molecules

Article

Potential Biological Properties of Lycopene in a
Self-Emulsifying Drug Delivery System

Sonia Nair Bao *, Manuela Machado 2, Ana Luisa Da Silva !, Adma Melo 2, Sara Cunha 2, Sérgio S. Sousa 2,
Ana Rita Malheiro 3, Rui Fernandes 3, José Roberto S. A. Leite 45, Andreanne G. Vasconcelos 45, Jodo Relvas 3

and Manuela Pintado 2

Citation: Bdo, S.N.; Machado, M.;
da Silva, A.L.G.; Melo, A.; Cunha, S.;
Sousa, S.S.; Malheiro, A.R.;
Fernandes, R,; Leite, J.R.S.;
Vasconcelos, A.G.; et al. Potential
Biological Properties of Lycopene in
a Self-Emulsifying Drug Delivery
System. Molecules 2023, 28, 1219.
https://doi.org/10.3390/
molecules28031219

Academic Editor: Mihai Brebu

Received: 17 December 2022
Revised: 20 January 2023
Accepted: 23 January 2023
Published: 26 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license

s/by/4.0/).

1 Laboratdrio de Microscopia e Microanalise, Departamento de Biologia Celular, Instituto de Ciéncias
Biolégicas, Universidade de Brasilia, Campus Universitario Darcy Ribeiro, Asa Norte, Brasilia 70910-900,
DF, Brazil

2 CBQF—Centro de Biotecnologia e Quimica Fina—Laboratdrio Associado, Escola Superior
de Biotecnologia, Universidade Catélica Portuguesa, Rua Diogo Botelho 1327, 4169-005 Porto, Portugal

3 i3S—Instituto de Investigacao e Inovagdo em Sauide, Universidade do Porto, 4200-135 Porto, Portugal

4 Nucleo de Pesquisa em Morfologia e Imunologia Aplicada, Area de Morfologia, Faculdade de Medicina,
Universidade de Brasilia, UnB, Campus Universitario Darcy Ribeiro, Asa Norte, Brasilia 70910-900,

DF, Brazil
5 People & Science Pesquisa, Desenvolvimento e Inovacao Ltda, Brasilia 70910-900, DF, Brazil
Correspondence: snbao@unb.br

Abstract: In recent years, lycopene has been highlighted due to its antioxidant and anti-
inflammatory properties, associated with a beneficial effect on human health. The aim of this study
was to advance the studies of antioxidant and anti-inflammatory mechanisms on human
keratinocytes cells (HaCaT) of a self-emulsifying drug delivery system (SEDDS) loaded with
lycopene purified from red guava (nanoLPG). The characteristics of nanoLPG were a hydrodynamic
diameter of 205 nm, a polydispersity index of 0.21 and a zeta potential of —20.57, providing physical
stability for the nanosystem. NanoLPG demonstrated antioxidant capacity, as shown using the
ORAC methodology, and prevented DNA degradation (DNA agarose). Proinflammatory activity
was evaluated by quantifying the cytokines TNF-a, IL-6 and IL-8, with only IL-8 showing a
significant increase (p < 0.0001). NanoLPG showed greater inhibition of the tyrosinase and elastase
enzymes, involved in the skin aging process, compared to purified lycopene (LPG). In vitro
treatment for 24 h with 5.0 ug/mL of nanoLPG did not affect the viability of HaCaT cells. The
ultrastructure of HaCaT cells demonstrated the maintenance of morphology. This contrasts with
endoplasmic reticulum stresses and autophagic vacuoles when treated with LPG after stimulation
or not with LPS. Therefore, the use of lycopene in a nanoemulsion may be beneficial in strategies
and products associated with skin health.
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1. Introduction

