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Hydroxypropyl methylcellulose (HPMC)-based microparticles and modified starch emulsions (OSA-MS) were
loaded with resveratrol and characterized regarding their physicochemical and thermal properties. Both delivery
systems were subject to an in vitro gastrointestinal digestion to assess the bioaccessibility of resveratrol. In
addition, cell-based studies were conducted after in vitro digestion and cytotoxicity and oxidative stress were
assessed.

HPMC-based microparticles displayed higher average sizes (d) and lower polydispersity index (PDI) (d = 948
nm, PDI < 0.2) when compared to OSA-MS-based emulsions (d = 217 nm, PDI < 0.3). Both proved to protect
resveratrol under digestive conditions, leading to an increase in bioaccessibility. Resveratrol-loaded HPMC-mi-
croparticles showed a higher bioaccessibility (56.7 %) than resveratrol-loaded emulsions (19.7 %).

Digested samples were tested in differentiated co-cultures of Caco-2 and HT29-MTX, aiming at assessing
cytotoxicity and oxidative stress, and a lack of cytotoxicity was observed for all samples. Results displayed an
increasing antioxidant activity, with 1.6-fold and 1.4-fold increases over the antioxidant activity of free
resveratrol, for HPMC-microparticles and OSA-MS nanoemulsions, respectively.

Our results offer insight into physiological relevancy due to assessment post-digestion and highlight the
protection that the use of micro-nano delivery systems can confer to resveratrol and their potential to be used as
functional food ingredients capable of providing antioxidant benefits upon consumption.

1. Introduction instability and it is vulnerable to degradation when added to food

products [14-16]. Resveratrol can be degraded when subjected to

The use of functional ingredients has risen for the past couple of
years. Market projections predict an increase of around 6 % over the
next decade, reaching a market value of 120 to 160 billion US dollars
[1-3]. This increase comes on the heels of increased consumer aware-
ness of the effect of their eating habits [4-6].

Resveratrol is of interest due to its health-promoting properties, such
as antioxidant, anti-inflammatory, anti-obesity, anti-diabetic, anti-
carcinogenic, and antimicrobial [7-13].

Nonetheless, it presents low water solubility (~0.03 mg/L), chemical

external stimuli, as during in vitro digestion, losing part of its health-
promoting properties and leading to a less efficient delivery due to
low bioaccessibility. Additionally, resveratrol has a strong bitter taste, a
challenge for its use in food products [15,17,18]. The potential health
benefits of resveratrol combined with its disadvantages e.g. when using
it for direct addition to foods, make it an ideal candidate for exploration
of micro-nano encapsulation for the development of functional foods
[99].

An emerging method in the production of delivery systems is
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electrohydrodynamic processing (EHDP). It makes use of voltage dif-
ferences between a spinneret tip and a collector to evaporate the solvent
of a solution and produce micro-nanostructures. It is an easy, one-step
process that allows high encapsulation efficiency. It can be used with
labile bioactives if conducted at room temperature [19]. Through fine-
tuning of process parameters (e.g., solution concentration, flow rate,
voltage, and tip-to-collector distance), it is possible to control the
morphology of the structures, with a low particle size and polydispersity
index (PDI) and a high surface-area-to-volume ratio, as recently
explored in the food research area [19-21,99]. The biggest disadvantage
of this technology is its limited scale-up, although some solutions have
been proposed to offset this issue, namely the use of multiple needle
setups, and even the use of needle-less setups [22-24]. HPMC is one of
many polymers (e.g., Eudragit, cyclodextrin, among others) that have
recently been explored for flavor masking applications, thus being of
high interest for encapsulation of resveratrol [25].

Emulsification is one of the most used technologies in the food in-
dustry for the development of delivery systems. Typically, low-energy
methods are more energy efficient and impart a lower exposure to
temperature but may require high amounts of emulsifier. On the other
hand, high-energy methods are more energy-costly and subject to high
temperatures but can present advantages regarding the production of
structures with low size and PDI. This results in advantages regarding
emulsion stability against aggregation and improved emulsion trans-
parency and less surfactant is needed when compared with low-energy
methods [4,26,27]. Among emulsifiers, octenyl succinic anhydride-
modified starch (OSA-MS) is reported to have flavor masking proper-
ties and as such can be an option to deal with the intense bitterness of
resveratrol [28,29].

In vitro models of human digestion are used to evaluate the gastro-
intestinal fate of functional ingredients by mimicking physiological
conditions following either static or more complex dynamic digestion
methods [30-32,99]. Cell-based models (mono or co-cultures) are used
to recapitulate the gut epithelium, allowing the assessment of cytotox-
icity, production of reactive oxygen species (ROS), permeability, among
other cellular responses. Few authors [33,34] have gathered studies of
digestion of resveratrol-loaded structures, as well as, assessed cytotox-
icity and bioactivity of those structures in cell-based models. There is
currently a lack of research evaluating cellular responses after in vitro
digestion, as reports are typically limited to evaluating non-digested
samples.

The delivery of bioactive functional ingredients using different
micro- or nanostructures determines its efficiency (bioaccessibility) and
safety (cytotoxicity) during digestion. Then, conducting cell-based
studies after in vitro digestion represents a more physiologically rele-
vant scenario and should be encouraged, which was the main goal of this
work. Additionally, this paper aims to compare the effect of different
delivery systems on bioaccessibility, cytotoxicity, and in vitro antioxi-
dant activity, comparing a well-established technology in the food in-
dustry, emulsification, versus an up-and-coming technology,
electrohydrodynamic processing, that presents potential advantages
regarding the use of heat sensitive bioactive compounds, such as
resveratrol. Additionally, these two systems allow for a comparison
between aqueous (EHDP) and lipidic (emulsions) delivery systems. To
do this, resveratrol (RSV)- OSA-MS emulsions and hydroxypropyl
methylcellulose (HPMC) microparticles were prepared, physiochemi-
cally and morphologically characterized, and digested following a
harmonized static in vitro digestion protocol [30] to assess resveratrol
bioaccessibility. After digestion, cellular responses were evaluated on a
co-culture of differentiated Caco-2 and HT29-MTX cells assaying the
potential cytotoxicity of the structures as we all as the induction of
oxidative stress, and intracellular antioxidant activity of digested and
non-digested formulations.
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2. Materials and methods
2.1. Materials

