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ABSTRACT

Olive mill wastewater (OMWW) is a byproduct of olive oil extraction that represents a critical environmental
concern due to its potential adverse effects on ecosystems. Given these premises, spray-dried microparticles were
designed and developed using maltodextrins as carriers to encapsulate OMWW bioactive compounds. The mi-
croparticles were manufactured using an easily scalable and sustainable spray-drying process. The resulting
microparticles were smooth, spherical, and exhibited a mean particle size of about 18 pm. The systems
demonstrated notable antioxidant properties with a DPPH radical scavenging activity higher than 60 %, due to
the polyphenolic compounds of OMWW (about 24 g gallic acid equivalents per g of sample). In addition, the
microparticles supported fibroblast and macrophage viability at concentrations up to 1 mg/mL. They also
determined a 4-fold inflammation reduction in macrophages, improved collagen expression in fibroblasts, and
modulated oxidative stress on aged fibroblasts. In conclusion, these microparticles could be considered as

promising medical devices in wound healing, while offering a sustainable solution for valorizing OMWW.

1. Introduction

Extra virgin olive oil (EVO) is a cornerstone of the Mediterranean
diet and culture, celebrated worldwide for its flavor and health benefits
(Bilal et al., 2021). The process of producing EVO generates three main
residual products: olive pomace, twigs and leaves, and olive mill
wastewater (OMWW). OMWW is a dark red to black liquid with high
conductivity and mild acidity (Al-Qodah et al., 2022). It comprises water
(83-92 % w/w), sugars, fermentable proteins, organic acids (such as
acetic, fumaric, glyceric, and oxalic acids), small amounts of emulsified
olive oil, phenols, waxy and resinous substances, and vitamins. Phenols
in OMWW are mainly present as glucosides, tannins, anthocyanins, and
lignin. The amount of OMWW produced varies significantly based on
factors like the efficiency of extraction methods, and the quality of the
olives processed (Shabir et al., 2023). On average, processing one ton of
olives generates 500-1100 1 of OMWW (Moglie et al., 2024) and this
necessitates robust management strategies to address its environmental
impact. In addition, OMWW exists in two distinct types depending on
the processing method. In the continuous three-phase process, OMWW is
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highly diluted but rich in polyphenols because it uses a great amount of
water, which extracts these bioactive compounds. On the other hand,
OMWW from the traditional discontinuous process is more concen-
trated, with a lower content of polyphenols due to the use of less water
(Aggoun et al., 2016). These differences have marked implications for
environmental management and potential recovery of polyphenols.

OMWW poses significant environmental concerns. Despite being
biodegradable, it threatens aquatic life by reducing oxygen availability,
increasing eutrophication, and changing water colour. Its acidic pH and
phenol content make it phytotoxic, and it ferments, causing odor
pollution. Additionally, its lipid content can form films that lead to plant
overgrowth (Alkhalidi et al., 2023; Sciubba et al., 2020).

Sustainable solutions are being evaluated to reduce the environ-
mental impact of OMWW, mitigating these risks by reusing or recycling
it with various efforts (Carmona et al., 2023). OMWW can be trans-
formed into various carbonaceous materials, such as biochar and acti-
vated carbon, through advanced treatments, offering a beneficial
solution to reduce environmental impact and contribute to the circular
economy for OMWW (Mechnou et al., 2023; Mechnou et al., 2024).
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Some studies reported the use of OMWW as fuel in thermochemical
treatment for heat and electrical energy production (Christoforou and
Fokaides, 2016), while others include biotransformation techniques,
such as composting or the extraction of value-added phytochemical
compounds like phenolic compounds (Tortosa et al., 2012; Nunes et al.,
2018). However, these applications led to limited success as such tech-
niques for OMWW conversion were economically unfeasible or inap-
propriate for large-scale industrial production, limiting their impact.

Given these premises, this work was focused on valorizing and
recycling OMWW through a sustainable and scalable process to create a
high-value medical device for wound healing within a circular economy
framework. In particular, OMWW was transformed from waste into a
valuable source of material by developing spray-dried microparticles
using maltodextrin as a carrier to encapsulate OMWW bioactive com-
pounds. The microparticles were characterized using a multidisciplinary
approach, including physico-chemical (morphology, size distribution,
FTIR) and preclinical evaluations (biocompatibility, gene expression,
oxidative stress, inflammation).

2. Materials and methods
2.1. Materials

Low dextrose equivalent (DE) maltodextrin (IMD, Glucidex 2, DE =
2, MW = 9000 Da, Roquette, Giusto Faravelli, Italy) and medium
dextrose equivalent maltodextrin (mMD, DE = 4.0-7.0, MW 2600-4500
Da, Sigma Aldrich, Italy) were used for microparticles preparation.