The use of biodiversity to search for bioactive compounds has gained increasing
importance, enabling the development of effective, accessible and safe alternatives for the
prevention and treatment of various conditions that affect human health [1,2]. Related to
this context, the development of nanotechnology has represented a leap in science,
bringing benefits such as physical-chemical stabilization of bioactive molecules,
improved solubility and bioavailability, decreased toxicity, as well as potentiation of
biological activities, providing applications in the pharmaceutical, food and cosmetics
industries [3-5]. Among the nanotechnologies, the production and use of nanocarriers
stand out as systems to transport bioactive molecules with applications in cosmetics,
involving compounds of lipids, polymers or inorganic materials [6]. In this line, skin
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health has taken on great importance, mainly associated with ultraviolet radiation (UV),
which is responsible for the greatest damage caused to the skin: when penetrating the
epidermis and dermis, the rays generate reactive oxygen species (ROS), which can cause
genetic mutations resulting from failures in the natural mechanisms of protection against
ultraviolet radiation [7]. Currently, antioxidants from natural products have been sought
for topical use in order to reduce oxidative damage. Some oils and plant extracts have
proven antioxidant potential, as they prevent biological oxidation reactions and reduce
the formation of free radicals [8]. The use of these active substances at the nanometer scale
optimizes their properties and especially promotes their penetration to the basal layer of
the epidermis. There, they can indirectly help in the skin’s natural protection mechanisms,
fighting free radicals, preventing severe cell damage and improving the general
conditions of the skin [9,10]. Thus, guava (Psidium guava L.), a plant with a history of
medicinal application, has received attention, as its fruit is rich in vitamins A and C, iron,
phosphorus, calcium and minerals, complemented by a high level of organic and
inorganic compounds, including antioxidant secondary metabolites [11]. Among these,
lycopene, from the carotenoid family, acts as an antioxidant against the oxidation of
proteins, lipids and DNA, improving the cellular antioxidant defense system [12-14].
From this perspective, the use of the biotechnological potential of red guava is envisaged,
by means of a more concentrated extract of lycopene purified from red guava (LPG) [15].
LPG presents lycopene mainly in the cis isoform (5-Z-lycopene) and its antioxidant,
antimicrobial and anti-inflammatory activities were previously reported [15,16].
However, biotechnological applications of lycopene are limited by its instability regarding
temperature, oxygen and light, and poor water solubility [8,13]. In this context, a self-
emulsifying drug delivery system (SEDDS) loaded with lycopene purified from red
guava, named nanoLPG, was developed [17]. NanoLPG was able to stabilize lycopene at
5 °C for 10 months, while free LPG degraded in the first month of storage. It exhibited
radical scavenging activity, as shown by ABTS method, and cytotoxic activity against
human prostate cancer cells [17]. Now, the present proposal aims to use nanoLPG to
advance knowledge of its antioxidant and anti-inflammatory potential, and to evaluate
actions on the cell morphology of the human keratinocyte-lineage HaCaT.

2. Results and Discussion
2.1. Characterization of the Nanoemulsion —NanoLPG

Lycopene purified from red guava (LPG) was previously characterized by Amorim
et al. [15] and Vasconcelos et al. [17]. The parameters of the absorption spectrum
determined by the authors corresponded to lycopene 5-Z and a yield of >90% of lycopene
per dry extract weight. Self-emulsifying drug delivery systems loaded with lycopene
purified from red guava (nanoLPG) were produced according to Vasconcelos et al. [17],
using sorbitan monostearate, polysorbate 80 and coconut oil. Sorbitan monostearate and
polysorbate 80 are non-ionic surfactants that are often used as emulsifiers in the food and
cosmetics industries, and in nanostructured systems. They are practically non-toxic [17-
20] and have a relatively high hydrophilic-lipophilic balance (HLB), which is important
for rapid formation of o/w droplets and good self-emulsifying performance [21]. A cold-
pressed virgin natural coconut oil was used to solubilize LPG and as a source of medium-
chain triglycerides (fatty acids between C6 and C20) to form a hydrocarbon network that
contributes to the retention of lycopene in the system [19]. In this formulation, LPG is the
bioactive component responsible for the antioxidant and beneficial properties to health
are well described in the literature [15-17].

The physical-chemical characterization of nanoLPG was consistent with that
previously described for the same sample [17]. DLS analysis results indicated that
nanoLPG is composed of polydisperse droplets with an average diameter of
approximately 205.73 nm (Table 1). Nanoparticle size can affect the stability of the delivery
system by processes such as sedimentation or aggregation, as well as cellular
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internalization and toxicity; and for this reason, it is an important parameter for biological
applications [22,23]. Therefore, in this study, nanoparticle size was similar to that reported
in previous works on lycopene nanoparticles (211.30 + 2.5, 250 + 8.21, and 239.90 + 8.67
nm) [17,19]. Polydispersity index (PdI) data (Table 1) indicated the nanoparticle-sized
distribution of polydisperse droplets which is adequately uniform, because PdI values
from 0.1 to 0.5 express a homogeneous size distribution [24]. The zeta potential represents
the charge on the surface of nanoparticles [25]. The zeta potential of nanoLPG indicated
an anionic character (Table 1), contributing to the electrostatic repulsion, prevention of
aggregation and physical stability of the nanosystem.

Table 1. Characterization of nanoLPG.

Sample/Diluent HD (nm) PdI ZP (mV)
NanoLPG/Water 205.73 +0.31 0.21+0.01 -20.57 +0.31

HD: hydrodynamic diameter; PdI: polydispersity index; ZP: zeta potential.

2.2. Antioxidant Capacity

The antioxidant capacity of LPG and nanoLPG was analyzed using the ORAC
methodology. Table 2 shows the results obtained, indicating a clear difference between
the antioxidant activity of nanoLPG and that of LPG.

Table 2. Antioxidant activity by oxygen radical absorbance capacity (ORAC). Results in pmol TE
(Trolox equivalent)/mL.

NanoLPG LPG
2924.68 + 234.80 515.14 + 55.30

The results demonstrated a significant improvement (ca. 6 fold) of the antioxidant
activity of lycopene when engineered into a nanoemulsion based on sorbitan
manostearate and coconut oil. NanoLPG showed ORAC results of 2924.68 + 234.80 umol
TE (Trolox equivalent)/mL, while free lycopene (LPG) showed ORAC results of 515.14 +
55.30 umol TE (Trolox equivalent)/mL. In a previous study, Amorim et al. [15] evaluated
the antioxidant activity for lycopene extract (LEG) and purified lycopene (LPG) by the
ORAC method, and the results obtained were 402.80 + 44.40 and 315.39 + uMol Trolox g7,
respectively.

