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Abstract: Caenorhabditis elegans is an alternative in vivo model that is being successfully
used to assess the pharmacological and toxic effects of drugs. The exponential growth of nano-
technology requires the use of alternative in vivo models to assess the toxic effects of theses
nanomaterials. The use of polymeric nanocapsules has shown promising results for drug delivery.
Moreover, these formulations have not been used in cases of intoxication, such as in treatment
of paraquat (PQ) poisoning. Thus, the use of drugs with properties improved by nanotechnology
is a promising approach to overcome the toxic effects of PQ. This research aimed to evaluate
the absorption of rhodamine B-labeled melatonin (Mel)-loaded lipid-core nanocapsules (LNC)
by C. elegans, the application of this model in nanotoxicology, and the protection of Mel-LNC
against PQ damage. The formulations were prepared by self-assembly and characterized by
particle sizing, zeta potential, drug content, and encapsulation efficiency. The results demon-
strated that the formulations had narrow size distributions. Rhodamine B-labeled Mel-LNC were
orally absorbed and distributed in the worms. The toxicity assessment of LNC showed a lethal
dose 50% near the highest dose tested, indicating low toxicity of the nanocapsules. Moreover,
pretreatment with Mel-LNC significantly increased the survival rate, reduced the reactive oxygen
species, and maintained the development in C. elegans exposed to PQ compared to those worms
that were either untreated or pretreated with free Mel. These results demonstrated for the first
time the uptake and distribution of Mel-LNC by a nematode, and indicate that while LNC is not
toxic, Mel-LNC prevents the effects of PQ poisoning. Thus, C. elegans may be an interesting
alternative model to test the nanocapsules toxicity and efficacy.

Keywords: C. elegans, nanotoxicology, rhodamine B-labeled polymer

Introduction

Nanotechnology has increased exponentially in order to fulfill biomedical applica-
tions.! Polymeric nanoparticles (NPs) obtained from biodegradable polymers are
being studied as carriers for drug delivery.> Lipid-core nanocapsules (LNC) are a
special type of particle due to the hybrid characteristics between polymeric and lipid
NP.¢ These particles have an organogel core formed by a mixture of sorbitan monos-
tearate and medium chain triglycerides, which increases drug encapsulation capacity
by up to 40 times.” Recently, it has been described that the polymeric nanocapsules,
prepared with poly(e-caprolactone) (PCL) and polysorbate 80 (PS80), may improve
the biological action*® of drugs, increase the drug bioavailability,” and in case of anti-
oxidant substances, their encapsulation has been shown to be able to improve their
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antioxidant properties.*!*'> Moreover, PCL is being used for
this purpose due to its biodegradability and biocompatibility
in biological systems.'?

Furthermore, in 2006, Cruz et al** demonstrated the anti-
edematogenic effect of indomethacin ethyl ester-loaded LNC
after oral administration. In contrast, no effect was observed
when indomethacin ethyl ester-loaded nanoemulsion was
orally administered. This study was one of the first to dem-
onstrate the importance of the polymeric wall in nanocapsules
for proper oral absorption of drugs. Recently, other studies
have also shown the promise of nanocarriers with LNC for
the oral administration of drugs.>" For instance, Frozza et al'®
showed a higher accumulation of resveratrol in brain tissue
after oral administration of resveratrol-loaded LNC compared
to the oral administration of the drug in a hydroalcoholic
solution. Likewise, Pissinate et al® observed an increase in
survival of animals infected with Toxoplasma gondii after
oral treatment with pyrimethamine-loaded LNC. This result
was attributed to a probable increase in the central nervous
system concentration of pyrimethamine promoted by the
LNC, in this important site of infection by 7. gondii.®

The uptake and distribution assessment of these nano-
capsules presents an interesting challenge. Hirsjérvi et al
studied lipid nanocapsules and lipid nanoemulsions in dif-
ferent models, in vitro uptake and distribution in mice, as
well as cancer treatment. The results demonstrated that sizes
and surface coating had no significant difference, showing
promising effects on tumor targeting.'® Recently, a rhodamine
B-conjugated PCL and rhodamine B-conjugated triglyceride
were developed to prepare fluorescent LNC to obtain insights
regarding their uptake in macrophagic U937 human cell
line.'”!® In these studies, red fluorescent cells treated with
the fluorescent-labeled LNC were observed, demonstrating
the applicability of both strategies of conjugation by cova-
lent chemical bonds furnishing new fluorescent materials
used to produce the dye-labeled nanocarriers for biological
studies.'™'® Additionally, the cellular uptake was demon-
strated in the A549 cell line, indicating the internalization
of this type of LNC."

The rapid increase of nanotechnology has stimulated
the use of methodologies to assess the toxicological profile
of nanomaterials.?’ The toxicity evaluation of nanomateri-
als is currently becoming detrimental, once their safety is
necessary for future application. Previous studies from our
research group have evaluated acute and subchronic LNC
toxicity in rats after intraperitoneal and intradermal admin-
istration, whose results showed the safety of this promising
drug delivery system.?"2> However, the great number of

new nanomaterials requires the use of in vivo models to
provide the toxicological screening,* and following the three
Rs policy (to reduce, replace, and refine the animals used
for this purpose) is important, especially with alternative
in vivo models.

