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Abstract

Background: Self-emulsifying drug delivery systems (SEDDSs) have attracted atten-
tion because of their effects on solubility and bioavailability of lipophilic compounds.
Herein, a SEDDS loaded with lycopene purified from red guava (nanolLPG) was pro-
duced. The nanoemulsion was characterized using dynamic light scattering (DLS), zeta
potential measurement, nanoparticle tracking analysis (NTA), transmission electron
microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR), lycopene content
quantification, radical scavenging activity and colloidal stability in cell culture medium.
Then, in vivo toxicity and tissue distribution in orally treated mice and cytotoxicity on
human prostate carcinoma cells (DU-145) and human peripheral blood mononuclear
cells (PBMC) were evaluated.

Results: NanolPG exhibited physicochemical properties with a size around 200 nm,
negative zeta-potential, and spherical morphology. The size, polydispersity index,

and zeta potential parameters suffered insignificant alterations during the 12 month
storage at 5 °C, which were associated with lycopene stability at 5 °C for 10 months.
The nanoemulsion showed partial aggregation in cell culture medium at 37 °C after
24 h.NanoLPG at 0.10 mg/mL exhibited radical scavenging activity equivalent to
0.043+£0.002 mg Trolox/mL. The in vivo studies did not reveal any significant changes
in clinical, behavioral, hematological, biochemical, and histopathological parameters
in mice orally treated with nanolLPG at 10 mg/kg for 28 days. In addition, nanoLPG
successfully delivered lycopene to the liver, kidney and prostate in mice, improved its
cytotoxicity against DU-145 prostate cancer cells—probably by pathway independent
on classical necrosis and apoptosis—and did not affect PBMC viability.
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Conclusions: Thus, nanolPG stands as a promising and biosafe lycopene delivery
system for further development of nanotechnology-based health products.

Keywords: Nanomedicine, Self-emulsifying, Guava fruit, Carotenoids, Antitumoral
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1- A SEDDS loading lycopene from red guava was efficiently produced;
2- NanoLPG showed satisfactory physico-chemical properties, antioxidant activity, lycopene

biodistribution, biosafety and cytotoxicity on prostate cancer cells.

Background

Lycopene (C,,H) is an aliphatic-chain carotenoid produced naturally by orangey-red
fruits and vegetables, fungi, bacteria, and algae (Przybylska 2020). It is a well-known
antioxidant that has been associated with protection against chemical and natural
toxicants, cardiovascular disease, inflammation, neurodegenerative disease, diabetes,
and many cancer types (Przybylska 2020; Ejike et al. 2018; Hedayati et al. 2019). As
previously reported, lycopene-rich extracts can be successfully produced from the red
guava (Psidium guajava Lineu), resulting in a high antioxidant activity (2890 £ 34 uM
Trolox/g by ABTS method) (Amorim et al. 2018). The intraperitoneal and oral admin-
istration of a lycopene-rich extract from red guava (LEG) and lycopene purified from
red guava (LPG) inhibit acute inflammation caused by carrageenan in Swiss mice at
50 and 12.5 mg/kg, respectively (Vasconcelos et al. 2017). Furthermore, LEG treat-
ment significantly reduces the viability of human breast adenocarcinoma cell (MCE-
7) (IC5,=29.85 and 5.96 pug/mL at 24 and 72 h, respectively), as well as decreases the
levels of plasma triglycerides and lipid peroxidation biomarkers in hamsters (Santos
et al. 2018; Silva Brito et al. 2019).

Despite its broad applications, lycopene can be isomerized or completely degraded
when exposed to light, oxygen and temperature variation, losing its biological activity.
Moreover, lycopene has poor oral bioavailability and water solubility, which are chal-
lenges for the development of commercial products containing carotenoids (Cherny-
shova et al. 2019; Srivastava and Srivastava 2015). In this context, nanobiotechnology
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has been an innovative alternative to improve the stability and biological activities of this
compound. For example, lipid-core nanocapsules with a polysorbate 80-coated poly-e-
caprolactone wall efficiently stabilize LEG for 7 months and improve its cytotoxic activ-
ity on breast cancer cells (Vasconcelos et al. 2020).

Among the main nanocarrier technologies available, self-emulsifying drug delivery
systems (SEDDSs) have rapidly emerged in recent years as an attractive system to carry
bioactive molecules with applications in food, cosmetics, chemical, and pharmaceutical
industries. In addition to greatly improving the water solubility, physicochemical stabil-
ity, and oral bioavailability of lipophilic compounds, SEDDSs are thermodynamically
stable and easily produced (Betageri 2019; Singh et al. 2020). The production of SEDDSs
relies on spontaneous emulsification, using oil, surfactants, and solvents, but it differs
from conventional emulsification (Tran and Park 2021). The preparation of SEDDSs is
carried out initially making a isotropic mixture of oil and surfactant at a gentle agitation
followed by dilution within an aqueous phase, whereas in conventional emulsification all
components are mixture at once to form an emulsion (Tran and Park 2021; Zhao et al.
2020).

In the present study, a promising formulation using a self-emulsifying drug delivery
system loaded with lycopene purified from red guava, named nanoLPG, is presented.
In addition, this work evaluated its physicochemical characteristics, antioxidant activ-
ity, in vivo toxicity, tissue distribution, and in vitro cytotoxicity on human prostate can-
cer cells to explore its potential application as an anti-cancer nanobiotechnology-based
product.

Materials and methods

Chemicals and reagents

Analytical grade ethanol (Dindmica), dichloromethane (Sharlab S. L.), acetone
(Dinamica), and Dimethylsulfoxide (DMSO, Dinidmica) and HPLC grade acetonitrile
(Merck), methanol (Merck), N-hexane (Tedia), and ammonium acetate (]J.T. Baker)

® 80), sorbitane monostearate

were acquired. Chloroform, polysorbate 80 (Tween
(Span® 60), tomato lycopene standard (L9879, >90%), Trolox (6-hydroxy-2,5,7,8-tetra-
methylchromane-2-carboxylic acid), DPPH (2,2-Diphenyl-1-picrylhydrazyl) and MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) were purchased from
Sigma-Aldrich Chemical Co (USA). Natural virgin coconut oil (Cocos nucifera L., Copra)
was purchased from a local market in Brasilia, DF, Brazil. Dulbecco’s Modified Eagle’s
Medium (DMEM), heat-inactivated fetal bovine serum (FBS), 0.5% trypsin—EDTA,
and antibiotic solution were purchased from LGC Biotecnologia (Brazil). RPMI-1640

medium was purchased from Gibco BRL (USA).

Production of lycopene purified from red guava

Lycopene purified from red guava (LPG) was produced according to Amorim et al.
(Amorim et al. 2018) and detailed in the patent number BR 102016030594-2 (Amorim
et al. 2016). Red guavas (Psidium guajava L.) at a high degree of maturation were pur-
chased from a local market in Parnaiba city, State of Piaui. The fruits (500 g) were submit-
ted to dehydration with ethanol and extraction with dichloromethane under ultrasonic
stirring. The extract was then filtered through quantitative filter paper and dried under
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reduced pressure (50 mbar) at room temperature in an R-215 rotary-evaporator (Buchi,
Switzerland) under dim light. Subsequently, the extract was submitted to crystallization
at — 20 °C and the purified lycopene was obtained by washing with ethanol and chloro-
form. After the extraction and purification, the isolated lycopene was stored at — 80 °C.

Evaluation of the lycopene extract by UV-Vis spectrophotometry and High-Performance
Liquid Chromatography (HPLC)

UV-Vis analysis was performed to verify the absorption profile and to determine the
content of lycopene equivalents in the extract using a Shimadzu UV-1280 spectropho-
tometer (Japan). LPG diluted in chloroform:ethanol (1:20) was scanned between 600
and 300 nm against a chloroform:ethanol blank solution in a quartz cuvette (1 mL).
The quantification was carried out at 472 nm, the maximum absorbance wavelength,
using a calibration curve built with tomato lycopene standard solutions at concentra-
tions from 1 to 10 pg/mL.

