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ARTICLE INFO ABSTRACT

Keywords: In this study the effect of matrix composition on process encapsulation efficiency, antioxidant capacity and
Olive lanes physical properties of microencapsulated olive (Olea europaea L.) leaves extract (OLE) powders obtained by
Oleuropein ) freeze-drying were investigated. Total solids, matrix composition (maltodextrin and trehalose, alone or mixtures)
Microencapsulation

and OLE:matrix ratio of the initial aqueous system were investigated by applying a Response Surface Method-
ology. Results highlighted that encapsulation efficiency resulted positively affected by higher concentrations of
maltodextrin and lower OLE:matrix ratio. Thermal properties were influenced by the overall composition of the
powders with an increased Ty at increasing maltodextrin content while OLE had a plasticizing effect. By mi-
croscopy analysis, differences in surface and particle morphology as well as OLE distribution in the differently
formulated powders were observed in agreement with the corresponding encapsulation efficiency. This study
highlights the importance of formulation optimization in freeze-drying encapsulation to enhance process effi-
ciency and the technological functionalities of the powders.

Freeze-drying
Response surface
Maltodextrin

1. Introduction

Among the large variety of bioactives naturally present in foods,
polyphenols, secondary metabolites of plants, have been extensively
reported for their health-promoting properties as free radical scavengers
(Leopoldini et al., 2011). Increasing is, thus, the interest in the devel-
opment and formulation of food products made of raw materials or in-
gredients naturally rich in phenolic compounds as well as the
implementation of processing for extraction or isolation of bioactives
from diverse plant sources.

Olive leaves are an important waste stream from olive oil production,
along with olive pomace and waste waters. Leaves are considered a
cheap and rich source of valuable compounds that can be obtained with
relatively cost-effective processes (Difonzo et al., 2017; Xynos et al.,
2014). These extracts contain high amounts of bioactives like phenolic
compounds, which can be classified into secoiridoids (oleuropein, ver-
bascoside and derivatives) flavonoids (luteolin, rutin, apigenin and de-
rivatives) and substituted phenols (hydroxytyrosol, tyrosol, caffeic and
vanillic acid) (Souilem et al., 2017; Talhaoui et al., 2015) OLE and its
major phenolics oleuropein and hydroxytyrosol have been consistently
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associated to numerous health benefits such as the prevention of
oxidative-stress related (e.g. coronary heart diseases) and neuro-
generative diseases, and cancer (Di Francesco et al., 2015; Martin-Pelaez
et al., 2013). From a techno-functional perspective, the incorporation of
olive mill waste phenolic extracts into food products has been recently
studied as wine antimicrobial preservative (Ruiz-Moreno et al., 2015),
lipid oxidation inhibitor in meat products (Aouidi et al., 2017) or in
vegetal oils for their antioxidant properties (Mohammadi et al., 2016).

Ahmad-Qasem et al. (2016) highlighted that the method for drying
the olive leaves influenced the initial extract composition and bioactive
potential, and extract dehydration resulted in a 10% loss of bioactivity,
but the extracts remained stable for at least 4 weeks during storage at
4-35 °C. However, the use and application of such phenolic extracts
often requires stabilization to avoid chemical degradation during pro-
cessing and long storage and enhance solubility, but also to improve the
physical stability and easiness of handling (Munin and Edwards-Lévy,
2011). Microencapsulation technologies involve those processes to pack
or entrap molecules and components (core) in a matrix of a single or
complex secondary material, resulting in small particles or capsules
from the submicron range to several hundred microns. They are
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designed to protect and increase stability of the bioactive core material
during processing, storage and consumption (Roos and Livney, 2017).

Largely used in the food sector are the microencapsulation technol-
ogies based on desolvation mechanisms like spray-drying and freeze-
drying to form fine, dry powders. In particular, freeze-drying is an
interesting alternative to the more commonly used spray-drying when
thermosensitive molecules have to be encapsulated. Despite the ad-
vantages that spray-drying has like lower cost, higher rate and industrial
flexibility, freeze-drying yields high quality products with minimal
thermal and oxidative degradation and higher entrapment efficiency
(Ballesteros et al., 2017; Pasrija et al., 2015). In freeze-drying, apart
from process parameters, formulation factors like concentration of sol-
utes in the initial solution, core to matrix ratio or matrix composition are
known to affect the encapsulation efficiency, microstructure and the
thermophysical properties (Ballesteros et al., 2017; Ravichai and
Muangrat, 2019).

High and medium chain carbohydrates like starch, maltodextrins
and cyclodextrins are commonly used as wall materials in encapsulation
thanks to their ability to form amorphous matrices. Encapsulation of
olive leaves and other waste by-products using these carriers by spray-
drying (Aliakbarian et al., 2018; Paini et al., 2015; Urzta et al., 2017)
and freeze-drying (Chanioti et al., 2016; Ganje et al., 2016; Mourtzinos
et al., 2007) have shown high encapsulation efficiencies, improved hy-
groscopicity and stability.

