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ABSTRACT

Given the growing increase in agro-industrial waste generation within olive cultivation considering that Rio
Grande do Sul is among the largest olive oil producers in Brazil the valorization of such by-products, particu-
larly olive leaves, is proposed through biotechnological application using nanostructured systems. This initia-
tive aligns with the principles of the circular economy, combining sustainability and innovation. A nanoemul-
sion containing olive leaf extract combined with olive oil (NEAZ) was developed and evaluated according to
its physicochemical characteristics, stability tests, and in vitro biocompatibility in two cell models, Peripheral
blood mononuclear cells (PBMCs) and immortalized human keratinocytes (HaCaT). The developed nano-
emulsion presented suitable physicochemical characteristics, as evidenced by its nanometric average size, low
polydispersity, and a zeta potential compatible with system stability. In the biological assays, the treatments
demonstrated high biocompatibility, with low cytotoxicity, stimulation of cell proliferation, and, under cer-
tain conditions, a cytoprotective effect. Furthermore, relevant antioxidant activity was observed, reinforcing
the biological potential of the formulation. Thus, bioactive compounds obtained from olive waste, especially
when incorporated into nanoemulsions and combined with olive oil, stand out as an innovative strategy for the
valorization of agro-industrial by-products.
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RESUMO

Diante do crescente aumento da geragdo de residuos agroindustriais na olivicultura, visto que o Rio Grande
do Sul esta entre os maiores produtores de azeite de oliva no Brasil, propoe-se a valorizagdo de tais subpro-
dutos, especialmente folhas de oliveira, com a aplicacio biotecnologica por meio de sistemas nanoestrutura-
dos, iniciativa essa, focada aos principios da economia circular, associando sustentabilidade e inovagado. Foi
desenvolvida uma nanoemulsdo contendo extrato de folhas de oliveira associado ao azeite de oliva (NEAZ)
e avaliada segundo caracteristicas fisico-quimicas, testes de estabilidade e avaliacdo de biocompatibilidade
in vitro em dois modelos celulares, Células mononucleares do sangue periférico (PBMCs) e queratinocitos
humanos imortalizados (HaCaT). A nanoemulsdo desenvolvida apresentou caracteristicas fisico-quimicas
adequadas, evidenciadas pelo tamanho médio em escala nanométrica (121,6 nm), baixa polidispersao (0,203)
e potencial zeta compativel com a estabilidade do sistema (-26,2 mV). Nos ensaios biologicos, os tratamen-
tos demonstraram elevada biocompatibilidade, com baixa citotoxicidade, estimulo a proliferacdo celular e,
em determinadas condigoes, efeito citoprotetor. Além disso, foi observada relevante atividade antioxidante,
refor¢ando o potencial biologico da formulagdo. Dessa forma, os bioativos obtidos de residuos da oliveira,
especialmente quando incorporados em nanoemulsoes e associados ao azeite de oliva, destacam-se como
uma estratégia inovadora para a valorizagdo de subprodutos agroindustriais.

Palavras-chave: sustentabilidade,; Olea europaea L.; economia circular; responsabilidade social.

1 INTRODUCTION

In Brazil, olive cultivation has gained prominence, especially in the state of Rio Grande do
Sul, where favorable climatic conditions in the southern regions favor the cultivation of olive trees.
Consequently, the expansion of the productive chain directly implies a significant generation of agro-
industrial waste. During the mechanical extraction of olive oil, by-products such as olive pomace, ol-
ive cake, or sansa are produced, composed of skin, pulp, and pit, in addition to containing residual oil.
Concurrently, agricultural practices such as pruning result in the accumulation of leaves and branches.
These materials present a high concentration of bioactive compounds responsible for the functional
properties of both the fruits and the olive oil (Costa, 2019; Ferreira, 2024; Rodrigues et al., 2024).

The accumulation of this waste represents a major environmental challenge due to its high vol-
ume, with olive pomace accounting for approximately 80% of the product resulting from extraction,
while leaves can reach up to 40 tons per year. When accumulated in large quantities, potentially toxic
compounds, such as phenolics, can affect terrestrial microorganisms and contribute to the contamina-
tion of rivers and springs. Furthermore, the presence of volatile compounds and inorganic substances
that are difficult to degrade favors the persistence of this waste in the environment, worsening its
ecological impact (Rapacki, 2022; Nunes ef al., 2019).

In this context, the valorization of this waste emerges as a fundamental strategy within the
principles of the circular economy, based on transforming this environmental liability into a high
value-added economic asset, aiming to maximize resource utilization and minimize waste generation.

Reinserting these by-products into the productive chain not only reduces environmental impacts but
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also adds economic value, transforming waste into strategic inputs. This approach promotes innova-
tion, sustainability, and greater market competitiveness (Pennisi et al., 2023).

Olive leaves stand out among the by-products of the productive chain because they contain
high concentrations of phenolic compounds, including oleuropein, hydroxytyrosol, luteolin, and ver-
bascoside molecules associated with antioxidant, anti-inflammatory, and bioprotective properties.
Due to these characteristics, the use of these compounds has aroused growing interest for pharmaceu-
tical, cosmetic, and biotechnological applications. The phenolic composition of the olive tree, accord-
ing to Nascimento (2025), is extremely complex, and many of its components have not yet been fully
identified. The main compounds found in the leaves and fruits are oleuropeosides (such as oleuropein
and verbascoside), flavonoids (flavones and flavonols), and simple phenols, such as tyrosol, hydroxy-
tyrosol, and various phenolic acids, including caffeic, vanillic, syringic, coumaric, and protocatechuic
acids molecules associated with antioxidant, anti-inflammatory, and bioprotective properties. Due to
these characteristics, the use of these compounds has aroused growing interest for pharmaceutical,
cosmetic, and biotechnological applications (Mello and Pinheiro, 2012).