For the HPLC analysis, the LPG was diluted in chloroform:ethanol (1:20), filtered
through a 0.45 um PTFE syringe filter and injected (20 pL) in a high-performance
liquid chromatography system (Shimadzu, Japan) equipped with a RPAQUEOUS
Develosil C30 (4.6 x 150 mm, 5 pum) column and a photodiode-array detector (PDA,
SPD-M20A). The mobile phase was composed of acetonitrile, methanol, hexane,
dichloromethane, and ammonium acetate (55:22:11.5:11.5:0.02, v:v:v:v:w) at a flow
rate of 1 mL/min from 0 to 20 min. Detection was performed over the range of 800—
200 nm at 1.2 nm/s, with live monitoring at 472 nm.

Synthesis and characterization of nanoemulsion

Production of self-emulsifying drug delivery system containing lycopene purified from red
guava

Self-emulsifying drug delivery systems containing lycopene purified from red
guava (nanoLPG) were produced according to Yen et al. (1853), with modifica-
tions. LPG, sorbitan monostearate, and coconut oil (1:10:0.06, w:w:v) were mixed in
ethanol:acetone (1:8, v:v) under magnetic stirring for 10 min at 40 °C. Then, the mix-
ture was poured into distilled water (pH 7.0) containing polysorbate 80 (0.45 g) under
the same conditions of stir and temperature, following the organic:aqueous phase
proportion of 1:2.5 (v:v). The formulation was concentrated under reduced pressure
(30 mbar) at 37 °C in an R-215 rotary-evaporator (Buchi, Switzerland) until a final
volume of 20 mL, eliminating the organic solvents. The resulting nanoL.PG formula-
tion was stored in tightly closed plastic bottles in a refrigerator (5—8 °C). The prepara-
tion of the SEDDS was carried out under dim light.

Dynamics Light Scattering (DLS) and zeta potential

Mean particle size (z-average) and polydispersity index (PDI) were measured by DLS
using a Zetasizer Nano-ZS90 (Malvern, UK). The samples were freshly diluted in
ultrapure water (1:400, 1 mL) and analyzed in triplicate, at an angle of 90° with an
equilibration time of 60 s at 25 °C before measurement. The zeta potential was deter-
mined under the same conditions. The analyses were carried out immediately after
the synthesis and then monthly, for 12 months.
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Nanopatrticle tracking analysis (NTA)

NanoLPG was diluted 50,000 times in ultrapure water and the hydrodynamic diam-
eter and concentration of particles suspended in the medium were measured using
a Malvern Panaltyical NanoSight NS300 instrument, equipped with a 642 nm laser
module (Malvern, UK). Data collection and analysis were performed using NTA 3.2
software. Five videos of 1-min length each were captured, under the following param-
eters: flow cell at a 2 uL/min rate, temperature of 25 °C, water viscosity value of 0.9 cP,
and detection threshold of 4. Each video was analyzed independently and the results
were automatically merged into a particle size distribution chart.

Lycopene content

Lycopene content in the nanoLPG was determined spectrophotometrically. The nanoe-
mulsion (50 pL) was diluted in 950 pL of chloroform:saturated sodium chloride solution
(1:1, v:v). The sample was mixed for 1 min and then centrifuged at 1000 rpm for 5 min.
The chloroform phase (lower phase) was scanned from 600 to 300 nm in a quartz cuvette
(1 mL), with quantification at 472 nm using a Shimadzu UV-1280 spectrophotometer
(Japan). Free LPG was also analyzed to evaluate the stability under the same storage con-
ditions as the nanoLPG as described in “Evaluation of the lycopene extract by UV-Vis
spectrophotometry and High-Performance Liquid Chromatography (HPLC)” section.
Readings of nanoemulsion’s constituents without LPG were carried out to exclude any
interference of the formulation on lycopene light absorbance.

Transmission Electron Microscopy (TEM)

The ultrastructure of nanoLPG was evaluated by TEM using a Jeol JEM-1011 micro-
scope (Japan). The sample was diluted 1000 times in ultrapure water and deposited on
formvar-coated grids. After that, the sample was stained with uranyl acetate, washed,
air-dried, and examined at 80 keV.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were measured in the attenuated total reflectance (ATR) mode using a Per-
kin-Elmer Spectrum BX FTIR spectrometer fitted with a diamond single crystal ATR
accessory. Measurements were made between 500 and 3000 wavenumbers with a resolu-
tion of 2 wavenumbers.

Colloidal stability of nanoLPG in biological medium

The colloidal stability of nanoLPG in cell culture medium was investigated following
Friedrich et al. (2015). Nanoemulsion was diluted in DMEM supplemented with 10%
(v/v) heat-inactivated fetal bovine serum and 1% (v/v) antibiotic solution (5000 U/mL
penicillin and 5,000 U/mL streptomycin) at concentrations of 3.125, 25 and 200 pg/mL.
These concentrations were based on lycopene content in nanoLPG and subsequent cyto-
toxic assay. Mean particle size (z-average) and polydispersity index (PDI) were measured
by DLS using a Zetasizer Nano-ZS90 (Malvern, UK) immediately and upon 24 h of incu-
bation at 37 °C and 5% CO, in a humidified atmosphere.
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Antioxidant activity

The antioxidant activity of nanoLPG was assessed using the DPPH radical scaveng-
ing assay. A stock solution of 100 uM DPPH was prepared in HPLC-grade ethanol and
kept at — 20 °C for no longer than a week. Just before the experiment, the stock DPPH
solution was diluted to achieve an absorbance of 0.700 at 517 nm to produce the DPPH
working solution. The nanoemulsion was diluted to 0.10 mg/mL in phosphate-buffered
saline (PBS) and 25 pL was mixed with 225 puL of DPPH working solution in microtubes.
Tubes were incubated in the dark at room temperature for 30 min. After incubation,
samples were centrifuged at 5000xg for 5 min to remove any insoluble material. Then,
200 pL of the supernatant were transferred to 96-well black flat-bottom microplates
(#3605, Corning, USA) and read at 517 nm in a microplate reader (Spectramax® Plus
384, Molecular Devices, USA). To account for the possible interference of nanoparti-
cles at 517 nm control assays using nanoemulsion and ethanol (without DPPH) were run
in parallel. The ability of nanoLPG to scavenge DPPH radicals was compared to that of
several dilutions of Trolox in PBS in a standard curve ranging from 12.5 to 200 uM. The
assay was run in triplicate and results are expressed as uM of Trolox equivalents/g of
nanoLPG.

In vivo studies

Animals and ethics

The Animal Ethics Committee of the Institute of Biology of the University of Brasilia,
UnB approved all experiments with animals reported in this study under the protocol
number 09/2019. The procedures were performed following the National Council for
Animal Experimentation Control (CONCEA, Brazil) guidelines and current national
legislation, Brazilian Laws 11,794/2008 and 9,605/1998.

Male Swiss mice (2545 g, 8—12 weeks) obtained from the bioterium of the Medicinal
Plants Research Center (NPPM) of the Federal University of Piaui (UFPI, Brazil) were
used for the acute toxicity evaluation of LPG. Male Swiss mice (305 g, 6-8 weeks)
were maintained in the bioterium of the Faculty of Medicine of the University of Brasilia
(UnB, Brazil) for the repeated-dose toxicity and biodistribution studies of nanoLPG. The
animals were maintained at 22+ 2 °C under a 12/12 light/dark cycle with free access to
water and food.

Acute oral toxicity of LPG

Mice were randomly distributed into two groups (N=5, each) and treated with water
(control group) or LPG at the single dose of 2000 mg/kg (test group) by oral route. Ani-
mals were observed over 8 h on the first day and, then, daily for 14 days for signs of acute
toxicity, according to the guideline 420: Acute Oral Toxicity-Fixed Dose Procedure of
the Organization for Economic Cooperation and Development (OECD 2002a).

