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Abstract: The aim of this study was to formulate nanodispersions to encapsulate antioxidants
extracted from olive mill wastewater (OMW) and phycocyanin extracted from Spirulina maxima to
act as enhancers for the skin’s protection against UV radiation. For this purpose, two water-in-oil
nanoemulsions were prepared using a low-energy homogenization method. Both systems were based
on isopropyl myristate as the continuous phase, while water or a mixture of glycerol and water was
used as the dispersed phase. Then, antioxidants extracted from OMW and phycocyanin from Spirulina
maxima were encapsulated in the water core of the nanoemulsions. The empty and antioxidant-loaded
systems were then structurally studied using dynamic light scattering for the detection of their droplet
size and stability over time. Electron paramagnetic resonance (EPR) spectroscopy using adequate
probes was applied for the characterization of the surfactants’ monolayer in the presence and absence
of antioxidants. It was found that the mean droplet diameter of the emulsions was 200 nm. The
nanoemulsions remained stable for over 2 months. The encapsulated antioxidants were assessed
for their scavenging activity of a model stable radical by applying EPR spectroscopy. It was found
that the loaded systems exhibited an increased antioxidant capacity compared with the empty ones.
Finally, the most stable system was added to commercial sunscreen lotions and the overall sun
protection factor (SPF) was assessed. The sunscreen lotions that contained the nanoemulsions loaded
with OMW extracts or phycocyanin showed an increase in their SPF value.

Keywords: nanoemulsions; antioxidants; cosmetics; olive mill wastewater; Spirulina maxima; sun
protection factor

1. Introduction

The sun is undeniably a source of life for the planet. Spending time in the sun has many
benefits like the production of vitamin D. Nevertheless, as an effect of ozone depletion,
nowadays, a much larger number of UV rays reaches us, having serious effects such as
an increase in the number of skin cancer cases [1,2]. That is why the use of sunscreen
is very important. The filters used in sunscreens to block UV radiation can be either
mineral/physical or chemical. Sunscreens protect the skin from UV (ultraviolet) rays using
chemical or mineral filters. Chemical filters absorb UV rays before they penetrate the skin,
and then they release them as heat, while mineral or physical blockers act as barriers on
the skin, reflecting UV light. Examples of chemical filters include oxybenzone, octinoxate,
and avobenzone, while mineral sunscreens are generally derived from titanium dioxide
or zinc oxide. In recent years, several concerns have been raised about the safety of those
filters due to studies showing that they can be potentially harmful to both human health
and the environment [3–6]. The need to decrease chemical UV filters has led scientists to
search for natural alternatives that can provide certain protection against UV radiation,
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such as herbal extracts, antioxidants, proteins, and other biomolecules that could enhance
photoprotection [7–9].

Nowadays, food waste is considered a cheap source of valuable compounds. Their
recycling ability, while retaining their functionality as additives in different products, is
gaining more and more interest due to the tremendous environmental impact. Food waste
can be applied in various domains, including cosmetics. Some of them, such as antioxidants
extracted from olive mill wastewater (OMW), have even been used as UV booster agents in
sunscreens and cosmetic products [10].

Olive mill wastewater (OMW) is generated from olive oil extraction systems. It has
high-added-value compounds, namely phenolics, pectin, and some important enzymes,
while its untreated disposal to the environment causes a certain toxicity/phytotoxicity
because of its high phenolic content [11]. Apart from water (83–92%), the main components
of OMW are phenolic compounds, sugars, and organic acids. OMW also contains valuable
resources such as mineral nutrients, especially potassium, which could potentially be
reused as a fertilizer. OMW also has significant impacts when discharged directly into
surface water [12]. Polyphenols are contained in OMW in high concentrations, and they
are ingredients of high value since they can be used in several applications. Polyphenols
are also excellent ingredients for cosmetics because of their mechanism for binding free
radicals, making them very good candidates for sun protection, antiaging, and other
dermo-cosmetics [13,14].

Spirulina is a microscopic photosynthetic and filamentous cyanobacterium (blue–
green algae) belonging to the family Oscillatoriaceae that has been used as a food source
since ancient times. Apart from its crude protein (60–70%, w/w) and vitamins (4%, w/w),
spirulina is also rich in essential amino acids (EEAs), minerals, essential fatty acids (EFAs),
and antioxidants. It is now used as a nutraceutical food supplement since it contains
prophylactic, therapeutic nutrients, and several unexplored bioactive compounds [15].
Spirulina can also be used in cosmetics [16]. Spirulina, and algae in general, contain
colored components such as carotenoids, chlorophyll, and phycobiliproteins. The major
phycobiliprotein is phycocyanin [17]. Phycocyanin can be used as a coloring agent in
foods (chewing gums, dairy products, etc.) and cosmetics (lipsticks, eyeliners, etc.). More
recently, phycocyanin has also been found to have a photoprotective effect over ultraviolet
B radiation and could be used in sun-protective products [18,19].

Nanoemulsions (NEs) are kinetically stable colloidal dispersions of two immiscible
liquids, with one of the liquids being dispersed (dispersed phase) as spherical drops in
the other liquid (continuous phase). NEs consist of an oil and an aqueous phase, surfac-
tants, and possibly co-surfactants. Depending on which phase is dispersed to the other,
water-in-oil (W/O) or oil-in-water (O/W) types of nanoemulsions can be formed [20]. NEs
have been used for the encapsulation and delivery of bioactive compounds for several pur-
poses, such as food applications [21–23], drug delivery [24–28], and even for the cosmetics
industry [29,30].