On the other hand, small carbohydrates like mono- and disaccharides
are not so widely used for conventional encapsulation due to poorer
film-forming, glass forming and thermal properties. However, trehalose
(a-p-glucopyranosyl-(1 — 1)-a-p-glucopyranoside) is a natural disac-
charide that is known to stabilize proteins and lipid membranes in low
moisture systems and has been applied in food encapsulation of vitamins
(Zhou and Roos, 2012), flavors (Sosa et al., 2011) and colorants (Faieta
et al., 2019). Its bioprotective action is partly attributed to its ability to
form amorphous solids and high glass transition temperature, along with
other mechanism (Patist and Zoerb, 2005). Several studies have inves-
tigated the physico-chemical properties of freeze-dried amorphous
mixed maltodextrin-disaccharide systems, since they are representative
of many food systems like bakery products or fruit (Maidannyk et al.,
2017; Potes et al., 2012). However, they have been scarcely character-
ized for their capacity to entrap bioactives when used in freeze-drying
encapsulation and the technological properties of the resulting pow-
ders. Response surface methodology (RSM) is a robust model that can be

Yio=a + aX, + X + X + 33X+ apXiXo + apXiXs + apXoX; +

2 2 2
apX;” + anXy” +anX;

used to determine the impact of each factor and how the factors interact,
thereby the process of optimization could be efficiently performed. The
RSM has been already applied in encapsulation to optimize factor in-
teractions influencing the responses as well as the design of experiments
and information obtained (Chen et al., 2019; Paulo and Santos, 2017,
Ramirez et al., 2015).

The aim of this study was to study the effect of the carrier formula-
tion on the encapsulation efficiency of an olive leaf extract rich in
oleuropein, the thermal, physical and structural properties of freeze-
dried microencapsulated powders. Maltodextrin and trehalose were
chosen as encapsulating materials as representatives of high and low
molecular weight carbohydrates with good glass forming properties for
encapsulation purposes. Total solids, matrix composition (maltodextrin
and trehalose, alone or mixes) and OLE:matrix ratio of the initial
aqueous system were investigated by applying a Response Surface
Methodology.
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2. Materials and methods
2.1. Materials

A standardized olive leaf powder extract (OLE), obtained from leaves
of the olive tree (Olea europaea L.) by ethanolic-aqueous maceration,
was kindly provided by OLEAFIT S.r.1 (Isola del Gran Sasso, Italy).
Maltodextrin (MD) (DE 8-10) and trehalose dihydrate (TR) were pro-
vided by Cargill S.r.l. (Milan, Italy). Moisture of maltodextrin, trehalose
and OLE determined gravimetrically (oven-drying at 105 °C for 4 h)
were 8.6%, 9.2% and 4.2% (w/w) respectively and these values were
taken into consideration when solutions were prepared for microen-
capsulation purposes. The following standard compounds were used:
hydroxytyrosol (>98% HPLC; Extrasynthese, Lyon, France), oleuropein
(>90% HPLC; PanReac AppliChem, Darmstadt, Germany) and verbas-
coside (>99% HPLC; Sigma-Aldrich, Darmstadt, Germany).

All other solvents and reagents used were of analytical grade.

2.2. Experimental design for process optimization using central composite
design

In order to reduce the number of trials and maximize the obtained
information on the effect of encapsulating variables on product prop-
erties, a central composite inscribed design (CCI) was applied. A central
composite design is a 2* full factorial design to which the central point
and the star points (a) are added to determine the curvature of the model.
Three factors (i.e. independent variables) were selected: dispersed solids
(X1, % w/v), MD:TR matrix composition ratio (X3, %MD) and OLE:ma-
trix ratio (X3) at 5 levels (Table 1); a star points set at a distance from the
central point equal to a = \/ k/k were also included. The CCI consisted of
17 experiments including 3 center points, 6 star points and 8 factorial
points.

The dependent, or response, variables were the following: Total
Phenolic Content (TPC) encapsulation efficiency (Y;, TPC-EE%) and
oleuropein encapsulation efficiency (Y2, Oleu-EE%). Preparation of
formulations and analysis were randomized to avoid experimental bia-
ses. Design Expert® Software (V.7.0, Stat-Ease Inc., Minneapolis, USA)
was used for the generation and evaluation of the statistical experi-
mental design and generate the response surface plots. Experimental
data obtained were fitted to the following second order polynomial
equation (Eq. (1)):

@

where Y (;_3) are predicted response values for each of the dependent
variables; ag is the regression coefficient at the center point; a;, az and as

Table 1
Independent variables and levels of the central composite design.

