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ARTICLE INFO ABSTRACT

Keywords: This study aimed to evaluate the use of artichoke bracts in oil microencapsulation by spray drying. Thus, 1% and
Artichoke by-product 2% w/w of this material was added to sunflower O/W emulsions to partially replace maltodextrin and substitute
Emulsion

Tween®20. Emulsions were compared with a control containing only maltodextrin as wall material and

Is\dircioe;rciismation Tween®20 as emulsifier. The emulsion containing 2% of artichoke exhibited higher (p < 0.05) viscosity and
Sielz’hfey & stability against coalescence and flocculation (24 h) and 20% higher encapsulation efficiency after spray drying,

compared with control. The three microcapsules showed similar microstructure, density, porosity, flow prop-
erties, and Tg. Microcapsules containing artichoke exhibited, on average, 15% larger particles, 19% lower
moisture content, and 9% lower solubility, besides perceptible colour changes. Microcapsules containing arti-
choke (2%) showed lower oxidation indicators content (37%) after spray drying and over 2 months of controlled
storage (35 °C, 50% relative humidity) than control. After 90 days, decreases in linoleic acid were observed in all
the samples (up to 24%), with increases of oleic and saturated fatty acids. The control showed the highest in-
crease in saturated fatty acids (73%). Hence, artichoke bracts can be exploited for their application in lipid
microencapsulation because of their emulsifier properties and the oxidative protection they provide.

Recently, consumers have come to prefer products free of artificial
additives (Berton-Carabin & Schroén, 2019). Hence, there is a constant
search for novel natural materials to protect lipophilic active ingredients
in the food industry. Thus, the use of natural polysaccharides and pro-
teins as wall materials in the microencapsulation of lipids has gained
attention. Pectins, p-glucans, and inulin are some examples of natural
polysaccharides already evaluated in lipid microencapsulation (Gallotti
et al., 2020; Pieczykolan & Kurek, 2019). Natural proteins such as those
from milk, soy, pulses, and cereals have also been investigated (Costa
et al., 2015; Fioramonti et al., 2019; Rascon et al., 2011). The combi-
nation of carbohydrates and proteins has gained attention since an
efficient formation of the dry crust and good lipid oxidative stability
have been reported (Le Tan et al., 2017; Locali et al., 2019).

In this context, vegetable by-products, especially those containing
polysaccharides and proteins, might be interesting for their application
in lipid microencapsulation. Valorization of by-products as renewable
raw matters is attracting attention (Faustino et al., 2019). However, very
few investigations have been performed evaluating food by-products in
lipid microencapsulation (Marson et al., 2020; Nasri et al., 2020). The

1. Introduction

Polyunsaturated fatty acids (PUFAs) are essential for human health
and carriers of lipophilic bioactive compounds; however, they are sen-
sitive to oxidation. Two of the most effective strategies for improving
lipids stability are the addition of antioxidants and microencapsulation
by spray drying to prevent contact with oxygen and other stressors
(Timilsena et al., 2017). This process has technological advantages such
as easier storage, longer shelf life, easier dilution in small quantities, and
others (Ye et al., 2018). Therefore, microencapsulation has been widely
applied as a technique for the protection and controlled release of
functional food components such as PUFAs, antioxidants, flavors, vita-
mins, and so on (Gharibzahedi et al., 2018). Microencapsulation usually
requires the dispersion of the lipids in O/W emulsions before spray
drying. The composition and characteristics of this initial emulsion, such
as the wall material type and content, viscosity, droplet size, and sta-
bility are decisive for the oil encapsulation efficiency (Carneiro et al.,
2013; Linke et al., 2020).
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Abbreviation

a* CIELab coordinate (redness/greenness)
AA Antioxidant activity (g gallic acid equivalent/100 g dm)
AB Artichoke bracts flour

b* CIELab coordinate (yellowness/blueness)
CCI Carr’s compressibility index

CI Creaming index

dsg Median diameter (pm)

DE dextrose equivalent

dm Dry matter

DSC Differential scanning calorimetry

dTGA Derivate of thermogravimetric analysis
FAME  Fatty acids methyl esters

GAE Gallic acid equivalent

HR Hausner ratio

L* CIELab coordinate (Luminosity)

MD Maltodextrin

PUFAs  Polyunsaturated fatty acids

RH Relative humidity (%)

SA Specific absorbance of conjugated dienes at 234 nm
SEM Scanning electron microscopy

TE Trolox equivalent

Tg Glass transition temperature

TGA Thermogravimetric analysis

Wg Oil mass in volume of organic solvent (g/100 mL)
AE Total color change

p True density (kg/m®)

pb Bulk density (kg/m3)

pt Tap density (kg/m%)

use of any innovative material in the microencapsulation process needs
to be assess. For instance, it is necessary to evaluate the effect of these
novel materials on the characteristics of the O/W emulsions and on the
properties of the final microcapsules, especially on the encapsulation
efficiency and the oxidative stability of the encapsulated oil.

