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Abstract The drying process used to obtain active food
additives is critical to ensure its functionality. In this study,
freeze- and spray-drying techniques were evaluated for
encapsulation of extracts with antioxidant activity from
yerba mate (Ilex paraguariensis), using maltodextrin (MD)
as wall material. Additionally, the oxidative stability in a
real food matrix (mayonnaise) was assessed. Both MD
addition and drying methods affected the physical proper-
ties [moisture content, water activity (aw)] and oxidative
stability. MD addition diminished moisture content and
prevented polyphenol compounds from degradation. The
spray-dried powders displayed the lowest moisture content
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(1.6 £ 0.3% bs), the highest polyphenol content (135.4 mg
GAE/g pure extract), and oxidative stability than the
freeze-dried samples. The antioxidant capacity of the
encapsulated powder subjected to spray-drying increased
the oxidative stability of the mayonnaise (258 £ 32 min)
more than the other assayed system (165 £ 5 min).
Therefore, a natural spray-dried antioxidant food additive
was obtained with potential use in the food industry.

Keywords Yerba mate - Maltodextrin - Encapsulation -
Drying process - Antioxidant additive - Mayonnaise

Introduction

Yerba mate (Ilex paraguariensis, YM) is highly consumed
as an infusion in various countries of South America. YM
industrial processing involves blanching, drying, grinding,
classification, and seasoning operations (Valerga et al.
2012). Harvested green yerba mate leaves are subjected to
blanching followed by two drying stages. Aged-canchada
YM corresponds to one step of the industrialization step of
yerba mate production. Once dried, leaves are coarsely
ground and submitted to aging (aged canchada YM leaves)
for the product to acquire adequate flavor, aroma, and color
(Valerga et al. 2012).

There is evidence to suggest that YM is a rich source of
antioxidant compounds, minerals, and vitamins (Heck and
De Mejia 2007). Bioactive compounds from YM have
proven to provide different therapeutic properties like
preventing DNA oxidation, low-density lipoprotein (LDL)
lipoperoxidation, and promoting weight loss (Heck and De
Mejia 2007; Harris et al. 2011; Plaza et al. 2018). Addi-
tionally, they showed antioxidant and antimicrobial
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properties against Gram-positive and Gram-negative bac-
teria (Plaza et al. 2018; Gutiérrez del Rio et al. 2018).

Food products with natural and easily recognized addi-
tives are currently highly demanded by consumers. This
trend has driven food producers to develop safe and
effective substitutes for synthetic preservatives. Therefore,
the high concentration of active compounds found in YM
makes it ideal for obtaining extracts which could be useful
in food preservation and the development of novel
nutraceutical food products (Heck and De Mejia 2007,
Ferrario et al. 2018).

Conventional methods for extraction of functional
compounds from natural sources such as heating, boiling,
or agitation at room temperature, display some disadvan-
tages encompassing hydrolysis and oxidation during
extraction, low yield and poor performance due to the
required long extraction times (Huang et al. 2009). Con-
sequently, some alternative methods have been developed
in order to replace conventional solid-liquid extraction
techniques. In particular, ultrasound-assisted (UA) extrac-
tion is a simple and effective method (Pic6 2013). It allows
better solvent penetration, shorter extraction time, higher
mass transfer and extraction yield, even at lower temper-
atures compared to other conventional methods (Rodriguez
Chanfrau and Lépez Armas 2014; Wang et al. 2008).
During the ultrasound process (US), a cavitation phe-
nomenon occurs, in which microbubbles of gas and/or
vapor formed within a liquid, undergo violent collapse
during the compression cycle of the wave (Guerrero et al.
2017), releasing large amounts of energy. It creates hot-
spots, which can dramatically improve solvent penetration
into cell components, and even may induce cell break-
down, thus provoking a release of the cell’s inner content
(Pic6 2013). Besides, US treatment randomly breaks the
cell wall, which is more effective than enzymatic break-
down (Khan et al. 2018), leading to an increase of the total
phenolic content in the obtained extracts. The concentra-
tion of phenolic compounds, such as flavonoids, may also
increase due to hydroxylation of molecules because of the
radicals OH* formed during ultrasound (Ashokkumar et al.
2008; Khan et al. 2018).