In the literature, there are studies that deal with the use of NEs, OMW, and algae
in cosmetics and sunscreen applications. More specifically, some studies have indicated
that sunflower oil NEs used in conventional sunscreens can enhance the SPF value due
to their smaller droplet sizes compared with traditional emulsions [31]. Additionally,
systems containing spirulina or nanoemulsions containing carotenoids that are derived
from algae have been shown to have an SPF-boosting effect [32,33]. Finally, antioxidants
from OMW have also been applied in cosmetics in general and as SPF boosters, according
to previous studies [34,35]. Furthermore, concepts such as ecodesign, circular economy,
bioeconomy, and industrial symbiosis are no longer only sustainability trends or academic
endeavors. They develop and materialize in policies and regulations, as seen in the
Ecodesign Directive 2009/125/EC, the EU’s bioeconomy strategy and action plan, the
EU Circular Economy Action Plan, and the European Green Deal, as well as in the Global
Sustainable Development Goals, specifically, Goal 12 concerning responsible production
and consumption.
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The research in the present paper builds upon these concepts of great importance for
the Mediterranean and Greek biodiversity. Taking the case of OMW, the goal is to transform
them from waste to resource and close a production loop, linking the output of agricultural
production to the input of the chemical industry. Why do so? Because on the one hand,
OMW has high toxicity due to a high organic load. This is a chronic environmental problem
in Mediterranean countries that needs to be addressed. On the other hand, this organic load
can be a resource. Indeed, OMW is full of phenolic compounds some of which, such as ty-
rosol, hydroxytyrosol, oleuropein, and oleocanthal, are valuable not only for cosmetics, due
to their antioxidant properties, but also to other sectors like pharmaceuticals and the food
industry or for its use in biofuel, agriculture, enzyme production, etc. [36–38]. This holistic
perspective where separate industries are considered within one “industrial ecosystem”
not only helps reduce environmental burdens but also creates a whole new economy root,
i.e., olive mills could earn from the commercial exploitation of their byproducts by offering
them for sale and industry could benefit from the purchase of low-cost raw materials.

Similarly, algae such as spirulina are also of significant economic importance within a
bioeconomy, i.e., they can be used as food sources or fertilizers, as well as in fish farming.
They also play a key role in the reclamation of alkaline and can be used as a soil-binding
agent as well as in a variety of commercial products [39]. Spirulina is economically signif-
icant because it can be quickly produced on an industrial scale using low-cost materials
such as wastewater from potato processing plants, molasses, etc. [40].

In the present study, biocompatible W/O NEs were formulated for the encapsulation
of antioxidants extracted from OMW and phycocyanin from Spirulina maxima with the
aim to be used as components in the cosmetics industry and more specifically as sun
protection enhancement agents. These systems were structurally studied in terms of their
antioxidant capacity, as well as with respect to their effect on the SPF values of already-
known sunscreens. These novel systems can help the cosmetics industry formulate products
using more sustainable and environmentally friendly materials and reduce chemicals in
their products without missing any of their effectiveness. Following this project, more
biocompatible substances could be found in the light of research, and more agricultural
byproducts could be used so that new economic paths are created, waste products are
reduced, and more sustainable products are created. Finally, the combination of these
bioactive substances with their encapsulation in NEs could significantly enhance their
effectiveness due to better dispersion and endurance since they are protected from coming
in direct contact with air or sunlight.

2. Materials and Methods
2.1. Materials

Ethyl acetate and n-hexane were purchased from Lab Scan (Bangkok 10330, Thailand).
Folin–Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), galvinoxyl, and 5-doxyl
stearic acid-free radicals were acquired from Sigma-Aldrich (Chemie GmBH, Munich,
Germany). Lauroglycol 90, Plurol Oleique MB, and Labrasol ALF were kindly donated
by Gattefossé (Saint-Priest, France). Isopropyl tetradecanoate 98% (IPM) was purchased
from Alfa Aesar (Kandel, Germany), and glycerol was obtained from Serva (Heidelberg,
Germany). Sun lotion SPF 30, sun lotion SPF 50, reference sunscreen formulation SPF 43.0
(P6), and reference sunscreen formulation SPF 63.1 (P8) were used. Olive mill wastewater
was collected from olive mills in Filiatra, Messinia, Greece, and Spirulina maxima was
provided by Algi S.A, Serres, Greece. During the experiments, both distilled and ultra-pure
water were used.

2.2. Methods
2.2.1. Extraction of Antioxidants from OMW

Wastewater samples were collected from two-phase (process without the addition
of water) and three-phase (process with added water) centrifugal olive oil mills. From
the three-phase olive mills, waste samples were collected from the first and final stages of
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production (sample 1 and sample 2, respectively). Two-phase olive mills produce waste
only in one stage, and that is what was collected (sample 3). The samples were collected in
plastic containers 10 L in volume (approved for food contact applications) and stored in
a cold room at 4 ◦C. To avoid the frequent exposure of the samples to oxygen, they were
divided into smaller volumes and stored at 4 ◦C. The extraction procedure was carried out
using the liquid–liquid extraction method, as described by Leouifoudi et al. (2014). Initially,
equal volumes of OMW and hexane were transferred to a flask and were vigorously shaken
for 1 min, and then the content of the flask was centrifuged for 15 min at 4000× g in order
to remove any organic content of the OMW. The supernatant was removed, and washing
was repeated two more times by adding hexane to the precipitate. Extraction was then
carried out with ethyl acetate, following the same procedure as the washing process. More
specifically, the precipitate from the washing process was mixed with an equal volume
of ethyl acetate, and the mixture was shaken vigorously and then centrifuged for 15 min,
at 4000× g. The supernatant was collected this time in a vial, and the procedure was
repeated two more times. The temperature was always kept at 25 ◦C. Finally, ethyl acetate
was evaporated using a rotary evaporator with a bath at 45 ◦C, and the residues were
redissolved in distilled water and stored in the refrigerator at 4 ◦C [41]. The procedure is
also presented as a svhematic representation in Figure 1.
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Figure 1. Schematic representation of the extraction of polyphenols from OMW.