Among the agri-food by-products, it is remarkable the case of arti-
choke bracts since they represent ~60% of the weight of the whole
vegetable (Ruiz-Aceituno et al., 2016) and are rich in polysaccharides
including insoluble (cellulose) and soluble dietary fibre (inulin) (Villa-
nueva-Suarez et al., 2019). Insoluble polysaccharides from plants have
been used as solid particles to stabilize Pickering O/W emulsions,
showing outstanding stability against coalescence (He et al., 2020;
Huc-Mathis et al., 2021). The presence of inulin is interesting since it is a
prebiotic fructooligosaccharide (Villanueva-Suarez et al., 2019) with
technological properties such as emulsion stabilizer (Franck, 2002).
Artichoke bracts also contain proteins (Almela et al., 2005) and anti-
oxidants such as phenolic acids (Pandino et al., 2011). The presence of
antioxidants would be useful for the protection against the oxidation of
the encapsulated oil.

The aim of this work was, therefore, to evaluate the usefulness of
artichoke bracts in oil microencapsulation by spray drying. We hy-
pothesize that the addition of this material would stabilize O/W emul-
sions and improve the oil oxidative stability. Hence, two emulsions were
prepared and spray-dried containing 1 and 2% w/w of artichoke bracts,
using sunflower oil as a model lipophilic compound. These emulsions
and microcapsules were compared with a control with a conventional
composition for spray drying (only maltodextrin as wall material and
0.14% w/w Tween®20 as emulsifier).

2. Materials and methods
2.1. Chemical reagents

Sorbitan monolaurate (Tween®20) and maltodextrin DE 17-19
(MD) were purchased from PanReac AppliChem (Spain). Hexane (extra
pure), isopropanol (extra pure), petroleum ether (boiling point
40-60 °C, reagent grade), methanol (HPLC grade), ethanol (extra pure),
and acetonitrile (HPLC grade) were obtained from Scharlau (Spain) and
toluene (analytical grade) from Labkem (Spain). Standard of chloro-
genic acid (>95%) was purchased from Sigma-Aldrich (Spain).

2.2. Raw matter

Artichokes (Cynara Scolimus) were purchased in a local market in
Palma de Mallorca (Spain). The bracts were separated, freeze-dried
(Telstar LyoQuest, Spain) at —50 °C and vacuum pressure of 30 Pa,
ground (ZM 200- Retsch®, Germany), and sieved to a particle size

<0.09 mm (FIT-0200, Filtra, Spain). This flour from artichoke bracts
was named AB.

The AB moisture content was determined using the AOAC method
934.06 (AOAC, 1997). Protein, lipid, and ash content were determined
as described by Umana et al. (2020). The total carbohydrate content was
estimated as the difference to 100 of the sum of protein, lipids, and ash
content. The fibre content was estimated by obtaining the alcohol
insoluble residues (Eim et al., 2008), and characterized by releasing
neutral monosaccharides by Saeman hydrolysis and transforming them
into alditols before gas-liquid chromatography (GC) analysis followed as
described by Umana et al. (2020). Uronic acids were determined by
colourimetry (Coimbra et al., 1996). Inulin was determined using the
method proposed by Saengkanuk et al. (2011).

The total phenolic compounds were extracted in methanol as
described by Vallespir et al. (2019) and determined using the
Folin-Ciocalteu assay. The antioxidant activity (AA) was measured using
the FRAP, CUPRAGC, and ABTS assays (Vallespir et al., 2019). The results
were expressed as g of gallic acid equivalent (GAE)/100 g dry matter
(dm) in the case of the total phenolic compounds and as g of Trolox
equivalent (TE)/100 g dm in the case of the AA. From the methanolic
extract, the chlorogenic acid content was measured as described by
Wang et al. (2003) with small modifications by HPLC using an Atlantis
dC18 column (3 pm; 3,9 x 150 mm) (Waters, USA). The mobile phases
were water with 0.2% phosphoric acid (A) and acetonitrile (B) using the
following gradient: initial 6% B, linear gradient to 30% B in 20 min, with
a flow rate of 1 mL/min and temperature of 25 °C. The detection
wavelength was 330 nm. The identification and quantification were
performed using calibration with a standard.

Sunflower oil was used as a model for lipophilic compounds because
of its high PUFAs content (~60%) (Multari et al., 2019). It was pur-
chased from a local store (Palma de Mallorca, Spain) and purified to
remove the endogenous antioxidant following the stripping method
described by Hernandez Sanchez, Cuvelier, and Turchiuli (2015).

2.3. Emulsions preparation
Three O/W emulsions (C (control), AB1, and AB2) were prepared

Table 1
Composition (g/100 g emulsion) of the O/W: control (C), and those containing
artichoke bracts flour: AB1 and AB2.

COMPONENT C AB1 AB2
Water 60.00 60.00 60.00
Maltodextrin 35.86 35.00 34.00
0il 4.00 4.00 4.00
Artichoke bracts flour (AB) 1.00 2.00
Tween®20 0.14
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with the composition shown in Table 1. The C emulsion was prepared
following the protocol described by Hernandez et al. (2015) with some
modifications. First, the MD was dissolved in 85% of the water required
according to the formulation shown in Table 1. Secondly, an O/W
emulsion was prepared with the rest of the water (15%) and with
Tween®20, using an Ultra-Turrax© (T25 Digital, IKA, Germany) at
1821 g for 15 min. Finally, this emulsion was mixed with the aqueous
solution of MD previously prepared.