Nonetheless, the addition of phenolic compounds from
natural sources to food has some drawbacks as these
compounds are susceptible to environmental and process-
ing conditions, leading to a considerable loss of their
activity (Fang and Bhandari 2010; Plaza et al. 2018).
Another disadvantage is related to an undesirable taste that
they can display due to its herbal nature (Fang and Bhan-
dari 2010). For instance, Ferrario et al. (2018) developed a
carrot-orange juice blend processed by UV-C with YM
extract addition; and they reported that consumers would
have expected a weaker herbal taste than that they per-
ceived in the samples. Therefore, the encapsulation

technique might be a good alternative for the preservation
of YM phenolic compounds as well as the overlapping of
undesirable flavor notes and/or for preventing undesirable
color changes caused by its incorporation into a real food
product.

It is documented in the literature that YM extracts have
been successfully encapsulated in chitosan and alginate
beads (Deladino et al. 2008, 2013; Lopez Coérdoba et al.
2013) or chitosan hydrochloride nanoparticles and micro-
spheres (Harris et al. 2011). Regarding the drying step,
freeze-drying has proven to be a very suitable method for
drying thermo-sensitive substances, minimizing thermal
degradation reactions (Orjuela-Palacio et al. 2014; Balles-
teros et al. 2017). However, it requires high energy input
and long processing times (Nedovic et al. 2011). Whereas,
spray drying is an economical, flexible, and continuous
operation, which produces powder particles of good quality
(Nedovic et al. 2011). Extracts from coffee, another natural
source of polyphenols, were successfully encapsulated with
maltodextrin as wall material by freeze-drying (Ballesteros
et al. 2017). Nunes et al. (2015) reported that coffee
extracts, produced with MD by spray drying showed freeze
concentrated YM better retention and stability than freeze
concentrates without MD addition. Therefore, the antioxi-
dant activity of these compounds could be protected using
MD. Maltodextrin is an inexpensive hydrolyzed starch with
high water solubility (> 75%) and low viscosity in aqueous
solutions, which forms a coating film that minimizes
oxygen contact with the encapsulated material (Poura-
shouri et al. 2014).

Accordingly, the present study evaluates the encapsu-
lation of ethanolic YM extracts, using MD as wall material
and two different drying techniques (spray and freeze-
drying) to obtain a dried natural antioxidant additive.
Additionally, its impact on the oxidative stability of a real
food matrix (mayonnaise) was evaluated.

Materials and methods
Raw materials and chemicals

YM dried-aged canchada leaves (dried and aged for
7 months) were gently provided by La Cachuera (Apds-
toles, Misiones, Argentina). The aged-canchada industri-
alization stage of YM leaves was chosen as it displayed in a
previous study the highest polyphenol content and antiox-
idant activity (Guerrero et al. 2019) compared to the other
stages assayed (unprocessed leaves and unaged canchada
leaves). MD (dextrose equivalent 20, DE20), used as wall
material, was purchased from Quimatic S.A. (Santiago,
Chile). Purified water (conductivity: 26 ps/cm) from an
inverse osmosis system (Vigaflow S.A., Santiago-Chile)
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was used as the dispersant. All chemicals used were of
analytical grade.

Preparation of the real food matrix: mayonnaise

Mayonnaise was elaborated in the laboratory by mixing
250 mL of commercial vegetable oil, fresh egg (one unit),
a spoonful of vinegar, and a pinch of salt, following the
guidelines recommended in the instruction manual for
Thermomix equipment (Vorwerk, Wuppertal, Germany).
Mayonnaise, without any chemical preservative, was pre-
pared the same day that oxidative stability assays were
performed.

Preparation of ethanolic extracts from yerba mate

YM leaves (20 g) were coarsely ground, mixed with
150 mL absolute ethanol (Merck S.A. Santiago, Chile) and
subjected to two successive UA (600 W, 20 kHz, 95.2 pm,
25 °C, 10 min) extractions as previously optimized by
Ferrario et al. (2018). UA extractions were carried out in a
600 mL-double wall cylindrical vessel connected to a
thermostatically controlled water bath (HAAKE, Model
Rotovisco RV12, Germany). The extract was vacuum fil-
tered, and then the solvent was evaporated under low-
pressure conditions in a rotary evaporator (Buchi R-100,
Flawil, Switzerland) at 50 °C and resuspended in 25 mL of
water per extraction to obtain an aqueous extract (E).

Encapsulation of yerba mate extracts

Encapsulation of YM extract was performed using MD as
wall material. For the assays, MD was mixed with YM
extracts in the 2:1 proportion (MD: extract) for 60 min at
35 °C in agitation and darkness until complete homoge-
nization. Afterward, the samples were subjected to freeze-
drying or spray-drying. Previous results obtained in the
laboratory showed that the selected conditions for encap-
sulation resulted in achieving the highest yield values
(higher than 50%), thus considering the procedure suc-
cessful, as stated by Bhandari et al. (1997).