The value obtained in this study for the antioxidant activity differs from the results
observed in a lycopene nanoemulsion (127.66 + 0.45 mM Trolox g™') in mineral oil, through
the ABTS assay, in which the antioxidant action of the pure extract (139.52 + 0.30 mM
Trolox g-1) is slightly higher [13]. Therefore, the results suggest that the antioxidant
activity of lycopene from red guava may also be related to the composition of the
nanoemulsion, and the size of the particles may also be as reported by Ha and co-workers,
studying nanoemulsions of different sizes for tomato extract enriched with lycopene [26].

2.3. Agarose Gel Electrophoresis for DNA Protection

Since ORAC assay results hinted at a significant antioxidant capacity, the next step
was to analyze whether LPG and nanoLPG were capable of preventing DNA degradation,
as lycopene compounds can both be good protectors of DNA oxidation and also have pro-
oxidant activity [8,27,28].

Both samples, in the presence of H20», resulted in ca. 70% of inhibition of DNA
degradation, with the exception of the highest concentration (2 mg/mL) of nanoLPG,
where the protection was in the range of 30% (Figure 1A1,Az). This means that all
concentrations of LPG and nanoLPG were able to inhibit, even partially, the DNA
cleavage induced by H20: peroxide, which is an oxidative process. This interaction is
supported by the results of the pro-oxidant assay (Figure 1C1,C2), where the percentage of
DNA degradation is negative, in the absence of iron cations when incubated with LPG
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and at lower concentrations (0.5 and 1 v/v) of nanoLPG. However, in the presence of iron,
there was no cleavage of DNA subjected to LPG and nanoLPG (Figure 1Di,Dz).
Additionally, LPG and nanoLPG can interact with DNA, or open the strand, thus
intensifying fluorescence, justifying the negative values. Similar results were described in
studies using extracts from brewer’s spent grain (BSG) [29]. In the case of the highest con-
centration of nanoLPG (2 mg/mL), the inhibition was lower (Figure 1A1,Az). The highest
concentrations of nanoLPG (1 and 2 mg/mL) (Figure 1A1,A>), instead of having a protec-
tive action on DNA, demonstrated a slight pro-oxidant effect, which leads to the recom-
mendation to use low concentrations of nanoLPG. Such behavior is not observed when
the system has iron (Figure 1B1,B2), since it probably complexes with iron ions at high
concentrations, causing a reducing effect.
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Figure 1. Electrophoresis results and the corresponding graphic of antioxidant activity in the pre-
vention of DNA oxidation by H202 (A1, Az) and H202/FeCls (B1, B2) and the pro-oxidant effect in the
absence (C1, C2) and presence (D1, D2) of iron cations of the different concentrations (0.5, 1 and 2
mg/mL (v/v)) of nanoLPG and LPG). (C+) DNA solution; (C-) DNA solution + degradation system;
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(1, 2 and 3) nanoLPG at 2, 1 and 0.5 mg/mL (v/v), respectively; (1', 2" and 3') LPG at 2, 1 and 0.5
mg/mL (v/v), respectively. The data represent the mean + SD from one experiment. * p < 0.05; ** p <
0.01, *** p <0.001 and **** p < 0.0001.

2.4. Enzyme Inhibition Assay

Tyrosinase and neutrophil elastase are enzymes involved in the skin aging process,
with different effects. Tyrosinase is involved in melanin biosynthesis, with effects on skin
browning. So, the use of tyrosinase inhibitors in cosmetic products may be helpful for
preventing or reducing brown spots on the skin, which often occur with the aging process.
Neutrophil elastase is involved in the degradation of several extracellular matrix proteins,
such as collagen and elastin, leading to the loss of skin elasticity and firmness [30,31]. With
aging, extracellular matrix compounds are reduced, leading to some aging-associated
signs, such as spots and the loss of elasticity. So, molecules with the ability to act on these
enzymes may have great commercial potential [32]. Thus, the samples’ ability to inhibit
these two enzymes was tested (Table 3).

Table 3. Enzyme relative inhibition of free LPG and nanoLPG at a concentration of 5 pg/mL.

Enzyme Relative Inhibition (%)

Samples (5 pg/mL)

Neutrophil Elastase Tyrosinase

Inhibitor control 99.41 + 0.005 95.98 + 0.04
NanoLPG 16.61+1.5 13.82+1.6
LPG 9.61+3.3 11.38 £ 0.8

NanoLPG showed the best results for both enzymes, with the highest difference be-
ing observed for elastase. Compared to extracts described in other studies, nanoLPG and
LPG may be promising as elastase and tyrosinase inhibitors. Nannochloropsis extracts
inhibited 59.2 and 24.9% of tyrosinase and elastase activity, respectively, at 1000 pg/mL
[33]; ethanol extracts from the tunicate Styela clava inhibited 100% of elastase activity, at
10,000 pug/mL [34]; tomato extracts inhibited 73.12 and 41.16% of elastase and tyrosinase,
respectively, at 100 pg/mL [35]. Some extracts found in the literature showed higher in-
hibitory activity than nanoLPG and LPG; however, the concentrations tested were much
higher than ours. So, both samples may be further studied regarding their cosmetic appli-
cations, with a greater prominence of nanoLPG.