Repeated-dose oral toxicity of the nanoLPG

The in vivo toxic effect of nanoLPG was evaluated according to the guideline 407:
Repeated Dose 28-day Oral Toxicity Study in Rodents of the Organization for Economic
Cooperation and Development (OECD 2008). The animals were randomly distributed
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into two groups (N=9, each) and treated with water (control group) or nanoLPG at
10 mg/kg (test group) daily by oral route for 28 days. The animals were euthanized 1 day
after the last dose, with ketamine and xylazine administered intraperitoneally, as stipu-
lated by the National Council for Animal Experimentation Control (CONCEA, Brazil)
Euthanasia Practice Guideline.

Clinical and behavioral analysis Clinical and behavioral parameters were evaluated
in accordance with the Guidance Document on the Recognition, Assessment and Use
of Clinical Signs as Human Endpoints for Experimental Animals Used in Safety Evalu-
ation from the OECD (OECD 2002b). Scores were attributed to measure the degree of
change of the parameter, where zero (0) was without effect and three (3) was a severe
effect. Body weight gain and food and water consumption were also evaluated daily for
4 days and then every 3 days for 28 days. After euthanasia, the organs were removed,

their clinical aspect was examined and the weights were measured.

Biochemical and hematological parameters Blood samples were collected by heart
puncture in tubes without and with EDTA for biochemical and hematological analysis,
respectively. The levels of biochemical markers, glucose, urea, creatinine, cholesterol,
triglycerides, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP), were measured using a semi-automated biochemical ana-
lyzer (Bio-200, BIOPLUS, Brazil) and LABTEST® reagents (Brazil) according to the
manufacturer instructions.

The hemogram was assayed using an automated hematological analyzer (SDH-3
VET, LABTEST®, Brazil). The hemoglobin content and total plasmatic proteins were
measured in a semi-automated biochemical analyzer (Bio-200, BIOPLUS, Brazil). The
morphological analysis of leukocytes and erythrocytes was performed using blood
smear samples stained by the panoptic method (NEWPROYV, Brazil) under an optical

microscope.

Histopathological analysis Animals were randomly distributed into two groups
(N=5, each) and treated with water (control group) or nanoLPG at 10 mg/kg (test
group) at repeated-dose by oral route over 28 days. Brain, heart, aorta, lung, liver,
spleen, stomach, esophagus, small intestine, large intestine, pancreas, and kidney were
fixed in 10% neutral buffered formalin for 24 h. Tissue specimens were dehydrated in
increasing concentrations of ethanol, diaphanized in xylene, and embedded in his-
tological paraffin. The samples were sectioned at 4—6 um intervals and stained with
hematoxylin and eosin (H&E). Histological sections were examined using ScanScope
Aperio (Leica Biosystem Inc, USA) equipped with image processing and capture sys-
tem ScanScope Cansole v10.2.0.2352 at 400x magnification. The histopathological
analyses were performed by one observer in all sections to evaluate the architecture
of the tissue and to perform semi-quantitative analysis. The histopathological changes

were ranked from normal to severe lesions.

Bioavailability Animals were randomly distributed into two groups (N=19, each) and
treated with water (control group) or nanoLPG at 10 mg/kg (test group) at repeated-
dose by oral route over 28 days. Brain, heart, lung, liver, spleen, kidney, and pros-
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tate were frozen in liquid nitrogen and preserved at — 80 °C. Organ specimens (100—
300 mg) were homogenized in a solution of ethanol, water, butylhydroxytoluene, and
potassium hydroxide (54.99:44.98:0.02:0.01) at 1:5 (w:v) under ultrasonic stirring for
15 min a 50 °C followed by water/ice bath. Lycopene extraction from the homogenate
was carried out with 2 mL dichloromethane:hexane (1:5, v:v). Samples were centri-
fuged at 4000 rpm for 10 min at 10 °C and the supernatant was collected, filtrated, and
dried using a LabConco CentriVap Concentrator (USA). The extraction process was
repeated three times.

The concentration of lycopene in the organs was determined by HPLC. Samples were
injected (70 pL) in a high-performance liquid chromatography system (Shimadzu, Japan)
equipped with a RPAQUEOUS Develosil C30 (4.6 x 150 mm, 5 um) column and a pho-
todiode-array detector (PDA, SPD-M20A). The mobile phase was composed of acetoni-
trile, methanol, hexane, dichloromethane, and ammonium acetate (55:22:11.5:11.5:0.02,
viviviviw) at a flow rate of 1 mL/min from O to 20 min. Detection was performed over the
range of 800—-200 nm at 1.2 nm/s, with live monitoring at 472 nm. A calibration curve
built with several dilutions (0—20 pug/mL) of tomato lycopene standard solution was used
to quantify lycopene content in the samples.

In vitro cytotoxicity

Viability of prostate cancer cells

Human prostate carcinoma cell line (DU-145) was acquired from Rio de Janeiro Cell
Bank (BCR]) and cultured in DMEM supplemented with 10% (v/v) FBS and 1% (v/v)
antibiotic solution (5000 U/mL penicillin and streptomycin) at 37 °C and 5% CO, in a
humidified atmosphere.

Cell viability was assessed using the MTT method. Briefly, cells were seeded in 96-well
culture plates at 3 x 10> cell/well and maintained at 37 °C for 24 h. Then, cells were
treated with nanoLPG at concentrations ranging from 200 to 3.125 pg/mL. DMEM,
20% (v/v) DMSO and free LPG diluted in 0.5% (v/v) DMSO (200 to 6.25 pg/mL) were
used as control treatments. The cells were incubated for 6, 12, 24, 48, and 72 h with each
treatment. After the exposure time, the medium was removed and 100 pL of MTT solu-
tion diluted in DMEM (0.75 mg/mL) was added in each well and incubated at 37 °C for
2 h. DMSO (100 pL) was then added to dissolve the formazan salts produced by living
cells. The absorbance was measured at 595 nm using a SpectraMax® Plus 384 microplate
reader (Molecular Devices, USA). Data were representative of the triplicate of two inde-

pendent experiments.

Cell membrane integrity assay

Cell membrane integrity of DU-145 cells was evaluated using the trypan blue staining
method. Cells were treated with nanoLPG and free LPG at 200 and 6.89 pg/mL in trip-
licate and incubated for 24 h. DMEM and 20% DMSO were used as control treatments.
After the exposure time, cells were detached using trypsin, centrifuged at 2500 rpm
for 5 min at 4 °C, and washed with PBS three times. The cell suspensions (50 pL) were
stained with 0.4% trypan blue solution in PBS (1:1, v:v) and cells in 10 pL were counted
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using a Neubauer chamber. Cell membrane integrity was classified as disrupted or
undamaged according to their appearance under an optical microscope. Representative
fields of control and treated DU-145 cells were captured at 100 x magnification using a
Nikon Eclipse Ts2 microscope (Japan) with Nis Elements L Imaging Software (version
1.02.00).

Flow cytometry and fluorescence microscopy analyses

To evaluate the cell death mechanism triggered by nanoLPG in cancer cells, the
Annexin-V FITC/PI staining assay was used to distinguish apoptotic from necrotic
cells. DU-145 cells were seeded into 24-well culture plates at a density 1.5 x 10° cell/
well and maintained at 37 °C for 24 h. After treatment with nanoLPG or LPG (6.89
and 200 pug/mL) and incubation for 24 h at 37 °C, cells were detached with trypsin,
centrifuged at 2500 rpm for 5 min at 4 °C, and washed with PBS three times. The cells
were resuspended in 100 pL of binding buffer (BD Pharmingen'"), labeled with 5 pL
of Annexin-V FITC and 10 pL of propidium iodide (PI) (BD Pharmingenm), and incu-
bated at room temperature for 15 min in the dark. Then, 100 uL of binding buffer were
added and the cell suspension was analyzed by flow cytometry (LSR II Fortessa", BD,
USA) with a total of 20,000 events per sample. DMEM and 20% DMSO were used as
control treatments. The assay was carried out in triplicate. Photomicrographs from
phase contrast and fluorescence microscopy representative of the control and treated
DU-145 cells were obtained using a Nikon Eclipse Ts2 microscope (Japan) with Nis
Elements L Imaging Software (version 1.02.00) at 200x magnification.