Although they present high biological potential, these compounds have their technological
application limited by chemical instability, oxidative degradation, low solubility, and reduced bio-
availability. To circumvent these limitations, nanostructured systems emerge as alternatives to protect
bioactives, increase their stability, and optimize their biological response. Nanotechnology provides
controlled and targeted release of the active ingredient, vectorization to specific targets, and increased
permeability across biological barriers through the incorporation of hydrophilic or hydrophobic mol-
ecules. Furthermore, it stands out for its low toxicity, absence of organic solvents in production, and
ease of scaling. Generally obtained from biodegradable and biocompatible matrices, these nanocar-
riers are widely accepted for medical and pharmaceutical use, exhibiting toxicity up to 100 times
lower than that of conventional polymeric particles. Nanoemulsions stand out among nanostructured
systems due to their high surface area, ease of preparation, capacity to incorporate lipophilic and hy-
drophilic compounds, and potential for pharmaceutical and cosmetic applications. Additionally, these
systems can favor the stability of bioactive compounds and improve their biological performance
(Fathia et al., 2012).

Given this context, the present study aimed to develop a nanoformulation containing olive
leaf extract combined with olive oil, characterize it regarding its physicochemical properties and
stability, and evaluate its in vitro biocompatibility in peripheral blood mononuclear cells and hu-

man keratinocytes.
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2 METHODOLOGY

2.1 COLLECTION OF OLIVE CULTIVARS AND PREPARATION OF THE
HYDROALCOHOLIC EXTRACT OF THE LEAVES

Green leaves from different cultivars of Olea europaea L. (Arbosana, Arbequina, Koroneiki,
and Coratina) were collected from an olive grove located in the municipality of Cagapava do Sul, Rio
Grande do Sul, Brazil. Botanical identification of the cultivars was performed based on the analy-
sis of morphological characteristics, associated with local agronomic knowledge, and representative
samples of each cultivar were deposited in the SMDB Herbarium (Santa Maria - Department of Biol-
ogy) jardim botanico at the Federal University of Santa Maria (UFSM).

The extract was prepared following the methodology described in patent registration BR
102023015892-7, which comprises the following steps: the plant material was initially air-dried at
room temperature. Subsequently, the leaves were ground using an electric knife mill until a homoge-
neous powder was obtained. Thereafter, 150 g of the ground plant material were transferred to amber
glass bottles containing 500 mL of 70% (v/v) ethanol, establishing an extraction ratio of 1:3.3 (w/v).
The extraction process was carried out by static maceration for seven days at room temperature and
protected from light. After the extraction period, the mixture was filtered through a filter with an ap-
proximate pore size of 25 pm, and the solvent was removed under reduced pressure (approximately
17 hPa) using a Yamato RE801 rotary evaporator operating at 40 °C and 80 rpm. The resulting

hydroalcoholic extract was stored in amber glass containers and kept protected from light until use.

2.2 PREPARATION, CHARACTERIZATION, AND STABILITY OF THE NANOEMUL-
SION

2.2.1 Preparation of the Nanoformulation

A nanoemulsion containing a hydroalcoholic extract of olive leaves was prepared using the
phase inversion technique, which is based on the transition between oil-in-water (O/W) emulsions,
promoted by surfactant reorganization and the energy conditions applied to the system, favoring the
formation of nanometer-scale droplets.

The aqueous phase consisted of polysorbate 80 (Tween®) (0.8% w/v) and Milli-Q® water
(54% v/v). The oil phase was composed of sorbitan monostearate (Span® 80) (0.8% w/v), hydroalco-
holic olive leaf extract (20% v/v), ethanol (6.8% v/v), and olive oil (0.8% w/v).

Both phases were previously heated to approximately 50 °C in a water bath under magnetic

stirring for 10 min. Subsequently, the extract was incorporated into the system, and stirring was
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maintained for an additional 5 min. Thereafter, the aqueous phase (maintained in an ice bath) was
transferred to an Ultra-Turrax® homogenizer and stirred at 10,000 rpm for 10 min. After this period,
the oil phase was poured into the aqueous phase under continuous stirring, promoting the formation
of the final emulsion. The nanoemulsion was then subjected to high-speed homogenization using an
Ultra-Turrax® at 17,000 rpm for 40 minutes, while maintained in an ice bath to prevent degradation of
the active ingredients due to excessive heating; this shearing step characterizes a high-energy process.
Finally, the organic solvent was removed by rotary evaporation at 40 °C and 80 rpm using a Yamato

RE 801 rotary evaporator.
2.2.2 Characterization of the Nanoformulation and Stability Analysis

The nanoformulation was characterized by evaluating pH, polydispersity index (PDI), par-
ticle size, and zeta potential (ZP). Stability was assessed over a 90-day period under different storage
conditions: clear glass vials exposed to light, amber glass vials protected from light, amber glass
vials stored in a climate chamber at 35 + 1 °C (ranging from 34 °C to 36 °C), and amber glass vials
kept under refrigeration at -2 £ 1 °C (ranging from -1 °C to -3 °C). For stability analysis, samples
were prepared and maintained under all described conditions in triplicate. Every 15 or 30 days, each
sample was characterized to monitor the parameters over time. Particle diameter and polydisper-
sity index were determined by dynamic light scattering (DLS) using a Zetasizer® Nano ZS instru-
ment (ZEN 3600, Malvern Instruments) after diluting the dispersions in water (500-fold dilution, v/v).
Results were expressed in nanometers (nm). Zeta potential was determined via electrophoretic mobil-
ity using a Zetasizer® Nano ZS (ZEN 3600, Malvern Instruments) after diluting the dispersions in a
10 mM NaCl solution (500-fold dilution, v/v) that had been pre-filtered through a 0.45 pm membrane.
Results were expressed in millivolts (mV) as the mean of three determinations performed on separate
suspensions. pH was measured using a properly calibrated potentiometer (DM-22, Digimed®), and all

analyses were performed in triplicate (Godoi ef al., 2025).