Hydroxypropyl methylcellulose (HPMC 44779, HPMC LMW)
(methoxyl 28-30 %, hydroxypropyl 7-12 %, viscosity 2 % aqueous so-
lution, 20 °C, 40-60 mPa.s, 90 kDa) was purchased from Alfa Aesar
GmbH & Co KG (Germany). Absolute ethanol (>99.8 %) was purchased
from Honeywell (USA). Resveratrol (trans-resveratrol, 99 %, Bulk,
Mirkéw, Poland); refined sunflower oil (100 % sunflower, Sovena,
Portugal) (10 % saturated lipids, 42 % monounsaturated lipids and 39 %
of polyunsaturated lipids); octenyl succinic anhydride modified starch
(OSA-MS) (C*EmCap 12635, Cargill, Iowa, United States); distilled
water, and ultrapure water type 1, generated by a Mili-Q system. Caco-2
HTB-37 cells were purchased from the American Type Culture Collec-
tion (ATCC®) and HT29-MTX-E12 cells from the European Collection of
Authenticated Cell Cultures (ECACC 12040401). Minimum essential
media (MEM) Eagle, Trypsin-EDTA (0.25 % trypsin; 0.1 % EDTA), and
penicillin/streptomycin 100 x were purchased from PAN-Biotech GmbH
(Aidenbach, Germany). Foetal bovine serum (FBS) and Hank’s balanced
salt solution (HBSS) were bought from Merck Millipore (Burlington, MA,
USA). Dimethyl sulfoxide (DMSO), paraformaldehyde (PFA), resazurin
sodium salt, Dulbecco’s modified Eagle’s Medium-high glucose
(DMEM), phosphate buffered saline (PBS), 2',7'-Dichlorofluorescein
diacetate (DCFH-DA), Pefabloc® SC, 3-morpholinosidnonimine (Sin-1,
5 pM), and 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.1.1. Production of OSA-MS emulsions

OSA-MS emulsions were prepared as per previous protocols [35].
OSA-MS was dissolved in Mili-Q ultrapure water, at a concentration of
1.5 % (w/v), at 45 °C for 30 min. Oil-to-water ratio was 5:95, and
emulsions were prepared for a total volume of 50 mL. Resveratrol at a
concentration of 7.5 mg/mL of emulsion was used. Increasing the
resveratrol content led to the destabilization of the emulsion (data not
shown). Emulsions were prepared at room temperature via high-speed
homogenization using an Ultraturrax (T 25 digital Ultraturrax®
disperser, IKA, Germany) at 14,000 rpm for a duration of 2 min followed
by ultrasonic homogenization at a frequency of 20 kHz (Branson Digital
Sonifier Model 450, Branson Ultrasonics Corporation, USA) using a 13
mm horn diameter, with a measured power output of 45 W, for a
duration of 7 min, with pulsed intervals of 5 s “on” and 7 s “off”, using a
room temperature water bath to prevent sample overheating. Blank
samples were also prepared, skipping the resveratrol dispersion step.
Samples were frozen overnight at —80 °C and freeze-dried, at —50 °C
and 1.0 mPa (LyoQuest —55 Plus, Telstar, Japan), until dry (between 48
h to 72 h) and stored in a light shielded container until use.

2.1.2. Production of HPMC microparticles

Polymer solutions were prepared as in Silva, Prieto, et al. [36,37]
with slight modifications. Resveratrol was dissolved in pure ethanol for
a final concentration of 0.75 mg/mL (2.5 % (w/w) loading), as higher
concentrations led to morphology changes after EHDP (data not shown).
Morphology changes due to increasing concentrations of bioactive
compounds or drugs have been previously reported in other works
[38-40]. Ultra-pure water was then added to a final concentration of 75
% (v/v) ethanol. Hydroxypropyl methylcellulose was then slowly added
to the 75 % (v/v) ethanol solution to reach 3 % (w/v) and left to stir
magnetically overnight at room temperature (~20 °C). After standing
for a few hours to ensure air bubble removal, the HPMC solutions were
ready to be used.

A Fluidnatek® LE-50 (Bioinicia, Valencia, Spain) was used to process
the samples, equipped with a variable high voltage power supply (0-30
kV). Polymer solutions were electrosprayed under a steady flow rate
using a blunt stainless-steel needle with an internal diameter of 0.601
mm (20G), connected to the syringe using a polytetrafluoroethylene
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(PTFE) tube, with the flow rate controlled with a digitally controlled
syringe pump (Bionicia S.L. Valencia, Spain). The temperature and
relative humidity ranged between 20 °C and 25 °C and 45 % and 60 %,
respectively for all experiments. Samples were processed at a flow rate
of 500 pL/h, with a voltage of 10 kV, and a tip-to-collector distance of
15 cm. After processing, samples were stored in a parafilm-sealed Petri
dish shielded from light. Blank samples were also prepared, skipping the
resveratrol dissolution step.

2.2. Characterization of microparticles and emulsions

2.2.1. Morphology

A formulation of 3 % (w/v) low molecular weight HPMC was used for
the microparticles production via EHDP, using a distance of 15 cm, a
voltage of 10 kV, and a flow rate of 500 pL/h [36,37]. For the devel-
opment of OSA nanoemulsions, 1.5 % (w/v) starch in a 95:5 water-to-oil
ratio was used, as reported in previous works [35]. The RSV micropar-
ticles have a theoretical loading of 2.5 % (w/w), while the nano-
emulsions have a loading of 13.3 % (w/w). The theoretical loading is
calculated by dividing the amount of dried bioactive for the dried
polymer.

Microparticles produced via EHDP were analysed by scanning elec-
tron morphology (SEM). Prior to analysis, samples were coated with
gold under vacuum for 3 min (EM ACE200, Leica, Wetzlar, Germany)
and subsequently characterized regarding their morphology using a
scanning electron microscope (QUANTA 650FEG, FEIL, Oregon, USA).
1-2 mg of sample were used for all SEM experiments. Diameter, aspect
ratio, diameter distribution and aspect ratio distribution were measured
using ImageJ software (v. 1.52a, Maryland, USA) as per Silva, Prieto,
et al. [36]. Between 100 and 200 particles were measured.

Nanoemulsions morphology was analysed through transmission
electron microscopy (TEM) (JEOL JEM 2100 - HT — 80-200 kV LaB6 gun,
JEOL Ltd., Japan). The samples were loaded onto grids coated with an
ultrathin carbon film (400 mesh, approx. grid hole size of 42 pm,
PELCO®, TED PELLA INC., USA). As a contrast agent, UranyLess EM
Stain (Electron Microscopy Sciences (EMS), USA) was used. The samples
were left to dry at room temperature and after 24 h samples were
imaged. The images were digitally recorded using an UltraScan® 4000
CCD camera (Oneview, Gatan, USA).

2.2.2. Size, PDI, and zeta potential

The droplet size, polydispersity (PDI), and zeta potential of the blank
and loaded OSA-MS emulsions were characterized via DLS (Horiba SZ-
100, Kyoto, Japan). Fresh samples were diluted (1:400) and analysed
in DLS for a duration of 180 s, with three readings of three indepen-
dently prepared samples. Size (by intensity) and PDI were obtained
using a detection angle of 90°, while for the zeta potential a detection
angle of 173° was used.

The stability of emulsions (measured by size, PDI, zeta potential) was
analysed over a period of 3 months, with storage at room temperature
and at 4 °C. Analysis were conducted every ~7 days and samples were
stored in the dark.

2.2.3. Thermal analysis

Samples (ca. 5 mg) were placed and weighted in an alumina crucible
in a thermogravimetric analyser (TGA/DSC STAR 1, Mettler Toledo,
Ohio, USA). Temperature of analysis ranged 25 to 600 °C at a rate of
20 °C/min under a nitrogen atmosphere (flow rate: 70 mL/min). The
weight loss, in percentage, and its derivative were represented as
function of temperature. Data were calculated using Origin 9.0 software
(OriginLab Corporation, 2012).