Regarding the emulsions containing AB, MD was dissolved in water
and then AB was dispersed with an Ultra-Turrax© at 1821 g (8 min).
Thereafter, the oil was added mixing for 15 min at 1821 g. The samples
(C, AB1, and AB2) were kept in an ice-water bath maintaining the
temperature under 40 °C when using the Ultra-Turrax®©.

2.4. Emulsions characteristics

Apparent viscosity of emulsions was measured with a J. P Selecta
rotational viscometer (ST-DIGIT R, Spain) at 25 °C with a shear rate (y)
of 53s7 L.

The droplet size distribution of the emulsions was determined using
an Olympus BX60 microscope (Optical Co. Ltd., Japan) connected to a
camera (Moticam 3, Spain). The emulsions were diluted in distilled
water (3:20 v/v) and immediately observed with a 20x objective. Mi-
crographs (minimum 5 per sample, ~30000 droplets) were processed
with ImageJ 1.52a software (Rasband, 2020), the photos were trans-
formed into the 8-bit and contrast was enhanced (5% normalized).
Thereafter, the functions “make binary” (Hosseini et al., 2015) and
“watershed” were applied to construct a boundary for each droplet
(Schuster et al., 2012). The area of each droplet was obtained auto-
matically using a scale. The droplets’ volume and diameter were
calculated from the area assuming the particles were spherical. The
micrographs with floccules were submitted to further analysis to esti-
mate the % flocculated oil volume. Thus, after transforming the micro-
graph to 8-bit and binary, the “minimum filter” was applied (radius 1
pixel) to discard droplets that were not into floccules. Thereafter, the
function “find maxima” (noise tolerance: 10, output type: “segmented
particles”) was applied. Finally, the functions “dilate” and “find edges”
were used, and the area of each particle was measured. The droplet size
distribution was measured immediately after the emulsion preparation
and several times over 24 h. Meanwhile, the emulsions were stored at
4 °C in containers with a capacity of 100 mL (55 x 70 mm). The
creaming index (CI) of the emulsions was measured as described by
Edris et al. (2016) at several times for 24 h maintaining the sample at
~22°C.

2.5. Spray drying of the emulsions

Emulsions were spray dried in a Buchi B-290 spray dryer (Buchi,
Switzerland) at 175 °C inlet temperature, 32 m3/h (80%) of aspiration,
8.3 mL/min (25%) of pumping of the emulsions and an atomization air
flow rate of ~0.83 m>/h. A two-fluid nozzle atomizer with an opening of
0.7 mm was used and the nuzzle cleaner was set to 12 strikes/min. The
outlet temperature was 100-102 °C. These parameters were determined
from preliminary experiments to obtain a dried powder with a low
moisture content (<3 g/100 g dm) (results not shown). Emulsions were
magnetically agitated during the drying process. Each emulsion was
prepared and dried in duplicate.

2.6. Microcapsules characteristics

The powders were observed by scanning electron microscopy (SEM).
Samples were mounted on aluminium stubs with double-sided sticky
carbon tape and subjected to gold sputter coating. A microscope
HITACHI S-3400N (Germany) accelerated at 15 kV and under vacuum
pressure of 40 Pa was used. The micrographs were analyzed (minimum 8
photos per sample, ~4000 particles) as described in section 2.4. The
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dried emulsions were reconstituted in water (2 g of powder in 3 mL of
distilled water at 50 °C) and the size of the droplets was analyzed as
described in section 2.4.

The encapsulation efficiency was measured by quantifying the sur-
face and the total oil, the oil in the core was the difference between
them. Surface oil extraction was carried out according to the GEA Niro
Method No. A 10a (2005). The total oil was determined as described by
Kim et al. (2005). Emulsions were reconstituted (1 g of powder and 2 mL
of distilled water at 50 °C) and oil was extracted with 50 mL
hexane/iso-propanol (3:1 v/v). Encapsulation efficiency was expressed
as the mass of oil in the core/total mass of oil %.

The moisture content was determined using the method 934.06
(AOAC, 1997), and the water activity (aw) was measured at 25 °C using
a NOVASINA thermoconstanter TH200 (Switzerland).

The powders’ hygroscopicity was determined as described by
Zotarelli et al. (2017) at 25 °C, 75.3% relative humidity (RH) for 7 days.
The solubility of the microcapsules and AB was measured according to
Pieczykolan and Kurek (2019). The colour was measured with a CM-5
colourimeter (Konica Minolta, Japan) (Vallespir et al., 2018) and
expressed using the CIELab* coordinates: L* (luminosity), a* (red-
ness/greenness), and b* (yellowness/blueness). The total colour change
(AE) was calculated by comparing the powders containing AB with C,
and microcapsules with their wall materials (Eq. (1)).