2.5. Cytotoxicity

We advanced the study to evaluate the cytotoxicity of the nanoemulsion on the hu-
man keratinocyte (HaCaT) and mouse fibroblast cell line L929 (NCTC). The PrestoBlue
assay demonstrated that the LPG and nanoLPG treatments did not significantly affect the
cell viability of both cell lines after 24 h exposure, even at the highest concentration used
(5 ug/mL) (Figure 2).
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Figure 2. Cytotoxicity of free LPG and nanoLPG after 24 h. (A) HaCaT and (B) L929 (NCTC) cell
viability. Bars represent cell viability, measured by the PrestoBlue assay (ThermoFisher), in percent-
age after treatments at the indicated concentrations. The data represent the mean + SD of one inde-
pendent experiment in quintuplicate. ** p < 0.01 and **** p < 0.0001. Treatment compared to un-
treated control.

These results contrast with those obtained previously, using the same formulation
(nanoLPG), at alower concentration (3.125 pg/mL), in the DU-145 prostate tumor cell line,
while nanoLPG was not significantly cytotoxic on human peripheral blood mononuclear
cells at 25 pg/mL [17]. Additionally, lycopene in the nanostructure formulation, such as
the use of fucan-coated acetylated cashew gum nanoparticles (NFGa), showed significant
cytotoxicity against MCF-7 from the lowest concentration (6.25 pg/mL), but did not affect
cell viability from HaCaTC [8]. These results suggest that the action of lycopene is de-
pendent on the formulation established and used in the assays, as well as on the cellular
model. Therefore, this enables the use of lycopene in a nanoemulsion, which allows solu-
tions for their chemical instability and low bioavailability and consequent use of their an-
tioxidant and antitumor potential [12,36-38].

The significant difference observed in the viability of fibroblasts, lineage 1929, sug-
gests that at a dose of 5.0 pg/mL nanoLPG and LPG can accelerate the cell cycle. In vitro
biocompatibility tests showed the significant cell adhesion, proliferation and viability of
mouse L929 fibroblast cells using a poly(glyceril sebacate urethane) (PGSU) library con-
taining different concentrations of hydroxyapatite (nHA) and curcumin nanoparticles
[39]. According to Monika et al. [40], factors that interfere with the expression of vimentin
and alpha-actin trigger changes in the cell cycle. In addition, studies using biomulti-func-
tional thermibenzaldehyde, carboxymethyl chitosan and basic fibroblast growth factor (
hydrogels (BP/CS-bFGF)) were prepared, and were shown to be effective for healing skin
wounds [41]. In other in vitro studies, only keratocyte cells of human origin, HaCaT line-
age, were used.

2.6. Inflammatory Response

In order to verify the action of free lycopene (LPG) and LPG in a nanoemulsion
(nanoLPG) on anti-inflammatory activity, HaCaT keratinocytes were stimulated by lipo-
polysaccharides (LPS), an inflammation-inducing agent. These cells were subjected to
treatment at a concentration of 5.0 pg/mL with nanoLPG or LPG (Figure 3).

Immunomodulatory activity was evaluated in HaCaT cells by quantifying the pro-
inflammatory cytokines TNF-q, IL-6 and IL8. The presence of LPG and nanoLPG resulted
in different effects. The production of IL-8 significantly increased in the presence of LPG
and nanoLPG samples, when compared to the control (Figure 3C). This result was ob-
served in both conditions in the absence and presence of the stimulus with LPS. On the
other hand, in relation to IL-6 (Figure 3B) and TNF-a (Figure 3A), although no significant
differences were observed (p > 0.05) when compared to the control, the samples tested
show a pro-inflammatory profile in the presence and absence of LPS. Therefore, it was
observed that a concentration of 5.0 pug/mL was not cytotoxic in the Prestoblue cell viabil-
ity assay (Figure 1) but exhibited anti-inflammatory potential. The presented results sug-
gest an anti-inflammatory effect of the nanoemulsion only for TNF-a; and pro-inflamma-
tory for IL-6 and IL-8, since the observed values are above the control values, that is, above
the baseline value.
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Figure 3. Action of free LPG and nanoLPG on the production of TNF-a (A), IL-6 (B) and IL-8 (C) in
HaCaT cells. The left part of all graphs corresponds to the non-stimulated cell response, and the
right is related to the anti-inflammatory effect. The production of TNF-, IL-6 and IL-8 was deter-
mined by ELISA. The data represent the mean + SD of one independent experiment in duplicate.
**%*p < 0.0001. Treatment compared to control and control LPS.