2.2. Methods

2.2.1. OMWW preparation

The olives were harvested in 2019 from the Taggiasca cultivar
(Imperia, Italy) 180 days after blossom. As detailed in our previous work
(Russo et al., 2022), they were processed using a semi-automatic three-
phase olive processing plant located in Dolcedo (Imperia, Italy). The
OMWW was previously filtered (Tagliabue et al., 2021) and subjected to
vacuum membrane distillation in order to obtain a final concentrated
sample. In the same work, the OMWW was analyzed for physicochem-
ical properties, including conductivity and infrared spectroscopy, as
well as total polyphenols and the antioxidant activity. The total OMWW
solute content was also determined. 1 mL was dried at 70 °C up to
constant weight and the solutes content was 39.9 (£0.4) %.

Three batches were prepared and samplings from each were used for
microparticles production.

2.2.2. Preparation of spray-dried microparticles

Three different polymeric blends were prepared: 15 % w/v of IMD or
mMD or 1:1 w/v IMD-mMD were added to OMWW and stirred up to
complete dissolution of polysaccharides. All the samples were spray-
dried using a mini spray-drier (Buchi 190, Biichi Labortechnik AG,
Essen, Germany) equipped with 0.5 mm nozzle, and the process pa-
rameters were 180 °C inlet temperature, 10 % feed pump, 600 ml/h
airflow and 100 % aspirator. The microparticles were collected and the
process yield was always higher than 50 %.

2.2.3. Physicochemical characterization

The microparticles morphology was evaluated by means of a scan-
ning electron microscope (SEM) Tescan, Mira3XMU (Brno, Czech Re-
public) after sputtering with graphite under vacuum, and were imaged
at 8.0 kV. Microparticles dimensions were evaluated using a dynamic
light scattering analyzer (Mastersizer 3000E, Malvern Instruments,
Milan, Italy), equipped with a standard wet measurement cell. Before
each measurement, the microparticles were dispersed in isopropanol
and particle size parameters (d10, d50, d90, d [4,3] and Span index)
were determined (Ruggeri et al., 2022b). Fourier-transform infrared
(FT-IR) analysis was carried out using a Nicolet iS20 (Thermo Scientific,
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Italy) equipped with a DTGS detector in the range between 400 and

4000 cm™! with a resolution of 4 cm™!.

2.2.4. Total polyphenol content

Total polyphenol content of spray dried microparticles was deter-
mined by the Folin-Ciocalteu method (Russo et al., 2022). For this, 10
mg of powder were dissolved in 10 mL of water, and vigorously shaken.
An aliquot (20 pL) was mixed with 100 pL of Folin-Ciocalteu water so-
lution (0.2 N) and 80 pL of NapCOj3 solution (75 g/L). After 2 h reaction
at 25 °C in the dark, the absorbance was measured at 765 nm. Total
polyphenols were quantified using gallic acid calibration curve (R? >
0.993 in the range 0.05-1 mg/mL) and were expressed as g of gallic acid
equivalents (GAE) per g of sample.

2.2.5. Antioxidant activity

To evaluate the antioxidant properties, DPPH assay was performed
(Ruggeri et al., 2022a). The microparticles were dissolved in water at 1
mg/mL, and 100 pL of each sample were mixed 1:1 volume ratio with
DPPH methanolic solution (150 pg/mL) and incubated for 30 min in the
dark. Ascorbic acid was used as positive control (200 pg/mL). The
absorbance was read at 597 nm FLUOstar® Omega, (BMG LABTECH,
Aylesbury, UK) and the radical scavenging activity percentages (RSA %)
were calculated. Moreover, DPPH assay was also performed towards
OMWW containing the same OMWW amount as the microparticles.

2.2.6. Preclinical characterization

2.2.6.1. Biocompatibility on normal human dermal fibroblasts (NHDFs).
NHDFs were grown in DMEM (Dulbecco’s Modified Eagle’s Medium,
Sigma Aldrich, Milan, Italy) supplemented with 200 IU/mL penicillin/
0.2 mg/mL streptomycin (pen/strep/ampho, Euroclone, Italy) and 10 %
v/v of a fetal bovine serum FBS (Fetal Bovine Serum, Euroclone) at
37 °C, with 5 % COs. Cells were plated in 96-well plates (growth area
0.36 cm?, Greineger Bio-one, Biosigma, Italy) at a 3*10* seeding density
and cultured for 24 h. Then, the medium was removed and 200 pL of
microparticles solutions at different concentrations (0.125-1 mg/mL)
were added to each well. After 24 h of contact, the medium was removed
from the wells and 100 pL of AlamarBlue (10 % v/v in DMEM) were
added to each well. After 3 h of incubation at 37 °C, the fluorescence was
recorded using a microplate reader (Microplate Reader Biotek, Synergy/
HT, Fischer Scientific, Rodano (MI), Italy) at Aex = 530 nm and Aey =
590 nm.