AE= /AL? + Aa™ + Ab™ (€D)]

The bulk (pp), tapped (py) and true density (p) were determined as
described by Premi and Sharma (2017). The porosity (Eq. (2)) and the
flow properties in terms of Hausner ratio (HR) (Eq. (3)) and Carr’s
compressibility index (CCI) (Eq. (4)) (Tze et al., 2012) were calculated as
follows:

Porosity=1 — P/, (2)
HR=p, /o, 3
CCI=(p, — p,,)/pr.lOO “4)

The thermogravimetric analysis (TGA) was carried out with a TA
Instruments DMA Q800 (TA Instruments, USA), placing the sample in an
aluminium pan into a furnace and heating it from 20 °C to 600 °C (rate of
20 °C/min), with a nitrogen flow of 50 mL/min and recording the
sample weight (Umana et al., 2021). The differential scanning calo-
rimetry analysis (DSC) was performed with a DSC (Mettler Toledo, DSC
3, USA). Samples were heated from —20 °C to 100 °C, in the first heating,
100 °C to —20 °C in cooling, and —20 °C to 150 °C in the second heating
(rate 10 °C/min). The glass transition temperature (Tg) was obtained
from the DSC thermograms of the second heating (Umana et al., 2021).

2.7. Oxidative stability

About 35 g of each powder was poured into a vessel inside a hermetic
jar placed in a climatic chamber at 35 °C and 50% RH for 90 days.
Regular sampling was done at different times and the analysis of dienes
performed immediately. The powders were manually homogenized
before sampling and randomly changed position after sampling.

The specific absorbance (SA) of dienes was determined as an indi-
cator of primary oxidation products. This determination was carried out
in the stripped sunflower oil by diluting it in hexane/iso-propanol (3:1
v/v) and measuring the absorbance at 234 nm. To determine the SA of
the oil of the microcapsules, the emulsion was reconstituted in water and
the oil was extracted in an organic solvent (hexane/iso-propanol (3:1 v/
v)) as described by Hernandez et al. (2016). The organic phase con-
taining the oil was separated by centrifugation and an aliquot was
diluted to measure the absorbance at 234 nm and the SA was calculated
(Eq. (5)).
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SA = Abs 234 nm/Wg 5)

Wg, the oil mass (g) in 100 mL of the solvent solution, was estimated
from the total oil content of each powder measured as described in
section 2.7 (Kim et al., 2005) assuming that 100% of the oil was
extracted.

The fatty acid composition was obtained in the stripped sunflower oil
by diluting it in heptane before trans-esterification. It was also measured
in the encapsulated oil after spray drying and after 90 days of storage.
Thus, the oil was extracted from powders as described in this section but
using heptane instead of hexane/iso-propanol. Thereafter, the trans-
esterification with methanolic KOH was performed (AOCS, 2006).
Samples were injected in a GC system (Hewlett Packard 5890A, Ger-
many) equipped with a flame ionization detector and a capillary column
(SP™-2330, Supelco Inc., USA). The GC analysis was carried out using
the conditions described by Rodriguez et al. (2014). The fatty acids
methyl esters (FAMEs) were identified by comparing their retention
times with those of a commercial standard of FAMEs (Supelco Inc.,
USA), and results were expressed as the percentage of total fatty acids.

2.8. Statistical analysis

Results were reported as an average of at least three replicates +
standard deviation. Statistical analyses were carried out with R 3.1.0
software (R Core Team, 2017b). Independent means were evaluated
with the parametric ANOVA test and Tukey’s test to determine the ex-
istence of significant differences (p < 0.05) (de Mendiburu, 2016; R Core
Team, 2017a).

3. Results and discussion
3.1. Characteristics of AB
The composition and other characteristics of AB are shown in

Table 2. Carbohydrates were the main component, followed by proteins
and ashes, and a small amount of lipid. The proteins content is relatively

Table 2
Composition of the artichoke bracts flour (AB). CIELab* colour coordinates have
not units.

Parameter
Moisture (g/100 g dm) 3.57 + 0.10
Protein (g/100 g dm) 14.88 + 0.93
Lipid (g/100 g dm) 1.24 + 0.10
Ashes (g/100 g dm) 5.40 + 0.01
Total carbohydrate (g/100 g dm) 78.47 + 0.55
Fibre (/100 g dm) 66.59 + 0.60
Fibre monosaccharides (g/100 g dm)
Rhamnose 0.44 + 0.02
Fucuse 0.05 + 0.01
Arabinose 1.43 + 0.22
Xylose 12.56 + 1.05
Mannose 0.66 + 0.14
Galactose 0.87 + 0.13
Glucose 25.82 + 0.96
Uronic acids 5.87 + 0.59
Inulin (g/100 g dm) 15.05 + 1.70
Total phenolic content (g GAE/100 g dm) 3.30 + 0.25
Chlorogenic acid (g/100 g dm) 1.46 + 0.07
Antioxidant activity (g TE/100 g dm)
FRAP assay 8.23 + 0.84
CUPRAC assay 5.98 + 0.79
ABTS assay 5.12 + 0.47
CIELab* colour coordinates
L* 77.67 + 0.13
a* —6.01 + 0.03
b* 26.12 + 1.60
Solubility (%) 43.04 + 0.42
Tg (°C) 79.64 + 2.29

An average of at least three replicates is reported.
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high considering it is a vegetable (Almela et al., 2005).