2.3 IN VITRO BIOCOMPATIBILITY ANALYSIS OF THE NANOEMULSION
CONTAINING OLIVE LEAF EXTRACT AND OLIVE OIL

The biocompatibility analysis was performed using two distinct cellular models to ensure the
safety and functionality of the active compounds during tissue repair. The use of Peripheral Blood
Mononuclear Cells (PBMCs) is justified by the need to monitor the initial immune response, as these
cells are among the first to interact with external agents and coordinate the inflammatory cascade
essential for wound healing. In parallel, the use of the human keratinocyte cell line (HaCaT) is justi-

fied by its ability to mimic the primary cellular barrier of the epidermis. As re-epithelialization is a
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critical and final stage of tissue repair, evaluating the behavior of these cells in response to the active
compounds allows the assessment of key wound-healing parameters, such as cell viability and cell
proliferation. Thus, the combination of both cellular models (PBMCs and HaCaT) enables a robust
and integrated analysis, encompassing the modulation of the initial inflammatory response through

to the effective reconstruction and closure of the skin barrier (Silva, 2025)
2.3.1 Peripheral Blood Mononuclear Cells (PBMCs)

Peripheral Blood Mononuclear Cells (PBMCs) derived from whole blood samples discarded
from healthy adults were obtained from the Clinical Analysis Teaching Laboratory of the Franciscan
University (LEAC-UFN) (experimental protocol approved by the UFN Human Research Ethics Com-
mittee) (CAAE number: 44940821.3.0000.5306), with the absence of identifying data.

Blood samples were processed for PBMC separation using a procedure based on density gradi-
ent centrifugation with Ficoll Histopaque 1077® reagent (Sigma-Aldrich). After blood was slowly lay-
ered onto the reagent (1:1 v/v), the samples were centrifuged for 30 min at 1000 rpm. Subsequently,
the leukocyte layer was collected and transferred to Falcon-type tubes containing RPMI 1640 medi-
um (Sigma-Aldrich) at a 1:1 (v/v) ratio. The mixture was then centrifuged for 10 min at 1000 rpm.
After centrifugation, the supernatant was discarded, leaving only the cell pellet, which was resuspended
in approximately 4 mL of RPMI 1640 cell culture medium (Sigma-Aldrich). Finally, cell counting was
performed using a Neubauer chamber. PBMCs were seeded into 96-well plates containing RPMI 1640
cell culture medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum and 1% antibiotics.
Cells were cultured at a concentration of 2 x 10° cells mL™ per well (Riedhammer; Halbritter; Weissert,
2015). Subsequently, the cells were treated with the nanoemulsion containing the combined olive leaf
extract and olive oil.

The treatments were performed in triplicate to ensure consistent statistical analysis. Hydrogen
peroxide (H20:) at 200 uM was used as a positive control for all assays, except for nitric oxide, for

which sodium nitroprusside at 50 pM was used as the positive control.
2.3.2 Human Keratinocyte Cells (HaCaT)

These cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 1% antibiotics consisting of penicillin (100 U/mL) and streptomycin
(100 pg/mL), and the antifungal agent amphotericin (100 U/mL). Cells were maintained at 37 °C in a
controlled atmosphere incubator containing 5% CO: and adequate relative humidity. The culture me-
dium was renewed every 2-3 days to maintain optimal growth conditions. Cell culture was periodically

monitored by microscopy to evaluate morphology and confluence until the criteria required for the
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experimental assays were met. When confluence reached approximately 80-90%, cells were subcul-
tured by dissociation with trypsin-EDTA solution.

Cells were seeded into 96-well plates (5 x 10 cells mL™). After 24 h of incubation (37 £ 2 °C
with 5% CO>), the supernatant was removed, and 100 pL of the treatments were added. Treatments
were performed using the nanoemulsion containing olive leaf extract and olive oil. The positive con-
trol consisted of hydrogen peroxide (H202, 100 pmol L, 30% solution, Sigma-Aldrich®) and sodium
nitroprusside dihydrate (Naz[ Fe(CN)sNO]-2H20, 100 pmol L™, ACS reagent, >99%, Sigma-Aldrich®),
whereas the negative control consisted of cells maintained only with culture medium. Eight replicates
of each concentration and controls were performed on each plate. After treatment distribution, the
plates were incubated (37 + 2 °C with 5% CO) for 24 h and 72 h.

For both cell lines, cell viability and proliferation were evaluated using the MTT assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), following the instructions of Mos-
mann, (1983) and Alves et al., (2026). This colorimetric assay uses the MTT reagent, a yellow water-
soluble tetrazolium salt that penetrates cells and is metabolized by mitochondrial enzymes in viable
cells, forming violet-colored, water-insoluble formazan crystals that accumulate in the cellular cyto-
plasm. These crystals are solubilized by the addition of DMSO (dimethyl sulfoxide). After treatment,
PBS (1X phosphate-buffered saline, pH 7.4) was added to the cells at a volume corresponding to the
same amount of supernatant removed for the other assays, generally 110 puL, followed by the addi-
tion of 20 uL. of MTT reagent at a concentration of 5 mg mL™ diluted in PBS (1X phosphate buffer,
pH 7.4). The plates were protected from light, homogenized, and incubated in an oven at 37 °C with
5% COs: for 2 h. After this period, the supernatant was removed, and the cells were resuspended in
200 uL of DMSO. Absorbance measurements were performed using a Synergy HTX multimode mi-
croplate reader (BioTek Instruments, Inc., Winooski, VT, USA), controlled by GenS5 software (BioTek)
at 570 nm, and the determination of cytotoxic potential was calculated relative to the negative control.

To determine the total rate of free radicals, the reagent 2'7'-dichlorofluorescein diacetate
(DCFH-DA) was used. This reagent can cross the cell membrane and is deacetylated by mitochon-
drial enzymes, generating 2',7"-dichlorodihydrofluorescein, which reacts with reactive oxygen species
(ROS), mainly hydrogen peroxide (H-0-), producing 2'7'-dichlorofluorescein, which emits fluores-
cence. After completion of the incubation period of cells with the treatments, 50 uL of the superna-
tant were added to a black plate to avoid direct light exposure, together with 65 pL of TRIS buffer
(pH 7.4) and 10 pL of dichloro working solution (0.1 mM), followed by incubation at room tem-
perature for 1 h. Fluorescence was determined using a Synergy HTX multimode microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA), controlled by Gen5 software (BioTek), based on ex-
citation and emission wavelengths of 488 nm and 525 nm, respectively.