2.2.6.2. Evaluation of gene expression on NHDFs. NHDFs (from juvenile
foreskin, PromoCell, WVR, Italy) were plated at a 1.5%10° cells/well
density in 48-well plates, and after 24 h 200 pL of microparticles solu-
tions (0.5 mg/mL) were added to the wells. After 6 days of growth,
NHDFs were washed, and total RNAs were isolated using TriZol agent
(ThermoFisher, CA, United States) according to the manufacturer’s in-
structions. Total RNAs were quantified by using Omega StarFluo at 230
nm. cDNA was produced using 1 pg of total RNA. Reverse transcription
was carried out using iScript™ cDNA Synthesis Kit (Bio-Rad, CA, United
States) according to the manufacturer’s instructions. Expression of the
BCL-2 and COL-1a coding RNAs was analyzed by quantitative RT-qPCR
using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, CA,
United States) and specific primer sets at a final concentration of 400
nM, for 50 ng of cDNA. GADPH expression was used for normalization of
the RT-qPCR data. Thermal cycling program was configured as follows:
polymerase activation at 95 °C for 30 s; DNA denaturation at 95 °C for
15 s and annealing at 60 °C for 30 s repeating cycles 40 times (Ruggeri
et al., 2023). Finally, melt curves were recorded.

2.2.6.3. Immunofiuorescence reactions. Aged NHDFs (generously pro-
vided by Bio Basic S.r.l., Pavia, Italy) were generated as previously re-
ported (De Luca et al., 2024; Gola et al., 2023). Briefly, replicative
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senescent NHDFs were induced by long-term passaging in cell culture
and finally they acquired senescence phenotype at passage 48. 48 h
hours before experiments, NHDFs were seeded for fluorescence analyses
(2*10° cells/glass coverslip); aged fibroblasts were treated for 24 h with
100 pL of microparticles solutions at a concentration of 1 mg/mL.

Aged NHDFs cells were fixed in 4 % formalin for 20 min and post-
fixed in 70 % ethanol at —20 °C for at least 24 h until staining. The
cells were rehydrated for 10 min with PBS-Tween 0.2 % and then un-
specific sites were blocked by using PBS solution supplemented with 2 %
BSA and 0.2 % tween for 15 min at room temperature. Subsequently,
samples were immunolabeled using primary antibodies (Table 1)
diluted in PBS-Tween 0.2 % for 1 h, at room temperature in a moist
chamber. After wash in PBS, coverslips were incubated using the
respective secondary antibodies in PBS-Tween 0.2 % (1:200, Alexa
Fluor, Molecular Probes, Invitrogen) for 30 min. At the end of incuba-
tion, after PBS washing, cells were counterstained for DNA with 0.1 pg/
mL Hoechst 33258; then, cells were washed with PBS, and finally
mounted in a drop of Mowiol (Calbiochem-Inalco S.r.1., Italy) for fluo-
rescent microscopy. For each experimental condition, three independent
experiments were carried out.

2.2.6.4. Fluorescence microscopy and image analyses. An Olympus BX51
microscope equipped with a 100-W mercury lamp was used under the
following conditions: 330-385 nm excitation filter (excf), 400 nm
dichroic mirror (dm) and 420 nm barrier filter (bf) for Hoechst 33258;
450-480 nm excf, 500 nm dm and 515 nm bf for the fluorescence of
Alexa 488; 540 nm excf, 580 nm dm and 620 nm bf for Alexa 594.

Table 1
Primary and secondary antibodies used for fluorescence immunocytochemistry.
Antigen Immunogen Dilution
Mouse monoclonal
COX4 [20E8C12] anti-COX4 1:200
(Abcam, Cambridge, USA)
Rabbit monoclonal anti-
Catalase Catalase (GeneTex, Irvine, 1:250
CA, USA)
Rabbit polyclonal anti-Nrf2
Nrf2 (Abcam, Cambridge, UK) 1:200
Rabbit monoclonal anti-
SOD2 SOD2 (Cell Signaling 1:200
. Technology, Danvers, MA,
Primary
antibody USA) .
Human autoimmune serum
recognizing the 70 kDa E2
subunit of pyruvate
Anti-Mitochondria serum  dehydrogenase complex 1:300
(kindly given by IRCCS San
Matteo Pavia, Italy) (
Ferrari et al., 2021)
Mouse monoclonal anti-
a-tubulin A}phaitubulin (Cell 1:1000
Signaling Technology,
Danvers, MA, USA)
Alexa Fluor™ 594 goat Gamma Immunoglobins
anti-human IgG (H + L) Heavy and Light chains, 1:200
Highly Cross-Adsorbed Thermo Fisher Scientific :
Secondary Antibody (Monza, Italy)
Alexa Fluor™ 594 goat Gamma Immunoglobins
anti-mouse IgG (H + L) Heavy and Light chains, 1:200
Highly Cross-Adsorbed Thermo Fisher Scientific :
Secondary Secondary Antibody (Monza, Italy)
antibody Alexa Fluor™ 488 goat Gamma Immunoglobins
anti-mouse IgG (H + L) Heavy and Light chains, 1:200
Highly Cross-Adsorbed Thermo Fisher Scientific :
Secondary Antibody (Monza, Italy)
Alexa Fluor™ 488 goat Gamma Immunoglobins
anti-rabbit IgG (H + L) Heavy and Light chains, 1:200
Highly Cross-Adsorbed Thermo Fisher Scientific :
Secondary Antibody (Monza, Italy)
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Images were recorded with an Olympus MagniFire camera system and
processed with the Olympus Cell F software (version n. v3.1).