The use of simpler organisms to evaluate the potential
toxicity and efficacy of nanomaterials is gaining attention
for animal use in experiments.? In this line, Caenorhabditis
elegans, a typical invertebrate animal model, has been
successfully used in toxicological evaluations of different
substances.?*?® The possibility of numerous pharmacological
and toxicological tests and with the vast knowledge about
the stress response at a genetic level makes the nematode
C. elegans a good choice for these studies.”” Additionally,
C. elegans has a short life cycle, a low cost for experi-
mental procedures, are easy to handle, and exhibit a high
degree of orthology with the human genome.?2° Recently,
C. elegans has been used to evaluate the effects of differ-
ent types of nanomaterials, demonstrating its importance to
nanotoxicology.’!** To the best of our knowledge, no studies
about the toxicity of polymeric NPs have been reported with
this alternative in vivo model. Therefore, results obtained
with this alternative model are crucial to establish new
approaches in nanotoxicology and to predict their effects in
complex animal models.

In addition, the development of nanoencapsulated drugs
has been implicated in various pathological conditions;
however this strategy has not been utilized for the treat-
ment of acute poisonings. In this scenario, paraquat (PQ)
intoxication is a serious public health problem because of its
high mortality index, mainly due to the lack of an effective
antidote or treatment, which is associated with its wide use
even in countries where its application is forbidden.***° One
of the main mechanism for PQ toxicity is associated with
the redox cycle of PQ, where formation of superoxide anion,
singlet oxygen, and other reactive oxygen species (ROS)
occurs. Higher levels of these ROS lead to many deleteri-
ous effects, including lipid peroxidation in cells and tissue,
protein damage, and depletion of NADPH.**# Additionally,
the main cause of deaths by PQ poisoning is due to pulmonary
fibrosis. Therefore, identifying substances that could protect
from oxidative damage caused by PQ is very important.* In
this line, some studies demonstrated that melatonin could be
a good antioxidant in cases of PQ-poisoning, 38394344

Recently, Schaffazick et al'> demonstrated that melatonin-
loaded nanocapsules, prepared using melatonin, caprylic/
capric triglyceride, sorbitan monooleate, Eudragit S100,
and PS80, dispersed in water were beneficial in reducing
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ascorbyl free radical-induced lipid peroxidation in the brain
and liver of Wistar rats due to the improvement of melatonin
antioxidant properties by its incorporation into polymeric
nanocapsules. Finally, the purpose of this study was to evalu-
ate whether melatonin-loaded LNC (Mel-LNC) rhodamine
B-labeled could be orally taken up by worms and to assess
the potential toxicity of LNC per se in C. elegans. Addition-
ally, the present work aimed to verify if Mel-LNC could be
a suitable candidate to reduce the toxic effects induced by
PQ-poisoning.

Materials and methods

Reagents

Sorbitan monostearate, melatonin, and 2’,7’-dichloroflu-
orescein diacetate (DCF-DA) were supplied by Sigma-
Aldrich Co. (St Louis, MO, USA). Biodegradable polymer
PCL (MW =50,000) was supplied by Capa (Toledo, OH,
USA). Caprylic/capric triglyceride and PS80 were obtained
from Delaware (Porto Alegre, Brazil). All other chemicals
and solvents were of analytical or pharmaceutical grade.

Preparation of LNC formulations

The LNC were prepared by self-assembling mechanism.*647
Briefly, at 38°C, the organic phase (63 mL acetone, 0.025
g melatonin, 0.092 g sorbitan monostearate, 0.403 mL
caprylic/capric triglyceride, and 0.250 g PCL) was injected
in the aqueous phase (50 mL water and 0.1925 g PS80), giv-
ing a turbid aqueous solution. After 10 minutes, the organic
solvent was eliminated and water partially evaporated under
reduced pressure (at 40°C) to reach 23-24 mL of white
opaque liquid product. The final volume was adjusted in
a volumetric flask (25 mL) with a theoretical final drug
content of 1 mg/mL.

The drug-unloaded LNC were also prepared, as described
above, without adding melatonin in the formulation. As
control, a melatonin aqueous solution (1 mg/mL) was also
prepared using 0.77% (w/v) of PS80.

To prepare melatonin fluorescent-labeled PCL LNC, 10%
of PCL used in the formulation was replaced by the rhod-
amine B-PCL conjugate. The conjugate was prepared by a
covalent coupling of rhodamine B (RhoB) with the terminal
hydroxyl groups of PCL, as previously described by Poletto
et al.'” Briefly, under inert atmosphere (argon), rhodamine B
was activated with carbodiimide (ice bath) followed by the
addition of a PCL solution. The reaction underwent for
5 days at room temperature. Then, the product was purified
to remove nonreacted rhodamine B by preparative column
chromatography. The final product was analyzed by NMR

and thin-layer chromatography for chemical identification
and purity analysis.

Physicochemical characterization of the
LNC

Particle size analysis and distribution

The hydrodynamic mean diameter (Z-average diameters)
and polydispersity index of formulations were measured, at
25°C by dynamic light scattering using backscatter detec-
tion at 173° (Zetasizer ZS; Malvern Instruments, Malvern,
UK). The formulations (20 uL) were directly diluted with-
out treatment in 10 mL of prefiltered (Millipore®, 0.45 um)
ultrapure water.