Ultrastructural analysis of cancer cells

DU-145 cells at a density 1 x 10° cell/well were treated with DMEM (control), free
LPG or nanoLPG (6.89 and 200 pg/mL) and incubated at 37 °C for 24 h. Cells were
detached with trypsin, centrifuged at 2500 rpm for 5 min at 4 °C, washed with PBS
three times and fixed in Karnovsky’s fixative solution. Samples were washed, fixed
with osmium tetroxide (1%), dehydrated using acetone (50-100%), and embedded in
Spurr resin. Cells stained with 0.5% uranyl acetate were examined by TEM using a

Jeol JEM-1011 microscope (Japan).

Viability of human peripheral blood mononuclear cells

Human peripheral blood mononuclear cells (PBMC) were isolated using a Ficoll-
Paque density gradient (Amersham Biosciences) from peripheral blood samples col-
lected from healthy donors in tubes containing EDTA as anticoagulant. Cells were
cultured in RPMI supplemented with 10% (v/v) FBS, 100 pg/mL penicillin and strep-
tomycin and 2 mM L-glutamine at 37 °C and 5% CO, in a humidified atmosphere.
Cell viability assay was assessed using the MTT method with a cell density of 2 x 10°
cell/well. The cells were treated with nanoLPG at concentrations ranging from 25 to
0.75 pg/mL or free LPG diluted in 0.5% (v/v) DMSO (25 to 0.75 pug/mL) and incu-
bated for 6, 12 and 24 h. After the exposure time, the cells were treated with MTT
solution (5 mg/mL) for 4 h at 37 °C, centrifugated at 400x g for 10 min. Then, the cul-
ture medium was removed and DMSO (100 pL) was added to dissolve the formazan
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salt. The absorbance was measured at 595 nm using a SpectraMax® Plus 384 micro-
plate reader (Molecular Devices, USA).

Statistical analysis

The statistical analyses were performed using GraphPad Prism version 8.4.3 (Graph-
Pad Software, USA). Kruskal-Wallis test followed by Dunn’s multiple comparison
test was used to verify statistical differences in the physicochemical parameters of the
nanoemulsion over time. Unpaired ¢ test was used to analyze statistical differences
in the colloidal stability and in vivo toxicity data. For cell experiments, data normal-
ity was tested using the Kolmogorov—Smirnov test and one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison analyses were used to evalu-
ate statistical differences between groups. Two-way ANOVA followed by Bonferroni’s
multiple comparison analyses were employed to compare means among the exposure
times in the cytotoxicity assay. For all statistical analyses, p values below 0.05 were
considered to indicate statistically significant differences.

Results and discussion

Characterization of LPG and nanoLPG

LPG presented an absorption profile very similar to that of tomato lycopene analytical
) at 503, 472 and 447 nm
(Fig. 1a). The absorption spectrum of LPG was also similar to that reported by Amorim
et al. (Amorim et al. 2018), which had A\
ing to 5-Z lycopene. The quantification of lycopene revealed that the extraction method

reference, exhibiting three maximum absorption bands (A

max:

max Values of 505, 473, and 448 nm correspond-
resulted in a yield of 97.70% of lycopene/dry extract weight and 82.18 mg of lyco-
pene/100 g of fruit. The yield is comparable to that previous described using the same
extraction methodology (61.66 £ 0.73 mg of 5-Z lycopene/100 g of guava) (Amorim et al.
2018). The HPLC elution profile of LPG monitored at 472 nm showed a single major
peak with a retention time (RT) of 9.49 min (Fig. 1b). This peak was identified as lyco-
pene by comparison with the RT and DAD spectrum recorded for the tomato lycopene
standard (9.53 min).

A self-emulsifying drug delivery system containing lycopene purified from red
guava (nanoLPG) was produced with previously used surfactants (Vasconcelos et al.

(a) (b)
1.0 — PG 1000 PG
— Lycopene standard 1 — Lycopene standard
5 0.8+ S 800
£ £
= 472 =
0.6 600-]
§ 503 § |
§ 0.4+ 447 § 400-]
o °
3 3
< 0.2 < 200-]
N\ 0
0.0 T T 1 0 T T T T T T T i
300 400 500 600 0 5 10 15 20
A(nm) Time (minutes)
Fig. 1 UV-Vis spectrum from 600 to 300 nm (a) and chromatogram by PDA-HPLC (b) of the LPG and tomato
lycopene analytical standard at the concentration of 50 pg/mL
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Fig. 2 Hydrodynamic diameter distribution from NTA measurements of nanoLPG (a). Photography of the
nanoemulsion and photomicrography of nanoLPG (arrow) by Transmission Electron Microscopy (b). ATR-FTIR
spectrum of LPG and nanoLPG (c). Lycopene content in nanoLPG over period of 12 months at 4 °C (d) and
UV-Vis spectrum of LPG extracted from nanoemulsion and free LPG under the same storage conditions (e).
Mean and mode in the NTA data were expressed as mean = SEM. *p <0.05 vs month 0

Table 1 Characterization of the nanoLPG

Parameter Month nanolLPG

Size (nm)? 0 239.90+£867
12 248.00£0.80

PDI® 0 0.22+0.03
12 0.21£0.02

Zeta potential (mV) 0 — 28304052
12 —33.00+0.17

Lycopene content (mg/mL) 0 4.13+£0.02
12 1784001

2 Data obtained by Dynamic Light Scattering (DLS)
Data were expressed as mean = SD. ¥p <0.05 vs month 0
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2020; Santos et al. 2015) classified as safe by Agéncia Nacional de Vigilancia Sanitéria
(ANVISA, Brazil) and Food and Drug Administration (FDA, USA). NanoLPG formula-
tion had a turbid, milky liquid, and homogeneous aspect (Fig. 2a). DLS analysis results
indicated that nanoLPG was composed of polydisperse nanoparticles with an average
diameter of approximately 200 nm (Table 1). NTA data (Fig. 2b) revealed a hydrody-
namic diameter range from 100 to 300 nm, with an average diameter of 180 nm, corrobo-
rating DLS data. Nanoparticle concentration per milliliter was 3.74 x 10'!. Nanoparticle
size is an important parameter for biological applications, since it can determine the sta-
bility of the delivery system by affecting sedimentation or aggregation rates, as well as
cellular internalization and toxicity (Baranowska-Wéjcik et al. 2020; Wang et al. 2020).
In this study, nanoparticle size agreed with that reported in previous works on lycopene
nanoparticles (211.304+2.5 and 250+8.21 nm) (Vasconcelos et al. 2020; Wanyi et al.
2020). Although PDI and NTA data indicated polydispersity, nanoparticle size distribu-
tion was adequately uniform. For Silva et al. (Silva et al. 2020), PDI values from 0.1 to
0.5 express a sufficiently homogeneous size distribution. Indeed, wider size distribution
ranges are associated with PDI values higher than 0.5 (Gonzalez-Reza et al. 2018).

The zeta potential represents the charge on the surface of nanoparticles, indicat-
ing their cationic, anionic, or neutral character (Smith et al. 2017). The zeta potential
of nanoLPG was negative (Table 1), contributing to the electrostatic repulsion, which
prevents their aggregation and confers physical stability to the nanosystem. The negative
value can be due to hydroxyl groups of tween 80 (Xiong et al. 2012; Zardini et al. 2018).

Taken together, size, polydispersity index, and zeta potential all indicate that nanoLPG
was physicochemically stable up to 12 months, suffering insignificant alterations dur-
ing the storage period (Table 1). In addition, TEM morphological analysis of nanoLPG
showed nanoparticles with spherical shape and smooth topology (red arrow, Fig. 2a).
The spherical shape is the most common morphology reported in scientific literature
and is usually associated with a high potential for the preservation of encapsulated mole-
cules. The preservation can be due to a small specific surface area and minimum contact
with the aqueous environment (Zardini et al. 2018). Furthermore, spherical nanoparti-
cles are more cytotoxic than those with other shapes when tested against HeLa cancer
cells, probably because very small size and high aggregation of non-spherical nanoparti-
cles (Wozniak et al. 2017).