For freeze-drying, the samples were previously frozen
and placed in the freeze-dryer chamber collector at
— 60 °C and a shelf at 30 °C under a pressure of 0.05 bar
for 48 h (Ilshin FD5508, Gyeonggi-do, Korea).

Spray-drying was conducted in laboratory-scale equip-
ment (Mini Spray Dryer Buchi model B-290, Flawil,
Switzerland) using a liquid feed volumetric flow rate of
2 mL/min, drying air inlet temperature of 120 °C, nozzle
air flow-rate of 600 NL (litters at normal conditions/h) and
aspiration of 80% (32 m*/h).

Therefore, the following systems were studied: control
samples corresponding to non-encapsulated YM extract
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obtained by freeze-drying (PL) and spray drying (PS) and
samples corresponding to encapsulated extracts with MD
subjected to lyophilization (PEL) and spray-drying (PES).
All systems were stored in an incubator (Velp, Usmate
Velate, Italy) at refrigeration temperature (4 °C) using
amber glass bottles hermetically sealed and protected from
light until further studies.

Extraction yield (%)

YM extracts were freeze- or spray-dried and total solids
obtained in each case were weighed in an analytical bal-
ance (AND HR-120, Japan). The extraction yield (EY%)
was calculated using Eq. 1:

(Total solids after spray and freeze-drying)

EY (%) =

(Total weight of raw yerba mate used to extract)
x 100

(1)

Powder physicochemical characterization
Moisture content and water activity

The moisture content of the dry powders was determined
gravimetrically by the difference in mass before and after
drying the samples in an oven (Shel Lab 1410-2E, USA) at
105 °C until constant weight (AOAC 1998). Results were
expressed as dry basis percentage (% db; g water/100 g
solids). Water activity (ay) was measured using an Aqualab
Serie 3 TE (USA) apparatus (AOAC 1998) at ~ 25 °C.

Optical properties

The UV-Vis absorption spectra of dried YM powders were
obtained and characterized using a spectrophotometer
(Shimadzu UV mini-1240, Japan). Samples (1%v/v) were
suspended in water, and the corresponding spectra were
obtained in the range of 240-380 nm.

The color of the powders was determined through image
analysis using a computer vision system (previously cali-
brated). It consists of a black box with four natural lights
D65 (18 W, Phillips) and a digital camera (Canon EOS
Rebel XS) at a distance of 22.5 cm from the sample (camera
lens angle and lights at 45°) (Matiacevich et al. 2012).
Samples were measured as pellets by pressing powders with
a Quick Press hand press (Perkin-Elmer, USA). The digital
color parameters were obtained in the RGB space using
software Adobe Photoshop 7.0 (Adobe Systems Incorpo-
rated, 2007), which was subsequently converted to the
CIELAB space in which L* indicates lightness, a* the red-
green axis and b* the blue-yellow axis.



J Food Sci Technol (April 2021) 58(4):1574-1584

1577

Color variations between each sample and its corre-
sponding control (PEL and PL, PES, and PS) were calcu-
lated using the CIEDE2000 equation (Luo et al. 2001).

Structural characterization

The chemical groups and bonding arrangement of com-
ponents present in the samples were determined by Fourier
transform infrared spectroscopy (FTIR) (Perkin-Elmer
Spectrum Two spectrometer, Massachusetts, USA). It was
equipped with a diamond-composite universal attenuated
total reflectance (ATR) unit with an incident angle of 45°
(Perkin-Elmer, USA). The samples were prepared as pel-
lets by pressing powders with a Quick Press hand press
(Perkin-Elmer, USA). Measurements were performed in a
spectral range from 4000 to 400 cm™', resolution of
4 cm™", an applied force of 20 N, and 16 scans per sample.

Scanning electron microscopy (SEM) was performed to
examine the microstructure of encapsulated or non-encap-
sulated (control) YM powders, using a field emission
scanning electron microscope (Supra 40, Carl Zeiss NTA,
Oberkohen, Germany). The samples were mounted on
stubs using a two-sided adhesive tape, then coated with a
layer of gold (40-50 nm). Images were obtained by
applying an acceleration voltage of 10 kV.

Stability test of rehydrated powders

A suspension (1%w/v) of each sample (PS, PES, PL, and
PEL) was prepared, thoroughly homogenized, and placed
in flat bottom transparent glass tubes. Separation of phases
or sedimentation was visually observed during storage
(30 min, 1 h, 24 h).