The volume-weighted mean diameter (D[4,3]) was deter-
mined by laser diffractometry at 25°C (Mastersizer 2000;
Malvern Instruments) inserting each white opaque liquid
product (LNC, Mel-LNC, and RhoB-labeled Mel-LNC),
approximately 300 pL, in the dispersion accessory (wet unit)
containing about 100 mL of distilled water. The amounts
of each product were those necessary to obtain obscuration
levels between 0.02 and 0.10. Background signal was dis-
counted and measured before each analysis. In addition,
the volume distribution diameter is expressed by the span
value, which is determined by the mathematical relationship,
calculated by Equation 1:

Span = (1
where d(0.9), d(0.1), and d(0.5) diameter are 90%, 10%,
and 50% of the cumulative distribution of diameter,
respectively.

pH measurement

The pH values were determined directly in the formula-
tion, without any dilution, using a calibrated potentiometer
FiveEasy (Mettler Toledo, Brazil) at 25°C.

Zeta potential analysis

The zeta potential was determined by electrophoretic light
scattering (ZetasizerNano ZS model ZEN 3600; Malvern
Instruments). The formulations were diluted 500-fold
in prefiltered 0.5 mmol/L NaCl (Millipore Millex-HP,
0.45 um). The results were obtained from the average of
three determinations.

Particle number density
The particle number density was determined by turbidimetry
according to Poletto et al.*® The suspension was analyzed using
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a Cary 50 UV-Vis spectrophotometer (Varian Inc., CA, USA) in
a wavelength where no photon absorption occurred (395 nm).

Drug assay

Mel-LNC suspensions were treated with acetonitrile to
dissolve all components. The assay of melatonin was per-
formed by high-performance liquid chromatography using
a previously validated methodology.* For this purpose, a
PerkinElmer Series 200 chromatograph (PerkinElmer Inc.,
Waltham, MA, USA) was used, equipped with an ultraviolet—
visible detector; melatonin was quantified setting the detec-
tor at A =229 nm. A guard-column and a column Nova-Pak
C-18 (150x4.9 mm, 4 um — Waters) were employed; a
flow rate of 0.7 mL/min and an isocratic mobile phase of
acetonitrile:water (55:45, v/v) were used.

Encapsulation efficiency

Encapsulation efficiency (EE%) was determined by pouring the
formulation (Mel-LNC) into an ultrafiltration-centrifugation
unit (Amicon® Ultra; EMD Millipore, Billerica, MA, USA,
cutoff 10,000 Da), centrifuging (10 minutes, 15,300x g), and
injecting the ultrafiltrate in the high-performance liquid chroma-
tography system without any dilution, according to the method
previously described, to determine the free drug concentration
(C). The EE% was calculated using Equation 2, where C_ |
means the total drug concentration in the formulation.

total

EE% = £ %100 2)

total

Characterization of exposure medium

To evaluate whether the exposure medium destabilize the
formulations, we preincubated both formulations with the
exposure medium for 30 minutes (period of treatment),
and the particle size and size distribution (span value) was
measured by laser diffractometry at 25°C (Mastersizer 2000;
Malvern Instruments), as described above. The particle size
was also analyzed for pure stock suspensions. Exposure
medium was prepared for the lowest and highest dose tested
to verify whether there was an immediate dose-dependent
difference in the dispersed particles sizes.

C. elegans strain, culture and
synchronization

The nematode strain used was N2 (wild type), originally
obtained from the Caenorhabditis Genetics Center (University
of Minnesota, Twin Cities, MN, USA), which was main-
tained on nematode growth medium (NGM) plates seeded
with Escherichia coli OP50 at 20°C. Synchronization was

achieved by washing off the gravid nematodes from plates
to centrifuge tubes, which were lysed with a bleaching mix-
ture (1% NaOCl; 0.25 M NaOH), followed by flotation on a
sucrose solution 30% (m/v) to separate eggs from dissolved
worms and bacterial debris. Eggs were washed with M9
buffer (0.02 M KH,PO,, 0.04 M Na,HPO,, 0.08 M NaCl, and
0.001 M MgSO,) and allowed to hatch overnight in NGM
agar plates without bacteria.>

Evaluation of absorption and distribution

of Mel-LNC in C. elegans

Worms’ treatment and Mel-LNC uptake

L1 synchronized worms were treated for 30 minutes with
rhodamine B-labeled Mel-LNC. After the treatment period,
the worms were rinsed three times with 0.9% NaCl (m/v),
and 20 worms were analyzed immediately and 3 hours
posttreatment. The fluorescence microscope (Olympus
IX71; Olympus Corporation, Tokyo, Japan) equipped with
an excitation filter of 510-550 nm connected to a digital
camera (Olympus DP72; Olympus Corporation) was used
to obtain the images. The assays were performed analyzing
three independent experiments.

Toxicity evaluation of unloaded LNC

The toxicity of the unloaded LNC were evaluated through
the toxicological endpoints in C. elegans: lethal dose 50%
(LD,,), growth, and ROS production. Also, a PS80 group was
analyzed to verify the influence of PS80 located on the LNC
surface. Three replicates were performed for each test.