Coded values Independent variables

Xy X X3

% solids (w/v) MD:TR? (%MD) OLE:matrix”

Low (—1) 10 0 0.05
Medium (0) 20 50 0.15
High (+1) 30 100 0.25
-x (—0.57) 14 21 0.09
+x (+0.57) 26 79 0.21

# Matrix composition expressed as % MD (%TR = 100-%MD).
b OLE to matrix ratio (MD + TR) MD: maltodextrin, TR: trehalose.
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are linear coefficients; a9, a;3 and a3 are second order factors; and aj1,
agy azz are quadratic coefficients. X;, X3 and X3 are the independent
variables.

2.3. Preparation of freeze-dried microencapsulated olive leaf extract
powders

Matrix components (MD and/or TR) were initially dissolved in ul-
trapure water at 20 °C and stirred at 200 rpm for 60 min until clear
transparent solutions were obtained. Then, OLE was slowly added and
the mix was stirred at 350 rpm for 30 min. The obtained dispersion was
centrifuged at 4000 rpm for 30 min and subsequently filtered through
0.45 pm Nylon filter (47 mm, Whatman®, GE Healthcare) to remove
insoluble material and obtain clear solutions. Each solution was trans-
ferred into Petri dishes and frozen at —80 °C for at least 14 h and freeze-
dried (CoolSafe Scanvac, LaboGene, Allerod, Denmark) for 74 h at a
pressure < 0.4 mbar using a temperature ramp starting from —42 °C up
to 20 °C optimized according to the T and T’ of the initial aqueous
systems. Dried samples were then ground using a planetary ball mill
(Pulverisette 6, Fritsch, Weimar, Germany) with a zirconium oxide
grinding bowl (80 mL) and grinding balls (10 mm diameter) at a disk
speed of 350 rpm for 30 s under low relative moisture conditions.
Powdered samples were stored in vacuum desiccators over PoOs (VWR
Chemicals, Milan, Italy) until constant weight before further use. Freeze-
dried matrices without OLE were also prepared using the same pro-
cedure, and used as control samples. These samples were subjected to all
the analyses except the confocal microscopy analysis. For confocal laser
scanning microscopy analysis, microencapsulated powders at 30% (w/
v) of dispersed solids, three different OLE addition (ratio OLE:matrix =
0.05, 0.15 and 0.25) and three different carrier composition formula-
tions (maltodextrin, trehalose and maltodextrin-trehalose mix at 1:1 wt
ratio) were also prepared as above described, in order to compare
samples based on the matrix composition and three levels of OLE
concentration.

2.4. Estimated encapsulation efficiency (EE) and load yield (Y)

Encapsulation efficiency is defined as the TPC and oleuropein (as %)
that is entrapped in the matrix of wall material after freeze-drying in
respect to that present in the initial system. It has been determined by
adapting the method and equations presented by other authors (Laine
et al., 2008) on the microencapsulated products by exactly weighing an
amount of each powder (ca. 15-20 mg) on microcentrifuge tubes to
which 1.4 mL absolute ethanol was added. Powder suspension was
immediately vortexed (10 s) and centrifuged at 12000g for 2 min
(Eppendorf Centrifuge 5415D). The supernatant ethanol fraction was
collected and the pellet was dissolved in 1.4 mL of water by vortexing.
Both fractions were analyzed for TPC, oleuropein content, and TEAC
antioxidant capacity was measured on the encapsulated fraction.

Phenolic compounds in the ethanol fraction were considered to be
surface/non-encapsulated fraction, while phenolics in the water fraction
correspond to the encapsulated fraction.

The encapsulation efficiency (EE) for total phenolics content and
oleuropein was calculated according to Eq. (2):

EE (%) Encapsulated phenolics (mg/g powder)
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The load Yield (Y), indicating the amount of phenolic compounds
(TPC or Oleuropein) initially added still present in the micro-
encapsulated matrix after the freeze-drying process, was computed ac-
cording to Eq. (3):

Total phenolics (encapsulated + surface)(mg/g powder)
Calculated value of added phenolic (mg/g powder)

Y (%)= 100

3
2.5. HPLC determination of phenolic compounds

The content of the main phenolic compounds (oleuropein, verbas-
coside and hydroxytyrosol) in OLE and oleuropein in microencapsulated
OLE powders were determined by adapting the method of Ahmad-Qa-
sem et al. (2013), by high performance liquid chromatography (HPLC
1200 Infinity, Agilent Technologies, CA, USA) equipped with a C18
column (250 x 4.6 mm; 5 pm, Kinetex, Phenomenex, CA, USA) con-
nected with a UV-diode array detector. Elution was carried out at 30 °C
column temperature, flow rate 0.8 mL/min and 20 pL injection volume.
The mobile phases consisted of (A) 2.5% acetic acid and (B) acetonitrile
and separation was performed with the following gradient: 0-10 min,
10-20% B; 10-35 min, 20-40% B; 35-40 min, 40-100% B; 40-45 min,
100% B; 45-46 min, 100-10% B; 46-52 min, 10% B. Detection was done
at 280 nm for hydroxytyrosol and oleuropein, and 330 nm for verbas-
coside and the corresponding concentration determined by calibration
curves of the pure standard compounds.