To complement the determination of cell viability and genotoxic potential, a fluorometric as-

say was performed to quantify free DNA in the culture medium using the DNA-PicoGreen® reagent
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(Invitrogen, Life Technologies), a fluorescent dye that binds to double-stranded DNA. To determine
the presence of double-stranded DNA in the medium in which the cells were treated, due to possible
cell disruption and cell death, 10 puL of the culture medium supernatant from treated cells, 80 pL of
1X TE buffer, and 10 pL of PicoGreen® reagent were added to a black 96-well plate and incubated for
5 min at room temperature. Fluorescence was measured using a Synergy HTX multimode microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA), controlled by Gen5 software (BioTek), at ex-
citation and emission wavelengths of 480 nm and 520 nm, respectively (Sagrillo et al., 2015).

The nitric oxide assay detects the presence of organic nitrite in the sample. Nitrite is detected
and analyzed through the formation of a pink coloration when the Griess reagent is added to the
sample containing NO™. The sulfanilamide present in the Griess reagent is responsible for the forma-
tion of diazonium salts from nitrite in the sample. When the azo compound (N-1-naphthylenediamine

dihydrochloride) interacts with the diazonium salts, a pink coloration develops in the sample.

3 RESULTS AND DISCUSSION

3.1 COLLECTION OF OLIVE CULTIVARS AND PREPARATION OF THE
HYDROALCOHOLIC LEAF EXTRACT

The leaves used in the present study were obtained from an olive grove located in the municipality
of Cacapava do Sul, Rio Grande do Sul, Brazil. Green leaves from different Olea europaea L. cultivars,
including Arbosana, Arbequina, Koroneiki, and Coratina, were collected. Botanical identity was con-
firmed through the evaluation of morphological characteristics combined with local agronomic knowledge.
Voucher specimens of each cultivar were deposited in the SMDB Herbarium of the Federal University of
Santa Maria (UFSM), Santa Maria, Rio Grande do Sul, Brazil, under accession numbers SMDB 26078
(Arbosana), SMDB 26079 (Arbequina), SMDB 26080 (Koroneiki), and SMDB 26081 (Coratina).

3.2 PREPARATION, CHARACTERIZATION, AND STABILITY OF THE NA-
NOEMULSION

3.2.1 Preparation of the Nanoformulation

The preparation of the nanoemulsion containing olive leaf extract combined with olive oil
(NEAZ) demonstrated the feasibility of the simultaneous incorporation of these components into a
stable nanostructured system. The formulation exhibited a homogeneous macroscopic appearance,
with a slightly opalescent, milky aspect and no evidence of phase separation during the initial obser-

vation period, indicating the successful formation of a stable colloidal system (Figure 1).
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The two phases were not visually discernible during the evaluation, and no phase separation was
observed in the formulation. The absence of an interface between the phases indicates that the system

remained homogeneous, constituting an indication of its physical stability under the evaluated conditions.

Figure 1 - Macroscopic appearance of the nanoemulsion containing olive leaf extract and olive oil.

Source: Author’s construction.

The visual stability observed is consistent with oil-in-water nanoemulsified systems, in which
the reduced droplet size contributes to the uniform dispersion of the oil phase. These findings cor-
roborate the formation of an appropriate nanostructure, even considering the complexity of the lipid
composition employed (Perissinato, 2019; Azeredo, 2023).

From a processing standpoint, the obtainment of NEAZ required the application of high en-
ergy, with the use of Ultra-Turrax® homogenization being necessary, indicating greater resistance to
the formation of droplets at the nanometric scale. This behavior can be attributed to the composition
of olive oil, characterized by a high concentration of monounsaturated fatty acids, especially oleic
acid, in addition to minor compounds, such as phenolics and tocopherols, which may interfere with the
interfacial organization of surfactants. Consequently, there is greater difficulty in spontaneous phase
inversion, requiring a higher energy input for system stabilization (Gravan et al., 2023). Although the
literature widely describes the incorporation of olive leaf extracts into nanostructured systems, the use
of olive oil as a lipid phase associated with this extract remains poorly explored. In this context, the pres-
ent formulation differs by integrating two bioactive components derived from the same plant species,
Olea europaea L., constituting an innovative approach in the development of nanostructured systems.

Furthermore, the association between olive leaf extract, an olive cultivation by-product, and
olive oil promotes the integral utilization of the production chain, aligning with the principles of

the circular economy and the valorization of agro-industrial residues. This strategy enables the
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development of multifunctional systems rich in bioactive compounds, such as oleuropein, hydroxytyro-
sol, and essential fatty acids, which may act synergistically. From a biological perspective, organization
at the nanometric scale may enhance the bioavailability and skin permeation of these compounds due to
the high surface area and greater interaction with biological structures. Thus, NEAZ presents promising
potential for dermatological applications, particularly in inflammatory conditions and those associated
with oxidative stress (Pierre, 2024). Overall, the results indicate that the composition of the oil phase
directly influences both the preparation method and the physicochemical characteristics of the system,

being a determining factor in the development of nanoemulsions based on natural compounds.
3.2.2 Characterization of the nanoformulation and stability analysis

Initially, the characterization revealed a relatively homogeneous particle size distribution,
with a polydispersity index (PDI) of 0.203, indicating a narrow particle size distribution. The PDI is
an important parameter for evaluating the homogeneity of nanoparticulate systems, with lower values
generally indicating greater uniformity in particle size (Patravale, Dandekar, and Jain, 2012). This
result suggests adequate uniformity in droplet size, which may contribute to the kinetic stability of
the nanoemulsion.

