.

Many attempts to define the fate of oil nanodroplets after intrave-
nous administration of lipid-based particles have been reported already
[38–42]. After intravenous injection, lipid nanodroplets can acquire
apolipoproteins (apoC-II and apoE) by transfer fromHDL and are gener-
ally metabolized as endogenous chylomicrons [38], or could be recog-
nized as foreign body and cleared by the mononuclear phagocyte
system, as reported in the literature [38–43].

MCTs are good substrates for endothelial bound lipoprotein lipase
(LPL) that mediates triglyceride lipolysis [44–46]. Studies showed that
inclusion of MCTs in TG mixtures accelerates lipolysis and leads to the
rapid formation of small remnants that are efficiently taken up by tis-
sues by a membrane fatty acid transporter highly expressed in the
heart, adipose tissue and skeletal muscle [40,44,45].

LPL expressed in the endothelium of different organs plays a major
role on the insulin sensitizing effects induced by PPAR agonists [46]. In
fact, MCT oil droplets increase the contact of the triglycerides with this
enzyme in the endothelium and increase their transfer because MCT
oil droplets have four-times higher solubility at the membrane/water
interface compared to other triglycerides [39], used in solid or semi-
solid lipid nanodroplets, for example. As the endothelium in some tis-
sues is one of the probable cell target of Lyso-7 new PPAR agonist, the
association of this molecule with the MCT oily core of NC could intro-
duce beneficial effects to improve drug targeting to endothelium,
enhancing the insulin-sensitizing effects and the management of ath-
erosclerosis related to this class of drugs [45–47]. Recently, it was re-
ported that the treatment of LDLr−/− mice with Lyso-7 reduces the
development of atherosclerotic lesions, reduces blood glucose levels,
improves the lipid profile and downregulates CD40 and CD40L
expression with no effect on body weight of the animals [48]. These re-
sults indicate that Lyso-7 attenuated atherosclerosis progression by
modulating inflammation and lipidmetabolismwith limited side effects
in mice [48].

Recently, Attili-Qadri et al. elegantly demonstrated that PLGA NCs
are surface coated by proteins and phospholipids upon iv and oral ad-
ministration [29]. This effect reduced the docetaxel release in plasma
and significantly altered the organ biodistribution. Those observations
are in agreement with our findings of higher retention of Lyso-7 PLA
NC in the plasma compared to free drug. In the present study, encapsu-
lation of Lyso-7 in the oily core of NC increased drastically plasmatic
levels of Lyso-7 after iv administration, which could be related to the as-
sociation of Lyso-7 with these lipoproteins following their distribution
in tissues. As previously demonstrated, the greater the expression of
LPL in the endothelium of a specific tissue, the greater the amount of
lipid associated chylomicrons that are taken up [45–47]. In previous ex-
periments, 5% of an injected dose of a label in chylomicron was recov-
ered in the heart 2 min after iv administration [49]. This may at least
partially explain the high association of encapsulated Lyso-7 to the
heart.

In fact, PPAR-γ agonists, particularly pioglitazone, appear to have
cardioprotective properties for patients with type 2 diabetes [50,51]. It
is important to note that Lyso-7, which is also a PPAR-γ agonist [10],
could be an interesting alternative to induce cardioprotective effects,
by taking advantage of its increased concentration in the heart provided
by nanoencapsulation. As reviewed and discussed by Consoli &
Formoso, the use of TZD, particularly pioglitazone, has some advantages,
at least until newer PPAR-γ modulators will be able to retain the
positive effects of pioglitazone with less adverse effects and greater tol-
erability [4]. Furthermore, it was reported that after a single intramus-
cular injection, PLGA nanoparticle loading pioglitazone accumulated in
the capillary and arteriolar endothelium [14]. Also, these nanoparticles
at the dose of 1 μg/kg resulted in higher angiogenic and atherogenic ef-
fects and improved the blood flowwhile a dose of 1000 μg/kg of free pi-
oglitazone was necessary to produce the same effect [14]. Thus, it could
be expected that the administration in PLA NC could be useful to im-
prove the Lyso-7 concentration on the endothelium [11,48]. However,
the potential cardiac side effects following chronic administration
should be further investigated and detailed in vitro/in vivo studies are
required.

Consistent with the prominent role of PPARs (α, β/δ, and γ) in glu-
cose metabolism and fatty acid oxidation and storage, tissues that are
most active in these processes demonstrate high expression levels of
PPARs [52,53]. In this respect, PPAR-δ is ubiquitously expressed, where-
as PPAR-α is highly expressed in tissues such as the liver, kidney, heart,
intestine, skeletal muscle and brown adipose tissue (BAT), and PPAR-γ
is expressed in adipose tissue, vascular and immune cells, retina, gut
and brain [52]. Since PPAR expression presents a wide tissue
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distribution, PPAR synthetic ligands might also present pleiotropic ef-
fects, in addition to glucose- and lipid-lowering effects [53]. These in-
clude effects on the modulation of inflammatory signaling pathways
in the heart [54], liver [55], kidney [56] and lungs [57], as well as on
major players involved in the progression of diabetic nephropathy
[56]. Thus, having much higher concentrations of Lyso-7 in the liver,
heart, lungs and kidneys might affect pathophysiological processes
and provide beneficial effects of this drug. Nonetheless, further investi-
gation will be required to elucidate whether the local PPAR activation
could also be involved in side effects ascribed to the TZD class of
drugs, although these have not been observed with Lyso-7 until now
[10,11,48].

Thus, considering the benefits in terms of general acute toxicity and
pharmacokinetic/biodistribution profiles after intravenous administra-
tion of Lyso-7 loaded in polymeric NC obtained in the present work,
this new TZD, with high efficacy in vivo compared with other anti-
inflammatory agents [10,11], is a good formulation candidate to be eval-
uated in experimental treatment of metabolic and degenerative disor-
ders, such as type 2 diabetesmellitus and atherosclerosis [48].

5. Conclusions

NC formulation loading Lyso-7, a new thiazolidino-2,4-dione com-
pound, was described herein. We firstly report a validated method to
quantify Lyso-7 in NC and in biological samples (mice plasma and tis-
sues) using a HPLC–UV method that is simple, fast, accurate, precise
and specific. Pharmacokinetic and biodistribution data analysis indi-
cates that association of Lyso-7with theNC reduced the general toxicity
and increased significantly plasmatic AUC and tissue exposure, particu-
larly in the heart, where PPAR-γ agonists induce protective effects [10,
48]. This indicates that this formulation is a promising alternative for
the administration of Lyso-7 in further pre-clinical studies.
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