2.6. Total phenolic content (TPC)

The TPC of OLE and microencapsulated OLE powders was evaluated
by using the Folin-Ciocalteu reagent, in agreement with the method
modified by (Sacchetti et al., 2009). Solutions with resuspended
microencapsulated powders (0.1-0.4 mL) were diluted with deionized
water to a volume of 5 mL, added with 0.5 mL Folin-Ciocalteu reagent
(Sigma-Aldrich, Darmstadt, Germany) and then incubated for 3 min in
the dark before adding 1.5 mL of a 25% (w/v) NayCOs solution. Then,
deionized water was added to a final volume of 10 mL. The reaction mix
was kept in the dark at room temperature for 60 min and total phenolic
content was determined by reading the absorbance at 765 nm using a
spectrophotometer (PerkinElmer Lambda Bio 25, Boston, MA, USA).
Gallic acid standard (Sigma-Aldrich) solutions were used to calibrate the
analysis, and results were expressed as mg of gallic acid equivalents g~
of dry weight of sample. Each sample was analyzed in triplicate.

2.7. Antioxidant capacity (TEAC)

The antioxidant capacity was determined on the OLE encapsulated
powders, according to the radical scavenging method described by (Re
et al., 1999), with slight modifications. The ABTS" radical was gener-
ated by reacting a 7 mM solution of ABTS (2,2'-Azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt, >98% HPLC,
Sigma-Aldrich) with 2.45 mM potassium persulfate and allowing the
mixture to stand in the dark at room temperature for 14-16 h before use.

100 2)

:Encapsulated phenolics (mg/g powder) + Surface phenolics(mg/g powder)X
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This ABTS" stock solution was diluted with water to have an absorbance
of 0.70 +£0.02 at 734 nm at 30°C. Three different dilutions of each
sample were prepared and 30 pL added to 2.97 mL of appropriately
diluted ABTS™ solution; the absorbance decrease at 734 nm was then
read after 7min. For each dilution, the percentage of inhibition was
calculated as ((AbSinitial — AbSfinal)/AbsSinitial X 100). The % inhibition was
plotted as a function of concentration and the Trolox Equivalent Anti-
oxidant Capacity (TEAC) was calculated as the ratio of the linear
regression coefficient of the sample and that of Trolox standard (6-Hy-
droxy-2,5,7,8-tetramethylchromane-2-carboxylic acid, >97%,
Sigma-Aldrich). Results were expressed as pmol Trolox equivalents g~
(umol TE g~ 1).

2.8. Thermal analysis

Thermal analysis of the powders was carried out by using a differ-
ential scanning calorimeter (DSC 8500, PerkinElmer, Waltham, MA,
USA) adapting the method reported elsewhere (Maidannyk et al., 2017).
Analysis were carried out to determine the glass transition temperature
(T) of amorphous freeze-dried powders with and without encapsulated
OLE. An aliquot of the powder accurately weighed (ca. 5-7 mg) was
placed into DSC aluminium pans (50 pL, PerkinElmer) and hermetically
sealed with pierced aluminium lids to allow evaporation of residual
water upon heating scan measurement. Samples were scanned from
~30°C below to approximately 50°C above the glass transition tem-
perature (Tg) at 5°C/min heating rate and cooled at 10°C/min cooling
rate to initial temperature. A second heating scan at 5°C/min was used
to determine the onset and change of specific heat at T (ACp) using the
Pyris™ software (PerkinElmer).

2.9. Color of microencapsulated powders

Color of the freeze-dried powders were determined by using a bench-
top spectrophotocolourimeter (Chroma Meter CR-5, Konica Minolta,
Osaka, Japan) with pulsed xenon light as light source and standard
illuminant D65. An aperture size of 3 mm was used. Colorimetric results
are expressed in CIE L*a*b* color space, as L*(lightness), a*(red vs
green), and b*(yellow vs blue) values; and the Yellow Index (YI) was
calculated as follows, YI = 142.86 b*/L* (Francis and Clydesdale, 1975).