Lycopene has been shown to have an anti-inflammatory effect [42]. Studies reported
by Moia et al. [14] also show that formulated nanolycopene has superior efficacy when
compared to free (non-formulated) lycopene in animals with rheumatoid arthritis, which
reinforces its action as an anti-inflammatory agent. In the present study, it was demon-
strated that lycopene, both free lycopene from red guava and LPG in a nanoemulsion, led
to an increase in IL-8 production compared to controls (Figure 3C). The literature contains
studies with prostate [43], ovarian [44] and colorectal [45] cancers that demonstrate cell
proliferation and migration, as well as an inflammatory condition stimulated by increases
in the production of the cytokine IL-8. However, studies have shown that glycolic acid,
present in fruits, can decrease skin inflammation resulting from exposure to ultraviolet
solar irradiation, as a result of decreased expression of IL-8 genes [46]. Machado et al. [47]
recently demonstrated that the immune response is modulated in Caco-2 cells in the pres-
ence of pomegranate oil (PO), with a significant reduction in the secretion of IL-6 and IL-
8 in unstimulated cells, as well as a significant reduction in all cytokines (TNF-a, IL-6 and
I1I-8) in stimulated cells. Therefore, it is possible to understand that the molecules TNF-a,
IL-6 and IL-8 participate in inflammatory responses [48].

2.7. Cell Morphology

The evaluation by scanning electron microscopy showed, as can be seen in Figure 4,
that the HaCaT cells maintained their morphology after nanoLPG (Figure 3A) and LPG
(Figure 3C) treatments. Cells showed a fusiform shape with extensions on the cell surface.
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A similar morphology was described by atomic force microscopy in keratinocytes sub-
jected to a lamellar liquid crystal system in studies evaluating the elasticity [49]. With the
use of lipopolysaccharide (LPS), it is observed that no morphological alteration occurred
in the cells treated with nanoLPG (Figure 3B). However, Figure 4D suggests reduced pro-
jections and the presence of numerous vesicles on the surface of HaCaT cells challenged
with LPS and treated with LPG.

NANO

EXTRACT

Figure 4. Scanning electron microscopy of HaCaT cells after 24 h of treatment with 5 pg/mL of
nanoLPG (A,B) or LPG (C,D), in the absence (A,C) or presence (B,D) of lipopolysaccharides (LPS)
at 1 ug/mL. Arrows indicate extensions on the cell surface.

In transmission electron microscopy, the ultrastructure of keratinocytes subjected to
nanoLPG treatment is similar to that of untreated keratinocytes (control) (Figure 5A). Cells
show expansions on the surface, mitochondria and the Golgi complex (Figure 5A —inset).
Cells subjected to treatment with nanoLPG did not show any change in their morphology,
and it is possible to observe the structure of the nanoemulsion inside the cells, especially
in the context of endocytic vesicles and lysosomes (Figure 5B). When treated with the free
LPG, the presence of structures involved in the endocytosis process is accentuated, mainly
in autophagy structures (Figure 5C). The interaction of the nanoemulsion in different cell
types is already present in the literature, mainly in the description of the use of the
nanoemulsion as a drug carrier in cellular models of breast cancer [50,51]. TEM images
also showed evidence of the interaction and internalization of nanoLPG into the endo-
some in human prostate cancer cells (DU-145) [17]. In the present study, it was possible to
verify that nanoLPG increased the efficiency in the absorption of lycopene by keratino-
cytes, and thus the efficiency of its action as an antioxidant [8,13].
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Figure 5. Transmission electron microscopy of HaCaT cells. Control cells (A); insect cytoplasmic
region showing the Golgi complex. After treatment, for 24 h, with 5 pg/mL of nanoLPG (B) or LPG
(©). (n) nucleus, (g) Golgi complex, (er) endoplasmic reticulum, (1) lysosome, (v) autophagy vacuole,
and (arrow) vesicle with nanoLPG.

Assays were also carried out to analyze the ultrastructure of HaCat cells after stimu-
lation with lipopolysaccharides (LPS) from Escherichia coli, a known inducer of inflam-
mation, followed by treatment with nanoLPG and free LPG. LPS-stimulated keratinocytes
demonstrated the cytoplasm with vacuoles (Figure 6A); when treated with nanoLPG, the
morphology was observed (Figure 6B) to be similar to that of control cells not subjected
to any treatment (Figure 5A). However, when subjected to LPG, it is possible to observe
the vacuolated cytoplasm (Figure 6C). Changes in the ultrastructure of cytoplasmic orga-
nelles, notably in the endoplasmic reticulum, were noted, namely distension, which is a
known manifestation of ER stress, and autophagic vesicles, which were observed in Ha-
CaT cells treated with KL3, a podophytoxin compound with anticancer properties [52].
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Figure 6. Transmission electron microscopy of HaCaT cells after 24 h of treatment with lipopolysac-
charides (LPS) at 1 ug/mL (A). Cell treatment with 5 pg/mL of nanoLPG (B) or LPG (C) in the pres-
ence of lipopolysaccharides (LPS) at 1 ug/mL. (n) nucleus), (g) Golgi complex, (er) endoplasmic re-
ticulum, and (l) lysosome.

The literature also mentions changes in keratinocyte mitochondria resulting from the
action of polluting components, which are capable of modulating signal transduction
pathways, resulting in the activation of inflammatory processes in the skin, followed by
oxidative damage [53].