LD,,

Th; LD,, of LNC was determined in C. elegans after
acute exposure to six doses ranging from 2.37x10" to
118.5%10'2 LNC/mL (Table 1). Two thousand five hundred
synchronized L1 worms per dose were treated at 20°C for
30 minutes by constant agitation in a rotator with each dose
of the compounds. After that, worms were washed three
times with M9 buffer. Worms were placed on OP50-seeded
NGM plates (60x10 mm) and the number of surviving
worms on each plate was verified 24 hours postexposure.
The dose—response curve was obtained by plotting the num-
ber of surviving worms and the LD, value was calculated
from that curve.

Body area

Body area was evaluated in adult nematodes (20 nematodes
per treatment) by measuring the flat surface area of nematodes
using the AxioVision software LE (version 4.8.2.0 for win-
dows) after treatment as described above.
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Table | Concentration of PCL and LNC used in Caenorhabditis elegans during acute treatment

Concentration of
PCL* (mg/mL)

Surface area of
LNC (m?*mL)

Concentration of
LNC (LNC/mL)

Control -
Group | 0.05
Group Il 0.1
Group llI 0.25
Group IV 0.5
Group V |
Group VI 25

2.37x10" 0.57x10?
4.74x10" I.14x10?
11.85%10" 2.85x10?
23.70x10" 5.70x10?
47.40x10" 1'1.40x10?
118.50x10" 28.50x10?

Note: *PCL was the polymer used in LNC formulation.
Abbreviations: LNC, lipid-core nanocapsules; PCL, poly(e-caprolactone).

ROS measurement

For ROS measurement, 1,500 worms of each group and
control group were treated following the protocol described
above. After the treatment, worms were resuspended in 100 uL.
of NacCl solution 0.9% (m/v) and transferred to a 96-well
plate. Following, 100 uL 0.05 mM 2,7-dichlorofluorescein
diacetate (DCF-DA; Sigma-Aldrich Co.) was added, and flu-
orescence was measured for 90 minutes at 485 nm excitation
and emission 530 nm using a microplate reader (Spectramax
Me2; Molecular Devices LLC, Sunnyvale, CA, USA). In the
presence of reactive species, the DCF-DA is oxidized to the
fluorescent product dichlorofluorescein (DCF). The values
were expressed as percentage of fluorescence intensity rela-
tive to control wells.

Evaluation of Mel-LNC and free

melatonin on PQ-induced toxicity
The commercial product Gramoxone® was utilized as the
source of PQ to induce the damage in order to simulate a
real poisoning with this product. PQ LD,  was determined
after acute exposure of doses ranging from 0.05 to 2 mM.
The treatment was conducted as described above (in the
“LD,,” section) to each dose of PQ. The dose-response curve
was obtained by plotting the number of surviving worms,
and the LD, value was calculated from that curve. For
the subsequent experiments, the concentration of PQ used
was the lethal dose 30%, where about 30% of worms died.
For Mel-LNC and free melatonin aqueous solution (Mel)
exposure, the doses chosen were those which did not cause
more than 5% of death, which corresponded to 10 pg/mL.
Besides, worms were also pretreated with unloaded LNC
in order to evaluate whether nanocapsules per se could
have some protective effect. For all dose—response curves,
scores were normalized to percentage of control (treated
with M9 buffer).

In order to evaluate the survival rate of the nematodes, a
pretreatment with Mel-LNC (10 ug/mL), Mel (10 ug/mL),

or LNC was performed for 30 minutes at 20°C. After three
washes with M9 buffer, all worms were exposed to PQ
0.5 mM for 30 minutes at 20°C; additionally, a control group
was exposed to M9 buffer, and a PQ-group was exposed only
to PQ. Then, worms were washed three times and placed on
OP50-seeded NGM plates. Scoring of survival worms was
valued 24 hours after treatments.

Body area and ROS measurement were performed as
described previously in the “Body area” and “ROS measure-
ment” sections and the treatment protocols were as described
in this section. Three individual experiments were performed
for all experiments.

Statistical analysis

All experiments were performed at least three times. Data
are expressed as mean + standard deviation. Dose-response
lethality curves, body area, and ROS production were gen-
erated with GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA, USA). Statistical analysis of significance was
carried out using analysis of variance for the dose-response
curves and ROS production, followed by post hoc Bonferroni
test in the SPSS Statistics software (version 19). Values of
P=0.05 were considered significant.

Results

Preparation and characterization of LNC

LNC and Mel-LNC presented as homogeneous with a white
opaque macroscopic aspect, while RhoB-labeled Mel-LNC
showed a homogeneous light pink opaque macroscopic
aspect. Particle sizing analysis by dynamic light scatter-
ing showed hydrodynamic diameters (Z-average) ranging
from 201 to 220 nm, with narrow distributions and low
polydispersity indexes (Table 2). The zeta potential values
ranged from —5 to —10.4 mV. The number of particles per mL
was calculated, and the values were 4.74x10'*+£1.96x10' and
6.39x10"+0.64x10" for LNC and Mel-LNC, respectively.
The LNC and Mel-LNC surface areas were 1.1410.06 and
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Table 2 Physicochemical characterization of LNC and Mel-LNC (batch of three samples)

Formulation D[4,3] (nm) Span Z-average (nm) PDI Zeta potential (mV) pH
LNC 243+2 1.7540.02 205+4 0.10+0.02 —6.4+0.6 5.45+0.4
Mel-LNC 203+3 1.7520.03 203+3 0.11£0.01 —5.2+0.2 5.58+0.3
Mel-LNC-RhodB 30515 1.4410.1 1 215+3 0.12+0.01 -9.5+0.9 5.24+0.2

Note: Results expressed as mean + standard deviation.