Table 2
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2.10. Confocal laser scanning microscopy analysis

OLE distribution in the freeze-dried powders was evaluated by using
a Nikon Al-R confocal imaging system (Nikon Corp., Tokyo, Japan)
controlled by Nikon NIS Elements interface, equipped with a Plan Apo A
10X/40X Oil objective (numerical aperture: 0.3/1.5; refractive index:
1.55). In order to visualize the natural fluorescence phenolic com-
pounds, as reported in similar studies (Pravinata and Murray, 2019),
samples were excited at 488 nm and fluorescence was detected in the
green channel signal at A, =500/550 nm, and observed with Nikon Al
Piezo Z Drive, pinhole size of 25.5 pm and Z-step of 1 pm.

2.11. Scanning electron microscopy (SEM) analysis

The freeze-dried powders microstructure and surface morphology
were assessed by using a field-emission scanning electron microscope
(SEM) LEO 1525 (ZEISS, Germany). Prior to image acquisition, sample
powders were mounted on stubs and coated with a thin layer of chro-
mium. Acceleration potential voltage was maintained between 10 keV
and 15 keV.

2.12. Statistical analysis

Results are expressed as mean+standard deviation (SD) of at least
three replicates for each of the 17 experimental samples of the CCI. One-
way ANOVA was applied to estimate the significance of the model
(p<0.05), effects of variables and lack of fit (Design Expert® Software
V.7.0, Stat-Ease Inc., Minneapolis, USA). Data of the T, of powders, with
and without encapsulated OLE, were compared with paired t-test
(p<0.05), while color analysis by an ANOVA Tukey’s multiple com-
parison test (p<0.05) using R v3.5.3 and RStudio v1.1.463 (RStudio,
Inc., Boston, MA, USA).

3. Results and discussion
3.1. Phenolic characterization of OLE

The olive leaf extract used in this study had a total phenolic content
of 403 +£23 mg GAE g~ ! of powder. Oleuropein, representing 80.8 +

0.6% of the total chromatographic peak area at 280nm resulted the main
phenolic compound with a concentration equal to 525 +27 mg g~

Experimental plan of inscribed central composite design (coded variables in brackets) with observed response variables Y 5, and total phenolic yield, oleuropein yield

and Trolox antioxidant capacity (TEAC) values.

EF Levels of independent variables EE (%) Yield (%) TEAC (Enc)” (pmol TE g’l)
(X1) (X2) (X3) TPC (Y1) Oleu (Y) TPC Oleu

1 10 0 0.05 57.73 +1.13 55.35 +1.25 73.48 £1.30™ 85.26 +1.29% 43.67 +4.08°
2 30 0 0.05 64.83 +0.33 55.10 +1.56 75.22 +0.99¢ 92.01 +2.77™ 45.69 +2.06%°
3 10 100 0.05 98.51 +0.14 99.23 £0.16 70.73 +1.74%%¢ 73.29 £3.46% 65.41 +1.85
4 30 100 0.05 99.33 +0.18 99.88 +0.10 70.21 +0.60?" 72.15 +1.73% 69.78 +6.45°
5 10 0 0.25 38.61 +1.52 29.32 +1.03 73.11 +1.22% 95.78 +3.53" 113.70 +9.274¢
6 30 0 0.25 50.22 £1.05 39.61 £1.36 72.58 +£0.52°¢ 85.89 +£0.514% 136.87 +6.81°
7 10 100 0.25 81.07 +0.75 74.80 £0.67 71.97 +£1.39%¢ 84.54 +2.79% 214.04 +13.568
8 30 100 0.25 86.61 +0.56 82.12 +£0.91 70.78 +1.05°" 79.46 +3.68%4¢ 220.48 +6.618
9 14 50 0.15 74.96 +0.26 65.76 +2.11 72.09 +2.14% 77.84 +3.80% 132.26 +9.16°"
10 26 50 0.15 78.85 +0.58 70.59 £0.32 73.72 £1.66™ 81.38 £2.05"% 132.57 +5.49°f
11 20 21 0.15 54.09 +0.58 43.38 +1.64 74.34 +0.66% 93.50 +£0.86%" 100.06 +3.04¢
12 20 79 0.15 91.60 +0.30 87.78 +0.68 69.11 +0.922 75.41 +4.113>¢ 150.09 +1.12°
13 20 50 0.09 85.90 +1.11 77.12 £1.86 72.61 £2.50%¢ 83.39 +£1.61°¢ 98.67 +£1.85¢
14 20 50 0.21 68.06 +0.68 58.82 +0.82 71.92 +1.75% 84.04 +1.55% 149.59 +12.57°
15 20 50 0.15 75.20 +0.26 68.69 +1.12 72.32 +0.31% 86.88 +3.85°%8 134.25 +5.17
16 20 50 0.15 77.64 +0.84 71.72 +0.40 72.81 +0.67%¢ 84.21 +0.784¢ 137.56 +4.85
17 20 50 0.15 76.94 +1.03 69.42 £1.50 73.48 £1.30™ 83.77 +3.24% 136.35 +2.61°