2.2.2. Extraction of Phycocyanin from Spirulina maxima

Spirulina maxima flakes were mixed with 50 mM of phosphate buffer (NaH2PO4:Na2HPO4),
pH 7.2, in a plastic tube in a 1:10 biomass-to-buffer ratio. The tube was folded with
aluminum foil, and its contents were shaken thoroughly until the flakes were fully dissolved.
Afterward, the tube was put in the freezer (−4 ◦C) until it was solidly frozen, and then it
was left outside at room temperature (25 ◦C) (the freeze–thaw process), and the procedure
was repeated two more times to break down the cells. The tube was then left to reach room
temperature, and it was centrifuged at 13,420× g at 4 ◦C for 20 min. The supernatant was
collected and saturated with ammonium sulfate up to 30% to remove any contaminants.
The vial was then left in a cold room (4 ◦C) under stirring for 1 h, and the mixture was
centrifuged again at 13,420× g for 20 min. The supernatant was collected, and ammonium
sulfate was added again to reach 70% saturation. The mixture was left under stirring at 4 ◦C
overnight. The mixture was then centrifuged at 13,420× g at 4 ◦C for 30 min. The precipitate
was collected and then redissolved in distilled water. The solution was transferred to
dialysis membranes, which were put in beakers with distilled water. Dialysis was carried
out for two days with the water being regularly changed. Finally, the phycocyanin solutions
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were collected and mixed with glycerol in a 1:1 v/v ratio and stored in the freezer (−6 ◦C).
The phycocyanin solution that was going to be immediately used was not mixed with
glycerol [42,43]. The procedure is also presented as a svhematic representation in Figure 2.
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2.2.3. Determination of the OMW Extracts’ Total Phenol Content

In a tube, 0.5 mL of the properly diluted extract was mixed with 2.5 mL of Folin–
Ciocalteu reagent (diluted 1:10 in ultrapure water) and was kept in the dark for 5 min.
Afterward, 2 mL of 7.5% sodium carbonate was added, and the tubes were kept in the dark
for 2 h. Absorbance was measured at 760 nm using a glass cuvette. The quantitative results
were calculated using a standard curve of gallic acid and are expressed as mg of gallic acid
equivalents per kg of OMW sample [44].

2.2.4. Determination of the Spirulina maxima Extract’s Phycocyanin Content

Phycocyanin concentration in the extract was calculated photometrically. After proper
dilution with distilled water, the extracts’ absorption was measured at 620 and 650 nm.
The concentration was calculated using the formula indicated below, where PC is the
phycocyanin concentration (mg/mL), A620 is the sample’s absorption at 620 nm, and A650
is the sample’s absorption at 650 nm [32].

PC =
[A620 − 0.474(A650)]

5.34
(1)

Alongside the determination of phycocyanin concentration, the extract’s purity was
also determined photometrically. The extract’s absorption was measured at 280 nm after
proper dilution. The purity is determined using the ratio indicated below, where A620 is
the maximum absorbance of phycocyanin, and A280 is the absorbance of total proteins [45].

EP =
A620
A280

(2)

2.2.5. Preparation of W/O NEs Using the Low-Energy Method

Two low-energy O/W NEs (N1 and N2) were prepared using the isothermal sponta-
neous self-emulsification method [36] with a mixture of surfactants (Plurol Pleique, Plurol
Diisostearique, Labrasol, and Dehymuls PGPH) and IPM as the continuous phase and
water or a mixture of glycerol and water as the internal phase.

To formulate the NEs, the oil phase of the process was initially carried out by mixing
the surfactants with IPM using a magnetic stirrer. Afterward, the aqueous phase of the
process was performed with the addition of water (with or without the additives) to the oil-
surfactant mixture under constant magnetic stirring. After the completion of the aqueous
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phase, the mixture was left under stirring for 1 h. The prepared NEs were transferred to
glass bottles and stored at ambient temperature. For the loaded NEs, antioxidants extracted
from OMW or phycocyanin were added at a concentration of 0.12% w/w. The compositions
of the NEs used are listed in Table 1. All the ingredients used were biocompatible.

Table 1. Composition of the NEs.

Composition (% w/w) Nanoemulsions

N1 N2

IPM 86.25 81.25
Water 10 10

Glycerol - 5
Plurol Oleique 1.5 1.5

Plurol Diisostearique 0.75 0.75
Labrasol 0.75 0.75

Dehymuls PGPH 0.75 0.75

2.2.6. The Antioxidant Assessment of the OMW and Spirulina maxima Extracts via
DPPH Scavenging

Briefly, 0.5 mL of the sample was mixed with 0.5 mL of ethyl acetate. Then, 0.5 mL
of this mixture was added to 2 mL DPPH (70 µM in ethyl acetate). The solution was put
in a glass cuvette, and the absorption was measured at 515 nm with time scanning. The
percentage of inhibition was calculated using the formula [(Ac − As)/Ac] × 100, where Ac
is the absorbance of the control sample (DPPH in ethyl acetate), and As is the absorbance
of the sample at a certain time [46].

2.2.7. Determination of the Antioxidant Activity Using the Galvinoxyl Free Radical
Detected via Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectra were obtained at a room temperature of 25 ◦C, with a Bruker EMX EPR
spectrometer operating at the X-Band. Before the analysis, the samples were prepared
as described below. In a vial of 1.5 mL capacity, covered with aluminum foil, 1 mL of
galvinoxyl free radical (0.25 mM in isooctane) was transferred. The vial was stored in
the dark for 30 min. Subsequently, 50 µL of the galvinoxyl was removed, and 50 µL of
the sample was added at a final concentration of 0.5%. The mixture was shaken and
then transferred to a quartz flat aqueous sample cell and then placed in the EPR probe.
As a blank sample, 50 µL of isooctane was added to the galvinoxyl free radical solution.
Measurements were taken at 2, 5, 8, 10, 13, 15, 18, 20, 23, 25, 28, and 30 min. The Bruker
WinEPR acquisition and processing program was used for data collection and analysis. The
percentage of inhibition was calculated with the formula [(A0 − A)/A0] × 100, where A0 is
the integral intensity of the EPR spectrum of each sample’s first measurement, which was
considered as the zero time point, and A is the integral intensity of the EPR spectrum at a
given time [47].