2.2.4. X-ray diffraction

An X-Ray Diffractometer X Pert PRO MRD system from Malvern
Panalytical Ltd. (Royston, UK), was used to study the crystalline poly-
morphism of the micro- and nanostructures. Data was acquired at room
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temperature, using angular scans from 10° to 50° (26), performed with a
Cu source, X-ray tube (A = 1.54056 10\) at 45 kV and 40 mA (fine cali-
bration offset for 20 = —0.0372°). Data was collected for 174 s and
Panalytical X’Pert HighScore Plus software was used to acquire and treat
data.

2.2.5. ATR-Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was used to deter-
mine the functional groups and bonding arrangement of constituents
present in samples. Sample analyses were carried out using an ALPHA 1II-
Bruker spectrometer (Ettlingen, Germany) with a diamond-composite
attenuated total reflectance (ATR) cell (range of 600-4000 cm ™). 64
scans were used for each sample, with a resolution of 4 cm ™. Analyses
were conducted in triplicate using dry samples.

2.3. Resveratrol quantification

Resveratrol quantification was performed by HPLC using an Agilent
1200 series system (Agilent, Waldbronn, Germany) equipped with a
Kinetex C18 100 10\, LC Column (150 x 4.6 mm, 2.6 um, Phenomenex,
USA) and a column guard system at 30 °C. The mobile phase was A: 1
mol/L acetic acid and B: acetonitrile:1 mol/L acetic acid (80:20). The
compound was eluted and monitored at 306 nm using the following
gradient: 18 % B for 10 min, 18-23 % B in 7 min, 23-31.5 % B in 10 min,
31.5-100 % B in 3 min, and finally 100 % A for 3 min. A 2 min post time
was added between injections. The flow rate was 1.0 mL/min, and the
injection volume was 20 pL. For calculation, area under the curve (AUC)
was used for interpolation in a resveratrol (trans-resveratrol, 99 %, Bulk,
Mirkéw, Poland) standard calibration curve (Y = 145093X + 25.612;
R? =1) prepared in methanol in the range 0.001-0.5 mg/mL.

2.4. Confocal scanning fluorescence microscopy (CLSM)

Samples were visualised using confocal scanning laser microscope
(Zeiss LSM 780, Germany), with 20 x objective lens (Leica Micro-
systems,). Briefly, 100 pL sample were stained with 10 pL of a blended
fluorescent colorant solution consisting of CalcoFluor White Stain (1
mg/mL) and Nile Red (1 mg/mL) for 15 min. CalcoFluor white-labelled
starch was observed at an excitation wavelength of 405 nm. Using Nile
red staining the oil-phase of emulsions were visualised at excitation
wavelength of 514 nm. The optical resolution of the digital images was
1024 pixels x 1024 pixels.

2.5. Invitro digestion

The use of delivery systems for bioactives aims to provide them
additional protection against oxidation or degradation in harsh condi-
tions, such as those endured during food processing or gastrointestinal
digestion.

The static INFOGEST protocol [30] was followed to determine the
bioaccessibility of RSV-loaded in two different structures: HPMC mi-
croparticles (HPMC RSV) and emulsions (emulsion RSV). Additionally,
free resveratrol (RSV), and distilled water were also digested to be used
as controls.

The composition of the simulant fluids of each digestion phase can be
found in Brodkorb et al. [30]. The activity of pepsin, used in the gastric
phase, and of trypsin present in pancreatin, used in the intestinal phase,
were quantified according to the procedure detailed in Brodkorb et al.
[30]. The concentration of bile salts was tested using a commercial kit.
The simulant fluids were prepared in advance and stored at —20 °C
before use. The enzymes (pepsin and pancreatin) and bile salts were
prepared just before each experiment to preserve activity and CaCly was
added just before each experiment to avoid precipitation. All in-
cubations were carried out in a thermomixer (Eppendorf™, Hamburg,
Germany).
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As per the protocol simulant fluids [simulated salivary fluid (SSF),
simulated gastric fluid (SGF), and simulated intestinal fluid (SIF)] were
prepared 1.25 times concentrated, taking into consideration the dilution
effect (4:1) along the digestive process. 1 mL of sample was prepared,
ensuring that 4 mg of resveratrol were present. As such, 160 mg of
HPMC particles were used, while for emulsions ~30 mg was taken,
adding ultra-pure water up to 1 mL. The samples were vortexed for 30 s,
and then for oral phase, 1 mL of sample was mixed up with 0.8 mL of
SSF, 5.0 pL of 0.3 M CaCly, 100 pL of salivary amylase (75 U/mL final)
and 95 pL of water to ensure a final volume of 2 mL. Samples were
incubated at 37 °C for 2 min, at 500 rpm. For the gastric phase, the 2 mL
of the oral phase (bolus) were mixed up with 1.6 mL of SGF, 100 pL of
gastric lipase (RGE) (60 U/mL of gastric lipase and 2000 U/mL of pepsin
in water), 1 puL of 0.3 mol/L CaCl,. The pH was adjusted to 3.0 (using HCI
1 mol/L), water was added up to 4 mL and the mixture was incubated at
37 °C for 2 h, at 500 rpm.

The intestinal phase was prepared by adding to the gastric phase
(chyme), 1.7 mL of SIF, 1.0 mL of pancreatin (100 U/mL final in SIF),
500 pL of bile salts (10 mmol/L in SIF), 8.0 pL of CaCly. The pH was
adjusted to 7.0 (using NaOH 3 mol/L), water was added up to 8 mL and
incubated at 37 °C for 2 h, at 500. To stop the intestinal digestion, 400 pL
of Pefabloc® SC (0.1 mol/L in water) was added. Then, the samples were
centrifuged at 3000 g for 20 min and the supernatant was collected and
frozen. Resveratrol concentration in each digestion phase was deter-
mined by HPLC, after solvent extraction. The supernatant was extracted
through solvent-solvent extraction. 1 mL of sample was added to 4 mL of
methanol, vortexed for 1 min and placed in an ultrasound bath in pulse
mode for 15 min. Samples were then centrifuged at 4 °C for 30 min, at
4000 g, and the supernatant was recovered and analysed in HPLC.

2.6. Invitro cellular assays

2.6.1. Sample preparation

Non-digested samples were homogenized in a vortex until complete
dispersion, to ensure that flocculation does not happen on top of the cells
during sample incubation with the cells. Vortex time varied between
samples, with free resveratrol and emulsion samples taking the least
amount of time, while HPMC samples took the longest (minimum 30
min). Digested samples were used as they were. Both digested and non-
digested samples were diluted in HBSS (10 % v/v).

2.6.2. Cell cultures

Caco-2 and HT29-MTX cell lines were kept in a humidified chamber
at 37 °C and 5 % CO». Culture media was changed every 2-3 days and
cells were sub-cultured when reaching a confluence of 70-80 %. For cell
detachment trypsin-EDTA (0.25 % trypsin; 0.1 % EDTA) was used for
5-10 min.

Caco-2 cells (passages 26-50) were cultured in MEM supplemented
with 20 % foetal bovine serum (FBS), 100 U/mL of penicillin, and 100
pg/mL of streptomycin (1 % Pen/Strep).

HT29-MTX cells (passages 56-68) were maintained in DMEM me-
dium supplemented with 10 % FBS and 1 % Pen/Strep.