EF: Experimental formulation; EE: Encapsulation efficiency; TPC: total phenolic content; Oleu: oleuropein; MD: Maltodextrin; TR: trehalose.
Results are expressed as mean value of three replicate analysis +SD. Different superscript letters in the same column indicate significant differences at a probability

level of p < 0.05.
# TEAC of encapsulated fraction of microencapsulated powders.
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Table 3
Analysis of variance (ANOVA) of independent variables for the optimization of response variables.
Source Sum of squares Degree of freedom Coefficient Mean square F-value P-value
Y;: TPC-EE (%)
Model 4361.99 4 1090.50 70.10 <0.0001
X;- Solids (% w/v) 86.09 1 86.09 5.53 0.0365
Xo- MD:TR (% MD) 3565.28 1 3565.28 229.20 <0.0001
X3- OLE:matrix 635.05 1 635.05 40.83 <0.0001
X3 75.57 1 75.57 4.86 0.0478
Residual 186.66 12 15.56
Lack of fit 183.51 10 18.35 11.63 0.0818
Pure error 3.16 2 1.58
Cor.Total R? 4548.66 16
R? 0.959
Y,: Oleu-EE (%)
Model 5753.46 2 2876.73 130.51 <0.0001
Xo- MD:TR (% MD) 4725.80 1 4725.80 214.40 <0.0001
X3- OLE:matrix 1027.66 1 1027.66 46.62 <0.0001
Residual 308.59 14 22.04
Lack of fit 303.59 12 25.30 10.12 0.0934
Pure error 5.00 2 2.50
Cor.Total R? 6062.05 16
R? 0.949
~
3 x
(D ~
m 8]
0 A
£ B
o
0.10
015
OLE:matrix 020 ; OLE:matrix
MD:TR (% MD) “  MD:TR (% MD)
10 10
S 100 ) 100
o\e °\° %
et ed )
m m n
u’;] ul-] 60
QO =
~ =
= o

MD:TR (% MD)

(%, W/v)

(%, W/V) 070 MD:TR (% Nﬂ))

Fig. 1. 3D iso-response contour plots for encapsulation efficiency of total phenolic content (TPC-EE, %) (a, ¢) and oleuropein (Oleu-EE, %) (b, d) as affected by
independent variables OLE:matrix ratio and MD:TR ratio (a-b) or total dispersed solids and MD:TR ratio (c-d).

extract, while verbascoside and hydroxytyrosol were found to have a
concentration of 14.3 +1.0 mg g~ ! and 3.8 +0.3 mg g~ ! extract,
respectively. The antioxidant capacity was found equal to 950 +51 pmol
TE g ™! as determined by the ABTS™ assay.

3.2. Experimental design and fitting of model

The implemented CCI generated 17 experimental formulations (EF).
Table 2 shows an overview of the different formulations with the factor
levels and the observed values for the response variables (Y;.2). Two
quadratic polynomial equations with main and interaction factors were
obtained and reduced models were applied by removing not significant
factors. Both models were found to be significant (p<0.05) and the co-
efficient of determination (R%) (Table 3), adjusted R2, predicted R? and
predicted residual sum of squares (PRESS) were also satisfactory (data

not shown). The analysis of error indicated that lack of fit was not sig-
nificant (p>0.05) for model responses, assuming the validity of the
model (Myers et al., 2016) to predict and optimize variables for
encapsulation of OLE phenolic compounds in carbohydrate glassy
matrices.

3.3. Variable effects on encapsulation efficiency of OLE (TPC and Oleuw)

The effect of process factors (% solids, MD:TR ratio and OLE:matrix
ratio) on encapsulation efficiency of total phenolic compounds (TPC-EE,
%) are shown in the 3D response contour plots (Fig. 1a and 1¢) resulting
from the application of the RSM regression equation (Eq. (4)):
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Y, —(TPC—-EE%)= 7640 + 3.15X, + 20.28X, —8.56X;
— 4.56X,? 4)

The results of ANOVA (Table 3) indicate that the TPC-EE% was
affected by all three factors (p<0.05), although the impact of the total
dispersed solids (X1) (p<0.0365) was less significant than the other two
(X3, MD:TR; X3, OLE:matrix), with a slight increase in TPC-EE with
higher total solids.

In general, carbohydrate solutions with higher solute concentration
result in freeze-dried powders with lower porosity and higher bulk
density after sublimation of water crystals during freeze-drying with
consequent lower surface to mass ratio of dry material and subsequent
reduced exposure of the surface bioactive fractions (Desobry et al., 1997;
Michalska and Lech, 2018). Several studies on freeze-drying (Saikia
et al., 2015) and spray-drying (Igual et al., 2014) microencapsulation of
fruit extracts have shown that higher total solute concentration along
with a higher ratio of encapsulant-to-core material ratio resulted in
improved entrapment of bioactive compounds. On the other hand, other
authors in a study on encapsulation by freeze-drying using gum arabic
and maltodextrin as encapsulants, found higher recovery of total phe-
nolics at 10-20% encapsulant concentration compared to 30% (Ramirez
et al., 2015). However, this effect was not seen in samples in which
maltodextrin was the dominant or only wall component, where
increasing concentration resulted in higher retention. This may indicate
that nature of the wall material components can have a deep impact on
the retention of phenolic compounds as they can significantly affect the
structuring of the matrix and the wall-core interactions.