The mean droplet size of 121.6 nm confirms the formation of a nanoscale system (Figure 2),
an important characteristic of oil-in-water nanoemulsions. The nanoscale droplet size provides a high
interfacial area and may contribute to the physical stability of the system by reducing the tendency
toward gravitational separation and other destabilization processes. In addition, the zeta potential of
-26.2 mV indicates the presence of electrostatic repulsion between droplets, which may contribute to
reducing their tendency to aggregate and, consequently, to maintaining the physical stability of the
nanoemulsion (Patravale, Dandekar, and Jain, 2012).

The pH in the range of 4 - 5 remained compatible with systems containing phenolic com-
pounds and with dermatological applications, not indicating a risk of significant chemical instability
during the evaluated period.

The stability analysis of the nanoformulations over 60 days, under different storage condi-
tions, allowed the evaluation of the system’s robustness against temperature variations and light
exposure. Overall, the absence of sedimentation and phase separation in macroscopic analyses
indicates good physical stability of the formulation, regardless of the tested conditions. The main-
tenance of these parameters over time reinforces that the formulation composition and preparation
method were suitable for obtaining a stable system. As described in the literature, variations in
particle size and PDI are early indicators of instability, such as aggregation and sedimentation
(Patravale, Dandekar, and Jain, 2012; Coelho, 2024; Pedrozo, 2023), which was not observed in a

relevant manner in this study.
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Additionally, the different storage conditions allowed the inference that the nanoemulsion exhib-
its resistance to both thermal stress and light exposure, although controlled conditions, such as storage

in amber glass containers, remain more suitable for preserving the integrity of the bioactive compounds.

Figure 2 - Results of the stability analysis regarding nanoparticle size over 90 days and under different storage
conditions: amber glass vial protected from light at room temperature (Fig. 2-A), amber glass container in a
climatic chamber at + 35 °C (Fig. 2-B), transparent glass container exposed to light (Fig. 2-C), and amber glass
container under refrigeration at - 2 °C (Fig. 2-D).
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Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test. Statistically
significant differences relative to the NC are indicated by p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

The results of the nanoparticle stability analysis over the 90-day storage period demonstrated that
the physicochemical stability of the nanoformulation was influenced by the storage conditions. When
protected from light in amber glass containers at room temperature, the nanoformulation maintained the
hydrodynamic diameter within the range of approximately 120-150 nm, with no significant changes over
the storage period and no visible evidence of sedimentation, phase separation, or aggregation. These
results indicate that protection from light was effective in maintaining the physical characteristics of the
system. In agreement with previous studies, nanoparticulate formulations with particle diameters below
300 nm are generally considered suitable for nanoscale applications, although particle size alone is not
sufficient to establish the overall stability of a nanoformulation (Bernardi, 2011; Dallemolea, 2023).

The variations observed in particle size under the different storage conditions may be associ-
ated with changes in the particle size distribution and with the physicochemical reorganization of the
system throughout storage. Following preparation, nanoemulsions may require a period of stabiliza-
tion during which the droplets undergo structural adaptation to the surrounding medium. Therefore,
measurements performed after this initial stabilization period may provide a more representative
assessment of the formulation than measurements obtained immediately after preparation (Pedrozo,
2023). In this context, the variation observed between time zero and subsequent evaluation points
does not necessarily indicate progressive destabilization, particularly when the particle size subse-
quently returns toward values close to the initial measurements.

The condition of light exposure resulted in the most pronounced increase in particle size

between 30 and 60 days, reaching approximately 190 nm, followed by a reduction to approximately
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130 nm at 90 days. This behavior may be related to the greater susceptibility of lipid components to
radiation-induced oxidative processes. In nanoemulsion systems, the high interfacial area associated
with the small droplet size may increase the interaction between the oil phase and pro-oxidant species,
while exposure to UV radiation may intensify lipid oxidation and consequently alter the physico-
chemical properties of the droplet interface (Szumata; Wysocka, 2018). Nevertheless, the subsequent
reduction in particle size indicates that the increase observed at intermediate storage times does not
necessarily represent irreversible destabilization. Rather, it may reflect a transient reorganization of
the droplet population during storage. Similar non-linear changes in particle size have been reported
in nanoemulsion systems subjected to different environmental stresses, demonstrating that tempera-
ture, oil-phase composition, and interfacial properties can influence the mechanisms governing col-
loidal stability (Liu et al., 2021).

A particularly relevant variation was observed under refrigerated storage at - 2 °C, in which
the hydrodynamic diameter increased markedly from approximately 140 nm at time zero to ap-
proximately 225 nm after 30 days, followed by a progressive reduction to approximately 130 nm at
90 days. This transient increase may be associated with changes in molecular mobility, viscosity, and
interfacial equilibrium caused by the low storage temperature. Temperature can influence the physi-
cal behavior of nanoemulsions and modify the balance between different destabilization mechanisms.
Ghosh et al. (2016) demonstrated that storage temperature significantly affects the stability of lipid
nanoemulsions, with mechanisms such as Ostwald ripening, flocculation, and coalescence poten-
tially contributing to changes in droplet size depending on the formulation and storage conditions.
Therefore, the temporary increase observed at 30 days may reflect a reversible reorganization of the
droplets rather than a definitive loss of physical stability.

In addition to storage conditions, several formulation and processing parameters can influence
the final particle size and its evolution during storage. The production method, concentration and
nature of the precursors, oil concentration, temperature, processing time, stabilizing agents, and pH
can affect droplet formation, interfacial organization, surface charge, and resistance to aggregation.
In formulations containing olive oil, the specific characteristics of the oil, which may vary according
to the olive cultivar and extraction method, may also contribute to differences in particle size and
stability (Santos, 2023). Thus, the variations observed in the present study should be interpreted as
the result of the interaction between formulation characteristics and environmental storage conditions
rather than as an effect attributable to a single factor.

