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Diethylcarbamazine-loaded nanoparticles were previously evaluated for their anti-inflammatory
activity. However, little is known regarding their physicochemical properties. Thus, the purpose
of'this study was to physiochemically characterize diethylcarbamazine-loaded poly(caprolactone)
nanoparticles and evaluate their in vitro cytotoxicity. All formulations were prepared using the
double-emulsion method. The average particle size was in the ranged between 298 and 364 nm
and the polydispersity indexes were below 0.3. The zeta potential values were marginally negative,
which may be related to drug loading, as higher loading led to an increase in the modulus of
the zeta potential values. Fourier transform infrared spectroscopy (FT-IR) and X-ray powder
diffraction (XRD) analysis did not reveal any chemical interactions between the chemicals used
and the absence of drug in crystalline form on the nanoparticle surfaces. The in vitro drug release
study revealed a concentration-dependent release from the nanoparticles into the medium. The in
vitro cytotoxicity assay demonstrated the biocompatibility of the blank and loaded nanoparticles.
Hence, all formulations presented good physicochemical and safety properties, corroborating the
in vivo anti-inflammatory activity, previously reported by our group.

Keywords: Diethylcarbamazine. Polymeric nanoparticles. Physicochemical properties. In vitro
biocompatibility.

INTRODUCTION

Diethylcarbamazine (DEC) is one of the main
drugs used in the treatment of lymphatic filariasis and
has excellent tolerability with few side effects (Ali et
al., 2014; Peixoto, Silva, 2014). This drug is widely
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commercialized as a citrate salt, presenting high water
solubility and good stability, although it has a short
half-life. In addition to its anti-filariasis effects, the
anti-inflammatory effects of DEC have been reported
based on the metabolism of arachidonic acid and the
inhibition of cyclooxygenase, lipoxygenase, and nuclear
factor kappa-B (NF-«xB) pathways in humans (Peixoto,
Silva, 2014). Thus, the anti-inflammatory potential of
DEC has been evaluated in acute and chronic hepatic
inflammatory models, with potential pre-clinical
responses observed (Rodrigues ef al., 2017, Rocha et
al., 2012; Silva et al., 2014).
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Recently, our research group has revealed the
effectiveness of DEC-loaded nanoparticles (BR 10 2017
002700-7 and PCT/BR2018/050027) in an induced
murine model of inflammation. Interestingly, the
nanoparticles have demonstrated the ability to enhance
the therapeutic activity of DEC using a dose of 12.5 mg/
kg for 6 days, which is less than that reported previously
(50 mg/kg) (Rocha et al., 2012; Silva et al., 2014). The
enhanced activity may have been a consequence of the
improved residence time of the drug-loaded nanoparticles
(Rodrigues et al., 2017; Rodrigues ef al., 2018).

As described in our previous works, the simple
nanoencapsulation of DEC, which has led to an enhanced
pharmacological activity, is dependent on several pre-
formulation studies. In general, pre-clinical studies rely on
a good characterization of the formulation (Aguirre et al.,
2016). The interactions of drug-excipients and excipients,
as well as the ability of the nanoparticles to control drug
release, are the most common concerns before biological
efficacy evaluation (Fathima et al., 2011; Gressl et al.,
2017). In addition, the biopharmaceutical studies of
nanocarriers usually involve the characterization of their
toxicities against different cell lines, as a pre-evaluation
of the nanoparticle toxicity (Costa et al., 2014).

Hence, the goal of this study was to present
the experiments performed to develop DEC-loaded
nanoparticles with reported anti-inflammatory activity
(Rodrigues et al., 2017; Rodrigues et al., 2018). Herein,
physical, chemical, and biological characterizations were
performed to obtain a nanocarrier that could be able to be
pre-clinically evaluated in terms of its anti-inflammatory
activity.

MATERIAL AND METHODS

Initially, 1 mL of an aqueous solution containing
10 (NP_DECI0) or 25 mg (NP_DEC25) of DEC (Sigma
Aldrich®, Sdo Paulo, Brazil) was emulsified in 10 mL of
dichloromethane containing 50 mg of polycaprolactone
(PCL) and 30 mg of Pluronic® F68. The first emulsification
was performed using a homogenizer (Ultra-Turrax®
T18, IKA, Germany) at 25,000 rpm to obtain a water/
oil emulsion. The second emulsification was achieved
by adding a second aqueous phase solution containing
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0.5%.,,, polyvinyl alcohol (PVA, molecular weight (MW)
= 13,000 — 23,000 Da) to its composition. The second
emulsification was performed using an Ultra-Turrax® T18
at 25,000 rpm. Both emulsification steps were carried out
for 10 min in an ice bath. The solvent was evaporated
under reduced pressure (RV-10 basic, IKA, Germany).
The final dispersion was frozen at -80°C and freeze-dried
(Alpha 1-2 LDplus, Christ, France) using a 24-hour cycle.
Blank nanoparticles (NP_blank) were prepared using the
same protocol without the addition of DEC.