Abbreviations: PDI, polydispersity index; LNC, unloaded nanocapsules; Mel-LNC, melatonin-loaded lipid-core nanocapsules; RhoB, rhodamine B.

1.04£0.04 m?/mL, respectively. There was no significant
difference (P>0.05) between the particle number densi-
ties and surface area for the formulations. These results
demonstrated that the addition of melatonin did not influ-
ence the physicochemical characteristics of the nanocap-
sules. The experimental total content of melatonin was
0.96 mg/mL with an EE% of 39%, as expected considering
its lipophilicity.

The granulometric profiles are presented in Figure 1.
These results show that exclusively unimodal nanometric
populations were formed.

Characterization of exposure medium
Laser diffraction analyses showed no agglomeration of LNC
and Mel-LNC suspensions after addition to the exposure M9
medium (after 30 minutes). The mean diameters (D[4,3]) of
the LNC and Mel-LNC formulations, after addition of the M9
medium, were 198+1 and 19942 nm, and span values (size
distribution) were 1.5720.009 and 1.60£0.01, respectively.
There was no statistical difference of the D[4,3] values before
and after contact with the M9 medium for each formulation
(P>0.05).

Evaluation of absorption and distribution
of RhoB-labeled Mel-LNC in C. elegans

Figure 2 shows the oral absorption and distribution of
RhoB-labeled Mel-LNC. It is possible to observe that

>

-

Volume (%)
O =2 NWhArUIONO®OO

N

—'0.01 0.1 1 10 100 1,000 10,000

Size (um)

Figure | Granulometric profile (laser diffraction).

worms treated with saline solution did not present red
fluorescence, discarding any type of interference in the
assay (Figure 2A). Figure 2B shows red fluorescence in
the worm gut after 30 minutes of the treatment with rho-
damine B-labeled Mel-LNC. The uptake occurs mainly
via the oral route because there is remarkable fluores-
cence in the worm gut immediately after the treatment.
Additionally, 3 hours posttreatment, there is a migration
of the fluorescence from the worm gut to other tissues,
indicating distribution to the tissues (Figure 2C). The
images acquired from the control group (treated with M9
buffer) confirmed that the observed fluorescence is due to
fluorescent-labeled LNC. Figure 2D-F show the images
of the worms in contrasting phases.

Toxicity evaluation of unloaded LNC

Figure 3 shows the percentage of survival versus logarithmic
dose of nanocapsules. The LD, for LNC was 105.90x10"
LNC/mL, and the PS80-group did not show mortality after
acute exposure. All of the tested doses were compared to the
control group, which did not receive the treatment.

The size of the nematodes after treatment with LNC,
assessed by the measurement of surface area of the worms,
showed that only the higher dose caused a decrease in body
size compared to the control group (Figure 4; P<<0.05). PS80
group showed no significant difference in surface area when
compared with control group (data not shown).

o

-

Volume (%)
O 2 NWhuIoON®OO

0.01 0.1 1 10

Size (um)

100 1,000 10,000

Notes: (A) Unloaded lipid-core nanocapsules. (B) Melatonin-loaded lipid-core nanocapsules.

submit your manuscript

5098

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Caenorhabditis elegans as an alternative in vivo model

Figure 2 Microscope images (400x magnification) of worms exposed to RhoB-labeled Mel-LNC.
Notes: (A) Control worm (treated with saline solution). (B) Worm fluorescence image after 30 minutes of treatment, indicating an oral uptake. (C) Fluorescence
image of worm 3 hours posttreatment, showing the distribution in the worm body. (D-F) Phase contrast microscopy images of worms; images were acquired at 400x

magnification.

Abbreviations: Mel-LNC, melatonin-loaded lipid-core nanocapsules; RhoB, Rhodamine B.

ROS production following LNC exposure was performed,
and the results showed that LNC caused no significant
increase of ROS levels in groups I-11I; however, there was
a significant increase in DCF-DA oxidation in a dose-depen-
dent manner from groups IV to VI (Figure 5, P<<0.001). The
PS80 group showed no increase in ROS production compared
to control group (data not shown).

Effects of treatment with LNC, Mel-LNC,
and Mel on PQ-induced toxicity

The acute treatment with PQ 0.5 mM reduced the survival
of the worms by approximately 30% compared to the
control group, indicating the toxicity of this compound.

150
100

50

Survival (%)

T T T T 1
-0.5 0.0 0.5 1.0 1.5
Log dose (x10'® nanoparticles/cm3)
Figure 3 Log dose—response curve for lethal dose 50% determination of lipid-core

nanocapsules after acute treatment.
Note: Data are expressed as mean * standard deviation.

r' =R

»

» ? i
4
150,000~
T
5 100,000
©
()
S
©
3 50,000
o
)
0
S A N
A A & A S S
DA S S

Concentration (LNC/mL)

Figure 4 Body areas of Caenorhabditis elegans after acute treatment with LNC in
different concentrations.