The results from the ATR-FTIR analysis of LPG and nanoLPG are shown in Fig. 2c. In
the FTIR spectrum of LPG, the peak at 959.7 cm™! can be attributed to trans conjugated
C-H out-of-plane bending and the bands between 1379 and 1462 cm™' are typical of
C=C lycopene stretching. In general, the vibrational frequencies of LPG were similar to
those previously found for the lycopene-rich extract from red guava (LEG) (Santos et al.
2018). The absence of the sharp peak at 959.7 cm ™! could be related to the encapsulation
of the LPG as suggested by Li et al. (2018), who also noted the disappearance of a peak
at the same wavenumber upon nanoencapsulation (in a different system). However, it is
not possible to rule out that this peak is obscured by the strong and broad OH band at
750 cm ™! from the water in the nanoLPG system.

Concerning the effect of storage on the amount of lycopene loaded in nanoLPG, lyco-
pene content tended to decrease over time, but it was only at 10 months of storage (at
5-8 °C) that lycopene loss was statically significant (Fig. 2d). Nevertheless, the UV-Vis
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profile of lycopene extracted from nanoemulsion after 12 months was still characteristic
of this molecule, with the three bands of maximum absorption at 503, 471, and 447 nm
(Fig. 1e). In contrast, the lycopene in free LPG stored under the same conditions was
totally degraded in the first month (Fig. 2e). Lycopene degradation was characterized by
a significant loss of absorbance around 503 nm, absence of distinction between the three
peaks, and a progressive increase in the absorbance in the region below 447 nm, simi-
lar to previous descriptions of lycopene degradation (Vasconcelos et al. 2020; Tan and
Soderstrom 1989). Temperature is one of the main factors that affect lycopene stabil-
ity. High temperatures induce isomerization, followed by autooxidation of unsaturated
bonds, which hinders further biological applications (Srivastava and Srivastava 2015;
Aliyu et al. 2020). Our findings indicate that the nanoemulsion preserves lycopene integ-
rity for months under refrigeration, allowing their biotechnological application.

The colloidal stability assay indicated that the incubation of nanoLPG diluted in
DMEM at 3.125 and 25 pg/mL resulted in aggregation as evidenced by the increase in
average particle size after 24 h at 37 °C (Table 2). The change in PDI at 3.125 pg/mL after
24 h suggests that only part of the nanoparticle population suffered aggregation, result-
ing in heterogeneous size distribution. The size and PDI of nanoLPG diluted in DMEM
(3.125 and 25 pg/mL) immediately analyzed (0 h) were comparable to those of freshly
prepared nanoLPG. At the highest concentration (200 pg/mL), nanoLPG was outside
the accuracy of the DLS, probably because of its high opacity and viscosity when diluted
in DMEM.

In summary, these data suggest partial nanoparticle instability under biological condi-
tions, specifically those used in cell culture, which could affect nanoLPG biological activ-
ity or biodistribution. Nanoparticle stability can be affected by polymeric head groups of
polysorbate 80, which provides steric stabilization and increase nanoparticle blood cir-
culation time by preventing protein plasma adsorption (Friedrich et al. 2015; Zhu et al.
2019). Although nanoLPG contains polysorbate 80, it seems that the concentration to
produce nanoLPG, chosen based on its safe oral daily intake (10-25 mg/kg) (EFSA 2015;
Kriegel et al. 2019), was not sufficient to prevent aggregation in biological medium and
confer colloidal stability to nanoparticles.

Antioxidant activity evaluation

The antioxidant activity of nanoLPG was evaluated by the DPPH free radical scavenging
capacity and was compared with that of Trolox. NanoLPG at 0.10 mg/mL exhibited radi-
cal scavenging activity equivalent to 0.043 +0.002 mg Trolox/mL (or 171.10£7.41 uM
Trolox equivalent/g), which is approximately 50% as effective (Fig. 3). The antioxidant

Table 2 Colloidal stability of nanoLPG diluted in the cell culture medium

Concentration (ug/mL) Oh 24h

Size (nm) PDI Size (nm) PDI
312 22690+3.96 0.26+0.01 391.20433.20° 0614001
25 256.80£1.79 0.17+£0.08 359.604 26.06" 0.17+0.09
DMEM 20594143 0.73+0.10 26.794+0.73 0.884+0.03

Data were expressed as mean +SD. *p<0.05vs 0 h
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Fig. 3 Antioxidant activity of nanoLPG by the DPPH radical scavenging assay compared to Trolox. Data
expressed as mean SD

Table 3 Body and organs weights from Swiss mice treated with a single oral dose of LPG (2,000 mg/
kg) and observed for 14 days

Parameter Day Control LPG

Body weight (g) 0 29.26 +3.06 29544341
14 28724264 29.16+3.38

Organ weight (g)

Heart 14 0.12+0.01 0.11£0.02

Lung 0.16£0.02 0.16£0.02

Liver 0.9940.14 095+0.12

Kidney 0.38+£0.04 0.37+0.08

Values were expressed as mean & SEM. N =5 animals per group

activity of the nanoLPG measured here is consistent with that previously reported for
lycopene from red guava (LPG) using the ABTS radical scavenging method, which
resulted in 139.524+0.30 uM Trolox/g (Amorim et al. 2020). Although the results were
obtained using different methods, DPPH and ABTS assays showed approximate values
and rely on the same antioxidant mechanism (Caetano-Silva et al. 2020). It is possible to
suggest nanoLPG to be an antioxidant that acts by the hydrogen donating mechanism,
since DPPH radical is an acceptor of hydrogen (Marsup et al. 2020).

In vivo toxicity of LPG and nanoLPG
The toxicity studies using the free form of LPG did not reveal any deaths or altera-
tions in behavioral and clinical parameters of Swiss mice treated with a single oral
dose of LPG at 2000 mg/kg and observed for 14 days. Furthermore, there were no
significant changes in body and organ weights (Table 3). These results indicate the
absence of systemic acute toxicity for LPG. Since no animal died, it was not possible
to determine the mean lethal dose (LDx).

In the repeated-dose oral toxicity study, animals treated with nanoLPG at 10 mg/kg
for 28 days did not exhibit any abnormal clinical features or changes in general behavior
when compared with those of water-treated animals (Table 4). No death was recorded in
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Table 4 Effect of nanolLPG on clinical and behavioral parameters

Parameter Control NanoLPG

Day 0 Day28 Day0 Day 28

Abdominal writhes

Stimulant Hyperactivity 0 0 0 0
Agressiveness 0 0 0 0

Tremors 0 0 0 0

Convulsion 0 0 0 0

Piloerection 0 0 0 0

Depressive Ptosis 0 0 0 0
Nose bulge 0 0 0 0

Cheek bulge 0 0 0 0

Ear position 0 0 0 0

Whisker change 0 0 0 0
Sedation/Anesthesia/Analgesia 0 0 0 0

Ataxia 0 0 0 0

Righting reflex 0 0 0 0

Catatonia 0 0 0 0

Loss of corneal reflex 0 0 0 0

Loss of auricular reflex 0 0 0 0

Autonomic nervous system-  Diarrhea 0 0 0 0
related Constipation 0 0 0 0
Lacrimation 0 0 0 0

Salivation/Vomit 0 0 0 0

Cyanosis 0 0 0 0

Others Ambutation 0 0 0 0
Self-cleaning (grooming) 0 0 0 0

Climb 0 0 0 0

Vocalization 0 0 0 0

0 0 0 0

0 0 0 0

Deaths

0=without effect. N=9 animals per group

both treated and control groups. Interestingly, although nanoLPG-treated mice showed
no change in the number of grooming movements, they groomed immediately after
treatment, whereas mice in the control group took some seconds to engage in groom-
ing after treatment. Self-grooming in rodents is a homeostatic behavior and its decrease
can be a marker of anhedonia in front of stressor agents (Butelman et al. 2019). For
the OECD (2002b), the failure to self-groom indicates a health disorder, but, in certain
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Fig. 4 Evolution of the body weight gain (a), feed and water consumption (b) and relative organ weight
(c) of the animals from the control group or orally treated with nanoLPG at 10 mg/kg for 28 days. Data
represented as mean & SEM. N=9 animals per group
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studies, the change in self-grooming is due to the taste of the tested substance. Thus, the
immediate grooming might have been caused by the taste of the nanoLPG emulsion.