It is also important to consider that the particle size measurements were obtained by dynamic
light scattering (DLS), which determines the hydrodynamic diameter of particles in suspension and
can be particularly sensitive to small populations of larger particles or aggregates. Consequently,
temporary increases in the mean hydrodynamic diameter may occur even when the majority of the

nanoparticle population remains within the nanoscale range. Therefore, particle size should not be
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considered independently when assessing the stability of the nanoformulation. A more comprehen-
sive interpretation should include the polydispersity index (PDI), zeta potential, pH, visual appearance,
and other relevant stability parameters. Taken together, the results suggest that protection from light
in amber glass provided the most favorable storage condition for maintaining the physicochemical
characteristics of the nanoformulation, whereas exposure to light and refrigeration promoted greater
fluctuations in particle size during the 90-day period, although these changes were not necessarily
indicative of irreversible destabilization.

Figure 3 demonstrates the results obtained from the PDI analysis of the formulations under
different storage conditions. According to the studies of Patravale, Dandekar, and Jain, (2012), a fun-
damental aspect in stability evaluation is the polydispersity index (PDI) of the samples, which should
be below 0.3 for the formulation to be considered ideal. This parameter provides insights into the ho-
mogeneity of nanoparticle size distribution, indicating that samples with PDI < 0.3 are monodisperse
and exhibit a unimodal distribution. In addition to composition, which influences nanoparticle size,
the nature of the oil used as the central matrix emerges as a critical factor affecting the polydispersity
index. Variations in physical properties, such as viscosity, hydrophobicity, and interfacial tension of
the materials employed, have a direct impact on nanoparticle diameter and, consequently, on the PDI

value (Patravale, Dandekar, and Jain, 2012).

Figure 3 - Results of the stability analysis regarding the polydispersity index of nanoparticles over 90 days and
under different storage conditions: amber glass container protected from light (Fig. 3-A), amber glass
container in a climatic chamber at = 35 °C (Fig. 3-B), transparent glass container exposed to light (Fig. 3-C),
and amber glass container under refrigeration at - 2 °C (Fig. 3-D).
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Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test.
Statistically significant differences relative to the NC are indicated by p < 0.05 (*), p <0.01 (**), and p < 0.001 (**%*).

The stability analysis of nanoparticles revealed significant results, demonstrating that storage
conditions exert a crucial influence on polydispersity over a period of 90 days. The use of amber glass
containers, which protect nanoparticles from light and maintain controlled temperatures, proved to be
the most effective strategy to ensure particle stability.

On the other hand, storage in transparent glass containers, which allows light exposure,
resulted in more pronounced nanoparticle degradation. This difference highlights the need to

implement appropriate storage strategies, as light exposure may not only induce undesirable
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reactions but also compromise essential nanoparticle characteristics, such as their efficacy and
safety in future applications.

Discussing these results, it becomes clear that proper storage is not merely a matter of con-
venience, but a fundamental consideration to ensure success in applications that depend on stability.
These findings emphasize the importance of protecting nanoparticles from both light radiation and
adverse thermal variations, as these conditions may directly affect their physicochemical properties
(Carvalho, 2022).

In addition to size and PDI, another parameter to be analyzed is the zeta potential (Figure 4),
which reflects the surface potential of nanoparticles, that is, the charge influenced by changes at the
interface with the dispersing medium, due to the dissociation of functional groups on the nanoparticle
surface or the adsorption of ionic species present in the aqueous medium. When the zeta potential
is high, repulsive forces predominate over London attractive forces, causing the droplets to remain
dispersed in the system; when the zeta potential is low, attractive forces predominate over repul-
sive forces, favoring particle approximation and potentially resulting in instability of the preparation.
According to the literature, electrostatic repulsion between particles should be close to +30 mV; therefore,
monitoring and optimizing the zeta potential are essential for the development of effective nanometric
systems, especially in applications requiring high stability and homogeneity, such as pharmaceutical
formulations, cosmetics, and composite materials. Furthermore, manipulation of the zeta potential may
represent a valuable strategy for adjusting nanoparticle properties to meet specific requirements in in-
dustrial and scientific applications (Patravale, Dandekar, and Jain, 2012; Machado et al 2019).

Figure 4 - Results of the stability analysis regarding the zeta potential of nanoparticles over 90 days and
under different storage conditions: amber glass container protected from light (Fig. 4-A), amber glass container in a

climatic chamber at + 35 °C (Fig. 4-B), transparent glass container exposed to light (Fig. 4-C), and amber glass
container under refrigeration at - 2 °C (Fig. 4-D).
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Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test. Statistically significant
differences relative to the NC are indicated by p < 0.05 (*), p <0.01 (**), and p < 0.001 (***).

The stability analysis of nanoparticles over a period of 90 days reveals the significant in-
fluence of storage conditions on zeta potential behavior. The use of amber glass containers, which

provides protection against light exposure, proved to be highly effective in maintaining nanoparticle
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stability, especially under controlled temperature conditions, around 35 °C. This approach minimized
nanoparticle degradation, preserving their desirable properties over time.

Conversely, storage in transparent glass containers exposed the nanoparticles to light, result-
ing in a significant compromise of stability. Light exposure may induce undesirable photochemical
reactions that affect not only the zeta potential but also other structural and functional characteristics
of nanoparticles.

In conclusion, the selection of container material and lighting conditions during storage are
critical factors for preserving nanoparticle stability. These results have significant implications for the
formulation of pharmaceutical and cosmetic products, since the efficacy and safety of these products
depend on the integrity of nanoparticles over time.

The zeta potential values of nanoemulsions are negative due to the chemical composition of
their components, which include oleic acid. In the present study, the formulation exhibited a zeta
potential value of -26.2 mV. According to the literature, zeta potential values within the range of £30
mV are considered ideal (Godoi et al., 2025). As shown in Figures 4-C and 4-D, some zeta potential
values of the developed nanoparticles showed significant differences (p > 0.05) throughout the stor-
age period. In both storage conditions, the observed alteration consisted of an increase in the zeta
potential value, followed by a slight decrease, before returning to a new increase. These oscillations
in the analyzed parameters may be associated with the reorganization and adaptation of the molecules
(El-Gogary et al., 2021).