Notes: (A) Control group. (B) Group Il (11.85x10'2 LNC/mL). (C) Group VI
118.5x10'2 LNC/mL). (D) Graphical representation of concentration (LNC/mL) x
body area (um?). *P<<0.0l compared with control group.

Abbreviation: LNC, unloaded lipid-core nanocapsules.
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Figure 5 Reactive oxygen species production assessment after exposure with lipid-
core nanocapsules in acute treatment.

Note: *P<<0.01 compared to the control group.

Abbreviation: DCF, dichlorofluorescein.

The survival rate of the worms pretreated with Mel-LNC
and then exposed to PQ was around 95%, and significantly
increased in approximately 25% compared with PQ group
(P<0.05); this protection was not observed with the treat-
ment with free melatonin or LNC. These results indicate that
Mel-LNC had a better protective effect than the drug solution
against PQ-induced mortality in C. elegans (Figure 6).
Moreover, the normal development of C. elegans was
affected by the PQ exposure, as it significantly reduced the
body area of the worms when compared with control group
(P<<0.05). Only the pretreatment with Mel-LNC protected the
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Figure 6 Survival rate of worms pretreated with Mel-LNC and Mel after PQ
exposure.

Notes: Control group was exposed to M9 buffer. *P<<0.01 compared to the control
group; *P<<0.01 compared to the PQ group.

Abbreviations: Mel, free melatonin aqueous solution; Mel-LNC, melatonin-loaded
lipid-core nanocapsules; PQ, paraquat; LNC, unloaded lipid-core nanocapsules.

PQ-exposed worms; a significant increase in the worms’ body
area was observed after Mel-LNC pretreatment compared to
the PQ group (P<<0.05; Figure 7).

Because increased oxidative stress plays an important role
in PQ toxicity, we determined the ROS levels. The analysis
of ROS production was conducted through DCF-DA, which
is oxidized to the DCF fluorophore in the presence of free
radicals. A significant increase in DCF-DA oxidation was
observed after PQ exposure (Figure 8; P<<0.05). Pretreat-
ment with Mel-LNC significantly decreased the ROS levels
induced by PQ, whereas free melatonin and LNC did not
protect from the oxidative stress inflicted by the herbicide.

Discussion

In the present study, we demonstrated for the first time the
internalization and distribution of drug-loaded LNC in an
alternative in vivo model with C. elegans, and we provided
toxicological evaluation of drug-unloaded LNC. Further-
more, the use of Mel-LNC was more effective than Mel in
protecting C. elegans against PQ poisoning. The use of alter-
native methods is an important aspect because it is necessary
to find animal models that are in agreement with the three Rs
policy.” C. elegans presents many advantages, among them,
oral absorption is the main route of drug administration in
worms. Therefore, this study demonstrated many advances,
such as the use of an alternative in vivo model in which to
evaluate the oral absorption as well as potential toxicity and
efficacy of nanocapsules.

It is understood that the characterization of formulations
is essential in efficacy and toxicity studies of a nanomaterial,
and this characterization can result in reliable data and
conclusions. The formulations used in this study (LNC,
Mel-LNC, and RhoB-labeled Mel-LNC) presented particle
mean sizes of approximately 200 nm; these results are con-
sistent with the diameters usually observed for this type of
nanocapsule prepared using a determined amount of mate-
rial by a self-assembling mechanism.***’ The zeta potential
values were negative due to the polymer and were close to
zero because of PS80 coating. PS80 is a nonionic surfactant
that confers stability to the formulations and prevents the
aggregation of particles through a strong steric repulsive
mechanism.* A narrow particle distribution was observed
for the formulations, indicated by the low polydispersity.
In the melatonin-loaded nanocapsules, the total content of
melatonin was 96%, and the EE% was 39%. The change of
sorbitan monooleate (liquid surfactant), previously used to
prepare polymeric nanocapsules, by sorbitan monostearate,
which was used to obtain LNC,***’ did not affect the EE%.
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Figure 7 Mel-LNC pretreatment protected Caenorhabditis elegans from abnormal development caused by PQ-poisoning.

Notes: (A) Control group. (B) Paraquat group. (C) LNC + PQ group. (D) Mel + PQ group. (E) Mel-LNC + PQ group. (F) Graphical representation of statistic difference
among the groups. *P<<0.01compared to the control group; “P<<0.0l compared to the PQ group.

Abbreviations: LNC, unloaded lipid-core nanocapsules; Mel, free melatonin aqueous solution; Mel-LNC, melatonin-loaded lipid-core nanocapsules; PQ, paraquat.

In addition, the medium used for worms’ exposures (M9) did
not interfere with the stability of the formulations, showing
no alteration in the particle mean diameter (D[4,3]) and size
distribution (span) in both LNC and Mel-LNC. The results
indicated no agglomeration or aggregation of the NPs in the
colloidal suspensions.

The uptake of the substances is an essential prerequisite
for their systemic effects. Recently, the cellular uptake and
distribution of lipid nanocapsules prepared with polyethylene
glycol and marked with a fluorescent dye was demonstrated,
showing LNC internalization and targeting to tumor cells in

vivo, and the accumulation of this formulation depends on
the vascularization of the tumor.'¢ Our strategy to observe
LNC uptake in C. elegans was to label them using a dye
conjugate. We prepared rhodamine B-labeled Mel-LNC by
synthetizing the rhodamine B-PCL conjugate and using it
as the polymer wall in Mel-LNC, as previously proposed
for drug-unloaded LNC as an approach for biological
studies.'” To our knowledge, this is the first time that
the uptake of LNC has been demonstrated in this in vivo
system, confirming their internalization and distribution.
This is an important point because approximately 40%
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Figure 8 Pretreatment with Mel-LNC protected against PQ-induced ROS production
in Caenorhabditis elegans.