Body weight gain (Fig. 4a) and feed and water intake (Fig. 4b) of Swiss mice did not dif-
fer significantly between nanoLPG-treated mice and the control group over 28 days. The
wet weight of selected organs were similar between nanoLPG-treated and water-treated
mice (Fig. 4c). Furthermore, the macroscopic analysis of the organs did not detect any
morphological alterations in both nanoLPG-treated and control mice. These results
indicate the absence of systemic repeated-dose toxicity of nanoLPG orally administered
to mice.

Hematological and biochemical parameters are important for monitoring general
health conditions, immune response, and tissue injuries induced by a substance. In the
present study, the hemogram of nanoLPG-treated mice showed no significant modi-
fications compared with that of the control group (Table 5). This finding suggests that
nanoLPG is hemocompatible at the tested experimental conditions. Moreover, there was
no significant variation in leukocytes count, indicating that nanoLPG did not provoke
leukopenia or leukocytosis in mice after 28 days (Table 5). Another important obser-
vation was the absence of band cell in the peripheral blood. Band cells are immature
neutrophils that may enter into the circulation in response to acute stress, such as
inflammation, tissue damage, or infection, characterizing a phenomenon named neutro-
phil left shift (Cornbleet 2002). In this context, nanoLPG at 10 mg/kg did not induce an
increase of immature neutrophils in mice after 28 days of treatment.

There was no significant change in the platelet count (Table 5). This is an important
observation, since nanoparticle surface charge might disrupt the coagulation system.
As demonstrated by Wu et al. (2018) for solid lipid nanoparticles, a cationic surface is
associated with an increased risk of systemic platelet activation and aggregation in vivo,
reducing blood circulation time and cellular uptake of the nanoparticles. The lack
of thrombotic toxicity might be attributed to the negative zeta potential of nanoLPG.
Finally, the concentration of total plasma protein was not affected by treatment with

Table 5 Effect of nanoLPG on hematological parameters

Parameter Control NanoLPG
Hematocrit (%) 48.60£0.51 46.13£0.85
Erythrocytes (x 10 cells/ul) 09.95+0.13 09.39+0.20
Hemoglobin (g/dL) 17.72+£055 18.14+£1.29
MCV (fL) 48.824+0.79 49.23+1.11
MCHC (%) 36.44+1.08 39.36£2.89
Leukocytes (cells/uL) 5,750+ 1096 42754575
Monocytes (%) 220+037 237+0.59
Lymphocytes (%) 79804215 76.8841.96
Eosinophils (%) 060+£0.24 025+0.16
Basophils (%) 0.00+£0.00 0.00+£0.00
Band cell (%) 0.0040.00 0.0040.00
Segmented neutrophils (%) 17404231 20.50+£2.03
Platelets (cells/uL) 800,0004 107,165 897,250+ 66,576
Total plasmatic proteins (g/dL) 6.56+0.29 6.85+0.88

Data were expressed as mean = SEM. MCV: mean corpuscular volume. MCHC: mean corpuscular hemoglobin concentration.
N=5-9 animals per group
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Table 6 Effect of nanolLPG on biochemical parameters

Parameter Control NanolLPG
Glicose (mg/dL) 215904+9.74 238604+11.18
Cholesterol (mg/dL) 127.00£3.57 128.70+5.12
Triglycerides (mg/dL) 130.70£16.06 152.60+27.29
Urea (mg/dL) 42.75+246 49.02+247
Creatinine (mg/dL) 042+0.04 0.33+0.04
ALT (U.I/L) 68.671+10.16 5563+6.96
AST (U.I/L) 3394045142 2723042856
ALP (U.l/L) 101.02+£5.94 89.284+10.64

Data were expressed as mean =+ SEM. ALT alanine aminotransferase. AST aspartate aminotransferase. ALP alkaline
phosphatase. N=5-9 animals per group

nanoLPG for 28 days (Table 5). Changes in blood protein levels are usually associated
with fluctuations in albumin and globulin levels as a result of disorders in the immune
system and liver and kidney injuries (Ghelichpour et al. 2017).

In addition, glucose, total cholesterol, and triglycerides levels in blood did not differ
significantly between nanoLPG-treated mice and the control group (Table 6). The levels
of biomarkers for kidney injury, urea and creatinine, were unaffected by nanoLPG treat-
ment, indicating the lack of nephrotoxicity in nanoLPG-treated mice (Table 6). These
findings are especially relevant considering that nanoparticles circulating in the blood-
stream should pass through the renal vasculature (Du et al. 2018). Compared with the
control group, nanoLPG-treated mice presented a general tendency of decreasing levels
of liver function markers (ALT, AST and ALP) (Table 6). However, the difference in the
levels of these markers between the groups did not reach statistical significance, indicat-
ing the occurrence of a normal fluctuation and not a physiological finding. In summary,
the nanoemulsion loaded with lycopene purified from red guava did not cause physi-
ological alterations that could indicate in vivo toxicity. The toxicity of nanoparticles is
a critical factor for the biological application of drug delivery systems and needs to be
comprehensively explored prior to further in vivo studies.

Histopathological analysis

The histopathological analysis of the brain, aorta, heart, lung, liver, spleen, kidney,
stomach, esophagus, small intestine, large intestine, and pancreas revealed that the oral
administration of nanoLPG at 10 mg/kg for 28 days did not induce pathological altera-
tions with clinical significance in Swiss mice (Fig. 5). Minor histological alterations
were observed in the liver, such as diffuse hydropic degeneration in hepatocytes (yel-
low arrow). The hydropic or vacuolar degeneration could be the result of the disruption
of hepatocyte osmoregulatory balance, increasing the intracellular water (Susilo et al.
2019). It is worth mentioning that this is a reversible and nonlethal acute injury. Over-
all, the histopathological observations are consistent with the clinical, biochemical and
hematological data.

Tissue distribution
The biodistribution of lycopene from the orally administered nanoLPG into tissues was
evaluated by HPLC in the brain, heart, lung, liver, spleen, kidney, and prostate samples
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Fig. 5 Representative photomicrographs from the histopathological analysis of several tissues from Swiss
mice after oral treatment with nanoLPG at 10 mg/kg or with water (control) for 28 days. Magnification
100x at left (except aorta, which is 200x) and scale bar= 200 nm; magnification 400 x at right and scale
bar=50 nm. Yellow arrow indicates hydropic degeneration in hepatocyte. N=5 animals per group

from mice treated daily with 10 mg/kg for 28 days. Lycopene was detected in the prostate
(0.03200.0070 pg/g), kidney (0.11180.0239 pg/g), and liver (0.182940.0927 pg/g)
(Fig. 6), whereas it was not detected in other organs of nanoLPG-treated mice and in
any organ of mice in the control group. As demonstrated in human and animal stud-
ies, intact lycopene can accumulate in various tissues, such as the liver, adrenal glands,
spleen, lungs, prostate gland, colon, and skin (Srivastava and Srivastava 2015; Mirah-
madi et al. 2020; Wang 2012).

Lycopene concentration in the prostate was comparable to that reported in other stud-
ies. For example, lycopene content in the prostate of mice fed with a diet supplemented
with commercial lycopene to provide 150 mg/kg for 60 days was 0.81+0.08 nmol/g
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Fig. 6 Lycopene biodistribution evaluated in brain, heart, lung, liver, spleen, kidney, and prostate tissues
from Swiss mice after oral treatment with nanoLPG at 10 mg/kg daily for 28 days. Values were expressed as
media & SEM. N=9 animals per group

(equivalent to 0.4349 pg/g) (Lindshield et al. 2008). Note that the lycopene level was thir-
teen times greater than that found in this work, but the dose was fifteen times higher
than the dose used in the present study. In the prostate of rats treated with tomato oleo-
resin extract at 4.6 mg/kg for 9 weeks, the concentration of lycopene was 24 £10.3 nmol/
kg (equivalent to 0.0129 ug/g) (Ferreira et al. 2000). Consistently, lycopene levels were
approximately half the concentration found in the present work, which was achieved by
administering half the dose applied in the present study. Thus, the efficiency of the oral
administration of nanoLPG in delivering lycopene into the prostate corresponds to that
of other sources of lycopene.