The average particle size and polydispersity
index were measured using the ZetaSizer Nano ZS
instrument (Malvern Instruments, United Kingdom).
The nanoparticle dispersion was diluted (1:99 ratio)
in ultrapure water. Subsequently, the same dilution
was used to measure the zeta potential, also using the
ZetaSizer Nano ZS instrument (Malvern Instruments,
United Kingdom). Both measurements were performed
in triplicate at 25°C.

Nanoparticle morphology was examined using a
transmission electron microscopy (TEM) apparatus
(Tecnai G20, FEIL United States). For sample preparation,
a drop of the nanoparticle suspension was placed on a
carbon-coated copper grid and then negatively stained
with a 2% phosphotungstic acid solution. The grid was
dried at room temperature and observed using TEM.

Attenuated total reflection—Fourier transform
infrared (ATR-FTIR) spectroscopy measurements were
performed in the solid-state using a spectrophotometer
(Shimadzu® IR Prestige-21, United States). The samples
were placed onto a small crystal area, and the pressure
arm was positioned over the sample. All spectra were
obtained after 20 scans in the range of 4000 cm™ to 700
cm’ at room temperature.

X-Ray diffraction (XRD) measurements were
performed using the diffractometer (model DS Advance,
Bruker, United Kingdom) with a copper anode (Cu Ka
radiation, A = 0, 15418 nm, 40 kV, 20 mA). Along with
the nanoparticle samples, all raw materials were analyzed
at a scanning rate of 2°%min, in the range of 5-50°.

The encapsulation efficiency (EE) of DEC in the
formulations was determined by extraction of DEC
from the nanoparticles with an excess of water using
a dialysis bag until complete extraction (5 days). The
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extracted drug was quantified by UV spectrophotometry
(SP2000UV, Spectrum, Brazil) at A = 211 nm
(y = 0.0228x + 0.0088, R*= 0.999). The following
equation was used to express the results: %EE =
(extracted drug/total drug added) x 100.

Drug release studies were performed for both
formulations (NP_DECI10 and NP_DEC25), and water
was used as the dissolution medium. Briefly, the
nanoparticles were placed in dialysis bags (MW cut-off
12,000 Da, Sigma-Aldrich®, Brazil), sealed and dropped
into 100 mL of medium. The system was maintained at
37° + 2°C with continuous magnetic stirring at 100 rpm.
Aliquots (2 mL) were withdrawn at predetermined time
points and immediately replaced with the same volume
of the dissolution medium. The quantification of DEC
was determined by UV spectrophotometry (SP2000UV,
Spectrum, Brazil) at 211 nm.

To determine the mechanism of drug release from
the formulations, the experimental data were fitted to
different kinetic models using Excel® add-in DDSolver
(Zhang et al., 2010). The main mathematical models
were analyzed (Table I). The model that best described

the release data was evaluated based on the adjusted
coefficient of determination (adjusted-R2), the standard
deviation of the residuals (RMSE) and model selection
criterion (MSC).

The nanoparticle cytotoxicity was evaluated using
the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay (7). Human
umbilical vein endothelial cells (HUVECs) were plated
in 96 well plates at a density of 3 x 10* cells/mL and
incubated for 24 h and 72 h, at 37°C, in a humidified
atmosphere containing 5% of CO,. Subsequently, MTT
(5mg/mL in phosphate buffer solution) was incubated
for 3 h under the same conditions as described above.
The MTT formazan product was dissolved in sodium
dodecyl sulfate (SDS)/HCI 0.01 mol/L and the optical
density was recorded in a plate reader at 570 nm. DEC
concentrations ranging between 6 and 200 pg/mL were
used for NP DEC10 and NP_DEC?25, for the blank
formulation, the corresponding volume of NP_DECI10
was used. Furthermore, to evaluate the difference among
group populations, ANOVA was performed, followed by
the Bonferroni post hoc test.