After immunocytochemistry, images were acquired using Cell F
software. Time exposure during acquisition was determined on control
cells and then maintained for all the experimental conditions, to
compare fluorescence intensity between different experimental groups.
The cell fluorescence intensity was measured using ImageJ software
1.51 (NIH, MA, USA).

2.2.6.5. Biocompatibility on macrophages and nitric oxide assay. Cyto-
compatibility assay was carried out using macrophages (Raw 264.7
murine macrophages, Sigma-Aldrich, Italy). The cells were grown at
37 °C in a DMEM medium and cultured with a seeding density of 25*10°
cells/well in a 96-well. After 24 h of growth, 200 pL of microparticles at
different concentrations (0.125-1 mg/mL) were added to each well.
After 24 h of contact, AlamarBlue assay was performed as previously
described.

The nitric oxide assay was also performed. After incubation of
macrophages (25%10° cells/well) with 1 pg/mL lipopolysaccharide
(LPS) for 3 h, cells were treated with 100 pL of microparticles solutions
at a concentration of 1 mg/mL in DMEM w/o phenol red for 6 h. Af-
terwards, 100 pL of cell culture media were mixed with 100 pL of Griess
reagent (1 % v/v sulfanilamide and 0.1 % v/v naphthylethylenediamine
dihydrochloride in 2.5 % phosphoric acid). Finally, after 15 min of
contact, the absorbance was measured at 540 nm, and NO amount was
determined from a standard curve of sodium nitrite (NaNO,) (R2 >
0.995 in the range 65-0.45 pM) (Yang et al., 2009).

2.2.6.6. Statistical analysis. Statistical analysis was performed using
Astatsa statistical calculator. 1-way Anova was followed by Scheffe for
post-hoc comnparison. As previously described (Ratto et al., 2020),
immunochemical results were expressed as mean =+ sd. Briefly, for data
passed the normality test D’Agostino & Pearson test, Anderson-Darling
test, Shapiro-Wilk test and Kolmogorov-Smirnov test the analysis was
conducted using Unpaired t-test. Diversely, for non-normally distributed
results, the analysis was performed employing Mann-Whitney test
GraphPad Prism 9.0 (GraphPad Software Inc., CA, USA) p < 0.05 was
considered statistically significant.

3. Results and discussions
3.1. Physico-chemical characterization

Many studies highlight the health benefits of extra virgin olive oil
(EVO). However, during extraction, the physicochemical properties of
water-soluble phenolics cause differential partitioning between oil and
water. In fact, the majority (about 98 %) of these phenolic compounds,
known for their remarkable radical scavenging activities, are transferred
from the olive pulp to the waste byproducts. Consequently, OMWW
represents an interesting waste product. In this study, OMWW was
encapsulated into microparticles using maltodextrins, through spray-
drying.

Fig. 1a shows the SEM micrographs of OMWW-based spray-dried
microparticles, and Fig. 1b displays the particle size parameters. The
morphological analysis reveals a smooth, spherical shape with no sur-
face defects. Additionally, the morphology appears unaffected by the
dextrose equivalents (DE) of the maltodextrins. Similar morphological
characteristics were reported in previous studies by Paulo and co-
workers (Paulo et al., 2022). The microparticles have a mean diameter
in the range of 17-18.9 um and a narrow size distribution, as indicated
by the span factor ranging from 1.55 to 1.63. The slight differences in
microparticle size could be related to the different DE values, and
consequently, the molecular weight of the maltodextrins used. Specif-
ically, a higher DE corresponds to a lower molecular weight. Micro-
particles based on low DE maltodextrins (IMD) have a greater diameter
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A) IMD-mMD
B) d10 (um)  d50 (um)  d90 (um)  d[4;3] (um) Span Index
IMD 6.8+0.4 16.7+0.2 34+0.8 18.7+0.2 1.6£0.1
mMD 6.3+0.2 154+ 0.5 30.3%2.5 1710.9 1.6£0.1
IMD-mMD 6.7+0.2 15.9+0.4 31.9+2.7 17.8+0.9 1.6+0.2

Fig. 1. a) SEM micrographs of spray-dried microparticles; b) particle size (d10, d50, d90, d[4;3], Span Index) (mean + s.d.; n = 6). ANOVA one-way; Sheffe’ test (p

< 0.05) d[4; 3]: IMD vs. mMD; IMD vs. IMD-mMD; mMD vs. IMD-mMD.

than those based on medium DE (mMD) and low-medium DE (IMD-
mMD) maltodextrins. This difference is likely due to the chemical-
physical properties of the polymeric mixture used. Higher molecular
weight polymers result in higher viscosity blends, leading to the for-
mation of larger droplets during atomization and, consequently, larger
microparticles.