2.2.8. Dynamic Light Scattering (DLS) Measurements

A Zetasizer Nano ZS (ZEN3600) analyzer (Malvern Instruments Ltd., Malvern, UK)
equipped with a He-Ne laser (633 nm) and non-invasive backscatter (NIBS) optics was used
for droplet size and PDI measurements of the W/O NEs. The results were processed with
the Malvern Zetasizer Nano software, version 6.32 (Malvern Instruments Ltd., Malvern,
UK), which fits a spherical model of diffusing particles with low polydispersity. The
samples were placed in a glass cuvette of 1 cm width with no dilution or further treatment.
Measurements were carried out in triplicate at 25 ◦C.
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2.2.9. Surfactant Membrane Dynamics Using Electron Paramagnetic Resonance
(EPR) Spectroscopy

In this study, 5-doxyl stearic acid, a fatty acid derivative labeled at the aliphatic chain,
was used to probe membrane dynamics at a certain depth.

EPR measurements were performed with an EMX Bruker EPR spectrometer at the
X-Band (9.8 GHz) using a quartz flat aqueous sample cell. Instrument settings were a center
field of 0.348 T, scan range of 0.01 T, receiver gain of 5.64 × 104, time constant of 10.24 ms,
conversion time of 5 ms, and modulation amplitude of 0.4 mT. Briefly, 5-DSA dissolved in
ethanol (1 mL, 1% w/v) was placed in a plastic tube, and the ethanol was evaporated with
the use of low nitrogen flow. Afterward, 1 mL of nanoemulsion was added to the tube. The
contents of the tube were shaken vigorously and were left for 24 h at ambient temperature
so that the spin probe could be fully incorporated.

The Bruker WinEPR acquisition and processing program was used for data collection
and analysis. EPR spectra were analyzed in terms of rotational correlation time (τR) and
order parameter (S), as described in detail elsewhere [23,48,49].

2.2.10. Clinical Pre-Assessment of the Sun Protection Factor (SPF)

A total of five volunteers were recruited for the study. All the volunteers fulfilled the
requirements of inclusion for the study and signed the informed consent form (ICF, Human
Ethics Committee 0001031910). All the volunteers were aware of the purpose and nature of
the study and any foreseeable risks.

The non-inclusion criteria, which consist of the limitations on the design of the clinical
study, were the following:

• Children and persons below the local legal age of consent or >70 years;
• Pregnant or lactating women;
• Subjects using medication with photo-sensitizing potential;
• Subjects using anti-inflammatory medication;
• Subjects with systemic dermatological conditions;
• Subjects with a history of abnormal response to the sun;
• Subjects who used tanning beds in the previous eight weeks prior to SPF testing;
• Subjects with sun exposure on the back area in the previous eight weeks prior to SPF

testing;
• Subjects with marks, blemishes, or nevi in the test area;
• Subjects presenting with existing sun damage in the test area;
• Subjects with excessive hair in the area on the test on the day of testing;
• Subjects with skeletal protrusions and extreme areas of curvature in the test area.

The NEs that were selected to be tested for their sun protection effectiveness were
incorporated in two commercial sunscreen lotions with already-tested SPF values of 30 and
50, respectively. The sunscreen lotions were produced according to the method followed by
Cleanway Ltd. with the addition of the NEs in the oil phase of the lotion at concentrations
of 1, 3, and 5% w/w at 70–75 ◦C under stirring with the use of a heating magnetic stirrer
(Agimatic-N, J.P. Selecta, Barcelona, Spain) at 700 rpm. Finally, the solutions from the oil and
aqueous phases were mixed, and they were homogenized using a high-shear mixer (X1000D
Unidrive, Ingenieurbüro CAT, Ballrechten-Dottingen, Germany) at 2500 rpm for 5 min.

The testing procedure for the evaluation of the SPF value is described as follows:
Day 1
The irradiation of the test sites of unprotected skin without test products was carried

out over randomly chosen sites on the back of the volunteers.
Day 2
Before product application, the test area was cleaned, but only by using a dry cotton

pad or equivalent.
Afterward, a precise and homogenous amount (2.00 ± 0.05 mg/cm2) of the products

was spread over randomly selected test sites on the back of the volunteers. The same
procedure was followed with two reference sunscreen formulations, namely P6 and P8.
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The products were applied consistently in order to obtain a constant thickness so that the
length of the UV rays’ pathway through the sample could be considered homogeneous
at each point. The exposure of the test site to the sequence of UV doses started about
15–30 min after the application of the products. The standards (P6 and P8) used were in
accordance with ISO 24444:2019 (E) [50]. A xenon lamp (Universal Arc Lamp Housing
66021, Xenon Lamp 1000 W, Oriel Instruments, Staford, CA, USA), connected to a suitable
power supply (68820 Universal Power Supply, Oriel Instruments), was used for irradiation.
After UV exposure, the standard and tested products were gently removed from the skin of
the volunteers using a cotton pad.