3. Materials and Methods
3.1. Lycopene Extraction

Lycopene purified from red guava (LPG) was produced according to Amorim et al.
[15]. Highly ripe red guava (Psidium guajava L.) from Parnaiba city, State of Piaui, Brazil,
were subjected to dehydration with ethanol and extraction with dichloromethane under
ultrasonic stirring. The extract was then filtered through quantitative filter paper and
dried under reduced pressure (50 mbar) at room temperature in an R-215 rotary evapora-
tor (Biichi Labortechnik, Switzerland) under dim light. After that, purified lycopene was
obtained by crystallization at -20 °C and washing with ethanol and chloroform. The iso-
lated lycopene was stored at —80 °C.

3.2. Production of SEDDs 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. [54], with modifications by Vasconcelos
et al. [17]. LPG, sorbitan monostearate, and coconut oil (1:10:0.06, w:w:v) were mixed in
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ethanol:acetone (1:8, v:v) under magnetic stirring for 10 min at 40 °C. The mixture was
poured into distilled water (pH 7.0) containing polysorbate 80 (0.45 g) under the same
conditions of stirring 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 (Biichi Labortechnik, Switzerland) until a final volume
of 20 mL, eliminating the organic solvents. The nanoLPG formulation was stored in tightly
closed plastic bottles in a refrigerator (5-8 °C). The preparation of nanoLPG was carried
out under dim light.

3.3. NanoLPG Characterization
3.3.1. Particle Size and Charge

NanoLPGs were diluted in water and analyzed in terms of their physical properties
by dynamic light scattering (DLS) using a Malvern Instruments NanoZSP (Worcester-
shire, UK). The measured parameters were hydrodynamic diameter (HD), the polydisper-
sity index (Pdl) and the zeta potential (ZP). All assays were performed using a disposable
folded capillary cell (Malvern, Panalytical, Worcestershire, UK), with a 90° laser angle and
at room temperature (25 °C).

3.3.2. Antioxidant Capacity

The total antioxidant activity for the nanoemulsion was determined by the oxygen
radical absorbance capacity assay (ORAC-FL) method. The reaction was carried out in 75
mM phosphate buffer (pH 7.4), and the final reaction mixture was 200 puL. Antioxidant
(20 pL) and fluorescein (120 pL; 70 nM, final concentration in well) solutions were placed
in the well of the microplate. A blank (fluorescein + AAPH) using phosphate buffer in-
stead of the antioxidant solution and eight calibration solutions using Trolox (1-8 uM,
final concentration in well) as antioxidant were also carried out in each assay. The mixture
was pre-incubated for 10 min at 37 °C. AAPH solution (60 pL; 12 mM, final concentration
in well) was added rapidly. The microplate was immediately placed in the reader and the
fluorescence was recorded at intervals of 1 min for 80 min. This assay was performed with
a multi-detection plate reader (Synergy H1, VT, USA) controlled by the Gen5 Biotek soft-
ware version 3.04. The excitation wavelength was set at 485 nm and the emission wave-
length at 528 nm. The microplate was automatically shaken before each reading. Black
polystyrene 96-well microplates (Nunc, Roskilde, Denmark) were used. AAPH and
Trolox solutions were prepared daily and fluorescein was diluted from a stock solution
(1.17 mM) in the same phosphate buffer. Antioxidant curves (fluorescence versus time)
were first normalized to the curve of the blank corresponding to the same assay by mul-
tiplying original data by the factor fluorescencebiank,=-o/fluorescencecontrolt=0. From the nor-
malized curves, the area under the fluorescence decay curve (AUC) was calculated ac-
cording to the trapezoidal method. The final AUC values were calculated by subtracting
the AUC of the blank from all the results. Regression equations between the net AUC and
antioxidant concentration were calculated. Final ORAC values were expressed as pumol
TE (Trolox equivalent)/mL.

3.3.3. Agarose Gel Electrophoresis for DNA Protection

The method was performed as previously described by Silva et al. [55]. Antioxidant
and pro-oxidant assays were performed. The degradation systems applied in the antioxi-
dant assay were hydrogen peroxide (H202) (Sigma, Merck KGaA, Darmstadt, Germany)
7.01 M and H202 with iron (III) chloride (Sigma, Merck KGaA, Darmstadt, Germany)
(FeCls) 10 mM. Various concentrations of LPG or nanoLPG were used (2, 1 and 0.5% (v/v)).
Deoxyribonucleic acid sodium salt (DNA) (Sigma, Merck KGaA, Darmstadt, Germany)
was incubated in the presence of the degradation systems, of nanoLPG or LPG. As a neg-
ative control, a solution of DNA without H20: was used for the assay with the H20O2 sys-
tem, and a solution of DNA with 10 mM of FeCls for the assay using the H2O:/FeCls
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system. It was incubated for 1 h in the dark at 37 °C, and then agarose gel electrophoresis
was run. In the pro-oxidant assay, the DNA was incubated with and without 10 mM FeCls
in the presence of various concentrations of LPG or nanoLPG (2, 1, and 0.5% (v/v)). It was
also incubated for 1 h in the dark at 37 °C. In the electrophoresis gel, each sample was
mixed 1:4 with loading buffer (25 mg bromophenol blue, 10 mL Tris EDTA (TE) buffer 1x
pH 8.0 (Sigma, Merck KGaA, Darmstadt, Germany) and 20 mL glycerol (Thermo Fisher
Scientific, Walthem, MA, USA) (CsHsOs) with a pH value adjusted to 8.0) and aliquots of
10 mL were transferred into a 0.75% (w/v) agarose (Nztech, Lisbon, Portugal) gel prepared
using a Tris-Acetate EDTA buffer (TAE) (BioRad, Hercules, CA, USA) supplemented with
0.03 pL/mL GreenSafe Premium (Nzytech, Lisbon, Portugal). The gel was run for 1.25 h
at 150 mV. A molecular imager, GelDoc XR+ (BioRad, Hercules, CA, USA), was used to
analyze the gels, and Image Lab Software v5.1 (BioRad, Hercules, CA, USA) was used to
process the resulting image. The band intensity of the positive control was measured by
manually defining the band area, and this area was copied into each sample lane. The
decrease in the band intensity was considered as a result of the reduction in the amount
of DNA present. The results are presented as a percentage of inhibition of the DNA band
degradation (for the antioxidant assay) and as a percentage of DNA band degradation (for
the pro-oxidant assay), both calculated using the equations below —Equation (1) and
Equation (2).