2.6.3. Differentiated co-cultures of Caco-2 and HT29-MTX

Caco-2 and HT29-MTX cell lines were seeded at a 9:1 ratio, with a
cell density of 1.0 x 10° cells/cm? in 96-well plates and incubated at
37 °C for 21 days to form a differentiated monolayer to carry out the
assessment of cell viability and ROS production after incubation with
samples.

2.6.4. Cell metabolic activity

Cytotoxicity of samples was determined indirectly by the resazurin
reduction assay on differentiated monolayers of Caco-2:HT29-MTX (9:1
ratio) in 96-well plates. After 21 days of differentiation, culture media
was removed and cells were incubated with samples for 4 h, and then
samples were removed and resazurin solution (10 pg/mL in complete

International Journal of Biological Macromolecules 259 (2024) 129288

MEM) was added and incubated for 4 h. DMSO (40 %, v/v) was used as a
negative control, HBSS with 10 % (v/v) dH20 or HBSS with 10 % (v/v)
digested dH,0 were used as positive control for non-digested or digested
samples, respectively. To ensure that the simulant digestive fluids did
not have any cytotoxicity, 1 mL of water was digested and diluted in
HBSS, (10 %, v/v), then incubated for 4 h with cells, and the resazurin
assay was conducted. Cells displayed no reduction in metabolic activity
(Fig. 5), and as such the digested and non-digested samples were able to
be analysed following the same conditions (1:10 dilution in HBSS, for 4
h).

Cell metabolic activity was determined through measurement of
fluorescence intensity of the product of resazurin reduction - resorufin,
which is proportional to the number of viable cells, using a microplate
reader at Aex = 560 nm and Aey = 590 nm (BioTek® Synergy H1, Win-
noski, VT, USA). The % cell viability was expressed as the fluorescence
of treated cells compared to the fluorescence of the positive control.

2.6.5. Intracellular ROS assessment

ROS are natural by-products of regular cell activity and essential
signalling molecules [41]. However, an imbalance between oxidant
external stimuli and anti-oxidant defence mechanisms, known as
oxidative stress, can trigger cell damage and cause cell death [42].

Cell-based assays have been used to assess the effectiveness of di-
etary antioxidant compounds [43], quantifying the production of
intracellular ROS using the oxidation sensitive 2',7"-dichlorofluorescein
diacetate (DCFH-DA), a cell-permeant and non-fluorescent molecule.
After diffusion into the cell, DCFH-DA is deacetylated by cellular es-
terases, which is later oxidized into fluorescent DCF in the presence of
ROS. When the basal level of intracellular ROS is increased, oxidative
stress occurs [44]. Antioxidant compounds can quench this reaction and
prevent the generation of DCF. HBSS with 10 % (v/v) dH2O or HBSS
with 10 % (v/v) digested dH»0O were used as negative control for non-
digested or digested samples, respectively. Sin-1 (5 pmol/L), was used
as positive control in the assessment of basal level of ROS or to induce
inflammation in the assessment of protective effect. Trolox (50 pg/mL)
was used as an antioxidant model.

2.6.5.1. Oxidative stress. ROS production was measured in the differ-
entiated monolayer of Caco-2:HT29-MTX was assessed using DCFH-DA
assay. After 21 days of differentiation, culture media was removed
and replaced with 100 pL of 10 pmol/L of DCFH-DA diluted in HBSS.
After 1 h, the DCFH-DA solution was replaced by 100 pL of samples
diluted in HBSS (10 % v/v) and incubated for 4 h at 37 °C. After incu-
bation, oxidative activity was determined by measuring dichloro-
fluorescein (DCF) fluorescence using a microplate reader at Aex = 495
nm and Aey = 525 nm (BioTek® Synergy H1, Winnoski, VT, USA).
Trolox (50 pg/mL), a known antioxidant, was used as a model com-
pound and Sin-1 (5 pmol/L), a known oxidizer, was used as a positive
control. Control wells were considered as the basal level of oxidation
and results were calculated as a percentage relative to the respective
control.

2.6.5.2. Protective effect. To investigate the potential protective effect
of samples on intracellular ROS production (cellular antioxidant activ-
ity), after 4 h of incubation with samples, cells were stressed with Sin-1,
5 pmol/L for 60 min to induce oxidative stress. The fluorescence in-
tensity of DCF was measured every 15 min throughout the 60 min, using
a microplate reader at Aex = 495 nm and Aep, = 525 nm (BioTek® Syn-
ergy H1, Winnoski, VT, USA). Area under the curve was calculated for
each sample, and results were expressed as percentage of protective
effect increase over the negative controls (HBSS with 10 % (v/v) dH,0
for trolox and non-digested samples or HBSS with 10 % (v/v) digested
dH,O for digested samples).
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2.7. Statistical analysis

Statistical analyses were completed using analysis of variance
(ANOVA), Tukey’s mean comparison test (p < 0.05), and students t-test
(p < 0.05). Results are reported as an average and standard deviation.
Origin 9.0 software (OriginLab Corporation, 2012) and GraphPad Prism
8.4.3 (GraphPad Software, LLC, 2020) were used. A minimum of 3
replicates were performed for the micro-nanostructure characterization.
For the cellular assays, two individual experiments, each with 5 repli-
cates, were performed.

3. Results and discussion
3.1. Morphology

The RSV microparticles have a theoretical loading of 2.5 % (w/w),
while the nanoemulsions have a theoretical loading of 13.3 % (w/w).
These loading capacities are in agreement with what has been previ-
ously reported for resveratrol micro-nano delivery systems (1 % to 20 %
(w/w)) [45-48].

The morphology of the RSV-loaded HPMC microparticles produced
by EHDP, and the starch nanoemulsions produced by high-speed ho-
mogenization and sonication can be found in Fig. 1.

The size of the RSV-loaded and unloaded microparticles and nano-
emulsions were analysed via SEM and DLS, respectively, and results are
presented in Table 1.

As shown in Fig. 1, microparticles produced via EHDP were round
and smooth, with few uneven droplets formed during processing, with a
low aspect ratio (indicating high sphericity). Most samples, both mi-
croparticles and nanoemulsions, displayed a PDI/diameter distribution
lower than 0.3, indicating that they had a homogenous size distribution.
The morphological parameters obtained for the HPMC microparticles
produced via EHDP are similar to those previously reported in other
works [49] [36,37].

In the case of nanoemulsions, they demonstrated a negative zeta
potential. The negative value is indicative of the charge of the starch
used to produce the emulsions, while the high value obtained (< —30
mV) can be an indicator of high stability [35,50].

Loading RSV in both structures did not influence their size.
Regarding the HPMC microparticles, diameter distribution and span
were slightly lower than what was reported in Silva, Prieto, et al. [36]
(Table 1), likely due to the addition of resveratrol as it can modify so-
lution properties such as viscosity or conductivity, similarly to what was
seen in Silva, Prieto, et al. [36] upon the addition of melanoidins. Size
and aspect ratio were similar. These results indicate that the HPMC
microparticles produced in the specific conditions of these works can be
a versatile system for the use of different bioactive compounds (at the
tested loadings). Regarding the emulsions, it is shown in Table 1 that the
addition of RSV, at a final loading of 7.5 mg RSV per mL of emulsion, did
not create any significant differences between the loaded and unloaded
systems, as size and PDI were similar.