Day 3
The minimal erythemal dose (MED) is defined as the lowest UV dose that produces

the first perceptible unambiguous erythema, with defined borders appearing over most
of the UV exposure area 16 to 24 h after UV exposure. The MEDs for unprotected skin
(MEDu), protected skin using the testing product (tpMEDp), and protected skin using
the standard sunscreen product (ssMEDp) were determined on the same day. The MEDs
were assessed 20 ± 4 h after UV exposure. The MEDs were assessed visually by a trained
specialist. Visual assessment was performed with sufficient and uniform illumination
(>500 lux). The calculated MEDs are expressed in terms of energy/surface (µj/cm2). The
individual sun protection factor (SPFi) value for a product is defined as the ratio of the MED
of product-protected skin (MEDpi) and the MED of unprotected skin (MEDui) for the same
subject. The SPF of the product is the arithmetic mean of all valid SPFi values obtained
from all the subjects in the test, expressed to one decimal place: SPFi = MEDpi/MEDui.

Table 2 shows the SPF values as well as the accepted limits for the two reference
sunscreen formulations that were used. For sunscreen products with SPF ≥ 25 but less
than SPF 50, P6 and P8 reference standards were used as references standard in accordance
with ISO 24444:2019 (E).

Table 2. Mean SPF and acceptance limits for reference sunscreen formulations.

Reference Sunscreen Formulation Mean SPF
Acceptance Range

Lower Limit Upper Limit

P6 43.0 31.0 54.9

P8 63.1 43.9 82.3

3. Results and Discussion

In the present study, antioxidants were extracted from OMW and Spirulina maxima.
The extraction yield was assessed based on the quantification of the substances in the two
extracts, namely polyphenols from the OMW and phycocyanin from Spirulina maxima.
The extracts were studied in terms of their antioxidant capacity and then encapsulated in
two NEs. Both empty and loaded NEs were structurally characterized in terms of their
antioxidant capacity in the presence and absence of the aforementioned bioactives.

Two novel W/O NEs were formulated to encapsulate polyphenols and phycocyanin.
The NEs were formulated using a combination of the low-energy method and high-speed
homogenization. Both empty and loaded NEs were formulated, and their antioxidant
capacity was determined via EPR spectroscopy. EPR spectroscopy and DLS were used to
structurally define the NEs.

3.1. Determination of the OMW Extracts’ Total Phenol Content

By performing these analyses, the goal was to examine the total phenol content of
the OMW extracts since the polyphenol concentration in OMW can be up to 53% [51].
More specifically, it is widely known that the most abundant antioxidant found in OMW is
hydroxytyrosol, an antioxidant with a high scavenging effect against free radicals [52]. The
phenolic content may also be rich in tyrosol, caffeic acid, vanillic acid, and other hydrophilic
compounds found in olives [53].
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For the determination of the total phenol content, the Folin–Ciocalteau method was
used. The Folin–Ciocalteau reagent (FCR) is a mixture of phosphomolybdate and phos-
photungstate. The reagent is not only used to measure phenols but also every reducing
substrate. More specifically, in an alkaline environment, phenolic compounds oxidize,
while the FCR is reduced to a mixture of cyan molybdate and tungstate oxides, which
absorb at 760 nm. The concentration of the phenols is calculated with a standard curve,
and it is expressed as gallic acid equivalents (GAEs).

Table 3 shows that the highest total phenol content was found in sample 1, which was
collected from the first-stage waste products of the three-phase olive oil mill. Sample 2,
collected from the final stage of the three-phase olive oil mill, had the second-highest phenol
content, while the waste products of the two-phase olive mill contained the lowest amount
of phenols (sample 3). This is due to the oil extraction process, since in three-phase olive
mills, water is added, and hydrophilic polyphenols are removed from the oil. The same
does not apply in two-phase olive mills, where water is not added during olive extraction.
These results are supported by research concerning the production and valorization of
byproducts derived from different ways of oil extraction. Indeed, it was found that the first
stage of three-phase olive mills produces the richest waste in phenols, which necessitates
its replacement by two-phase olive mills [54,55]. Hence, it was decided to proceed with the
extraction of sample 1, since it had the highest yield among the samples, and the recovered
antioxidants were encapsulated in the W/O NEs. These results are supported by other
studies comparing the different kinds of olive oil extraction and the waste byproducts that
each method produces [56].

Table 3. Total phenol content of the samples (mg/L) expressed in gallic acid equivalents (GAEs).
Each value in the table is represented as mean ± SD (n = 3).

Sample Total Phenols
(mg/L of Extract)

Total Phenols
(mg/L of Wastewater)

Three-phase OMW (first-stage waste) 3131.9 ± 0.8 1565.5 ± 0.5
Three-phase OMW (second-stage waste) 115.4 ± 0.9 57.7 ± 0.3

Two-phase OMW 24.6 ± 0.2 12.3 ± 0.9

3.2. Extraction of Phycocyanin from Spirulina maxima

The extraction of phycocyanin followed certain steps. Initially, the biomass was
dispersed in phosphate buffer at a 1:10 (w/v) ratio, and cyanobacteria cells were broken
down using the freeze–thaw method (three cycles), followed by saturation with ammonium
sulfate to achieve the subsidence of the protein. Finally, dilution was carried out in order to
remove other molecules so that the final sample would have a higher purity. Phycocyanin
does not have a long lifetime and has great sensitivity to light [57]. Therefore, for longer
storage, it was mixed with glycerol (1:1 v/v) and kept in the freezer. The freeze–thaw
process was considered the simplest approach for breaking down the cells, and according
to previous research, three cycles is the optimum choice [42,45]. The biomass extracted
from spirulina was 10.2 mg/g, with 0.44 purity in phycocyanin.