AB contained a high amount of fibre, meaning a considerable content
in polysaccharides. Glucose was the most abundant monosaccharide in
the fibre which coincides with the results of Villanueva-Suarez et al.
(2019). These authors observed that most of the glucose corresponds to
cellulose, which along with some insoluble hemicelluloses, form the
insoluble dietary fibre of artichoke bracts. Xylose was the second most
abundant monosaccharides of AB, confirming a high presence of hemi-
celluloses such as xylans and xyloglucans. On the other hand, the soluble
fibre would be mainly conformed by inulin and pectins (Domingo et al.,
2019). This explains the presence of uronic acid (galacturonic acid is the
main pectic monomer), which is the third most abundant mono-
saccharide of AB. The content of inulin was similar to that reported by
Zeaiter et al. (2019) (16.0 £+ 1.8 g/100 g dm). According to Villanue-
va-Suarez et al. (2019), ~28% of the fibre of artichoke bracts correspond
to soluble dietary fibre. This value would be ~19 g/100 g dm for AB.

The phenolic compounds content in AB was high and similar to that
previously reported (2.5-3.3 g GAE/100 g dm) (Mena-Garcia et al.,
2020; Ruiz-Cano et al., 2014). The chlorogenic acid content was similar
to that reported by Mena-Garcia et al. (2020) (1.3 g/100 g dm). AB
exhibited high AA according to the ABTS, FRAP, and CUPRAC assays.

3.2. Emulsions characteristics

The apparent viscosity of C at 25 °C (y = 53 s’l) was 76 + 1 mPa s.
This figure significantly (p < 0.05) increased up to 106 + 3 and 124 + 1
mPa s for AB1 and AB2. Given the composition of AB (Table 2), fibre
would represent ~0.7-1.3% in AB1 and AB2 emulsions. Plant fibre in
these percentages has been found to significantly increases emulsion
viscosity (Qi et al., 2020; Zhu et al., 2020). Higher concentrations
resulted in emulsions being too viscous, difficult to operate in spray
drying according to our preliminary experiments (results not shown).

Fig. 1 shows the oil droplet size distribution of emulsions over time.
The percentiles dyo, dso, and dgg and the span of the droplet size dis-
tribution of the initial emulsions (0 h) and the emulsions after 24 h of
their preparation are shown in Fig. 2. No significant differences (p <
0.05) were observed among the median diameters (dsg) of the emulsions
(average 2.69 + 0.10 pm). According to Gharsallaoui et al. (2007), the
three emulsions presented droplets with diameters suitable for spray
drying (within 1-100 pm). However, AB1 exhibited a small peak on the
right, indicating the presence of larger droplets (~12 pm) than in the
rest of the emulsions (Fig. 1).

No change was observed in the droplet size distribution of C (Fig. 1)
from O to 8 h. Nevertheless, the curve shifted to the right after 24 h,
significantly (p < 0.05) increasing dsg (Fig. 2). The distribution of AB1
(Fig. 1), slightly shifted to the right over time, the shoulder observed on
the right of the initial distribution moved to ~18 pm after 24 h. How-
ever, AB1 did not show significant (p > 0.05) increases in any of the
percentiles (Fig. 2). Practically no differences were observed in AB2
droplet size distributions over time (Fig. 1), only a small shoulder was
observed (~11 pm) after 24 h. No differences (p > 0.05) were observed
in the percentiles (Fig. 2) of AB2.

Fig. 3 shows micrographs of the emulsions at time 0 and 24 h. At time
0 h, small and uniform droplets were observed in C. According to the
image analysis, ~13% of oil volume was flocculated in AB1 at O h but
only 5% in AB2. Larger droplets were observed in C after 24 h, meaning
that coalescence took place. In the case of AB1, even when dsg did not
significantly increase after 24 h, the flocculated oil increased up to 26%.
Emulsion AB2 did not present any coalescence, only a slight increase to
7% of flocculated oil was observed after 24 h.

Overall, the increase of AB concentration improved the emulsion
stability against coalescence and flocculation, this could be attributed to
more than one mechanism. First, the viscosity increase promoted by this
material could have hindered the droplets mobility (Stokes Law). The
soluble polysaccharides present in AB, such as inulin and pectins have
been found to stabilize emulsions through steric hindrance (Qi et al.,
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AB1

AB2

Reconstituted emulsions

C
- == AB1
I AB2

- |

0.1 1 10
Droplet size (um)

100 0.1 1 10 100

Droplet size (um)

Fig. 1. Droplet size distribution over time of control (C), AB1, and AB2 emulsions. On the right of each chart is an amplification of the zone with the largest droplets
of the curves. And droplet size distribution C, AB1, and AB2 reconstituted emulsions.

2020; Xu et al., 2020). Moreover, AB contained proteins that have an
amphiphilic nature that enables the molecule to adsorb in the oil-water
interface (Can Karaca et al., 2015). Finally, AB solubility was ~43%
(Table 2) meaning that most of this material was in form of solid par-
ticles in the emulsions (a micrograph of AB particles is shown in Sup-
plementary 1). The non-soluble material would correspond mainly to
insoluble fibre that represents ~72% of the total fibre of artichoke bracts
according to Villanueva-Suarez et al. (2019). It has been observed that
emulsions stabilized by solid particles (Pickering emulsion) show high
stability against coalescence due to the irreversible adsorption of these
particles at the oil-water interface (Low et al., 2020). Similarly, Qi et al.
(2020) prepared O/W emulsions using citrus fibre (17% soluble fibre
and 74% insoluble fibre) and concluded that this material stabilized the
emulsions through a combination of Pickering effect and the formation
of a three-dimensional network of fibre. However, AB1 was highly
flocculated, probably because of the insufficient concentration of AB
polymers which possibly caused bridging flocculation (Jenkins &
Snowden, 1996), and no enough presence of solid particles to perform a
Pickering effect.