Fig. 2 shows the FTIR spectra of pristine components (left panel) and
spray-dried microparticles (right panel). The spectrum of pristine
OMWW exhibits a broad band between 3600 and 3000 cm™!, corre-
sponding to the stretching vibrations of hydroxyl groups. Additionally,
absorption peaks around 2925 cm ! are attributed to the stretching
vibrations of CH bonds, indicating the presence of alkanes and alkyl
chains in lipids. The shoulder peak at 1752 ecm™! corresponds to the
vibrations of carbonyl groups (C=0), carboxyl, ketone groups, and es-
ters. Bands in the range of 1600-1400 cm™! indicate the presence of
carboxylate groups (-COO-) from fatty acids and organic acids, as well as
the bending vibrations of aromatic C—H bonds found in phenolic
compounds, such as polyphenols. Moreover, the broad peak at 1061
cm~ ! is related to vibrations in carbohydrates (Raji et al., 2023).

Pristine low and medium DE maltodextrins display similar FTIR
spectra, characterized by a wide region between 3200 and 3550 cm™?
related to hydroxyl group stretching. In the case of spray-dried micro-
particles, the spectra of all samples exhibit features of both pristine
OMWW and maltodextrin. This suggests that there are no strong
chemical interactions between OMWW and maltodextrins, as no sig-
nificant changes in the FTIR spectra are observed. Consequently, it can
be inferred that the encapsulation process does not impair the stability

= pristine OMWW = == pristine IMD

pristine mMD

Trasmittance (%)

| T T T
4000 3000 2000 1000

Wavenumbers (cm'1)

of OMWW.

3.2. Total polyphenol content and antioxidant activity

Fig. 3A shows the total polyphenol content, expressed as g of gallic
acid equivalents per g of sample, providing insights into the concen-
tration of these bioactive molecules in OMWW and OMWW-loaded
microparticles. Regardless of the type of maltodextrin used, the poly-
phenol content in the microparticles remains consistent with that of the
original OMWW. This indicates that the spray drying process and the use
of maltodextrins as polymeric matrices effectively preserve the phenolic
concentration and stability of OMWW.

The antioxidant properties were assessed via the DPPH assay, as
shown in Fig. 3B. The radical scavenging activities (RSA %) of the mi-
croparticles were measured, using ascorbic acid as a positive control
(C+) due to its well-known antioxidant properties. All developed mi-
croparticles demonstrated significant antioxidant activity by inhibiting
free radicals. This notable antioxidant activity is primarily attributed to
the polyphenolic compounds in OMWW, as previously described in the
literature, which reported a performance comparable to or even higher
than other natural antioxidants like vitamin C or Trolox (Dahmen-Ben
Moussa et al., 2021). All the OMWW batches used show comparable
activities, suggesting the process reproducibility of the OMWW. The
antioxidant activity of OMWW is mainly attributed to hydroxytyrosol
(10-25 %), flavonoids (6-19 %) and secoiridoid derivatives (13-27 %)
(Leouifoudi et al., 2014), while the other components of OMWW are
unsaturated fatty acids, polysaccharides, and proteins. This makes these

IMD — mMD — |MD-mMD
2
8
c
8
€
2 "
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Fig. 2. FTIR spectra of pristine components (left panel) and spray-dried microparticles (right panel).
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Fig. 3. A) Total polyphenol content (g GAE/ g of sample) of the microparticles (mean values + s.d.; n = 3); B) radical scavenging activity (RSA %) of ascorbic acid
(C+, positive control), OMWW, and microparticles (mean values + s.d.; n = 3). ANOVA one-way; Sheffe’ test (p < 0.05): C+ vs OMWW; C+ vs. IMD; OMWW vs. IMD;

OMWW vs. mMD; OMWW vs. IMD-mMD; IMD vs. mMD; IMD vs. IMD-mMD.