TABLE I - Evaluation of different kinetic models for the drug release of DEC from the nanoparticles prepared

Sample Model Equation R2 Adjusted RMSE Constants MSC

Zero-order F=k xt 0.92 6.49 K0=25.29 2.47

NP First-order F=F__x[I-Exp(-k, x t)] 0.95 4.69 K1=0.36 3.36

DEC10 Higuchi F=k, xt* 0.89 7.79 kH = 35.44 2.03
(3 hours)

Korsmeyer-Peppas F=k,xt 0.95 4.40 kKP=30.73 3.52

Peppas-Sahlin F=kxt"+k, xtm 0.95 4.47 kl1=-18.32;k2=49.87; m=0.29 3.58

Zero-order F=k xt 0.92 6.49 k0 =25.29 2.47

NP First-order F=F__x[1-Exp(-k, x t)] 0.95 4.69 k1=0.36 3.36

DEC25 Higuchi F=k, x5 0.89 7.79 KH = 35 44 2.03
(3 hours)

Korsmeyer-Peppas F=k,xt 0.95 4.40 kKP =30.73 3.52

Peppas-Sahlin F=kxt"+k, xtm 0.95 4.47 k1=-18.32,k2=49.87, m=0.29 3.58
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TABLE I - Evaluation of different kinetic models for the drug release of DEC from the nanoparticles prepared

Sample Model Equation R2 Adjusted RMSE Constants MSC

Zero-order F=k, xt -0.02 28.10 K0=0.09 -0.10

NP First-order F=F__ x[1-Exp(-k, x 1)] 0.96 4.45 K1=0.005 3.74

DEC10 Higuchi F=k, x 0.83 1151 KH = 3.07 1.68
(24 hours)

Korsmeyer-Peppas F=k,xt 0.87 10.21 kKP=5.31 1.86

Peppas-Sahlin F=k xt"+k xt&*m 0.98 3.69 k1=1.30;k2=-0.01; m=0.81 4.01

Zero-order F=k xt -0.46 39.12 k0=0.10 -0.52

NP First-order F=F_ x[1-Exp(-k, x t)] 0.98 4.20 k1=0.01 4.12

DE_CZS Higuchi F=k, xt* 0.69 17.91 kH =3.69 1.04
(24 hours)

Korsmeyer-Peppas F=k,xt 0.81 14.29 kKP=9.12 1.43

Peppas-Sahlin F=kxt"+k, xtm 0.97 5.19 k1=1.84,k2=-0.01; m=0.72 3.46

RESULTS AND DISCUSSION observed in nanoparticles based on caprolactone
p p

The DEC-loaded nanoparticles herein studied have
been previously evaluated for their pharmacological
effectiveness (Rodrigues et al., 2017; Rodrigues
et al., 2018). In the present study, we revealed the
physicochemical properties that enabling their success as
an alternative for the treatment of inflammatory diseases.

The TEM images (Figure 1A) indicated that all
formulations demonstrated a spherical shape and an
absence of aggregates. A spherical shape is usually
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polymers prepared by the double-emulsification method
(Barba et al., 2014; Igbal et al., 2015). Additionally, the
average particle sizes observed were 284 £ 2 nm, 300
+ 4 nm, and 329 £+ 2 nm, for NP_blank, NP _DECI10,
and NP _DEC25, respectively. Furthermore, the
measured zeta potential values were -3.4 + 0.4 mV,
-3.7 £ 0.21mV, and -8.17+ 0.8 mV, and the assessed
polydispersity indexes were 0.14 + 0.03, 0.17 £+ 0.02,
and 0.26 + 0.011, for the NP_blank, NP_DECI0, and
NP_DEC2S5, respectively.
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FIGURE 1 - (A) TEM of (a) NP _blank, (b) NP_DECIO0, and (c) NP_DEC25. (B) ATR FT-IR spectra of the raw materials and
nanoparticles produced. (C) XRD of the raw materials and nanoparticles produced. TEM, transmission electron microscopy;
ATR FT-IR, attenuated total reflection—Fourier transform infrared; XRD, X-ray powder diffraction.

All formulations demonstrated monomodal particle
size distributions; however, statistical differences could
be observed in the polydispersity index values. DEC-
loaded nanoparticles indicated statistical differences
between both formulations and when compared with
the blank formulation. This difference may be related to
the entrapment of DEC since it resulted in altered zeta
potential values. We hypothesize that the adsorption of
DEC molecules onto the surface of the nanoparticles leads
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to a higher negative charge. This hypothesis corroborated
with the XRD and the in vitro drug release findings
discussed later.