3.3 IN VITRO BIOCOMPATIBILITY ANALYSIS OF THE NANOEMULSION
CONTAINING OLIVE LEAF EXTRACT AND OLIVE OIL

Understanding the biological behavior of nanostructured systems is essential to ensure their
safety and efficacy in future pharmacological applications. To obtain a comprehensive analysis of
the biocompatibility and therapeutic potential of the developed formulations, in vitro assays were
conducted using two distinct biological models: peripheral blood mononuclear cells (PBMCs), which
allow the investigation of effects on the immune and circulatory systems, and human keratinocytes
(HaCaT), a standard model for evaluating interactions with structural cells of connective tissue.
Cell viability of the formulations was evaluated using the MTT reduction assay. Hydrogen peroxide
(H202) was used as the positive control for cell death, while the negative control significantly de-
creased cell viability, validating the assay. Analyses were performed at 24 and 48 hours for peripheral
blood mononuclear cells (PBMCs) and at 24 and 72 hours for human keratinocytes of the HaCaT cell
line, both aiming to evaluate possible acute and delayed toxicity rates.

The evaluation of the cytotoxic potential and biocompatibility of the nanoemulsion contain-

ing olive leaf extract and olive oil (NEAZ) against PBMC and human keratinocyte (HaCaT) cellular
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models revealed distinct cell viability profiles over time. The results obtained from the MTT reduc-

tion assay, expressed as a percentage relative to the negative control, are presented in Figure 5.

Figure 5 - Results of the MTT assay at 24 h and 48 h (PBMCs) and 24 h and 72 h (HaCaT) for the
nanoemulsion containing olive leaf extract and olive oil (NEAZ), negative control (CN), and positive control (CP).
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Data are expressed as mean + SD and presented as a percentage of the negative control (CN = 100%). Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test. Statistically significant differen-
ces relative to the NC are indicated by p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). CP: positive control (H20-).

It can be observed that PBMCs treated with the 30 mg/mL concentration of nanoemul-
sion for 24 hours showed a significant increase in cell viability (above 150%), indicating pro-
liferation and possibly increased mitochondrial activity, which is highly relevant for the immune
system. The concentrations of 15 mg/mL and 7.5 mg/mL remained safe and close to the control.
However, after 48 hours of treatment, cell proliferation was even greater, exceeding 300% compared
to the control. Studies recognize compounds derived from Olea europaea L. as immunomodulators,
which may act as mitogenic stimulants, inducing immune cells to enter cell division cycles and con-
sequently increasing proliferation levels (Sanchez, 2020).

For HaCaT cells, the behavior was completely opposite, with a drastic decrease in cell vi-
ability observed at all concentrations. However, at 72 hours, the highest concentrations demonstrated
a certain recovery of viability, whereas the 7.5 mg/mL concentration continued to show reduced vi-
ability. A possible explanation for this cytotoxic effect at 72 hours may be related to the surfactants/
emulsifying agents, which often require higher concentrations to stabilize nanoparticles and, during
initial periods and at elevated concentrations in the mg/mL range, may cause solubilization or desta-
bilization of the plasma membrane of cultured cells, generating an immediate acute cytotoxic effect
(Arrevolti et al., 2023; Lichtenberg et al., 1983; Maher et al., 2023).

Following the initial shock caused by the surfactant load, within the interval up to 72 hours,
an attenuation of this chemical stress may have occurred, either through surfactant degradation in
the culture medium, their neutralization by fetal bovine serum proteins, or through cellular metabo-
lism itself. With the reduction of the stressor effect, a temporal window is created for the activation
and internalization of phenolic compounds at concentrations of 15 and 30 mg/mL. These bioactive
compounds exert their late antioxidant action and stimulate cell proliferation pathways, reversing the

initial damage and promoting the expressive increase in viability observed at the end of the period.




DIS(IPI.INAR A Disciplinarum Scientia. Série: Naturais e Tecnolégicas 261
u IENTl Santa Maria, v. 27, n. 3, p. 245-268, 2026

In contrast, the lowest concentration may not have been able to reverse the damage, even within this
temporal window, due to containing active compounds at concentrations insufficient to exert the same
effect as the higher concentrations (Maher et al., 2023).

In view of this scenario of cellular recovery possibly induced by phenolic compounds, we pro-
ceeded to investigate the biochemical mechanisms associated with this response, particularly regarding
the modulation of oxidative stress and inflammatory signaling. In this context, the analysis of nitric ox-
ide levels emerges as a crucial indicator, since the regulation of this gaseous mediator is directly related

to both cytotoxic processes and those involved in cell survival and proliferation (Soares et al., 2015).

Figure 6 - Results of the nitric oxide assay at 24 h and 48 h (PBMCs) and 24 h and 72 h (HaCaT) for the nanoemulsion
containing olive leaf extract and olive oil (NEAZ), negative control (CN), and positive control (CP).
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Data are expressed as mean + SD and presented as a percentage of the negative control (CN = 100%). Statistical analy-
sis was performed using one-way ANOVA followed by Dunnett’s post hoc test. Statistically significant differences
relative to the NC are indicated by p < 0.05 (*), p <0.01 (**), and p < 0.001 (***). CP: positive control (H20).

As can be observed in Figure 6, the positive control induced a significant increase in nitric
oxide levels in both cell lines, thereby mimicking a severe inflammatory state, validating the assay.
In contrast, treatments at 24 and 48 hours were able to attenuate nitric oxide levels, suggesting a late
antioxidant action, with the ability to neutralize free radicals and consequently contain the inflamma-
tory cascade in PBMCs, illustrating a time-dependent effect.

When evaluating the treatments in HaCaT cells, it was observed that the highest concentration
caused a drastic increase in nitric oxide production, suggesting that the treatments in this epithelial
cell line may have initially acted as a pro-oxidant or even cytotoxic agent. The concentrations of
15 and 7.5 mg/mL, at both time points, demonstrated a possible cytoprotective effect, with a drastic
reduction in expression, characterizing a concentration-dependent behavior.