Inhibition of DNA degradation (%) = (Intensitysample—Intensitybackground)/Intensityona solution x 100 (1)

DNA degradation (%) = 100-[(Intensitysample—Intensitybackground)/Intensityona solution x 100] (2)

where intensitysample is the intensity of each sample band, intensitybackground is the intensity
of the background, measured beside the control bands, and intensitypna solution repre-
sents the intensity of the intact DNA solution. All incubations were performed in triplicate
and loaded twice into the gel.

3.3.4. Aging-Related Enzyme Inhibition Assay

LPG and nanoLPG were evaluated regarding their ability to inhibit two enzymes re-
lated to the skin aging process, namely neutrophil elastase and tyrosinase. Both samples
were tested in duplicate, at a concentration of 5 pug/mL, and dilutions were performed in
each assay’s specific buffer. A tyrosinase inhibitor screening kit (abcam, ab204715) and a
neutrophil elastase inhibitor screening kit (abcam, ab118971) were used, and the assays
were performed according to the manufacturer’s instructions. For neutrophil elastase,
SPCK (10 uM for human leukocyte elastase) was used as a control inhibitor, and the fluo-
rescence reaction was measured at an excitation/emission of 400/505 nm in a multi-detec-
tion plate reader (Synergy H1; BioTek Instruments, Winooski, VI, USA), in the kinetic
mode for 30 min at 37 °C. For tyrosinase, kojic acid (0.75 pM) was used as an inhibitor
control, and the absorbance was measured at 510 nm, in the kinetic mode for 60 min at 25
°C. The samples’ relative inhibition % for neutrophil elastase and tyrosinase was calcu-
lated using Equations (3) and (4), respectively.

Neutrophil elastase relative inhibition (%) = (ARFU Sample/ARFU Enzyme control) x 100 (3)

Tyrosinase relative inhibition (%) = [(Slope Enzyme control=Slope sample)/Slope of EC] x 100 4)

3.4. In vitro Studies
3.4.1. Cell Line Growth Conditions

The human keratinocyte cell line (HaCaT) was obtained from Cell Line Services (Op-
penheim, Denmark) and were cultured, as well as, the mouse fibroblast cells, L.929
(NCTC) (ECACC 85103115), at 37 °C in a humidified atmosphere of 95% air and 5% COx,
as monolayers using Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose,
L-glutamine without pyruvate (Lonza, Verviers, Belgium) containing 10% (v/v) fetal
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bovine serum (FBS, Biowest, Nuaillé, France) and 1% (v/v) Penicillin-Streptomycin-Fun-
gizone (Lonza, Verviers, Belgium).

3.4.2. Cytotoxicity Assay

The cytotoxicity of LPG and nanoLPG on HaCaT and L929 cells was evaluated using
a PrestoBlue assay (Thermo Fischer, Waltham, MA, USA), according to the manufac-
turer’s instructions. The cells were seeded, at 1 x 10* cells/well, in 96-well plates; and after
24 h, cells were exposed to the samples at different concentrations (5-0.3 ug/mL) for 24 h
in quintuplicates. Cells treated with 10% DMSO were used as a negative control. After
incubation, PrestoBlue reagent was added to the medium and it was incubated for 1 h.
The fluorescence signal was read in a Synergy H1 microplate reader (BioTek, Winooski,
VT, USA). The results are expressed as the percentage of metabolic inhibition as compared
with the control (cells without treatment).

3.4.3. Anti-Inflammatory Capacity

HaCaT cells were seeded at 2.5 x 105 cells/well in a 24-well microplate and incubated
for 24 h. After 24 h, the culture medium was replaced with a medium supplemented with
5.0 pg/mL of LPG or nanoLPG in the presence or absence of lipopolysaccharides from
Escherichia coli O111:B4 (LPS, Invitrogen) at 1 pg/mL to induce inflammation, and the
plate was re-incubated for another 24 h. Interleukin 6 (IL-6) and 8 (IL-8) and Tumor Ne-
crosis Factor-alpha (TNF-a) detection was performed by ELISA kits (Biolegend, San Di-
ego, CA, USA) according to the manufacturers” instructions.