Total phenolic content

Total phenolic content (TPC) was determined using the
Folin—Ciocalteu method (Singleton et al. 1999). A cali-
bration curve with Gallic acid (Merck, Darmstadt, Ger-
many) (ranging from 0.0025 to 0.125 mg/mL) was
prepared. Sample concentrations were determined from the
calibration curve (y = 1.2013x + 0.0081, R? = 0.999) and
expressed as milligrams of Gallic acid equivalent per
milliliter of the sample (mg GAE/mL). Briefly, 0.5 mg of
YM powder samples were diluted 10 times in distilled
water, 0.1 mL of this solution was mixed in a 10 mL
volumetric flask with 4.9 mL of distilled water, 0.5 mL of
Folin—Ciocalteu (Merck, Darmstadt, Germany) reagent
(10%v/v), followed by 1.7 mL of Na,COz; (20% wl/v,
Merck, Darmstadt, Germany) addition. Then, distilled
water was added until reaching 10 mL. The reactive mix-
ture was allowed to stand for 2 h in darkness, and the
formation of blue color, as an indicator of TPC, was

quantified at 740 nm using a UV-Vis spectrophotometer
(V-630, Jasco, Tokyo, Japan). A blank was performed to
amend the final value of polyphenol content in the sample,
according to the MD dilution factor. TPC was also
expressed as mg GAE/g pure extract. All assays were
performed in triplicate.

Oxidative stability in a real food matrix

The oxidative stability of the mayonnaise prepared in the
laboratory with or without (control) the addition of the four
dried YM extracts in the 1:1 (w/w) proportion was mea-
sured using an accelerated oxidative stability test (Rapi-
doxy, Anton Paar, Germany) by increasing oxygen
pressure and temperature. Oxidation conditions for tem-
perature and oxygen pressure were 120 °C and 700 kPa,
respectively. Induction time was recorded when a 10%
oxygen pressure drop was detected (Difonzo et al. 2018).
Oxidative stability was expressed in time units as the dif-
ference in the time for oxidizing the mayonnaise in the
presence or absence of YM extract.

Statistical analysis

All experiments were run by triplicate. Data were reported
as mean with their corresponding standard deviation.
A MANOVA test was performed to determine the differ-
ences in color parameters, a,,, moisture, TPC, and oxida-
tive stability between the processing stages: drying process
and addition of MD. Significant differences were analyzed
using the Hotelling test with Bonferroni correction. The
significance of the differences was determined at a 95%
confidence level (p < 0.05).

Additionally, multivariate statistical treatment consid-
ering the parameters (ay, color, moisture, polyphenol
content, and oxidative stability) was made by Principal
component analysis (PCA). Statistical analyses were per-
formed using InfoStat 2009 (InfoStat Group, FCA-UNC,
Coérdoba, Argentina).

Results and discussion

Physical characterization of powders

Moisture content and water activity

The moisture content and water activity (a,,) are critical
physical parameters of powdered additives since they
strongly influence their storage stability and safety. Both
parameters of the YM powders obtained in this study

showed significant differences (p < 0.05) as a consequence
of the drying step (Table 1). The moisture content values
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Table 1 Physical properties of yerba mate powders

Samples Moisture content (%db) Water activity Color parameters CIEDE2000 Images
L* a* b*

PL 92+ 1.5° 0.05 £ 0.03* 39.1 + 1.8° — 88+ 0.1% 28.2 + 0.9°

PS 8.8 &+ 0.9° 0.32 £ 0.02° 58.5 + 1.0° —-75+07° 233 £ 0.9°

PEL 40 + 03¢ 0.07 £ 0.02° 46.1 + 1.1° — 7.9+ 09° 273 £ 1.3° 6.4 + 1.1° I

PES 1.6 + 0.3¢ 0.32 £+ 0.01° 66.3 £+ 0.5¢ — 384019 16.7 + 0.2¢ 7.9 + 0.4¢

(]

*bDjfferent letters indicate significant differences (p < 0.05) between samples according to MANOVA

were lower for spray-dried powders than freeze-dried ones
when comparing PS to PL or PES to PEL. The differences
in the moisture content ranged from 1.5% up to 9.2%.