3.3. Dynamic Light Scattering (DLS) Measurements

System N1, in which IPM was used as the continuous phase, and water was used as
the internal phase, and system N2, in which IPM was used as the continuous phase, and
a mixture of water and glycerol was used as the internal phase, were studied regarding
the size evolution of their droplets and PDI. The NEs were prepared as both empty and
containing the antioxidants extracted from OMW or phycocyanin extracted from Spirulina
maxima. In Figure 3, the mean droplet diameter of the samples is presented, as well as
its evolution with time. As shown in Figure 3a, all three NEs, namely the empty sample
(N1 empty), the one loaded with antioxidants from OMW (N1 OMW), and the one loaded
with phycocyanin (N1 Phy) at the beginning of the preparation process, had a mean
droplet diameter of about 200 nm. With time, the NEs reached equilibrium, and the mean
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droplet diameter of all three NEs was 170 nm. The same pattern was observed for the
PDI measurements of N1, which are presented in Figure 4. What is interesting is that
the droplet size of the NEs containing the bioactives decreased noticeably quicker than
the empty N1 emulsion. This means that the presence of additives affects the surfactant
monolayer. In fact, the surface activity of phycocyanin has been found to be increased in the
oil–water interface [58]. Furthermore, some studies have revealed that polyphenols can act
as amphiphiles, depending on their structure, and can modify the hydrophilic/lipophilic
balance of the molecules with which they interact [59,60]. Phase separation was observed
for the system loaded with phycocyanin after 38 days of storage at room temperature. The
same did not occur for the empty NEs and those loaded with antioxidants, which did not
break for at least 60 days. The evolution of the droplets’ size was in correspondence with
the PDI. For the N1 Phy system, the PDI gradually increased following the course of droplet
size, up to the point of phase separation. On the other hand, N1 empty and N1 OMW had
a stable PDI that did not show significant changes up to the 60 days of storage. Another
phenomenon observed concerning the PDI of the N1 empty and N1 OMW systems was
that it started at a higher level on the first day of preparation and decreased during the first
3 days until it reached equilibrium. This result has also been observed in other studies [61],
which could be due to the high energy input that is given to the molecules to participate at
the interface after homogenization, and therefore it takes some time to reach equilibrium.
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N2 systems were not so stable, as they phase-separated between 12 and 14 days of
storage at ambient temperature. PDI and the mean droplet diameter of all three systems
gradually increased up to the point of breakdown. Another difference observed between
N1 and N2 systems was that the initial PDI values of all N2 systems were lower than those
of the N1 systems. In fact, glycerol has been proven to be a very effective co-surfactant that,
in certain concentrations, helps to decrease the droplet size of emulsions and increase their
stability [62–64].

In order to investigate whether we could prolong the stability of these systems, they
were prepared and stored at 4 ◦C in the fridge. The N1 Phy system remained stable for
25 days, while the N2 systems were stable for 22 days with no signs of phase separation.
The increased stability of NEs stored at 4 ◦C is supported by several other studies [65,66].

The stability of nanoemulsions is a topic with a very broad spectrum of results. Un-
like thermodynamically stable microemulsions, NEs are only kinetically stable, meaning
that their collapse is contingent upon the specific ingredients and preparation methods
employed. There are different physicochemical mechanisms through which nanoemulsions
may break down, including gravitational separation flocculation, coalescence, and Ostwald
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ripening [20]. The DLS experiments revealed that the most probable breakdown process
in the empty and loaded N2 nanoemulsions was Ostwald ripening since the evolution
of droplet size was observed over time [20,22]. In the case of N1 nanoemulsions, phase
separation could be related to interfacial changes due to the different participation of the
additives, which is attributed to the coalescence mechanism. Regarding the effect of the
formulation method on stability, the preparation of highly stable nanoemulsions using the
low-energy approach has been reported in the literature [47,60].

3.4. Structural Characterization Using Electron Paramagnetic Resonance (EPR) Spectroscopy

Information on the dynamics of the surfactant layer was obtained using EPR spec-
troscopy, with the aid of an amphiphilic spin probe using 5-DSA in both empty and loaded
NEs. Notably, 5-DSA is a fatty acid derivative labeled with a N-O moiety attached to the C-5
position of the hydrocarbon chain. Due to its amphiphilic nature, it is found at the water–oil
interface interacting with the surfactants. The results obtained from these experiments
were in the form of three-line spectra, characteristic for all spin probes with N-O moieties
(Figure 5 with EPR spectra). The values of the correlation time (τR) expressing the mobility
of the 5-DSA probe and the order parameter (S) expressing the rigidity of the surfactant’s
monolayer were calculated from the experimental EPR spectra, as reported in previous
publications from our group [47,48]. These values are given in Table 4 for both N1 and N2
in the presence and absence of the encapsulated phycocyanin or OMW. Parameter S is given
in values ranging from 0 to 1, with 0 being the extremely loose state and 1 being the most
rigid state of the surfactants’ membrane. Data from Table 3 indicate that the surfactants’
membrane was relatively elastic (all values were close to 0) and did not seem to change in
the presence of the encapsulated antioxidants or glycerol. This is in accordance with other
encapsulated antioxidants in W/O matrices, such as microemulsions, as suggested in the
literature [67].
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Table 4. The rotational correlation time (τR) and order parameter (S) values of 5-DSA for N1 and N2
NEs. Each value in the table is represented as mean ± SE (n = 3).

System
5-DSA

τR (ns) S

N1 empty 0.57 ± 0.08 0.05 ± 0.01

N1 OMW 0.59 ± 0.02 0.06 ± 0.01

N1 Phy 0.63 ± 0.06 0.05 ± 0.01

N2 empty 0.67 ± 0.04 0.05 ± 0.01

N2 OMW 0.54 ± 0.03 0.05 ± 0.01

N2 Phy 0.58 ± 0.05 0.05 ± 0.01

The τR values regarding N1 exhibited a slight increase in the mobility of the probe
upon the addition of both OMW and phycocyanin. This could be due to the interactions
between the antioxidants and the polar heads of the polyphenols, while this was not the
case for N2. In the case of N2 systems, the presence of phycocyanin and OMW appeared
to decrease the τR values. Phycocyanin is a protein; hence, it is a larger molecule than
polyphenols and therefore could have a greater effect on the membrane due to its structure.
This reflects the results obtained from the DLS measurements, indicating a decrease in the
droplets’ size when the additives were incorporated into the system. Furthermore, the
presence of glycerol at the dispersed phase of the N2 systems facilitated the mobility of the
spin probe for the empty systems, as it may interfere with the surfactant’s monolayer. This
could be due to the well-known co-solvent ability of glycerol, as mentioned above [68,69].
The rigidity of the membrane did not seem to be affected in any of the systems, as presented
in Table 4.