The FT-IR spectra of DEC, PCL, NP _blank, NP
DECI10, and NP_DEC25 are shown in Figure 1B. The FT-
IR spectrum of DEC demonstrated all the characteristic
peaks of the drug, with bands at 3000, 1726 and 1624, 1418
and 1248 cm! due to CH stretching, CO stretching, and CN
stretching, respectively (Chaves et al., 2013). The FT-IR
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spectrum of PCL exhibited characteristic peaks at 2943 and
2866 cm™ (CH stretching) and 1726 cm™ (CO stretching).
Additionally, a new peak appeared at close to 3000 cm™,
which can be related to the OH groups present in PVA
used as a stabilizing agent in the nanoparticle formulations.
Thus, all nanoparticles presented markedly similar spectra
to those of PCL and PVA, and the peaks were related to the
DEC overlap due to encapsulation, which is expected as the
amount of polymer used was higher than that of the drug.

XRD patterns of DEC, PCL, blank nanoparticles,
and formulations of DEC-loaded nanoparticles are shown
in Figure 1C. The diffractogram of the DEC indicated
that the drug was in the crystalline form. The XRD of
PCL demonstrated two major peaks at 21.5° and 23.8° at
20, confirming its semi-crystalline structure (Ciardelli
et al., 2005). The XRD patterns of the blank and DEC-
loaded nanoparticles were amorphous. Thus, it can be
suggested that the DEC is homogeneously dispersed in
the polymeric matrix. Notably, all the nanoparticles lost
the characteristic peak of the raw material PCL, which
reveals the impact of the production method used over
the final form of the raw materials (Mensink et al., 2017).
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NP _DECI10 and NP_DEC25 demonstrated an EE
of 64.51 = 4.41 % and 70.97 = 1.41%, respectively.
Compared with other hydrophilic molecules, these
values can be considered high when encapsulated in PCL
nanoparticles. In this study, the high EE can be attributed
to the production method used. The double-emulsification
method (w/o/w) presented an internal water vesicle that
facilitated the entrapment of hydrophilic drugs in the
hydrophobic matrices (Araujo ef al., 2013).

The drug release profile for both formulations
was characterized by an initial rapid release, followed
by a sustained drug release phase (Figure 2). After 3
h, approximately 50% and 73% of DEC was released
from NP_DECI0 and NP_DEC25, respectively. An
initial rapid release is known as a burst effect and
could correspond to DEC molecules adsorbed onto
the surface of nanoparticles and readily available for
released from the polymeric matrix. From a clinical
standpoint, burst release might be a tool to approach
the therapeutic window of a drug, and sustained release
will maintain a constant concentration, also known as
steady state, for longer periods.
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FIGURE 2 - [n vitro drug release profile of (A) NP _DECI10 and (B) NP_DEC25 for 3 hours, and (C) NP_DECI10 and

(D) NP_DEC2S5 for 24 h.

In vitro release data were fitted into mathematical
equations; however, only the data from the initial 3h, or
approximately 50% of drug release, were used (Figure 2)
(Lafayette et al., 1989). Most mathematical models fitted
the data; however, the first-order kinetics, Korsmeyer-
Peppas, and Peppas-Sahlin models demonstrated
adjusted-R2 > 0.95 and small RMSE. Furthermore, the
Peppas-Sahlin model estimated that both formulations
had their drug release driven by Fickian diffusion (m =
0.29). Thus, it is possible to conclude that drug release
is concentration-dependent, as predicted by first-order
kinetics (Lafayette et al., 1989).

The cytotoxicity and biocompatibility evaluation
of nanocarriers are crucial steps to ensure the safety
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of nanomedicines. PCL products have been approved
by health care authorities in several countries, and
PCL nanoparticles are described as possessing high
biocompatibility and low toxic effects (Kamaraj, et
al., 2017; Sinha et al., 2004). Thus, our study further
corroborates these reports, since no cytotoxicity was
observed for DEC, blank nanoparticles, and DEC-
loaded nanoparticles against the HUVEC line in a 24-
hour assay (Figure 3). Additionally, the cell viability
measured after 72 h demonstrated no decrease in DEC,
NP _blank, and NP_DEC25 samples. In contrast, when
NP_DECI10 was analyzed, an impact on cell viability was
detected (p-value < 0.05). However, the concentrations
evaluated were less than the tissue concentrations needed
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for biological activity, as projected in our previous works.
Therefore, this reduced cell viability may not have a major
impact on their biological responses ( Rodrigues ef al.,
2018, 2017; Xin et al., 2010).

Thus, the results of this study endorse the previous
proposals to use a broader range of in vivo characterization
for DEC-nanoparticles as they demonstrate good physical
and physicochemical properties.
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