The presence of lycopene in the kidney can be the consequence of having lycopene-
loaded nanoparticles in the bloodstream, including the renal vasculature, although the
literature reports the lycopene accumulation via the scavenger receptor class B type 1
protein (SR-B1) found in this tissue (Wang 2012). The concentration of lycopene in the
liver tends to be higher than that in other organs. The evaluation of tissue distribution
of orally administered lycopene at 30 mg/kg in male dogs revealed that the highest con-
centration of lycopene was detected in the liver with 1 and 5 days after the 28-day dosing
period (65.6 and 91.0 nmol/g, respectively) (Korytko et al. 2003), in consonance with the
found in this study.

Nanoparticle biodistribution for delivery of bioactive compounds can be influenced by
its hydrodynamic diameter (Kaga et al. 2017). Baranowska-Wojcik et al. (Baranowska-
Wojcik et al. 2020) reported the effect of different sizes of titanium dioxide nanoparti-
cles on biodistribution after a single oral administration and showed that larger particles
(>80 nm) mainly accumulated in the liver. Consistently, Kaga et al. (Kaga et al. 2017)
described that large polymeric nanoparticles were rapidly biodistributed into the liver
and spleen. Although the pharmacokinetic parameters of nanoLPG were not evaluated
here, the data show that nanoLPG successfully deliver lycopene to the tissues. Besides,
lycopene accumulation in tissues has been reported to prevent various diseases, such as
prostate cancer, cholestasis, steatosis, inflammation, alcoholic liver disease (Stice et al.
2018; Wadie et al. 2020).
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Cytotoxic effect on prostate cancer cells
Since lycopene accumulated in the prostate of nanoLPG-treated mice, we advanced
the study towards the evaluation of the cytotoxicity of the nanoemulsion on the human
prostate carcinoma cell line (DU-145). The MTT assay demonstrated that the treatment
with free LPG significantly affected cell viability after 6 h of exposure even at the low-
est concentration (3.125 pg/mL), with a reduction of 19.33+2.36% (Fig. 7a). Similarly,
nanoLPG significantly reduced DU-145 viability after 6 h of exposure at 3.125 pg/mL,
presenting 44.65+6.90% of reduction (Fig. 7b). Note that the nanoemulsion increased
the deleterious effect of free LPG on prostate cancer cells. Such effect is also evident
in the IC,; values, which were markedly lower for nanoLPG than free LPG at all times
(Fig. 7c). In addition, the IC,, values gradually decreased over time until 48 h (Fig. 7c).
The maximum effects of free LPG and nanoLPG were observed at 72 h of exposure at
200 pg/mL (93.20£0.31% and 100 & 3.32% of viability reduction, respectively). However,
after the 48 h of exposure, the difference in cytotoxic effect was not statistically signifi-
cant for both samples.

Free LPG at 0.75 pg/mL significantly affected PBMC viability with 24 h of expo-
sure (Fig. 7d), while nanoLPG was not significantly cytotoxic (Fig. 7e) (13.43+1.13%
and 6.36 +3.43% of viability reduction at 25 pg/mL, respectively). Note that the tested
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Fig. 7 Effect of LPG (@) and nanoLPG (b) on human prostate carcinoma cells (DU-145) viability after 6, 12,
24,48, and 72 h of exposure. ¢ ICs, values from the cell viability assay on the DU-145. d Cell membrane
integrity after 24 h of exposure. See photomicrographs representative of DU-145 cells treated with DMEM (e),
nanol PG at 6.89 ug/mL (f), and 200 pug/mL (g) for 24 h. Cells were stained with trypan blue and images were
captured at 100x magnification. Red arrows indicate cell with dead morphology. Values were expressed as
mean £ SEM. *p <0.01 vs DMEM control group
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concentration of nanoLPG on PBMC is three times higher than IC;, values to DU-145,
suggesting a selective cytotoxic action for the prostate cancer cells.

The mechanism underlying the effects of nanoLPG on DU-145 cells was further inves-
tigated using the following experimental conditions: nanoLPG at its ICy, (6.89 pg/mL)
and at the highest previously tested concentration (200 pg/mL) and 24 h of exposure.
The analysis of cell membrane integrity by trypan blue staining showed that free LPG
(6.89 and 200 pg/mL) did not disrupt membrane integrity after 24 h of exposure as com-
pared with DMEM control (Fig. 7f). This result corroborates those found by Dos Santos
et al. (Santos et al. 2018) for a lycopene-rich extract from red guava (LEG) on MCEF-7
cells.

The treatment with nanoLPG caused statistically significant damage on cell membrane
only at 200 pug/mL (Fig. 7f). Trypan blue stains nonviable cells with a blue color due to
disruption of the membrane, while undamaged cells appear unstained (Crowley et al.
2016a). Note that in the photomicrographs control cells fail to uptake the dye (Fig. 7g),
cells treated with nanoLPG at 6.89 ug/mL were unstained despite many of them had
a dead cell morphology (red arrows, Fig. 7h), whereas the cells treated with nanoLPG
at 200 pg/mL were clearly stained with trypan blue (Fig. 7i). This result shows that the

nanoemulsion at high concentrations affects membrane integrity.
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Fig. 8 Effect of free LPG and nanoLPG on the morphologic parameters of DU-145 cells analyzed by flow
cytometry (20.000 events/sample) after 24 h of exposure at 6.89 and 200 ug/mL. Forward scatter (FSC, (a))
and side scatter (SSC, (d)) geometric mean. Scatter-plot of DMEM (b), 20% DMSO (c), nanoLPG at 6.89 ug/mL
(e), nanolLPG at 200 pg/mL (f), LPG at 6.89 pg/mL (g) and LPG at 200 pg/mL (h)
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Moreover, flow cytometry analysis of DU-145 cells revealed that nanoLPG at 6.89 and
200 pg/mL induced expressive morphological alterations (Fig. 8a, d, e, and f)). There
was a significant (p <0.05) reduction in both forward light scatter (FSC, Fig. 8a) and side
light scatter (SSC, Fig. 8d), indicating a decrease in cell size and granularity, respectively.
These morphological alterations suggest cell membrane rupture and release of cytoplas-
matic content. Such events, also observed in the trypan blue assay, are typical of necrotic
cell death. No significant morphological changes were found in cells treated with free
LPG (Fig. 8a, d, g and h) when compared to control cells treated with DMEM (Fig. 8a, b
and d), which may be related to a low percentage of dead cells in this assay. Cells treated
with 20% DMSO as a cell death control group (Fig. 8a, c and d) exhibited a decrease in
FSC and increase in SSC indicative of cell shrinkage that occurs in apoptosis.