No creaming was observed in C after 24 h. Meanwhile, ~38% CI was
observed in AB1 after 2.5 h and continued increasing to 53% after 24 h.
AB2 was initially stable but 14% CI was observed after 24 h. The rapid
creaming observed in AB1 can be explained by the high presence of
floccules. Floccules move faster upward than individual droplets
because of their greater effective size (Dickinson, 2009). Increasing AB
concentration resulted in fewer floccules and lower CI. However, AB2
presented more creaming than C even when it was more stable against
droplet size variation. Droplets that migrates to the top do not neces-
sarily coalesce and can be redispersed by gentle shaking as we did before
the droplet size analysis (section 2.4) (Dodds et al., 2005). Similarly,
Massel et al. (2021) prepared W/O/W emulsions with pectins and did
not observe droplet size variation for over a month, even when visible

creaming was observed after a few days.

3.3. Microcapsules characteristics

Fig. 4 shows micrographs of the microcapsules. The surface and
shape did not differ among the microcapsules, independently of their AB
content. Both spherical and irregular shaped particles were found with
dents. The surface was broadly smooth, but some wrinkled particles
were observed. Particles obtained with maltodextrin are usually spher-
ical with a smooth surface (Mohammed et al., 2020). Ré (1998) stated
that imperfection such as dents could be a result of a slow process of film
formation during drying. There was a small number of hollow particles
and very few with holes in the three powders. The presence of hollow
particles is common in spray drying and could be due to the inflation of
the crust during the final stage of the drying process (Carneiro et al.,
2013).

The particle size distribution of the microcapsules is shown in Fig. 5
and the percentiles in Table 3. Particles from emulsions containing AB
were significantly (p < 0.05) larger than those obtained from C. No
significant (p > 0.05) differences were observed between the percentiles
of AB1 and AB2. The larger particles in powders containing AB could be
due to the higher emulsions’ viscosity (section 3.2), since an increase in
this parameter usually leads to larger droplets during atomization and
therefore, bigger dry particles (Tonon et al., 2011). The presence of solid
particles in the initial emulsion could also affect the particle size of the
final powders. It has been estimated by Whitby et al. (2017) that
increasing solid particles proportion results in thicker solid shells
covering the oil droplets, this might result in larger particles.

Regarding the reconstituted emulsions, their droplet size distribu-
tions are shown in Fig. 1 and their micrographs in Fig. 3. All the emul-
sions showed an increase in the droplets’ size after spray drying, thus,
dso increased by 47, 27 and 33% in C, AB1, and AB2. Further, AB1
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Fig. 2. Percentiles d;o, dso, and dgo and span at time 0 h and 24 h for emulsions control (C), AB1, and AB2. Different letters on the top of the bars of the same

percentile or span indicate significant (p < 0.05) differences among the samples.

reconstituted emulsion showed a larger amount of flocculated oil (22%
oil) than the initial emulsion. No differences were observed in the
amount of flocculated oil in AB2 after spray drying. According to Drusch
(2007), larger droplets in reconstituted emulsions can be due to the easy
mobility of the droplets during the formation of the solid structure when
spray drying, which results in coalescence. This probably occurred in C
which has the lowest viscosity enabling the mobility of the droplets.
Gharsallaoui et al. (2010) stated that when O/W emulsions containing
proteins are heated, the adsorbed proteins could be heat-denatured, and
emulsions become susceptible to flocculation and coalescence. AB
compounds, such as proteins, possibly suffer physicochemical changes
during spray drying, decreasing the emulsion stability.

The encapsulation efficiency (Table 3) was significantly (p < 0.05)
higher in AB2 (~79%) than in C and AB1. The presence of lipids in AB
was not considered for the calculation of the encapsulation efficiency
since it was too small to significantly affect this parameter (AB lipids
were ~0.03 and 0.06 g/100 powder for AB1 and AB2 respectively).
Carneiro et al. (2013) encapsulated flaxseed oil using different wall
materials and reported that the lowest encapsulation efficiency corre-
sponded to the least stable emulsion. The AB2 emulsion exhibited the
highest stability against coalescence and the best encapsulation effi-
ciency. Di Giorgio et al. (2019), who encapsulated fish oil in soybean
protein, observed higher efficiency (58-88%) when increasing the pro-
tein content of the initial emulsions; and stated that higher protein
content reduces the time needed to form an impermeable crust. The
heterogeneous composition of AB seemed to improve the encapsulation
efficiency of the oil, however, AB1 was probably too flocculated to
enhance it.

The moisture content and the aw (Table 3) were significantly (p <
0.05) lower in AB1 and AB2 than in C. The hygroscopicity did not
significantly (p > 0.05) differ among the samples. According to Ng and

Sulaiman (2018), this powders could be considered non-hygroscopic
(hygroscopicity <15% at RH 75%). The solubility of the powders was
significantly (p < 0.05) affected by the addition of AB, probably because
of the relatively low solubility of this material (Table 2).