microparticles promising candidates for various applications, as they
could play a crucial role in neutralizing free radicals and oxidative
stress, thereby protecting cells from damage and reducing the risk of
chronic diseases. Moreover, the results suggest that maltodextrin (MD)
contributes to the antioxidant properties of the microparticles, which
are significantly higher than those of pristine OMWW. The properties of
MD depend on its molecular weight, with lower molecular weight
maltodextrins (mMD) showing the best performance. The results also
indicated that microparticles with medium DE maltodextrins (mMD)
and low-medium DE maltodextrins (IMD-mMD) exhibited radical scav-
enging activities comparable to the positive control. This could be
related to the DE of maltodextrin, which affects the stability of encap-
sulated bioactive molecules. Lower DE values result in longer polymer
chains, leading to slower degradation, while higher DE values yield
shorter chains with faster degradation, making the polyphenolic com-
pounds more accessible. Interestingly, the microparticles showed
significantly higher antioxidant activity than pristine OMWW (p <
0.05). This could be related to the process occurring at high temperature
(180 °C). Although the heating is extremely short and basically allow the
water evaporation at 100 °C, it could trigger the Maillard reaction, and
the formation of the related products characterized by antioxidant
properties (Ruggeri et al., 2022a). Similar findings were reported by
Bushra Sultana et al. (Bushra Sultana, 2012), who observed increased
antioxidant activity in oven-dried apricot fruit compared to fresh fruit,
likely due to the formation of Maillard reaction products and the release
of bound phenolics into simpler free forms. However, the relationship
between polyphenol content and antioxidant activity during dehydra-
tion remains complex, influenced by variables such as drying technique,
antioxidant tests, and interactions among various antioxidant reactions
(Miranda et al., 2010).

The antioxidant activity of OMWW is mainly attributed to hydrox-
ytyrosol (10-25 %), flavonoids (6-19 %) and secoiridoid derivatives
(13-27 %) (Leouifoudi et al., 2014), while the other components of
OMWW are unsaturated fatty acids, polysaccharides, and proteins.

3.3. Cell biocompatibility and gene expression

Fig. 4A shows the cell viability percentages of fibroblasts after in-
cubation with microparticles. All microparticles were compared to a
positive control where cells were seeded at the bottom of the wells and
grown under standard conditions. Overall, the microparticles demon-
strated biocompatibility at concentrations below 1 mg/mL, exhibiting
similar behavior to the positive control. However, at higher concentra-
tions, a decrease in cell viability was observed. This decrease could be
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150
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- 3
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Fig. 4. A) Cell viability percentages of NHDFs after 24 h of contact with mi-
croparticles in comparison to the positive control GM (growth medium, as
standard growth conditions) (mean values + s.d.; n = 5). Values * are statis-
tically significant (p < 0.05) compared with GM. B) Bcl-2 (left panel) and Col-
la (right panel) expression of fibroblasts after 7 days of contact with the
mycelia extracts (mean values + sd; n = 3). Values * are statistically significant

(p < 0.05) compared with GM.

attributed to the high concentration of OMWW salts, which may affect
cell metabolism and inhibit cell growth.

Additionally, the ability of the microparticles to promote gene
expression in normal human dermal fibroblasts (NHDFs) was investi-
gated using rt-qPCR. Specifically, the expression of extracellular matrix
protein (collagen) and proliferation/apoptotic stimulus (Bcl-2) was
evaluated. Fig. 4B presents Col-1a (left panel) and Bcl-2 (right panel)
gene fold expression in NHDFs grown for 6 days in contact with the
microparticles, with cells grown under standard conditions, as the
control. Col-la is associated with extracellular matrix production and
deposition, while Bcl-2 is an anti-apoptotic gene that describes the cells’
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apoptotic activity.

The expression of Col-1a in cells grown in contact with the micro-
particles showed a statistically significant increase compared to the
control sample. Both low DE (IMD) and medium DE (mMD) maltodex-
trins modulated collagen production to levels higher than the control,
while the combination of both maltodextrins further enhanced Col-1a
expression, showing an increase of about 18-fold compared to the con-
trol. Conversely, the mRNA expression levels of Bcl-2 did not show
statistically significant differences from the control samples, suggesting
that the microparticles do not induce mitotic/apoptotic activity.

Previous studies have reported that polyphenols can regulate gene
expression. Hydroxytyrosol has been shown to modulate Bcl-2 expres-
sion by forming a stable bond with its hydrophobic groove (Verma et al.,
2017; Zubair et al., 2017), while oleuropein, a polyphenol commonly
found in OMWW, appears to be involved in the up-regulation of Col-1a
(Tagliaferri et al., 2014).
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3.4. Immunofluorescence reactions

Aged human neonatal dermal fibroblasts (NHDFs) were also used to
evaluate the effect of OMWW-encapsulated microparticles on the
oxidative stress pathway in senescent fibroblasts, an in vitro model
characterized by physiological reactive oxygen species (ROS) over-
production (Gola et al., 2023)). To assess the possible modulatory ef-
fects of the microparticles on the oxidative stress pathway, immuno-
fluorescence reactions were performed on control and differently
treated old-NHDF cells. Specifically, alterations in the expression levels
of oxidative stress markers (COX4, catalase, Nrf2, and SOD2) and
cellular organelles (mitochondria and a-tubulin) were evaluated.