The low size (< 1 pm) of the microparticles and emulsions present

Fig. 1. SEM micrographs of the RSV loaded microparticles (A), TEM micro-
graphs of nanoemulsions (B).
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Table 1

Morphology parameters for the developed micro-nanostructures. *Data
regarding the morphology of unloaded particles were also included for com-
parison [36,37]. 'analysis via DLS, Zanalysis via SEM. Different letters in the
same column represent statistically significant differences (p < 0.05).

Sample Diameter PDI/diameter Span  Aspect Zeta
(nm) distribution ratio potential
RSV loaded
HPMC 9483i 0.20 1.2 1.32 -
. 2 423
particles
Unloaded
HPMC 9193i 0.46 2.1 1.26 -
. 2 620
particles*
RSV loaded
0SA-MS 217 £10°  0.27 - - —62.5
emulsions!
Unloaded OSA-
MS 227 + 4° 0.27 - - —42.0
emulsions!

future advantages when projecting their use as a functional food
ingredient, as size can be of influence regarding organoleptic properties
such as mouthfeel and appearance, upon incorporation into food prod-
ucts [51-54].

3.2. Emulsion stability

The stability of the emulsions was assessed over a period of three
months, at two storage temperatures: room (~23 °C) and cold storage
(4 °C). This assessment was conducted using DLS, analysing the size, PDI
(Fig. 2) and zeta potential (Fig. S1) of the loaded emulsions over time.

Loaded emulsions were stable for up to three months at both storage
temperatures, with emulsions stored at room temperature destabilizing,
regarding size and PDI, at the 88th day of storage. Cold stored samples
display no statistically significant changes for size (p > 0.05), and while
they displayed some statistically significant changes regarding PDI and
zeta potential (p < 0.05), all the values are within the expected range.
The maximum value recorded for PDI is 0.358 in day 21 and decreases
over the next storage days to values below 0.3. Zeta potential reaches a
minimum of —49.6 mV (Fig. S1), still well within the range of values
considered to yield stable systems [50]. As for room temperature,
emulsions destabilize at the 88th day, with the size increasing (p < 0.05)
to an average value of 737.6 nm, compared to values that reached a
maximum of 302.3 nm in the remaining time points. The same trend is
seen for PDI, as all values for PDI are below 0.31, except for the 88th
day, in which PDI sharply increases to 0.84 (p < 0.05)), indicating that
the emulsions have destabilized. Instability in emulsions can be due to
different factors, given the increase in both size and PDI value, it is likely
to be either coalescence or Ostwald ripening mechanisms that are
destabilizing the emulsions at room temperature storage [55,56].

Espinosa-Sandoval et al. [35] developed OSA stabilized Pickering
emulsion for the delivery of essential oils through high-speed homoge-
nization and ultrasonication and were able to maintain emulsion sta-
bility for a time-period of 14 days at cold (4 °C) and room temperature
storage. Emulsion droplet size was ~150 nm, similar to our study.

3.3. Thermal and chemical characterization

3.3.1. TGA

Thermogravimetric analysis was conducted to understand the ther-
mal properties of the produced structures, and whether the processing
and the loading of RSV might influence their thermal properties.

Fig. S2 shows the thermograms of all analysed samples. Polymer raw
materials and the respective structures display similar behaviours,
indicating that processing did not influence the thermal properties of the
produced structures. RSV displayed a one-stage degradation with an
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Fig. 2. Size (A) and polydispersity (B) stability at room and cold storage, over a period of three months.

onset temperature of ~250 °C and a peak temperature of ~350 °C and a
final solid residue that accounts for ~36 % (w/w) of the initial sample
weight.

For the EHDP produced structures, there is a single-stage degrada-
tion, starting at ~300 °C, likely to be due to cellulose ether degradation
and dehydration and demethoxylation [57]. All HPMC lose around 80 %
- 85 % (w/w) of their weight, ending with between 1 and 5 % (w/w) of
their sample weight as a solid residue, with a maximum degradation
peak between ~350 °C and ~ 375 °C.

These results follow what has been previously reported for HPMC
particles [57,58] and RSV [45].

For OSA-MS and the resulting emulsions, data is slightly different. A
single-stage degradation peak at ~300 °C was observed, with an onset
temperature around 250 °C, accounting for ~70 % (w/w) of sample
weight loss, with a final solid residue that accounts for ~4 % (w/w) of
the initial sample weight. Blank emulsions display a two-stage degra-
dation, possibly due to the presence of both polymer and oil. The first
degradation stage initiates at ~200 °C, peaking at ~310 °C, accounting
for a weight loss of 18 % (w/w), while the second degradation stage
initiates ~345 °C, peaking at 425 °C, accounting for a weight loss of 74
% (wW/w).

RSV emulsions display a similar behaviour, with slight shifts indic-
ative of RSV incorporation. Samples display a two-stage degradation.
The first stage initiates at ~200 °C, peaking at ~320 °C, accounting for
~16 % (w/w) of the initial weight loss, while the second stage starts at
~350 °C, peaking at ~420 °C, accounting for a weight loss of ~68 % (w/
w), with a final solid residue of ~5 % (w/w). This two-stage degradation
process is typical of starch emulsions, with the first degradation stage,
with a peak around 300 °C, happening due to starch degradation, while
the second degradation stage, peaking at around 420 °C, is due to the
complete decomposition of starch-lipid complexes, as reported else-
where [59].

Similar to what is seen with HPMC particles, the obtained results
agree with what has been found in literature for starch [60] and starch
emulsions [61] and RSV [45], regarding the weight loss profiles and
temperature ranges at which they occur.

3.3.2. X-ray diffraction

X-ray diffraction analysis was carried out to assess the impact that
the processing technologies (EHDP and emulsification) might have on
the crystalline structure of HPMC and starch, and additionally explore
how the use of an RSV delivery systems might affect its crystallographic
profile. Supplementary Fig. S3 shows the spectra of all samples. HPMC
display a mostly amorphous profile with one broad and low-intensity
peak between 16° and 20°, peaking at 19.5° with a d-spacing of 4.55
A, typical of HPMC [62,63]. The unloaded HPMC microparticles

developed via EHDP display a lessening of this peak, indicating a lower
crystallinity of materials. This decrease is typical of EHDP samples due
to the rapid solidification of the stretched polymer chains during pro-
cessing, and has been reported elsewhere [64,65]. Unloaded emulsions
display a broad peak around 15° to 25°, peaking around 19°, typical of
starch emulsions [66].

RSV presents a crystalline profile with several peaks in the 15° to 30°
region, namely at 13.27°, 16.39°, 19.02°, 22.37°, 23.69° and 28.34°,
characteristic of RSV and its crystalline structure [67,68].

Loaded RSV HPMC structures display similar features to the HPMC
profile, with some additional low intensity peaks in regions typical of
RSV, namely in the 20° to 30° region (20.21°, 20.55°, 22.62°, 25.73°,
and 27.92°). These features are of low intensity given the low content of
RSV in the microparticles, similar to what has been seen in other works
using RSV delivery systems [68]. Loaded emulsions present a similar
profile, but with the presence of additional peaks, likely due to the
loading of resveratrol, as they appear in regions typical of resveratrol, as
seen in the XRD profile of RSV. These peaks have a higher intensity than
those seen in the loaded HPMC microparticles due to the higher RSV
loading in OSA-MS emulsions. Nonetheless, when compared to the XRD
profile of RSV, a decrease in the intensity of the peaks is still seen.