3.4.4. Scanning Electron Microscopy (SEM)

To visualize possible changes in cell shape and surface after treatments, cells were
processed and analyzed using scanning electron microscopy (SEM). HaCaT cells were
seeded at 2.5 x 10° cells/well in a 24-well microplate with coverslips (Corning, NY, USA)
and incubated for 24 h. After 24 h, the culture medium was replaced with a medium sup-
plemented with 5 pug/mL of LPG or nanoLPG in the presence or absence of lipopolysac-
charides from Escherichia coli O111:B4 (LPS, Invitrogen) at 1 pg/mL to induce inflamma-
tion, and the plate was re-incubated for another 24 h. Fixation of the cells adhered to the
coverslips was performed after medium removal, by using 2.5% (v/v) glutaraldehyde
(Sigma-Aldrich, Saint Louis, MO, USA) solution for at least 1 h. Next, glutaraldehyde so-
lution was removed and cells were washed by immersing the coverslips in deionized wa-
ter (for 10 min), and then they were dehydrated by a graded ethanol series (30, 50, 70, 80,
90 and 100% (v/v)) also through immersion in each solution for 10 min. After removing
the 100% ethanol solution, a couple of drops of hexamethyldisilazane (HMDS; Sigma-Al-
drich, Saint Louis, MO, USA) were placed over the cells and immediately evaporated with
a gentle stream of nitrogen. Coverslips were placed on top of observation pins (covered
with double-sided adhesive carbon tape-NEM tape; Nisshin, Chiyoda-ku, Tokyo, Japan),
and sputter coated with gold/palladium. The observation was performed in a scanning
electron microscope (SEM), Phenom XL G2 by Thermo Fischer Scientific-FEI, Waltham,
MA, USA (Eindhoven, Noord-Brabant, Netherlands) with a secondary electron detector
(SED).

3.4.5. Transmission Electron Microscopy (TEM)

To visualize possible changes in cell structures after treatments, cells were processed
and analyzed using transmission electron microscopy (TEM). HaCaT cells at a density of
1 x 106 cell/well were treated or not (control) with LPG or nanoLPG (5.0 pg/mL) and incu-
bated at 37 °C for 24 h. In another assay after 24 h, the culture medium was replaced with
a medium supplemented with 5.0 ug/mL of LPG or nanoLPG in the presence or absence
of lipopolysaccharides from Escherichia coli O111:B4 (LPS, Invitrogen) at 1 pig/mL to in-
duce inflammation, and the plate was re-incubated for another 24 h. Then, the cells were
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detached with trypsin, centrifuged at 2500 rpm for 5 min at 4 °C, washed with PBS three
times and fixed in 2.5% glutaraldehyde/2% paraformaldehyde in sodium cacodylate
buffer 0.1 M (pH 7.4). Cells were then scraped and collected. Samples were washed in
0.1 M sodium cacodylate buffer, post-fixed in 2% osmium tetroxide in 0.1 M sodium cac-
odylate buffer overnight, and incubated in 1% uranyl acetate overnight, to improve mem-
brane contrast. Dehydration was performed in gradient series of ethanol solutions and
propylene oxide. Samples were included in Epon resin by immersion in increasing series
of propylene oxide and EPON (until 0:1 ratio) for 60 min each. Sections with a thickness
of 60 nm were prepared on RMC Ultramicrotome (PowerTome, San Carlos, CA, USA) us-
ing a diamond knife and recovered to 200 mesh Formvar Ni grids, followed by 2% uranyl
acetate and saturated lead citrate solution. Visualization was performed at 80 kV in a JEOL
JEM 1011 microscope (Akishima, Tokyo, Japan) and digital images were acquired using a
Gatan CCD digital camera (Little Egg Harbor Township, NJ, USA).

3.5. Statistical Analysis

Analysis of variance (ANOVA) (one and two way) was performed, followed by
Tukey’s test and a Bonferroni post hoc test for multiple comparisons using the software
GraphPad Prism 6.0 (San Diego, CA, USA). Data were presented as the means + SD of at
least three independent experiments. The significance level was defined as *p < 0.005, **p
<0.01, **p <0.001 and ****p < 0.0001.

4. Conclusions

The use of lycopene in a self-emulsifying drug delivery system demonstrates the fol-
lowing properties, which can be exploited for skin health benefits: (1) it does not present
cytotoxicity in cells of the HaCaT lineage; (2) it demonstrates antioxidant capacity; (3) it
prevents degradation and has antioxidant activity of DNA; (4) it inhibits enzymes (tyro-
sinase and elastase) involved in the skin aging process; (5) it suggests an anti-inflamma-
tory effect only for TNF-a, and pro-inflammatory for IL-6 and IL-8; (6) it affects morpho-
logical alterations, mainly of the endoplasmic reticulum, resulting from stress from action
or stimulus, evident in the free lycopene from red guava, and these alterations do not
occur when lycopene is bound in the nanoemulsion.
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