In the present work, all the samples exhibited a,, values
varying from 0.05 to 0.32. It is well-known that a,, values
below 0.6 can be considered microbiologically and/or
chemically stable because the amount of free water avail-
able for microorganisms, as well as the development of
biochemical reactions, is low to negligible (Tang and Yang
2004). Results showed that a,, was significantly lower
(p < 0.05) in the freeze-dried samples (PL and PEL)
compared to the spray-dried samples (PS and PES), inde-
pendently if the YM extract was protected or not by MD.
Therefore, the water activity was more dependent on the
type of drying than the encapsulation process. This result is
in accordance with the results reported by Quintana et al.
(2018), who analyzed the moisture content and a,, of
Lactobacillus plantarum CIDCA 83114 coated with okara
oil-caseinate. Likewise, they observed lower a,, in the
freeze-dried samples compared to the spray-dried ones.
They attributed these differences to the higher surface
contact of the spray-dried samples compared to the freeze-
dried emulsions, which enables better contact with water.

Meanwhile, moisture content was dependent on the
encapsulation process, due to the addition of MD. The
encapsulated spray-dried samples exhibited lower moisture
content (PS: 8.8 £ 0.9, PES: 1.6 & 0.3, (%d.b.) than the
freeze-dried (PL: 9.2 £ 1.5, PEL: 4.0 £ 0.3, (%d.b.)
samples. These results are in accordance with those
reported by Catelam et al. (2011), who demonstrated for
maltodextrin-encapsulated powdered additives, that dif-
ferences in moisture content were observed between freeze
and spray-drying methods at lower a,, values (< 0.35). It
shows the highest water content in the freeze-dried samples
and differences in isotherms were observed when mal-
todextrin-encapsulated powdered additives were dried
using freeze and spray-drying, corresponding the highest
water content to the freeze-dried samples. These authors
attributed it to the higher water-binding capacity of car-
bohydrates (such as maltodextrin) at low temperatures
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compared to those corresponding to high temperatures,
through hydroxyl groups of carbohydrates. In addition, it
was explained by the fast contact between the hot drying
air and the microparticles (Wilkowska et al. 2016).
Besides, Palipane and Driscoll (1993) suggested that at
increased temperatures, water molecules get activated to
higher energy levels, causing them to become less
stable and breakdown away from the water-binding sites of
the substrate. They were thus decreasing the water content
(as observed in spray-dried samples).

It is also important to remark that encapsulated samples
(PEL and PES) displayed moisture contents lower than 5%
(Table 1), which prevents particle agglomeration and
caking of powders. Thus, increasing the retention of active
components (Daza et al. 2016) comparing to not encap-
sulated samples (PL and PS).

Powder optical properties

One absorbance peak at 324 nm was observed by the UV
wavelength spectra of YM extracts (data not shown). It is
commonly attributed to chlorogenic acid and its deriva-
tives, which are present in ethanolic extracts (Belay and
Gholap 2009). This peak was also observed in the powder
samples containing MD, indicating that these compounds
obtained in the extraction procedure were preserved after
the drying step (PES and PEL).

Color is a relevant feature for consumer acceptability
since it creates visual attractiveness. Color parameters of
the YM dried powders and significant differences obtained
by the MANOVA test are displayed in Table 1. Significant
differences (p < 0.05) were recorded between all YM
powders, indicating that color parameters were affected by
the drying method applied and MD addition. Since YM
extract was naturally green, the green color of the powder
samples was, as expected, linked to a negative value of the
a* parameter, which ranged from — 3.8 to — 8.8. A slight
change in the greenness of the studied samples was
observed when comparing the PL and PEL systems, which
suggests that homogenization between the YM extract and
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the MD was not favored during the drying step, thus
implying that encapsulation was only partially achieved.
Assuming that the added MD was not completely incor-
porated in the system, the adequate protection of the
bioactive compounds in the extracts may be altered, leav-
ing them exposed to environmental factors such as light
and oxygen, with detrimental consequences.