The colour parameters (Table 3) of C remained similar to those of MD
(L* =98.10 £ 0.33, a* = 0.07 + 0.02, and b* = 0.79 £ 0.11). However,
this parameter was affected by the addition of AB. According to Gaurav
(2003), values of AE higher than 2.3 correspond to changes noticeable to
the human eye, therefore, the colour of both AB1 and AB2 was appre-
ciably different from C colour (Table 3). AB colour was green (Table 2),
while the powders obtained with AB were light brown. Thus, the AEs
obtained between AB and AB1 and AB2 were 15 and 12, respectively.
Considering AB composition, Maillard browning reactions probably
occurred between carbohydrates and proteins during spray drying.

The powders did not show significant differences (p > 0.05) in bulk,
tapped, and true densities, and neither in the porosity values (Table 3).
Powders could be classified as “free-flowing powders” and as “powders
with excellent flowability” according to HR and CCI respectively (Tze
et al., 2012).

The TGA curves of MD and AB are shown in Fig. 6A. For AB, the first
stage of weight loss (~8%) was ~25-100 °C, meanwhile MD exhibited a
weight loss of ~6% within the same temperature range. According to
Fritzen-Freire et al. (2012), weight losses between 30 and 100 °C could
be attributed to moisture loss. In the case of MD, there was a stage from
~270 to ~350 °C which resulted in a weight loss of ~66%. AB exhibited
a large weight loss (~56%) at a lower onset temperature
(~160-350 °C). These could be attributed to the decomposition of long
molecular amine units of proteins and depolymerization of poly-
saccharides (Tavares & Zapata Norena, 2019). According to Fritzen--
Freire et al. (2012), the degradation of inulin occurred between 213 °C
and 223 °C. The weight that remained above 350 °C was ~30 and 40%



M. Umana et al.

LWT 151 (2021) 112146

Fig. 3. Micrographs of emulsions control (C), AB1, and AB2 obtained at time O h and after 24 h.
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Fig. 4. Scanning electron microscope micrographs of control (C), AB1, and AB2 powders (spray dried emulsions).

of the initial weight for MD and AB, respectively. The presence of
inorganic compounds could explain the higher remaining weight of AB.
Regarding the microcapsules (Fig. 6B), the addition of AB affected the
TGA curves decreasing the onset temperature in the stage with the
largest weight loss. Thus, this stage started at ~280 °C in C and ~210 °C
in AB1 and AB2. However, the weight loss was higher in this stage for C

(~70%) than for AB1 and AB2 (~60%).

According to the DSC thermograms (Supplementary 2), the Tg of MD
was 93.54 + 3.91 °C, similar to that reported by Descamps et al. (2013)
(~90 °C at 4% moisture content). Regarding AB, some low molecular
weight components as free monosaccharides might affect the Tg
(Table 2) which was significantly (p < 0.05) lower than the value for
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Table 3
Characteristics of control (C), AB1, and AB2 powders (dried emulsions).
[¢ AB1 AB2
Particle size
dyo (um) 5.25 + 0.52° 6.75 + 0.312 6.56 + 0.187
dso (um) 13.17 + 0.61° 15.45 + 0.95% 14.95 + 0.897
dgo (pm) 22.87 + 1.26° 27.21 + 0.72? 28.27 + 0.99°
Span 1.34 + 0.20% 1.33 + 0.05% 1.46 + 0.172
Encapsulation efficiency (%) 65.72 + 1.97° 66.56 + 1.00° 78.90 + 0.99°
Moisture content (g/100 g dm) 2.70 + 0.09° 217 + 0.12° 2.29 + 0.19°
Water activity 0.170 + 0.002° 0.119 + 0.003° 0.127 + 0.010°
Hygroscopicity (%) 11.35 + 0.52% 11.93 + 0.52% 11.49 + 0.337
Solubility (%) 91.95 + 3.97° 84.80 + 0.17° 83.04 + 1.62°
CIELab Colour coordinates
L* 97.74 + 0.212 82.31 + 0.50° 76.81 + 0.24¢
a* —0.04 + 0.01°¢ 1.53 + 0.08" 1.81 + 0.197
b* 0.77 + 0.06° 13.51 + 0.37° 16.72 + 0.09%
AE 20.07 + 0.62° 26.38 + 0.297
pp (kg/m>) 568 + 7° 564 + 112 586 + 202
p (kg/m®) 609 + 5° 602 + 4 626 + 16*
p (kg/m>) 1065 + 87° 1018 + 352 1030 + 100?
Porosity 0.43 + 0.05% 0.41 + 0.03% 0.39 + 0.02?
Flow properties
HR 1.07 + 0.01% 1.07 + 0.02% 1.07 + 0.04%
CCI (%) 6.71 + 0.54% 6.34 + 0.52% 6.41 + 0.54%
Tg (°C) 91.20 + 1.77 89.44 + 1.69° 87.93 + 3.31%
SA 4.75 + 0.33% 4.35 + 0.382 3.00 + 0.25°

An average of at least three replicates is reported. Different letters in the same row indicate significant (p < 0.05) differences.

MD. AB did not significantly (p > 0.05) affect Tg for the microcapsules
(Table 3). The Tg was high for all the samples meaning that below
~85 °C no undesired caking would be expected in storage with low RH
(Balasubramanian et al., 2016).