These results seem to indicate that RSV was successfully incorpo-
rated into the HPMC microparticles and nanoemulsions, and that the
incorporation led to a decrease in the crystallinity of RSV, leading to its
amorphization.

3.3.3. ATR-FTIR

ATR-FTIR analysis was conducted (Fig. S4) to assess the reorgani-
zation of any chemical and structural feature during processing or after
RSV loading. FTIR band assignment is shown in Table S1. Supplemen-
tary Fig. S4 shows that pristine reagents displayed their typical profile
(HPMC and starch) [69,70]. RSV also displayed its typical profile, with
distinguishing features in the 1800-1500 cm ' region [71,72].

Regarding processing, most samples were very similar among
themselves, with only slight differences in their reagent controls. For
example, there was a slight shift of the highest intensity peak of 1049
em~! for HPMC reagents to 1055 cm’l, respectively, for the unloaded
microparticles.

Upon the addition of RSV, there were only slight changes in the ATR-
FTIR profile of the samples. Regarding the addition of RSV to the
emulsions, it did not have a significant influence, as most of the peaks
seen in these profiles are those typical of starch [97,98]. Nevertheless, in
the region of 1600-1500 cm™! a few additional peaks exist, typical of
RSV, and of phenolic compounds in general [72,73]. Similar additional
peaks are shown in the profile of the RSV-loaded HPMC particles in the
regions of 1800-1700 cm ' and 16001500 cm . These peak shifts and
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additions in both the loaded HPMC particles and the loaded emulsions
are indicative that both micro-nanostructures were able to entrap RSV.

3.4. Simulated gastrointestinal digestive conditions

Fig. 3 shows the bioaccessibility of the different samples assayed
with the INFOGEST protocol. Free resveratrol displayed the lowest
bioaccessibility, with a value of 16.1 %. This can be due to two factors:
1) RSV is insoluble in water and, as such, might not be able to be
micellized during the gastrointestinal digestion and therefore, is not
bioaccessible; and 2) additionally, when dispersed in an aqueous phase,
RSV is chemically unstable during gastrointestinal digestion. Combining
the low water solubility and the high susceptibility to degradation under
gastrointestinal conditions could leads to a low bioaccessibility after oral
ingestion. Similar values were reported for other lipophilic polyphenolic
compounds [74,75]. In the case of RSV, the intestinal conditions at
higher pH have the highest impact on its stability and degradation [76].

Using delivery systems, the bioaccessibility of RSV increased (Fig. 3).
HPMC RSV led to a higher increase in bioaccessibility, reaching a value
of 56.7 %, while emulsion RSV increased to 19.7 %. In HPMC particles,
resveratrol can be released through three different mechanisms: diffu-
sion, swelling, and dissolution [77-80]. This leads to a more controlled,
gradual, and slowed release of RSV in both, gastric and intestinal phases
[77,78,80,81]. The slight increase, but still statistically different, in RSV
bioaccessibility when loaded into the emulsions, may be due to the fast
starch hydrolysis in the oral phase due to the amylase action, releasing
the emulsified RSV faster than the HPMC RSV. The effect of amylase in
the oral phase can be seen in Fig. 4. Before the addition of amylase, the
oil is contained within the freeze-dried emulsion, and upon the addition
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Fig. 3. Bioaccessibility of resveratrol after simulated gastrointestinal digestive
conditions of resveratrol-loaded HPMC microparticles (HPMC RSV),
resveratrol-loaded emulsions (Emulsion RSV), or free resveratrol (free RSV).
The symbol (*) denotes significant differences (student t-test) between samples:
wkp < 0.0001, ***p < 0.001; **p < 0.01, *p < 0.05.
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of amylase, the freeze-dried emulsions are destabilized, and the oil and
the starch are seen separately, resulting in the release of RSV.

A quicker release of RSV means that more RSV will be exposed to
harsh gastrointestinal conditions, while a more controlled or slower
release will result in higher protection, increasing bioaccessibility. This
has been previously reported as one of the main advantages of the use of
controlled delivery structures [82] and of possible interesting usage for
RSV [83]. The bioaccessibility of the RSV emulsion was still higher than
the free RSV. Despite the disintegration of the emulsion, the RSV might
remain dispersed in oil droplets, making it slightly more stable, and thus
more likely to be incorporated in mixed micelles, resulting in increased
bioaccessibility [13,75]. Lipophilic polyphenolic compounds, such as
resveratrol, usually degrade only in neutral and basic pH conditions, but
can precipitate and sediment under acidic pH conditions [13,75]. As
such, delaying the release of these compounds as far as possible can be
beneficial, as seen by the results of the HPMC RSV formulation, which
likely displayed a more sustained and gradual release of RSV.

Despite differences in magnitude similar trends, to what is observed
here, are seen across different authors, with free RSV having a lower
bioaccessibility than the delivery systems of RSV, regardless of the de-
livery system. Koga et al. [84] reported an increase in bioaccessibility
from 23 % to 70-80 % for spray-dried RSV protein capsules, Jo et al.
[85] reported an increase from 7 % to 90 % for emulsified RSV in
chitosan-coated Pickering emulsions, and Pu, Tang, Liu, Zhu, & Sun [86]
reported an increase from 14 % of bioaccessible RSV to a range between
44 and 72 % when RSV was encapsulated in kafirin. This further high-
lights the need and the advantages of using delivery systems for poly-
phenolic bioactive compounds, such as RSV.

A wide range of values are reported for bioaccessibility of RSV, either
free or in a delivery system. Reports for the bioaccessibility of free RSV
include values varying between 7 and 23 % [84,85]. Differences can be
related to the lack of standardised protocols to simulate human gastro-
intestinal digestion. As an example, Koga et al. [84] use a protocol that
recovers the micellar phase by centrifugation at 10,000 g for 60 min,
while Jo et al. [85] centrifuge part of the digesta at 1500 g for 30 min,
followed by a second centrifugation of the supernatant at 16,000 g for
20 min, followed by a dilution in methanol and centrifugation of 16,000
g for 20 min. Such differences in protocols over the different phases of
the simulated digestion add up and can lead to differences in the
outcome. As such, hampering a direct comparison of values might not be
possible. Additionally, these differences highlight the need for a
harmonized protocol for the simulation of the human digestion.

3.5. Invitro cellular assays

3.5.1. Cell metabolic activity

The assessment of the potential cytotoxic effect of new formulations
using in vitro methodologies is essential to determine whether they are
safe to consume without harming the host. Given the intended appli-
cation of the developed formulations as functional food ingredients, it is
essential to ensure their safety. It is of particular importance to test
digested samples, representing what is effectively reaching the human
intestine, thus providing a more physiologically relevant response.
However, few studies using delivery systems of RSV have analysed the
cell interactions with digested samples, while some have assessed the
cytotoxicity of non-digested delivery systems [87-89]. As such, cell
metabolic activity of a co-culture of Caco-2 and HT29-MTX (9:1 ratio)
was assessed via the resazurin reduction assay after exposure to digested
and non-digested samples.