Although nitric oxide plays a central role in cellular signaling and cutaneous inflammatory
processes, a comprehensive understanding of the antioxidant potential of nanoemulsions requires
the evaluation of other reactive oxygen species (ROS) generated in the cellular environment. In this
context, the quantification of total intracellular free radicals was performed using the fluorescent
probe 2°,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) (Figure 7). This assay allowed the in-

vestigation of whether the developed formulation is capable of broadly modulating oxidative stress,
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complementing the findings obtained for NO and providing a more robust overview of cellular protec-

tion and its role in wound-healing activity (Everton, 2025).

Figure 7 - Results of the dichlorofluorescein assay at 24 h and 48 h (PBMCs) and 24 h and 72 h (HaCaT) for the
nanoemulsion containing olive leaf extract and olive oil (NEAZ), negative control (CN), and positive control (CP).
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Data are expressed as mean + SD and presented as a percentage of the negative control (CN = 100%). Statistical analy-
sis was performed using one-way ANOVA followed by Dunnett’s post hoc test. Statistically significant differences
relative to the NC are indicated by p < 0.05 (*), p <0.01 (**), and p < 0.001 (***). CP: positive control (H20).

As observed in Figure 7, PBMCs treated for 24 hours with the highest concentration of
the formulation exhibited a significant increase in oxidative stress. At concentrations of 15 and
7.5 mg/mL, an increase was also observed, although to a moderate extent. Overall, this profile was
concentration-dependent, with lower concentrations generating less stress. This behavior corrobo-
rates recent findings in the literature, demonstrating that natural bioactive compounds frequently
induce the production of reactive oxygen species (ROS) in peripheral immune cells in a strictly con-
centration-dependent manner.

At 48 hours, the increase in oxidative stress was maintained, but at levels lower than those
observed in the previous period, suggesting an initial acute response with a tendency toward reduc-
tion over time. This temporal attenuation suggests a possible late activation of endogenous antioxidant
defense mechanisms in PBMCs, modulating the initial stress to restore cellular homeostasis after the
acute stimulus (Banzato, 2018; Romeiro et al., 2022).

In contrast, keratinocytes (HaCaT) demonstrated a significant reduction in dichlorofluores-
cein levels, reflecting a decrease in reactive oxygen species. At 24 hours, the concentrations of 30
and 15 mg/mL maintained basal oxidation levels close to the negative control (NC), whereas the
lowest concentration (7.5 mg/mL) promoted a statistically significant reduction compared to NC.
After 72 hours, this cytoprotective profile became even more pronounced, with all tested concentra-
tions maintaining DCF levels significantly below the positive control (PC). This time- and concen-
tration-dependent response highlights the antioxidant and protective potential of the formulation in
the cutaneous barrier. This behavior corroborates a study demonstrating how botanical bioactive
compounds stimulate endogenous enzymatic systems in keratinocytes to neutralize chronic oxidative

stress and preserve cellular homeostasis (Xiao et al., 2020).




DIS(IPLINAR A Disciplinarum Scientia. Série: Naturais e Tecnolégicas 263
u IENTl Santa Maria, v. 27, n. 3, p. 245-268, 2026

Since the accumulation of free radicals can cause genotypic damage and apoptosis, the
PicoGreen® assay was used to quantify the presence of free cellular DNA in the supernatant, allow-
ing a direct correlation between the possible antioxidant potential previously demonstrated and the

preservation of genetic material and cell viability throughout the treatments.

Figure 8 - Results of the PicoGreen® assay at 24 h and 48 h (PBMCs) and 24 h and 72 h (HaCaT) for the
nanoemulsion containing olive leaf extract and olive oil (NEAZ), at concentrations equivalent to the MIC
(30, 15, and 7.5 mg/mL), negative control (C-), and positive control (C+).
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Data are expressed as mean + SD and presented as a percentage of the negative control (CN = 100%). Statistical analy-
sis was performed using one-way ANOVA followed by Dunnett’s post hoc test. Statistically significant differences
relative to the NC are indicated by p < 0.05 (*), p <0.01 (**), and p < 0.001 (***). CP: positive control (H202).

As observed in Figure 8, the results of the PicoGreen® assay demonstrate biocompatibility
profiles dependent on cell type, concentration, and exposure time. During the first 24 hours, both
cell lines showed excellent tolerability to the tested concentrations, maintaining controlled levels
of free dsDNA. In PBMCs, the lower concentrations promoted a statistically significant reduction
compared to the negative control, suggesting an initial protective effect. However, at more advanced
biological time points, 48 hours for PBMCs and 72 hours for HaCaT, the highest concentration corre-
sponding to the MIC (30 mg/mL) induced a slight but statistically significant increase in extracellular
DNA release in both models, indicating the threshold of time-dependent cytotoxicity. In contrast, the
concentrations of 15 and 7.5 mg/mL remained strictly safe and at basal levels throughout the entire
experimental period in both cell types, confirming the viability and safety of these concentrations for

prolonged applications.

4 CONCLUSIONS

Based on the results obtained, the nanoemulsion containing olive leaf extract and olive oil
proved to be stable, homogeneous, and suitable regarding its physicochemical properties, exhibiting
a nanometric-scale diameter, low polydispersity index, negative zeta potential, and slightly acidic pH.
Additionally, stability analyses indicated that formulations stored at room temperature and protected
from light exhibited higher stability, showing no significant changes in any of the evaluated parameters.

Regarding pharmacological safety and biocompatibility (assessed via MTT, PicoGreen®,

nitric oxide, and ROS assays), the nanoformulations demonstrated high biocompatibility and low




DIS(IPI.INAR A Disciplinarum Scientia. Série: Naturais e Tecnolégicas 264
u IENTl Santa Maria, v. 27, n. 3, p. 245-268, 2026

cytotoxicity in PBMCs and HaCaT keratinocytes (at concentrations ranging from 30 to 7.5 mg/mL),
maintaining cell viability and proliferation without inducing DNA damage, oxidative stress, or in-
flammatory responses.

Taken together, these findings confirm the safe biological profile of the nanoformulations, con-
solidating their high potential for topical application as a promising, effective, and innovative alterna-

tive for wound healing and skin regeneration.
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