Fig. 5 shows the double immunofluorescence reaction for mito-
chondria (red signal) and COX4 (green signal) in the reference (GM) (a-
¢) and microparticle-treated NHDF cells (d-f, g-i, and j-1 for IMD, mMD,
and IMD-mMD, respectively). In all experimental groups, both mito-
chondria and COX4 fluorescence signals are homogeneously distributed
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Fig. 5. Double immunofluorescence reaction for mitochondria (red signal) and COX4 (green signal) in GM (a-c), IMD (d-f), mMD (g-i) and IMD-mMD (j-1) treated old
NHDEF cells. DNA counterstaining with Hoechst 33258 (blue fluorescence). Histograms showing the quantitative analyses of mitochondria (Panel A) and COX4 (Panel
B) mean fluorescence intensity per cell. Statistically significant data: *p < 0.05. Magnification: 40 x. Scale bars: 50 pm. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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in the cell cytoplasm, with partial colocalization in IMD and IMD-mMD
treated cells (orange signal).

Immunoreaction for mitochondria reveals a statistically significant
increase in immunopositive optical density (OD) in IMD-treated cells
compared to the contraol (GM). No significant difference is observed
when comparing IMD with mMD or IMD-mMD. A slight increase in
mitochondrial signal is observed in both mMD and IMD-mMD treated
cells compared to the control group (GM) (Fig. 5, Panel A). However,
quantitative analysis of COX4 immunopositive OD shows a similar trend
of enzyme expression levels across all experimental groups, without any
significant differences in COX4 immunopositive OD (Fig. 5, Panel B).

Fig. 6 shows the double immunofluorescence for a-tubulin (red
signal) and catalase (green signal) in the control (GM) (a-c) and
microparticle-treated NHDF cells (d-f, g-i, and j-1 for IMD, mMD, and
IMD-mMD, respectively). The cytoskeleton maintains its physiological
organization in all experimental groups, characterized by homogeneous
and well-distributed immunopositivity for a-tubulin throughout the
entire cytoplasmic compartment, clearly visible as filamentous,
aggregate-free immunofluorescence. Parallelly, catalase immunolabel-
ing is detectable as green fluorescence spots distributed in the cyto-
plasm, usually localized at the perinuclear level.

GM
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Immunofluorescence analysis of a-tubulin reveals no significant
differences in fluorescence optical density (OD) between all experi-
mental groups (Fig. 6A). However, immunoreaction for catalase high-
lights a statistically significant decrease in immunopositive OD in cells
treated with both IMD and IMD-mMD microparticles compared to the
control (GM). No significant difference is observed when comparing
mMD-treated cells to the control (GM) or between IMD and IMD-mMD-
treated NHDF cells (Fig. 6B).

Fig. 7 shows the double immunofluorescence reaction for a-tubulin
(red signal) and Nrf2 (green signal) in the control group (GM) (a-c) and
microparticle-treated NHDF cells (d-f, g-i, and j-1 for IMD, mMD, and
IMD-mMD, respectively). Similar to the observations from the catalase
immunofluorescence reaction, the cytoskeleton exhibits well-preserved
organization across all samples, characterized by filamentous cyto-
plasmic a-tubulin immunopositivity. Nrf2 immunopositivity, in
contrast, is strongly confined to the nucleus and clearly detectable as
immunofluorescence spots.

Analysis of a-tubulin immunofluorescence OD reveals no significant
differences between all experimental groups (Fig. 7A). In parallel, Nrf2
immunofluorescence shows a significant decrease in immunopositive
OD in cells treated with IMD microparticles compared to the control
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Fig. 6. Double immunofluorescence reaction for a-tubulin (red signal) and catalase (green signal) in GM (a-c), IMD (d-f), mMD (g-i) and IMD-mMD (j-1) treated old
NHDEF cells. DNA counterstaining with Hoechst 33258 (blue fluorescence). Histograms showing the quantitative analyses of a-tubulin (Panel A) and catalase (Panel

B) mean fluorescence intensity per cell. Statistically significant data: **p < 0.01. Magnification: 40x. Scale bars: 50 pm. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)



M. Ruggeri et al.

International Journal of Pharmaceutics: X 8 (2024) 100301

A a-Tubulin

150
[a)
o] = GM
8 = IMD
§ 100 = mMD
g m IMD-mMD
= e
S 50 —
c
=
£
E

0

™

Nrf2

150+
Q = GM
o *
8 = IMD
s 100 T | = mMD
8 = IMD-mMD
[~} s pucd
=}
5 50
[
:
= 0

Fig. 7. Double immunofluorescence reaction for a-tubulin (red signal) and Nrf2 (green signal) in GM (a-c), IMD (d-f), mMD (g-i) and IMD-mMD (j-1) treated old
NHDEF cells. DNA counterstaining with Hoechst 33258 (blue fluorescence). Histograms showing the quantitative analyses of a-tubulin (Panel A) and Nrf2 (Panel B)
mean fluorescence intensity per cell. Statistically significant data: *p < 0.05. Magnification: 40x. Scale bars: 50 pm. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