Matrix composition and its quadratic term resulted to have a higher
impact, with a higher TPC-EE% at increasing maltodextrin content. In
general, a higher maltodextrin fraction in microencapsulated powders
carrier composition resulted in a higher EE% for phenolic compounds.
For example, 100% maltodextrin carrier system (EF 8), showed an EE %
equal to 86, significantly higher than its equivalent EF 6, made out of
100% trehalose carrier (EE 50%). Other studies in which phenolic ex-
tracts were encapsulated in maltodextrin matrix at various dextrose
equivalent values, demonstrated that better yields and encapsulation
performances are obtained when higher molecular weight carbohy-
drates are used (Che Man et al., 1999; Laine et al., 2008; Laokuldilok and
Kanha, 2017). This may indicate that phenolic compounds may be
involved in stronger interactions with large carbohydrate polymers, and
this may also be affected by the charge, solubility and molecular
mobility of the phenolic compounds considered. On the other hand, it
has been suggested that the presence of small sugars in amorphous
polysaccharides could induce a reduction in the number of molecular
entanglements in the matrix, without significantly changing its structure
or packing of the glass (Kilburn et al., 2005), with consequent decrease
of the encapsulation efficiency.

The ratio of bioactive core-to-matrix carrier (OLE:matrix, X3) was
also a significant factor. The lower the ratio (i.e., the higher the matrix
weight fraction in respect to the bioactive core material), the higher the
encapsulation efficiency. However, the encapsulation efficiency
remained high (75-82%) even at the highest (0.25) OLE:matrix ratio for
samples containing maltodextrin as a sole matrix component.

The positive effect on encapsulation efficiency with increasing frac-
tion of wall material in respect to encapsulated core has been observed
in several previous studies addressing microencapsulation in carbohy-
drate glassy matrices of phenolic compounds also including OLE by
spray-drying (Gonzalez et al., 2019; Urztia et al., 2017). As expected, a
higher carbohydrate matrix fraction provides a higher number of
available binding sites to interact, generally by hydrogen bonding, with
phenolic compounds like oleuropein (Amoako and Awika, 2016; Ghar-
sallaoui et al., 2007).

As regards oleuropein encapsulation, EE % values were slightly
lower compared to those of TPC. However, data (Fig. 1b and d) resulted
significantly modelled by the following RSM regression equation (Eq.
(5)):
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Y, — (Oleu — EE%) = 67.58 4 23.35X, — 10.89X; 5)

The factors affecting significantly the response were found to be
similar as for TPC-EE. OLE:matrix ratio and wall composition (MD:TR
ratio) linear effects were found as the only significant factors, being the
latter the more significant (F=214.40). Again, increasing the percentage
of maltodextrin in respect to trehalose as wall component and the lower
core-to-encapsulant ratio resulted in enhanced entrapment.

Encapsulation values of TPC and oleuropein were in agreement with
similar studies using freeze-drying (Chanioti et al., 2016) and
spray-drying to encapsulate olive leaf extract (Gonzalez et al., 2019;
Urzta et al., 2017) and olive pomace extracts (Aliakbarian et al., 2018).
It is then confirmed that process variables with greater impact on
encapsulation of polyphenols are wall material composition and core to
wall ratio as reported in previous similar studies (Robert et al., 2010;
Saikia et al., 2015).

3.4. Load yield and antioxidant capacity of encapsulated OLE fraction

Freeze-dried encapsulated powders had a total phenolic content
(encapsulated + surface) ranging from 13.6 +0.1 to 56.7 +0.9 mg GAE
g}, and a total oleuropein content from 18.2 +0.4 to 96.8 +3.6 mg
oleuropein g~! (data not shown). Load yield gives an estimation of the
percentage of the initial TPC and oleuropein recovered in the powders
after freeze-drying. TPC-Yield values obtained for the 17 experimental
formulations were around 70% (Table 2), indicating a relatively high
yield without remarkable differences among the different formulations.
Similar yield values have been previously reported in freeze-dried
encapsulated extracts from vegetables (Che Man et al., 1999; Laine
et al., 2008). Losses may be attributed to precipitation of compounds
poorly soluble in water that are present in the OLE and measured as TPC
by the Folin-Ciocalteu assay, but that are removed during solubilization,
centrifugation and filtration of sample solutions.