Notes: ROS were measured by DCF-DA assay. *P<<0.0] compared to control
group (treated with saline solution). P<<0.0l compared to the Mel + PQ group
and PQ group.

Abbreviations: DCF, dichlorofluorescein; DCF-DA, 2’,7’-dichlorofluorescein
diacetate; LNC, unloaded lipid-core nanocapsules; Mel, free melatonin aqueous
solution; Mel-LNC, melatonin-loaded lipid-core nanocapsules; PQ, paraquat; ROS,
reactive oxygen species.

of melatonin in the formulation is incorporated into the
nanocapsules. The images clearly showed the route of
fluorescent nanocapsules in C. elegans; an intense fluo-
rescence was initially observed in the gut, indicating that
absorption occurs mainly via oral uptake. In addition,
3 hours posttreatment, many fluorescent dots were observed
throughout the worm body, indicating the distribution of
the nanocapsules to other tissues.

Due to the promising applications of nanotechnology,
nanotoxicological studies are gaining prominence for the
need to determine the toxicity of these nanomaterials.?
In vitro and in vivo studies reported that the large surface
area of NPs results in a high reactivity, which could lead to
cytotoxicity.'¢2225% The NPs’ properties such as chemical
composition, shape, size, surface chemistry, and large surface
reactivity are mainly responsible for the possible toxicological
effects caused by NPs.'62122 Thus, although the present work
did not explore different physical and chemical characteristics
of nanocapsules, this alternative model is recommended for
toxicological screening because it allows a systematic evalu-
ation of many particularities of nanomaterials, yielding rapid
and accurate results.

The potential toxicity of drug-unloaded LNC was evalu-
ated in nematodes, which were exposed to six different con-
centrations, and survival rate was assessed as an endpoint
test that is easily observed under microscope inspection.
The doses were five-times higher than the doses used in our

21-23

previous studies with Wistar rats,?* because our purpose

was the potential treatment against acute intoxication, when
high doses of antidotes are necessary to reverse symptoms
quickly. It was observed that increasing the dose of LNC/mL
led to an increase in mortality rate in the nematodes. Nota-
bly, it was verified that the LD,  was near the highest dose
tested, indicating the low toxicity of the nanocapsules, and
the concentration of LNC/mL is higher than the concentration
used in this study against PQ toxicity. These toxicity data
are in agreement with our previous studies with Wistar rats,
which demonstrated no toxic effects or death after acute and
subchronic intraperitoneal and intradermal administration
of LNC.21-2

Another toxicity endpoint used to verify potential toxic
effects of LNC was the evaluation of the worm development,
which was monitored by measuring body area. Because growth
of C. elegans is determined by a conservative genetic regula-
tory pathway, this endpoint test is a good parameter to evaluate
toxic effects in C. elegans.* In the present study, we observed
a significant reduction in body area between the control group
and group VI (118.50x10'? particles/mL), again indicating the
low toxicity of LNC. A recent study evaluated the growth of
nematodes by body length after prolonged exposure to different
concentrations of three metal oxide NPs (TiO, NPs, ZnO NPs,
and SiO-NPs, all with mean size of 30 nm). Only exposure to
50 ug/L of TiO, NPs and to ZnO NPs significantly reduced the
body lengths of nematodes.> Another study demonstrated that
the growth of nematodes was not affected by exposure to CeO,
and TiO, NPs.** However, Cha et al showed that body length
of nematodes exposed to fullerol NPs (diameter size: 440 nm)
was significantly shorter than that of the nematodes in the
control group.>

Oxidative stress, which occurs when the generation of
ROS leads to an imbalance between ROS and antioxidants,
is involved in the toxicity mechanism of a large number of
compounds.’’ In the present study, we observed an increase
in ROS production in a dose-dependent manner. In group III
(11.85x10" particles/mL), no significant differences were
observed when compared with the control group. Otherwise,
we observed a significant increase in this parameter from
groups IV to VI (23.70x10'>-118.50x10" particles/mL),
indicating a possible adverse effect caused by LNC after acute
exposure. ROS-generation mechanisms are not the same
for every NP, as revealed by the relationship between their
toxicological effects, their type, and their physicochemical
properties such as surface chemistry, particle size, shape,
and composition.>®

The oxidative properties of NP and ROS generation upon
NP interaction with biological systems are the main factors
that induce oxidative stress.” Li et al verified increased ROS
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production, determined by a DCF assay following a 10-day
exposure of nematodes to AL,O, NPs (8.1-23.1 mg/mL),
which caused oxidative stress.®® Likewise, Wu et al found
elevated ROS production in nematodes after prolonged
exposure to TiO, NPs, ZnO NPs, and SiO, NPs (from
L1 larvae to adults), and these results demonstrated
that the measurement of ROS production is a sensitive
assay for assessing the toxicity of metal oxide NPs in
C. elegans.”® Despite the ROS production being enhanced
in groups IV=VI, LNC used in this study presented low
toxicity in C. elegans once these concentrations were higher
than that utilized in an experimental study with Wistar rats,
which demonstrated no alterations in oxidative status.”
Once an increase in ROS production was observed in a dose-
dependent manner, we utilized the concentration that did not
present a significant difference compared to the control group
for the evaluation of protective effects of Mel-LNC.