3.5. Antioxidant Assessment of the OMW and Spirulina maxima Extracts via DPPH Scavenging

The antioxidant capacity of the extracts was photometrically measured with the DPPH
scavenging technique over time to observe the kinetics of the reaction between the free
radicals and antioxidants of each extract. The DPPH assay was used to predict antioxidant
activity via the mechanism in which antioxidants act as deterrents against lipid oxidation.
Thus, the scavenging of the DPPH free radical occurs, and free radical scavenging capacity
can be determined. Figure 6 shows the % inhibition of the DPPH free radical during a time
period of 120 s after the addition of the sample in the DPPH solution.
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Phycocyanin appeared to inhibit the free radical much more than the OMW extracts,
reaching an inhibition percentage of 98.4% and 83.1%, respectively, after 100 s. The antiox-
idant capacity of polyphenols has been widely studied and proven to be very effective
against free radicals and in particular DPPH [51,70]. Their antioxidant properties have
also been studied in order to be used as natural antioxidant additives in cosmetics [35,71].
The main component that is found in OMW is hydroxytyrosol (HT) [72], while the rest
consist of several flavonoids. On the other hand, phycocyanin has also been found to be
effective in free radical scavenging, with multiple studies proving its potential as a natural
antioxidant for food and cosmetic applications [73,74]. Phycocyanin is usually formed
by polypeptide subunits (α and β), which are covalently linked to chromophores (bilins,
phycocyanobilin (PCB), and phycoerythrobilin (PEB)) through thioether linkage [75]. It
has been discovered that the α subunit contains one PCB, whereas the β subunit carries
one PCB and one PEB [76]. While searching for mechanisms to explain phycocyanin’s
antioxidant capacity, it was retorted that both apoprotein (α and β subunits) and PCB
components are involved [77]. More specifically, apoprotein (subunits α and β) has been
found to contribute to hydroxyl radical (OH) scavenging activity [78], and PCB scavenges
most radicals [79]. It can be concluded that both phycocyanin and antioxidants from OMW
are very powerful antioxidants. The difference between their scavenging ability in the
present study is not very clear. Nevertheless, it could be assumed that the presence of glyc-
erol in phycocyanin, which was used as a preservation medium, enhanced its antioxidant
effect [68].

3.6. Determination of the Antioxidant Activity Using the Galvinoxyl Free Radical Detected via
Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a technique that measures free
radical signals, which are directly indicative of their scavenging by antioxidants over time.
The creation of free radicals on the skin can have effects that range between mild and very
serious for human health. Hence, the scavenging ability of cosmetic products is of great
importance and is currently under study [80,81].

The EPR spectroscopy measurements of the stable free radical galvinoxyl were carried
out on both N1 (empty and with the additives) and N2 (empty and with the additives)
systems. Figure 7a shows the gradual increase in the free radical’s inhibition with the
addition of the additives in N1 systems. Both the antioxidants extracted from OMW and
phycocyanin extracted from Spirulina maxima enhanced the sample’s antioxidant ability. In
N1, the antioxidants from OMW increased the sample’s antioxidant capacity more than
phycocyanin. This could be due to the chemical affinity of the water used in the aqueous
phase and polyphenols, which were the main components of the OMW extracts. The
results shown in Figure 7b, concerning N2 systems, do not differ significantly from those in
Figure 7a. A slight increase in the N2 Phy system was observed, indicating a correlation
between phycocyanin and the presence of glycerol. It has been found that glycerol acts
protectively against phycocyanin degradation, and it is even used for storage [82].
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3.7. Clinical Pre-Assessment of the Sun Protection Factor (SPF)

The SPF booster efficiency of the extracts from OMW and phycocyanin from Spirulina
maxima was tested via a clinical assessment of the SPF.

The SPF booster efficiency was assessed for the N1 loaded systems, namely N1 loaded
with antioxidants extracted from OMW and N1 containing phycocyanin. N1 systems were
chosen instead of N2 due to their increased stability at room temperature. The NE was
added at three different concentrations, namely 1, 3, and 5% w/w, in the Tango Sun Lotion
SPF 50. The results showed no significant differences between NE concentrations, so we
decided to proceed with the 3% NE concentration for our investigation so that we could
conduct the procedure with the addition of less NE, which also led to the highest efficiency.
As shown in Figure 8a,b, both bioactives resulted in an increase in the SPF value of the
original sun lotion. In the case of the sun lotion with an SPF value of 30, the addition of N1
OMW increased the SPF by 8%, while N1 Phy exhibited an increase of 27% when compared
to the original sun lotion. For the case of sun lotion SPF 50, the obtained results were also
positive for both additives. The presence of N1 OMW increased the SPF by 14%, while
at the same time, N1 Phy revealed no significantly different results, increasing the SPF
by 13%. The actual SPF of the original SPF 50 sun lotion is very close to the maximum
effectiveness of a sun lotion, as has been proposed by the FDA [83,84]. This is probably
why there was no significant variation in the additives’ booster efficiency since there was
little room for further increase. A t-test was performed, and the results showed that, for the
SPF 30 sun lotion, the contribution of phycocyanin was statistically significant in boosting
the SPF value. OMW on the other hand, while increasing the SPF value in number, did
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not appear to do so in a significant way. An increase, but not statistically significant, was
also observed with the additives in the SPF 50 sun lotion. The relevance or not of the
statistical analysis is debatable due to the small number of test subjects, which resulted in
high standard deviations.