Fig. 5 shows the cell viability (%) of differentiated co-culture of
Caco-2 and HT29-MTX after 4 h of incubation with samples. The cell
metabolic activity of the HBSS control samples was used as a baseline for
100 % cell viability for non-digested samples, while for digested sam-
ples, digested dH20 was used. DMSO (40 % v/v), the negative control,
displayed a cell viability of 38 %, demonstrating a cytotoxic effect, as
expected.
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Fig. 4. Confocal microscopy image of freeze-dried emulsion in the simulated oral phase of the INFOGEST protocol, without (left) and with (right) amylase. Oil is
stained with Nile red (shown in red) and starch is stained with calcofluor (shown in blue). (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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Fig. 5. Cell viability (%) of a differentiated co-culture of Caco-2 and HT29-MTX
(9:1 ratio) after 4 h of incubation with samples, assessed by the resazurin assay.
Electrosprayed HPMC RSV-loaded were analysed in their non-digested (HPMC
ND) and digested form (HPMC D), as well as non-digested (EM ND) and
digested (EM D) RSV loaded emulsions, and, non-digested (RSV ND) and
digested (RSV D) free RSV. HBSS with 10 % (v/v), dH,0 or HBSS with 10 % (v/
v) digested dH;O were used as positive control for non-digested or digested
samples, respectively and DMSO (40 % v/v) was used as negative control. All
samples were prepared in HBSS (10 % v/v). The symbol (*) denotes significant
differences (one-way ANOVA) between samples: ****p < 0.0001, ***p < 0.001;
**p < 0.01, *p < 0.05.

All non-digested samples displayed a cell viability higher than 98 %,
indicating that none of the samples compromised cellular metabolic
activity. Similar results have been determined in other works, with
Nunes et al. [87] developing RSV-loaded zein nanoparticles and re-
ported cell viability higher than 80 %, usually with higher cell viability

than free RSV. In another work, Qin, Zhao, et al. [89] developed RSV-
loaded cellulose aerogels, with a cell viability higher than 90 %. Simi-
larly, Qin, He et al. [88] developed RSV-loaded silica aerogels, and also
reported a cell viability higher than 90 %.

Similar to the non-digested samples, the digested samples also dis-
played high values of cell viability, with all samples presenting values
higher than 90 %.

There are only a few papers that evaluate the effect on cell-based
models of delivery system after in vitro digestion. Huang et al. [49]
digested zein and pectin core-shell nanoparticles loaded with RSV using
the INFOGEST gastrointestinal model and reported that RSV displayed
no cytotoxic effect, with cell viability above 80 %. In another work, Xu
et al. [34] developed RSV-loaded liposomes and evaluated the in vitro
cytotoxicity, after an in vitro gastrointestinal digestion [31]. Cell
viability after incubation with all concentrations of free RSV was re-
ported as higher than 85 %, while for the RSV-loaded liposomes it, was
higher than 95 %.

3.5.2. Intracellular ROS assessment

3.5.2.1. Oxidative stress. As shown in Fig. 6a, Sin-1 effectively induced
oxidative stress demonstrated by the increased intracellular level of ROS
and, conversely, none of the analysed samples induced oxidative stress.
Indeed, all samples decreased the basal intracellular level of ROS ob-
tained in negative controls that were HBSS with 10 % (v/v) dH50 or
HBSS with 10 % (v/v) digested dH;O for non-digested or digested
samples, respectively, to similar or lower levels than the one observed
for Trolox [90]. This result demonstrates the antioxidant effect (intra-
cellular) of all formulations on the differentiated epithelial monolayer.

Non-digested HPMC RSV, free RSV, and emulsion RSV had a result of
67 %, 76 %, and 80 % of the fluorescence intensity of the basal level
oxidation of the control, respectively. These results clearly indicate that
most of the RSV was still within the microparticles and emulsion and, as
such, could not actuate on cells, hence the lower reduction of the basal
level of oxidation, when compared to a control (HBSS in sterile water).
This is particularly true regarding the non-digested emulsion samples,
given that they are easily dispersible and stable in water and as such
likely had an extremely low release of RSV upon hydration from their
freeze-dried form. As for free RSV, this result is likely due to oxidation or
loss of RSV during the protocol, as it is unstable and insoluble in water.

All samples were ensured to be dispersed in water before incubation
with cells, which meant dissolving the non-digested HPMC particles
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Fig. 6. Effect of samples on the basal level of ROS (a) and protective effect (b) on differentiated co-cultures of Caco-2 and HT29-MTX (9:1 ratio), after incubation for
4 h. Intracellular ROS was measured through the DCFH-DA assay (excitation 495 nm/emission 525 nm). HBSS with 10 % (v/v) dH,O or HBSS with 10 % (v/v)
digested dH,O were used as negative control for non-digested or digested samples, respectively. Sin-1 (5 pmol/L), was used as the positive control in the assessing of
basal level of ROS or to induce inflammation in the assessment of a protective effect. Trolox (50 pg/mL) was used as an antioxidant model. Values show mean + sd (n
= 8 from 2 independent assays). Electrosprayed HPMC RSV loaded were analysed in their non-digested (HPMC ND) and digested form (HPMC D), as well as non-
digested (EM ND) and digested (EM D) RSV loaded emulsions, and, non-digested (RSV ND) and digested (RSV D) free RSV. The symbol (*) denotes significant
differences (one-way ANOVA) between samples: ****p < 0.0001, ***p < 0.001; **p < 0.01, *p < 0.05.

before the incubation step of the protocol and then, samples were
incubated with the cells for 4 h. The combination of these two factors
might have led to some release of RSV, thus inducing the highest
decrease when compared to the basal level of oxidation of the digested
HBSS control when compared to the other non-digested samples.

Regarding the digested samples, it is clear the protection effect of the
delivery system provides to RSV during digestion. For the emulsions (44
% of the basal level of oxidation of the control), the emulsified resver-
atrol resulted in a decrease of the basal level of oxidation when
compared to the control, statistically different (p < 0.05) to the free
digested RSV (64 % of the basal level of oxidation of the control). These
results were similar to the HPMC digested samples (51 % of the basal
level of oxidation of the control), and on par with the results achieved by
Trolox (62 % of the basal level of oxidation of the control.

These results indicate that, when compared to the HBSS controls,
none of the analysed samples resulted in any increase in the levels of
intracellular ROS products, and samples were even able to reduce the
basal level of ROS when compared to the control. These results also
highlight one of the benefits of the use of delivery systems for sensitive
bioactive compounds, as the protection conferred by it (namely for the
emulsion) allowed for a higher decrease of the basal level of oxidation of
the control, when compared to the free RSV sample.

3.5.2.2. Protective effect. The protective effect (antioxidant capacity) of
samples was assessed by inducing oxidative stress with Sin-1 to cells
after being in contact with samples (non-digested or digested samples)
and controls. After oxidative stress induction, the area under the curve
was calculated. Results are represented relative to controls: 10 % (v/v)
distilled H>O in HBSS for non-digested samples, 10 % (v/v) digestive
fluids in HBSS for digested samples.