In contrast, crucial differences in the a* values were
observed between PS and PES. In this case, MD success-
fully coated the YM extract and led to a more homogenous
powder, suggesting that the extract may be less exposed to
the surface than in the one obtained by freeze-drying. It is
important to highlight that the significant increase in a* and
decrease in b* parameters of PES samples compared to PS,
is an indicator of slight pigment oxidation in these samples
during thermal exposure. The addition of MD increase
lightness, through a higher L* value. This effect can be
observed in Table 1. It is evident that the L* parameter was
affected only by the presence of MD. Significant differ-
ences (p < 0.05) in CIEDE2000 of 6.4 and 7.9 were
observed for PL and PS comparing to PEL and PES,
respectively, confirming that the variations in the L*
parameter were attributed to the presence of MD. These
differences in color were in the same range of color per-
ception (6—12 “much difference”), according to Yang et al.
(2012). It is essential to highlight that the decrease in the
greenness of the powders, as a consequence of MD addi-
tion and spray-drying steps, maybe a desirable feature
when planning to add it to a real food matrix without
altering its natural color. It could due to as consumers
would perceive the product as “less natural” or “more
processed” if changes in color were detected. For instance,
as an alternative application for YM, in previous studies,
Ferrario et al. (2018) elaborated a natural carrot-orange
juice blend enriched with a non-encapsulated YM lyophi-
lized extract. They reported that juice samples were
instrumentally measured as greener and more bluish and
less red and yellow compared to the controls without
additives. Even though, in a sensory test, the assessors
described the juice as having “intense color,” one group of
consumers expressed a strong interest in the product and
assigned a score of 7 points in a 9-point hedonic scale
(“like it moderately”).

Powder structural characterization

FT-IR studies were conducted to assess the interaction
between the YM extract and the wall material. Figure 1
illustrates the FT-IR spectra of freeze- or spray-dried
samples with or without MD as wall material. Non-en-
capsulated YM extract showed characteristic peaks of
functional groups in the ethanolic YM extracts (Chang-
Bravo et al. 2014), such as hydroxyl-related compounds

with a peak between 1160 and 1070 cm_l, and one peak at
1520 cm ™! attributed to the C=C vibration of an aromatic
ring, as well as the C—-O stretching band at 1270 cm™'
(Arrieta et al. 2018). On the other hand, all the FTIR-
spectra showed a typical absorption band at a wavelength
of = 3300 cm ™', which is characteristic of the hydroxyl
group (—OH) of the water.

The protective effect of MD on the bioactive compounds
present in the YM extracts was evidenced by a decrease or
disappearance of the typical signals of YM bands, espe-
cially in the range from 1700 to 1100 cm™'. The disap-
pearance of the signal corresponding to the aromatic rings
stretching from phenolic compounds was observed at
1520 cm ™. This signal has been related to phenolic acids,
including the caffeic and chlorogenic acids and their iso-
mers (Heck et al. 2008), which are highly present in YM. In
this sense, another evidence of the interaction between the
polyphenols of YM extract and MD is the disappearance of
the signal at 1160 cm™' related to C—OH (hydroxyl) bonds,
which are part of the structural characteristics of
polyphenols (Chang-Bravo et al. 2014). Therefore, several
interactions between compounds from YM extracts and
MD were detected by FT-IR, which implies that encapsu-
lation was achieved.

Scanning electron microscopy (SEM) was conducted in
order to evaluate the morphology of the YM powders.
Micrographs corresponding to freeze-dried systems with
MD or not (PL and PEL) resulted in inhomogeneous rough
surfaces, with visible pores on the surface (Fig. 2a, c). In
contrast, systems subjected to spray-drying (PS and PES)
resulted in hemispherical structures with shriveled surfaces
with cavities and structural cracks (Fig. 2b, d).

Saikia et al. (2015) and Kuck and Norena (2016) studied
the effect of spray and freeze-drying on the surface mor-
phology of the powders obtained from Averrhoacarambola
pomace and grape (Vitislabrusca var. Bordo) peel,
respectively. They reported that the spray-dried particles
had a spherical shape with different concavities and sizes.
At the same time, the freeze-dried powders showed irreg-
ular, porous, and brittle structures, which were similar to
those obtained in this study. The spherical shape of the
atomized powders is based on the principle of generation of
droplets by spraying and conversion of these droplets into
particles by evaporation of the solvent (Stunda-Zujeva
et al. 2017). According to Tonon et al. (2011), the presence
of roughness in these spray-dried microparticles occurs
when the temperature condition during the process is not
very drastic, as softer surfaces can be obtained by using
higher temperatures. Freeze-dried powder displayed high
porosity, which may be a consequence of the formation of
ice in the material during the freeze-drying process.
Additionally, the presence of ice may have prevented
shrinkage and collapse while preserving the structure
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Fig. 1 Fourier transform infrared spectrophotometry spectra (FTIR) comparing freeze-dried and spray-dried powders: PL (freeze-dried powder);
PS (spray-dried powder); PEL (encapsulated powder by freeze-dried); PES (encapsulated powder by spray-dried); MD (maltodextrin)

Fig. 2 Images of YM freeze-
dried powder (PL) (a); spray-
dried powder (PS) (b); freeze-
dried encapsulated powder
(PEL) (c); Spray-dried
encapsulated powder (PES)
(d) obtained by scanning
electron microscopy (SEM)
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volume (Kuck and Norena 2016). Hence, the structural
difference observed between samples was attributed to the
drying process more than the addition of MD.