Cosmetics 2023, 10, x FOR PEER REVIEW 17 of 22 
 

 

Figure 8. SPF booster efficiency of N1 OMW and N1 Phy systems on (a) Tango Sun Lotion SPF 30 
and (b) Tango Sun Lotion SPF 50. t-test was performed for the statistical analysis. Significant differ-
ences between values are indicated by different letters a,b (p < 0.1). 

4. Conclusions 
Antioxidants extracted from olive mill wastewater and phycocyanin extracted from 

Spirulina maxima were encapsulated in two W/O NEs. For the two NEs, IPM was used as 
the continuous phase, while water (N1) or a mixture of water and glycerol (N2) was used 
as the dispersed phase. The addition of the OMW extracts seemed to further stabilize the 
emulsion, while the presence of phycocyanin led to less stable systems. In N1, the antiox-
idants from OMW increased the sample’s antioxidant capacity more than phycocyanin. 
This could be due to the chemical affinity of the water, used as the aqueous phase, and the 
polyphenols, which were the main components of the OMW extracts. On the other hand, 
N2 containing OMW had similar antioxidant activity to the one containing phycocyanin. 
The N1 system was more stable than N2 when stored at room temperature, and it was the 
one that was used for the determination of the SPF boosting efficiency. The results we 
obtained show a significant increase in the SPF value when the two additives were pre-
sent. Although both phycocyanin and OMW increased the SPF, OMW in SPF50 increased 
the SPF significantly. 

Overall, the OMW and phycocyanin encapsulated in biocompatible NEs retained 
their antioxidant activity and could be used as components in cosmetic products for sun 
protection. The formulated systems also contained IPM, biocompatible surfactants, and 
glycerol, which are very commonly used ingredients in cosmetic creams since they have 
stabilizing and hydrating properties. OMW seemed to be very effective in boosting SPF 
protection, and it is also an inexpensive material, with a good extraction yield of antioxi-

0

10

20

30

40

50

TANGO SPF 30 TANGO SPF 30 +
3% N1 OMW

TANGO SPF 30 +
3% N1 Phy

SP
F

Samples

a

a a,b
b

0
10
20
30
40
50
60
70
80

TANGO SPF 50 TANGO SPF 50 +
3% N1 OMW

TANGO SPF 50 +
3% N1 Phy

SP
F

Samples

b
a

a a

Figure 8. SPF booster efficiency of N1 OMW and N1 Phy systems on (a) Tango Sun Lotion SPF 30 and
(b) Tango Sun Lotion SPF 50. t-test was performed for the statistical analysis. Significant differences
between values are indicated by different letters a,b (p < 0.1).

Polyphenols, specifically the ones derived from plants, have been tested for years
and have proven to be quite effective as anti-inflammatory, antioxidant, and DNA repair
agents [85,86]. More recent research focuses more on the protection those substances can
offer against UV radiation. Several published studies have demonstrated the effectiveness
of NEs, thereby corroborating the data we obtained [34,87,88].

Phycocyanin is a naturally occurring compound of spirulina, a well-known type of
cyanobacteria. The pigments of cyanobacteria, including spirulina, have been studied
for their antioxidant as well as sun protective activities, giving promising results, thus
supporting our claim of phycocyanin being a UV protection-booster agent [89,90].

The NEs were selected for the better delivery, bioavailability, and dispersion of the
bioactives in the final product as well as for the protection they offer to the encapsulated
substances, mainly against oxidation [91–94]. This capability of NEs has already been
verified in numerous studies published over the years, so it can be assumed that the
encapsulation of the bioactives in the NEs increases their effectiveness. Galanakis et. al.
(2018) showed that the entrapment of phenols in silica particles prior to their emulsification
in cosmetics improved their water resistance, which is also a very important criterion for a
sunscreen’s actual effectiveness [33].
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4. Conclusions

Antioxidants extracted from olive mill wastewater and phycocyanin extracted from
Spirulina maxima were encapsulated in two W/O NEs. For the two NEs, IPM was used as the
continuous phase, while water (N1) or a mixture of water and glycerol (N2) was used as the
dispersed phase. The addition of the OMW extracts seemed to further stabilize the emulsion,
while the presence of phycocyanin led to less stable systems. In N1, the antioxidants from
OMW increased the sample’s antioxidant capacity more than phycocyanin. This could be
due to the chemical affinity of the water, used as the aqueous phase, and the polyphenols,
which were the main components of the OMW extracts. On the other hand, N2 containing
OMW had similar antioxidant activity to the one containing phycocyanin. The N1 system
was more stable than N2 when stored at room temperature, and it was the one that was
used for the determination of the SPF boosting efficiency. The results we obtained show a
significant increase in the SPF value when the two additives were present. Although both
phycocyanin and OMW increased the SPF, OMW in SPF50 increased the SPF significantly.

Overall, the OMW and phycocyanin encapsulated in biocompatible NEs retained
their antioxidant activity and could be used as components in cosmetic products for
sun protection. The formulated systems also contained IPM, biocompatible surfactants,
and glycerol, which are very commonly used ingredients in cosmetic creams since they
have stabilizing and hydrating properties. OMW seemed to be very effective in boosting
SPF protection, and it is also an inexpensive material, with a good extraction yield of
antioxidants and no special know-how or facilities required for their extraction. Due to the
aforementioned reasons, we believe NEs loaded with phycocyanin or antioxidants derived
from OMW are highly promising alternatives for reducing reliance on chemical UV filters.
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