The analysis of DU-145 by flow cytometry using annexin-V FITC/propidium iodide
is shown in Fig. 9. Cells treated with DMSO exhibited an increase in PI and annexin-V
fluorescence intensity, which are suggestive of late apoptosis (Fig. 9b). Annexin-V has
a strong affinity for phosphatidylserine, whose presence in the external layer of the
plasmatic membrane is a marker of apoptosis. Thus, annexin-V has been commonly
used as a marker for the initial phase of the traditional apoptotic pathway (Santos
et al. 2018; Crowley et al. 2016b). Propidium iodide (PI) is a fluorogenic compound
that binds to nucleic acids, usually used to label necrotic cells (Crowley et al. 2016b).
Since the cells treated with nanoLPG (Fig. 9¢, d) were not significantly labeled with
annexin-V, the mechanism of cell death caused by the nanoemulsion was not tradi-
tional apoptosis. However, PI staining was not also statistically different when com-
pared to the DMEM control group (Fig. 9a), although the above-mentioned assays
(trypan blue, FSC and SSC) indicate a component of necrosis for nanoLPG. Thus, we
hypothesize that the mechanism underlying the effects of nanoLPG on DU-145 cells
may not be classic necrosis. Apoptosis is characterized as an organized cell death,
resulting in clearance of cells with minimal damage to tissues, while necrosis is tra-
ditionally a passive and traumatic form of cell death with subsequent damage to sur-
rounding tissues (D’Arcy 2019). However, under certain circumstances, necrosis can
occur in a highly regulated manner, such as in parthanatos, necroptosis, pyroptosis,
among others (Lu et al. 2021; Nirmala and Lopus 2020). Evaluating the cell death
mechanism may be important to obtain more accurate information about the effect
of LPG and nanoLPG, to better understand the safety and efficacy of the product, and
generate data that can support further product optimization.

Cells treated with free LPG (6.89 and 200 ug/mL) did not exhibit an increase in PI
and/or annexin-V fluorescence intensity (Fig. e, f), which may be related to a low
percentage of dead cells in this assay. Dos Santos et al. (Santos et al. 2018) showed
that a lycopene-rich extract from red guava (LEG) was cytotoxic to human breast
cancer cells (MCEF-7) via induction of an apoptotic-like pathway. Several in vitro and
in vivo studies describe the effects of lycopene on prostate cancer. Mirahmadi et al.
(2020) recently revised that the anti-cancer activity of lycopene against prostate can-
cer cells was mainly mediated by inhibiting cell proliferation, inducing apoptosis,
arresting cell cycle, controlling metastatic phase, and up or down-regulating signaling
molecules and transcription factors. However, the specific cell death mechanism of
LPG and nanoLPG on prostate cancer cells still warrants further research.
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F. 10 Photmicrographs from fluorescence microscopy representative of DU-145 cells treated with DMEM
(a—c), DMSO (d-f), LPG at 200 pg/mL (g-i), and nanoLPG at 200 ug/mL (j-1I) for 24 h. Cells were stained with

Annexin-V FITC/propidium iodide and images were captured at 200 x magnification. Left: phase-contrast
images; middle: annexin-V FITC staining; right: propidium iodide staining

The fluorescently labeled cells were also analyzed on an inverted microscope under vis-
ible or fluorescent light. In the DMEM control group, cells exhibited a well-defined cyto-
plasmic contour (Fig. 10a) and were not labeled with either annexin-V (Fig. 10b) or PI
(Fig. 10c). In contrast, cells treated with DMSO had characteristics of cell injury, such as
an increase of granularity, loss of well-defined contour, and retraction (Fig. 10d). Moreo-
ver, DMSO-treated cells were clearly stained with both fluorescent cell death markers,
annexin-V (Fig. 10e) and PI (Fig. 10f), characterizing late apoptosis. Cells treated with
free LPG at 200 pg/mL had a general appearance similar to that of DME-treated control
cells (Fig. 10g), with very few cells labeled by annexin-V (Fig. 10h) or PI (Fig. 10i). Cells
treated with nanoLPG at 200 pug/mL presented a set of morphological changes that sug-
gested cell death. These cells also presented higher fluorescence intensity than that of
LPG-treated cells, but lower than that of cells treated with DMSO (Fig. 10j-1). Overall,
the results support those from the necrosis/apoptosis assay by flow cytometry.

Ultrastructural alterations of DU-145 cells treated with free LPG and nanoLPG were
visualized by TEM, which provides additional information about the mechanism under-
lying the effects of the nanoemulsion on prostate cancer cells. Control cells (Fig. 11a) had
their surfaces with some microvilli (blue arrowhead), abundant endoplasmic reticulum
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Fig. 11 Representative micrographs from transmission electron microscopy (TEM) of DU-145 cells

treated with DMEM (a), LPG at 6.89 ug/mL (b, ¢) and 200 pg/mL (d), and nanoLPG at 6.89 ug/mL (e, f, g)

and 200 pg/mL (h, i) for 24 h. N =nucleus. Blue arrowhead = microvilli, red arrowhead = endoplasmic
reticulum, red arrow = digestion area, green arrow = apoptotic area, blue arrow = necrosis focus and orange
arrow =nanolLPG

(red arrowhead) and oval nucleus (N); these features compose the basal aspect of the
DU-145 cell line (Stone et al. 1978). Cells treated with free LPG at 6.89 pug/mL exhibited
some ultrastructural alterations, such as initial cellular digestion (red arrow, Fig. 11b)
and necrosis focus (blue arrow, Fig. 11c), but with membranous structures delimiting
cellular compartments (green arrow, Fig. 11c) that are suggestive of apoptosis. Necrotic
and apoptotic components (Fig. 11c) can be seen in a single cell in the group of cells
treated with LPG. Figure 11d shows the morphology of the cells treated with LPG at
200 pg/mL, exhibiting diffuse intracellular digestion, vacuolized aspect, dissolution of
nuclear membrane and irregular cytoplasmic contour, but there is no signal of abrupt
disruption of cell membrane. Cells treated with nanoLPG at 6.89 pg/mL showed necro-
sis focus (blue arrow, Fig. 11e, f) and a vacuolized aspect (Fig. 11e). Necrosis foci were
also observed in cells treated with nanoLPG at 200 pug/mL, where necrosis foci were
associated with cytoplasmic swelling (blue arrow, Fig. 11h), but without visible dam-
age on cell membrane. The absence of abrupt damage on cell membrane corroborates



Vasconcelos et al. Cancer Nano (2021) 12:30 Page 26 of 29

the observation of few cells labeled with PI in the fluorescence assays. In brief, these
morphological alterations indicate that nanoLPG induced cell death in DU-145 through
non-classical necrosis, corroborating the cytometry data. Golla et al. (2021), evaluated
necroptotic cell death using TEM and described that a typical visual pattern of this type
of cell death include swollen cells, enlarged mitochondria, globular vacuoles, rupture of
cell membrane and leakage of cellular contents. Despite similarities, additional studies
are required to confirm the cell death mechanism induced by the nanoemulsion devel-
oped in the present study.

Furthermore, TEM images are evidence of the interaction and internalization of
nanoLPG. The orange arrows indicate that nanoLPG was bound to the cell membrane
(Fig. 11e, h), internalized into endosome (Fig. 11e, f) and fragmented in an endolyso-
some (Fig. 11i). Interestingly, nanoparticle fragments can be seen in the cytoplasm or
associated with cell endomembrane systems (Fig. 11g), as well as forming a nano-scale
spheroids rearrangement in the cell (Fig. 11i). This may be related to lipid character of
the nanoparticles and lycopene.

Conclusion

In the present study, a novel self-emulsifying drug delivery system containing lycopene
purified from red guava (nanoLPG) was successfully produced. Considering that lyco-
pene is extracted from guava with a high degree of maturation (a fruit with low com-
mercial value, often destined for disposal), this product adds value to the fruit and can
generate a more sustainable production chain. The nanostructuring method is fast, uses
mild conditions of agitation and temperature, which interfere less with the stability of
the loaded molecule during production, and is industrially scalable. The produced for-
mulation, nanoLPG, had nanoparticles with average size of approximately 200 nm, nega-
tive zeta potential and spherical morphology. Lycopene loaded in these nanoparticles
was stable for 10 months stored at 5 °C. NanoLPG exhibited the expected antioxidant
activity in vitro and had no deleterious effects on clinical, behavioral, hematological,
biochemical, and histopathological parameters of mice treated for 28 days. In addition,
orally administered nanoLPG successfully delivered lycopene into the liver, kidney, and
prostate of mice. NanoLPG improved lycopene cytotoxicity towards DU-145 prostate
cancer cells probably by inducing a cell death pathway that is independent on classical
necrosis and apoptosis. Taken together, these results indicate that nanoLPG is a viable
and safe candidate for the lycopene delivery system as a nanotechnology-based health
product.
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