Previous studies adopted LNC prepared with the bio-
degradable polymer PCL and PS80, and demonstrated that
the nanoencapsulation of some substances improves their
biological action.*1%12496!1 Experimental studies with these
formulations have been conducted to obtain insight for cancer
therapy;*>¢! however, it is also interesting to evaluate the use
of these products as a possible treatment for acute intoxica-
tions, as in PQ poisoning.

PQ is highly toxic to humans and animals, and causes
severe damage to organs, such as the lungs, kidneys, and
liver, ultimately resulting in death.***? There are no accepted
guidelines for the treatment of patients intoxicated with
PQ, and the treatment normally is based on supportive
care and combinations of different drugs, such as immune
modulators, antioxidant therapy, hemoperfusion, and
hemodialysis.®>** Nevertheless, the mortality remains
approximately 50% in hospitals that routinely practice such
treatments.* % PQ toxicity has been described in C. elegans,
making this model a good choice for evaluating the protec-
tive effects of substances against PQ poisoning.’!

An experimental study in which rats were intoxicated
with PQ and treated with high and repeated doses of mela-
tonin showed beneficial effects by reducing animal mortality;
however, melatonin had to be used in conjunction with
another substance.® High and repeated doses of melatonin
are necessary due to the short half-life and the low and vari-
able bioavailability of melatonin.

Hence, the use of nanotechnology presents a good tool
for improving the characteristics and biological properties
of melatonin.'? In this context, we evaluated the effects of
Mel-LNC and Mel on survival rates after PQ poisoning in
C. elegans. We observed that pretreatment with Mel-LNC

(single dose) significantly increased the survival rate in
C. elegans exposed to PQ compared to PQ group without
pretreatment or pretreated with free melatonin. These data
suggest that lower doses of melatonin are necessary when
the drug is encapsulated to LNC.

PQ also significantly reduced the body area of the worms,
reflecting the abnormal development caused by this toxic sub-
stance. However, the pretreatment with Mel-LNC was able
to protect the worms, once there was a significant increase of
worms’ body area when compared with the PQ group. This
protection was not observed when the worms were pretreated
with Mel. Melatonin exerts potent hydroxyl and peroxyl
radical-scavenging activities and reduces the generation of
free radicals, acting as an antioxidant.**” Melatonin also
increases the expression of antioxidant enzymes, such as
superoxide dismutase and glutathione reductase.®® Thus, pre-
treatment with Mel-LNC was more effective in neutralizing
the reactive species formed during PQ exposure, preventing
the toxicity of PQ in worm development.

The toxicity mechanism of PQ has been attributed to
its ability to undergo redox cycling and subsequent ROS
production, resulting in several deleterious effects.®” We
evaluated whether Mel-LNC and Mel could reduce the ROS
production caused by PQ exposure in C. elegans. The results
demonstrated that PQ exposure at 0.5 mM significantly
increased ROS production after acute exposure compared
to the control group, indicating that the ROS production
is involved in the deleterious effects of PQ poisoning in
C. elegans. We verified that Mel-LNC was able to
significantly reduce ROS levels, but worms exposed to free
melatonin did not show a difference in ROS levels compared
with PQ-exposed worms. Schaffazick et al demonstrated that
Mel-loaded Eudragit nanocapsules are able to reduce lipid
peroxidation in mouse brains and rat livers; thus, the encapsu-
lation of melatonin improved the antioxidant properties of this
substance.'? Recently, Oliveira et al reported that Mel-LNC
presented a type II distribution mechanism into suspension;
approximately 40% of melatonin molecules are incorporated
in the nanocapsules and 60% are dispersed in the aqueous
phase.” This type of distribution confers to the formulation a
large load arrival of melatonin and a controlled release, where
each nanocapsule is able to carry approximately 1,600 mol-
ecules of melatonin, explaining the more pronounced effect
when compared with the melatonin aqueous solution.

Conclusion

In this study, we demonstrated the oral absorption of
LNC in an in vivo alternative model based on C. elegans.
Fluorescence microscopic analysis confirmed the oral
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uptake of LNC by nematodes and that it was distributed
in the body of the worm. Unloaded LNC containing a
biodegradable polymer (PCL) can be considered a safe
formulation, corroborating previous works from our group
with Wistar rats. The LD,  and normal growth of nematodes
indicated low toxicity of LNC, and the ROS overproduction
occurred only at high concentrations of LNC. Furthermore,
Mel-LNC was able to reduce the toxic effects of PQ,
increasing the survival rate and decreasing ROS generation
and the adverse developmental effects. Because PQ poison-
ing is a serious public health problem, melatonin-loaded
nanocapsules may be good candidates for studies in PQ
poisoning. These results indicated that C. elegans may be a
good alternative in vivo model for systematic toxicological
screening, especially for nanotechnology studies, provid-
ing accurate and rapid results, and contributing to better
exploration of the various physicochemical characteristics
of nanomaterials.
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