Fig. 6b shows that the non-digested samples had an even more
distinctive behaviour among themselves. HPMC RSV displayed a high
protective effect, while the non-digested emulsions barely presented any
protective effect against oxidation, with a value of 22.1 %, similar to that
of free RSV which displays a low protective effect of 25.8 %. While these
values are similar, the reason behind them is likely to be different.

For the non-digested free RSV, the low protective effect is likely due
to the insolubility of RSV in water, which might result in some degra-
dation and loss of its antioxidant activity. As for the emulsions, given
that they are easily dispersed in water upon rehydration, barely any RSV
was likely released during the assays and, as such, it was unable to
protect cells against oxidation. As seen in the stability tests, RSV-loaded
emulsions were stable over a long period of time, indicating that no
destabilization of the emulsions (and subsequent release of RSV) has
occurred.

Regarding the non-digested sample of electrosprayed HPMC micro-
particles, a high protective effect against oxidation was verified, likely
due to the controlled release of RSV from the HPMC microparticle. When
in contact with water, the surface of HPMC particles hydrate and swell,
forming a gel layer. The RSV will then gradually release over time from
the HPMC microparticle, through various release mechanisms, including
diffusion, swelling, and dissolution. As resveratrol is a poorly aqueous
soluble bioactive, erosion is likely to be the dominant process [77-80].
As such, the probable increased and delayed release of RSV likely
allowed it to maintain its stability, avoid degradation, and be available
to act against oxidation, providing an increased protective effect (62.0
%) relative to the HBSS control.

Similar to what is shown in Fig. 6a, in the digested samples, the free
RSV had significantly lower performance (p < 0.05) in terms of pro-
tective effect (33.3 %), than the digested RSV-loaded micro-nano-
structures. This is likely due to the oxidation and degradation of RSV
during the in vitro gastrointestinal digestion, decreasing RSV’s ability to
act against oxidation. Between the digested delivery systems, the pro-
tective effect was similar (p > 0.05), with the digested HPMC micro-
particles and digested emulsions having a protective effect increase of
44.4 % and 47.6 %, respectively, relative to the control of HBSS with
digestive fluids. Trolox showed the highest protective effect relative to
the HBSS control, with a protective effect increase over the control of
81.0 %.

The similarity of the protective effect of both the microparticles and
nanoemulsions, despite the different bioaccessibilities seen in Fig. 3, can
be explained by the different mechanisms of absorption of the different
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systems. Nanoemulsions have a lower size than microparticles, which
can facilitate absorption due to an increase in the adhesive contact be-
tween emulsions and the cellular membranes and a corresponding
decrease in energy requirements for membrane deformation and cellular
uptake [91,92]. Additionally, nanoemulsions have two pathways to cell
internalization, micellization [93,94], and endocytosis [91], while
polymeric microparticles do not undergo micellization, unless they have
oil in their composition, which is not the case.

Over the past few years, some studies have analysed the antioxidant
activity of RSV in cell culture, usually doing so with non-digested
samples [95,96].

Chung et al. [95] developed two formulations of RSV-loaded chi-
tosan—y-poly(glutamic acid) nanoparticles and reported similar values
to those obtained in this work and that both formulations of the
encapsulated RSV had significantly higher cellular antioxidant activity
values (CAA value) than the free RSV, reaching CAA values between 50
and 60, compared to a CAA value of 40 for free RSV (dissolved in
ethanol).

Fan et al. [96] developed RSV loaded zein nanoparticle with bovine
serum albumin-caffeic acid conjugate. Similarly, encapsulating RSV
within the zein nanoparticles resulted in an increased antioxidant ac-
tivity when compared to free RSV. Likewise, both authors argued that
the encapsulation of RSV led to increased stability and solubility,
resulting in higher antioxidant activities.

Regarding the assessment of the antioxidant activity of RSV after in
vitro gastrointestinal digestion, there is a lack of research, with only a
few papers assessing its antioxidant potential.

Huang et al. [49] developed RSV loaded zein and pectin core-shell
nanoparticles and after using an in vitro gastrointestinal model,
applied the digested samples to HepG2 cells grown for 24 h. The authors
reported that the digesta of the zein nanoparticles exhibited superior
antioxidant activity when compared to both the digestion of free RSV
and the digestion of a physical mixture of RSV, zein, and pectin.

In another work, Xu et al. [34] applied the digesta of RSV-loaded
liposomes to Caco-2 cells to investigate its antioxidant activity. Caco-2
cells were cultured for 4 h and samples were incubated with cells over
a period of 24 h, followed by the antioxidant activity assay using the
CellROX Deep Red assay. The authors assayed the encapsulated RSV and
free RSV after digestion and reported that the encapsulated RSV
decreased total fluorescence intensity of ROS production when
compared to a control. Encapsulated RSV obtained 64.5 % of the total
fluorescence intensity of the control, a significantly better result than the
78.4 % of the total fluorescence intensity of the control obtained for the
free RSV.

Both authors point at the existence of a higher level of active RSV in
the digesta fluid of the encapsulated RSV as the reason for the increased
antioxidant activity, likely meaning that the encapsulated RSV displayed
a higher stability (given the additional protection of encapsulation) to
the in vitro gastrointestinal digestion and, as such, was able to be more
active against oxidation. Despite the differences in the testing protocols
between these works and the one presented in this paper, the result
trends are in accordance, clearly indicating that the encapsulation and
resulting stability provided to RSV led to an increased antioxidant
activity.

All the analysed samples in this study were able to provide an
increased protective effect relative to their sample controls, indicating
the potential of RSV to be used as a functional food ingredient. This was
especially true of both the digested delivery systems when compared to
the free RSV.

RSV is considered to have a strong antioxidant capacity that is held
back due to poor availability, resulting in low solubility and high sus-
ceptibility to oxidation and degradation. The differences in ROS levels
shown between encapsulated and non-encapsulated samples can be
mainly attributed to the encapsulation of RSV in the HPMC micropar-
ticles and starch emulsions, highlighting the benefits of encapsulating
RSV as a protection mechanism against oxidation and degradation
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during in vitro gastrointestinal digestion.
4. Conclusions

The use of a delivery system improved the protection and bio-
accessibility of RSV, in particular with the electrosprayed RSV-loaded
HPMC microparticles presenting the best results, with a 3.5-fold in-
crease, over the free resveratrol. All samples achieved a cell viability
higher than 97 %, vs HBSS control. Regarding intracellular ROS pro-
duction, all samples produced lower levels of ROS, namely the digested
samples of the electrosprayed HPMC particles and the modified starch
samples, similar to Trolox, a known antioxidant compound.

Regarding the protective effect against oxidative stress, RSV-loaded
micro-nanostructures displayed a lower protective effect compared to
Trolox, but still a significantly higher protective effect when compared
to the controls used (HBSS), and most importantly to free resveratrol,
highlighting the benefit of the use of a delivery system.

These results show the benefits of using nano or micro delivery
systems as a way to add resveratrol to food products.

The HPMC-RSV-loaded microparticles could be added to dried foods
as they would degrade in liquids, while the RSV-OSA-MS emulsions are
extremely promising for use as a versatile functional ingredient, as they
can be use in both liquid and dried form. Even with a low bio-
accessibility, RSV-OSA-MS were able to increase the intracellular anti-
oxidant activity when compared to free resveratrol, and as such should
be further investigated as a potential functional food ingredient.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.129288.
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