3.4. Oxidative stability

The SA of conjugated dienes in the stripped sunflower oil was 2.45 +
0.01. The SA of the oil in the microcapsules (Table 3) was significantly
(p < 0.05) higher than that of the stripped oil. Thus, there was an initial
oxidation process of the oil during emulsification and spray drying. This
has been previously reported by Serfert et al. (2009) who observed an
increase of hydroperoxide content in fish oil after emulsification and
Hernandez et al. (2016) who encapsulated sunflower oil with MD and
observed an increase of SA after spray drying. These authors explained
that this was a result of the oxygen content in the emulsion and the
exposure of the oil droplet to a hot air current during spray drying.

Interestingly, the SA value for AB2 was significantly (p < 0.05) lower
than those of both AB1 and C.

Fig. 7 shows the evolution of SA of the encapsulated oil during
controlled storage. A rapid increase of SA was observed in the oil of C at
the beginning of the storage, thus SA increased till 49 after 15 days.
From this moment onwards, it decreased to 25 and then slowly increased
till ~56 after 3 months. Hernandez et al. (2016) also observed a sharp
increase of SA in encapsulated sunflower oil with MD in the first days of
storage (60 °C, 50% RH); explaining that this was probably due to the
oxidation of non-encapsulated oil. Conjugated dienes are primary
oxidation products and they do not remain when oxidation moves to
further stages (Schaich, 2016). This explains the decrease of SA observed
in C from day 15. The further increase observed from day 28 might
indicate that the encapsulated oil also started autoxidation. For AB1 and
AB2, the oil oxidation was initially slower compared with C. From day
28, SA increased significantly (p < 0.05) faster in AB1 than in AB2.

PUFAs autoxidation begins as hydrogen is abstracted from their
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Fig. 7. Oxidation stability of oil at 35 °C and 50% RH in terms of specific
absorbance (SA) at 234 nm, as indicative of the evolution of conjugated dienes.

structure, which could be prevented by adding compounds with more
readily abstractable hydrogens (Garner, 1988). Phenolic compounds are
known for their ability to donate hydrogen, their presence in AB prob-
ably delayed the oil oxidation (Mathew et al., 2015).

The main fatty acids of the stripped sunflower oil and oil in the mi-
crocapsules are shown in Fig. 8. This composition did not significantly
(p > 0.05) change after spray drying. However, after 90 days of storage,
the linoleic acid proportion decreased by 21, 23, and 24% in C, AB1 and
AB2. This agrees with the increase of SA during storage since conjugated
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dienes are originated from PUFAs (as linoleic acid) oxidation (Schaich,
2016). The rest of the fatty acids increased by 17, 24, and 27% in C, AB1,
and AB2 (oleic acid), 66, 52, and 50% (palmitic acid) and 74, 53, and
50% (stearic acid). Thus, the oil in C showed the highest stearic and
palmitic acid increments. The increase of saturated fatty acids and the
decrease of PUFAs have been used as an indicator of oils degradation
(Aniotowska & Kita, 2015; Li et al., 2017). This suggests that the oil
within C was more degraded after 90 days than the oil of powders
containing AB. This agrees with the SA results, which indicate that the
initiation stage of oxidation started earlier in C oil.

The better oxidative stability of the oil encapsulated in AB2 could be
due to the higher presence of antioxidant compound coming from AB in
this powder. Moreover, it could also be related to the higher (p < 0.05)
encapsulation efficiency observed in AB2 (section 3.3) comparing with C
and ABIl. In addition, the C powder presented the highest moisture
content and aw, this could have made the oil encapsulated in this
powder more susceptible to oxidation (Aksoylu & GiincErgoniil, 2017).
Other parameters, such as the porosity, the hygroscopicity, the density,
the flow properties, or the Tg of the powders, were no significantly
different (p > 0.05) among the samples meaning that they did not cause
the differences observed in the oxidative stability of the encapsulated
oil.

However, even when the antioxidant compounds of AB were able to
delay oil oxidation, they were probably degraded after 90 days, as is
demonstrated by the high SA figures and the linoleic acid decrease. Shi
et al. (2020) observed that after 3 months of storage (40 °C) of powders
containing tuna oil encapsulated with green tea leaves, the catechins of
the leaves suffered losses of up to 52%.
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4. Conclusions

According to our results, using 2% AB in O/W emulsion, significantly
(p < 0.05) increased the apparent viscosity to ~124 mPa s (y = 53 sH
leading to good stability against coalescence and flocculation (for 24 h).
The powder obtained after spray drying the emulsions with AB exhibited
similar hygroscopicity, density, porosity, flow properties, and Tg than
the control. The oil encapsulation efficiency was significantly (p < 0.05)
higher in AB2 (79%) comparing with the control (66%). Significantly (p
< 0.05) lower moisture content and solubility in water, besides
perceptible colour changes, were observed in powders containing AB.
Moreover, AB2 showed lower oxidation indicators content after spray
drying and for 2 months of controlled storage than the control, this was
probably a result of the higher encapsulation efficiency of the oil in AB2
as well as of the presence of antioxidant molecules in AB. In conclusion,
artichoke bracts are a healthy alternative to synthetic emulsifiers and
could be successfully combined with common wall materials for lipids
microencapsulation.
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