(GM). However, only a slight, non-statistically significant decrease is
observed when comparing mMD and IMD-mMD treated cells to the
control (GM), or between IMD-mMD and mMD treated cells (Fig. 7B).
Fig. 8 reports the double immunofluorescence results for mitochon-
dria (red signal) and SOD2 (green signal) in the control group (GM) (a-c)
and microparticle-treated NHDF cells (d-f, g-i, and j-1 for IMD, mMD, and
IMD-mMD, respectively). In all experimental groups, mitochondria and
SOD2 are homogeneously distributed in the cell cytoplasm and are
clearly detectable as immunopositive fluorescent spots. A slight coloc-
alization of mitochondria and SOD2 immunopositivity (orange signal) is
observed, with varying degrees in the treated NHDF cells. Similar to the
previous immunofluorescence results for COX4, a statistically significant
increase in mitochondrial immunopositive OD is detected only in IMD-
treated cells compared to the control (GM) (Fig. 8A). Additionally, the
quantitative analysis of SOD2 immunofluorescence OD reveals no sig-
nificant differences between experimental groups. The observed slight
changes in SOD2 OD are likely due to physiological variability (Fig. 8B).

3.5. Biocompatibility on macrophages and nitric oxide assay

Fig. 9A reports the cell viability percentages of macrophages.
Consistent with previous observations in fibroblasts, the microparticles
demonstrate safety at concentrations below 1 mg/mL, with cell viability
comparable to the positive control. However, at higher concentrations,
there is a decrease in cell viability, similar to what was observed in fi-
broblasts. Furthermore, the effects of the microparticles on proin-
flammatory mediators secreted from murine macrophages were
investigated. Fig. 9B displays the percentage of NO production in LPS-
stimulated macrophages after exposure to spray-dried microparticles.
The results indicate that all samples exhibit significantly lower NO
production compared to LPS, used as positive control. This finding is
noteworthy because nitric oxide (NO) is a crucial signaling molecule
involved in various physiological processes such as neurotransmission,
vasodilation, and neurotoxicity (Ahmed et al., 2022). However, exces-
sive NO production is associated with autoimmune and inflammatory
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Fig. 8. Double immunofluorescence reaction for mitochondria (red signal) and SOD2 (green signal) in GM (a-c), IMD (d-f), mMD (g-i) and IMD-mMD (j-1) treated old
NHDEF cells. DNA counterstaining with Hoechst 33258 (blue fluorescence). Histograms showing the quantitative analyses of mitochondria (Panel A) and SOD2 (Panel
B) mean fluorescence intensity per cell. Statistically significant data: *p < 0.05. Magnification: 40x. Scale bars: 50 pm. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

diseases, highlighting the anti-inflammatory effects of these micropar-
ticles by reducing NO generation.

4. Conclusions

The study detailed in this work explores the encapsulation of olive
mill wastewater into microparticles using maltodextrins via spray-
drying, focusing on their physicochemical properties, antioxidant po-
tential, and biological effects. One innovative aspect lies in the effective
encapsulation of OMWW, which is rich in bioactive polyphenols, into
stable microparticles without compromising their antioxidant capacity.
The microparticles exhibited a smooth morphology and uniform size
distribution.

Moreover, the study highlights the antioxidant efficacy of these mi-
croparticles, showing significant radical scavenging activity comparable
to or exceeding that of traditional antioxidants. This underscores their
potential in mitigating oxidative stress-related damage, thereby

potentially reducing the risk of chronic diseases associated with oxida-
tive stress.

Furthermore, the biocompatibility assessment using fibroblasts and
macrophages revealed that the microparticles are safe at lower con-
centrations and exhibited cell viability similar to control conditions.
This aspect is crucial for their potential applications in biomedical and
pharmaceutical fields where biocompatibility is a prerequisite.

In conclusion, the encapsulation of OMWW into maltodextrin-based
microparticles through spray-drying represents a promising approach to
harnessing the bioactive potential of OMWW. These microparticles not
only preserve the polyphenolic compounds but also enhance their sta-
bility and bioavailability. The significant antioxidant activity demon-
strated by the microparticles suggests their potential application as
natural antioxidants in wound healing. Moreover, the observed anti-
inflammatory effects, indicated by reduced nitric oxide (NO) produc-
tion in macrophages, further enhance the attractiveness of these mi-
croparticles for applications in facing inflammatory conditions. Overall,
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Fig. 9. A) Cytocompatibility of macrophages (cell viability percentages) after 24 h of contact with spray dried microparticles (mean values =+ sd; n = 5). Values * are

statistically significant (p < 0.05) compared with control. B) Nitrite (NO) production in LPS-stimulated macrophages (mean values + sd; n = 3). Values * indicate

significant differences (p < 0.05) respect to LPS.

this study contributes to offer sustainable high-value products for
valorizing agricultural by-products like OMWW while addressing
pressing health and environmental challenges.
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