Powder rehydration
Suspension stability

All the suspensions of the rehydrated powdered samples
were stable, as no sedimentation nor separation of phases
were recorded (data not shown).

Total phenolic content and oxidative stability of a real food
matrix

Figure 3 illustrates the TPC corresponding to each YM
extract, and the oxidative stability of the mayonnaise when
the YM extract (encapsulated or not) was incorporated.
Non-encapsulated YM extracts (PS and PL) showed the
lowest TPC values (50.6-57.0 mg GAE/g pure extract),
and accordingly, they displayed the lowest mayonnaise
oxidative stability. No significant differences (p > 0.001)
between samples were observed, indicating that both dry-
ing methods decreased TPC to the same extent when the
extract was non-encapsulated. On the other hand, encap-
sulated freeze- and spray-dried systems (PEL and PES)
exhibited higher TPC values (87.63—135.38 mg GAE/g
pure extract) than the non-encapsulated ones. This result
suggests that MD protected these bioactive compounds
from drying; however, better performance was achieved in
the case of spray-drying. It is in agreement with those
shown in Sect. 3.2.1, which suggested that encapsulation
by freeze-drying was only partially achieved as the
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Fig. 3 Polyphenol content and oxidative stability of powdered
extracts incorporated in mayonnaise (1:1 w/w). PL: freeze-dried
powder; PS: spray-dried powder; PEL: freeze-dried encapsulated
powder; PES: Spray-dried encapsulated powder. Different letters (a,
b, and c) indicate significant differences (p < 0.001) between
samples. Error bars indicate the mean standard deviation of triplicates

presence of MD coating was not able to mask the greenness
of the YM as much as in PES samples.

Ramirez et al. (2015) studied the freeze (0.3-0.7 °C/
min, 300-500 mTorr) and spray-drying (1.2-2.4 mL/h,
80-120 °C) conditions that better retained total polyphenol
content of a model fruit juice (0.1% citrus pectin, 10%
sucrose and 0.5% Gallic acid) encapsulated with different
concentrations of maltodextrin/gum arabic (10-30%). They
observed that the polyphenol retention depended on the
selected conditions of the applied drying technology, as
certain spray-drying conditions yielded higher polyphenol
content compared to lyophilized samples. Moreover, on the
contrary, certain freeze-drying conditions resulted in higher
polyphenol content compared to spray-drying. Therefore,
these authors concluded that spray drying is the most
suitable technique for the encapsulation of antioxidant
biocompounds.

These results could be attributed to the fact that MD is a
wall material that tends to form spheres (Ballesteros et al.
2017), which will entrap the extract during the homoge-
nization process previous to the drying process. Thus, MD
successfully protected the extracts from the high tempera-
ture applied during the spray-drying process. The high
temperature and short time of the process may have
enhanced the mass and heat transfer, thus obtaining a better
encapsulation yield (Sablania and Bosco 2018). According
to the results shown in the present work, MD was not able
to mask the greenness of the YM extract in the PEL
samples as much as it was observed in the case of PES
samples (Sect. 3.1.2). Additionally, a more porous surface
was recorded in these samples, as commented on
Sect. 3.1.3. These results suggested that encapsulation was
only partially achieved in the lyophilized samples, thus
promoting the degradation of the bioactive compounds to a
much greater extent than in the spray-dried samples.

The methodology used in the present work involving an
ultrasound-assisted extraction allowed to obtain noticeable
higher TPC values (50.6-135.38 mg GAE/g pure extract)
than those reported by traditional extraction methods. For
instance, Prado Martin et al. (2013) reported a low
polyphenol content (0.19 mg GAE/g) by the percolation of
a yerba mate’s hydroethanolic (40:60) extract. On the same
fashion, Bassani et al. (2014) also reported a relatively low
polyphenol content, in the range from 0.34 to 0.48 mg
GAE/mL obtained in a traditional extraction of 2 g of
grounded roasted yerba mate leaves by heating at 60-90 °C
during 5-10 min in 100 mL of distilled water. Moreover,
Deladino et al. (2013) examined the polyphenol content of
encapsulated yerba mate extracted by a traditional extrac-
tion procedure (100 °C, 40 min) and encapsulated in
alginate or alginate and lyophilized chitosan beads. These
authors reported a loading capacity of 4.8 x 107> to
8.7 x 107* mg GAE/g. Exceptionally, Lépez Cérdoba
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et al. (2013) studied the polyphenol content of yerba mate
extract obtained by traditional extraction (100 °C, 40 min)
and encapsulated in calcium-alginate-starch hydrogel
beads, and reported a high polyphenol content of
127 + 1.16 mg chlorogenic acid/g yerba mate dried
leaves.

Furthermore, Fig. 3 shows the increase in the time (min)
required to oxidize mayonnaise when adding different YM
extracts to this matrix. In particular, PL and PS increased
time by 60.57 min (139.7%) and 72.29 min (138.8%),
respectively, when compared to control (data not shown),
while the addition of PEL and PES retarded oxidation time
by 164.45 min (206.44%) and 257.69 min (250.75%),
respectively. In every case, the addition of YM extract
showed antioxidant capacity following the high TPC pre-
sent in the additives. Nonetheless, the encapsulated sys-
tems presented a higher increase in the oxidation time than
the non-encapsulated ones, being PES the one with the
highest antioxidant capacity.

The results obtained from TPC and oxidative stability
tests suggested that spray-drying is an exciting alternative
for encapsulation of YM extracts with MD, as it preserved
the bioactive compounds in the extract during the drying
step and prevented oxidation when used in a real food
matrix.
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Fig. 4 Principal component analysis (PCA) bi-plot of total polyphe-
nol content, oxidative stability, color, moisture, and a,, corresponding
to freeze-dried (PL), spray-dried (PS), encapsulated powder by
freeze-dried (PEL) and encapsulated powder by spray-dried (PES)
yerba mate extract

@ Springer

Multivariate analysis by principal components
analysis

A Principal component analysis (PCA) showed the spatial
relationships between color parameters, a,, moisture, total
polyphenol content, and oxidative stability and the evalu-
ated YM samples (Fig. 4). The first principal components
(PC land PC 2) explained 79.3%, and 19.4% of the vari-
ance, respectively. The first axis, PC 1 contrasted a,,, L*,
a*, TPC and oxidative stability, positively, and moisture
content and b*, negatively. The second axis (PC 2) was
defined positively by ay,. PES sample was associated with
the highest TPC, oxidative stability, L* and a* values,
indicating that encapsulation with MD protected polyphe-
nolic compounds from its degradation. Moreover, spray-
drying preserved TPC noticeably better than freeze-drying,
probably due to the porosity of lyophilized microstructures
revealed by SEM.

Encapsulated samples (PEL and PES) displayed higher
L* and a* values than the non-encapsulated systems (PL
and PS), indicating that presence of MD increased light-
ness, while decreased greenness of YM (Fig. 4). L* and a*
increased while b* decreased, being more evident when the
samples were spray-dried instead of using freeze-drying,
suggesting that they could have suffered slight pigment
oxidation during thermal exposure.

PL and PEL samples displayed higher moisture content
than PS and PES samples, respectively. As explained above
the lower a,, and higher moisture content observed in the
freeze-dried samples compared to the spray-dried ones,
may be attributed to the higher water-binding capacity of
carbohydrates (such as maltodextrin) at low temperatures
than at high temperatures, through hydroxyl groups of
carbohydrates (Catelam et al. 2011). Besides, Palipane and
Driscoll (1993) suggested that at increased temperatures,
water molecules are activated to higher energy levels,
causing them to become less stable and break away from
the water-binding sites of the substrate. Thus, decreasing
the water content (as observed in spray-dried samples).

Conclusion

US-assisted extraction resulted in a fast, reproducible, and
convenient method for extracting bioactive compounds
from aged canchada yerba mate leaves at low temperatures.
Moreover, the addition of MD prevented degradation of
these biocompounds when used as a wall material. Spray
drying was the most convenient process to obtain YM
extract, as spray-dried powders displayed the highest
polyphenol content and proper oxidative stability, also
achieving the lowest moisture content compared to the
lyophilized samples. Additionally, MD addition and the
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effect of spray drying reduced the greenness of the pow-
ders, which may be a desirable feature when planning to
add the active ingredient to a real food matrix without
altering its natural color. It is essential to highlight that the
antioxidant capacity of the additives assayed was proven in
a real food matrix, where a noticeable increase in oxidative
stability was obtained by the addition of this active additive
in a mayonnaise. These results suggest that the coated YM
extract could be used as a functional additive for novel
foods and beverages.

Further studies should be performed shortly to improve
shelf life and organoleptic properties of this real food
matrix in order to obtain a mayonnaise with natural
additives.
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