Oleuropein yield values were notably higher than TPC in the range of
72-95%, since oleuropein is highly water soluble and a smaller fraction
is lost during processing. Yield was significantly higher in samples
containing only trehalose compared to those with maltodextrin,

Table 4
Thermal properties (glass transition, Ty onset; and change of specific heat, ACp)
of OLE microencapsulated and control powders.

EF Experimental values of variables Control samples OLE

microencapsulates

X1) (X2) MD:TR X3) Tg ACp T, A Cp

% — OLE: onset Ug! onset Jg!
solids % % matrix (°C) °ch °C) °ech

MD TR

2 30 0 100 0.05 98.5 0.48 102.9 0.48
+0.2 +0.01 +2.1% +0.02

6 30 0 100 0.25 97.6 0.51
+0.8 +0.02

1 10 0 100 0.05 98.4 0.51 101.6 0.53
+1.5 +0.02 +2.4* +0.05

5 10 0 100 0.25 97.0 0.47
+1.6%* +0.03

13 20 50 50 0.09 131.2 0.42 127.3 0.34
+0.2 +0.03 +1.4* +0.02

15 20 50 50 0.15 122.3 0.32
+1.3*%* +0.01

14 20 50 50 0.21 121.9 0.32
+0.7%* +0.01

11 20 21 79 0.15 111.5 0.41 107.0 0.44
+0.2 +0.10 +0.5* +0.02

12 20 79 21 0.15 174.5 0.27 154.7 0.19

+1.9 +0.12 +1.8%* +0.05

p < 0.05 (*); p < 0.01 (**);p < 0.001(+**).

Results are expressed as mean values of three replicate analysis +SD and
asterisques following T onset values indicate significant differences with their
corresponding control sample after paired t-test at p < 0.05.
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probably as a consequence of a lowering effect on water polarity. It has
been observed that sugars and other small molecules (e.g. glycerol) alter
water structure and its dielectric constant (Sajadi et al., 2010; Te et al.,
2010), imparting a reduced solvent polarity. These phenomena have
been exploited to extract phenolic compounds from food matrices with
positive results (Mouratoglou et al., 2016; Paradiso et al., 2016).

The antioxidant radical scavenging capacity of encapsulated fraction
of powders was in agreement with the initial OLE added and the
encapsulation efficiency, showing a close correlation (R%>=0.994) with
the phenolic content entrapped in the glassy matrices. As expected,
powders with highest encapsulation efficiency were also those with the
lowest OLE:matrix ratio, meaning a lower phenolic content (and cor-
responding lower antioxidant capacity) per mass unit. Thus, in practical
applications a compromise between high encapsulation (higher stabil-
ity) and bioactive load must be reached.

3.5. Thermal properties

The knowledge of the glass transition temperature of a system and its
variation as a consequence of either matrix modification or enrichment
with bioactive components represents one of the most important land-
mark for predicting the physical and chemical stability of low-moisture
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foods (Roos and Drusch, 2015; Roos and Karel, 1990).

Anhydrous T, values of microencapsulated OLE powders and their
corresponding control matrices (without OLE) are summarized in
Table 4. It must be pointed out that no step change indicative of glass
transition was found in the thermograms of the powders made of
maltodextrin as wall component, but from literature values it can be
assumed to be around 175-180°C (Roos and Karel, 1991a). The lack of a
clear state transition has been previously reported for maltodextrins and
attributed to the large molecular weight, heterogeneity, and very low
molecular mobility in anhydrous conditions (Nurhadi et al., 2016; Roos
and Karel, 1991a). In two-component maltodextrin-trehalose powders a
single transition was observed confirming the miscibility of the two
matrix carbohydrates (Kalichevsky and Blanshard, 1992; Maidannyk
et al., 2017).

Glass transition of maltodextrin-trehalose mixtures was higher than
that found in the samples made of trehalose as single component
(~100°C) and increased with increasing weight fraction of maltodex-
trin, ranging from 111°C to 175°C. It is well defined that Ty of anhydrous
homopolymers is determined by their molecular weight (Avaltroni et al.,
2004; Roos and Karel, 1991b), and glasses of miscible

polysaccharides-sugar have glass transitions in between the T of single
components (Roos and Karel, 1991a).

Fig. 2. CLSM micrographs of selected microencapsulated powders at (g—i) OLE:matrix ratio 0.05, (d-f) 0.15 ratio and (a—c) 0.25 ratio. Left column micrographs (a, d,
g) show samples with 100%MD matrix, (b, e, h) samples with 50%MD-50%TR and (c, f, i) with 100%TR. Micrographs were taken at 10x magnification in 3D Z mode.
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The effect of a third component (i.e. OLE) on the Ty resulted in a
decrease of the glass-to-rubber transition temperature as a result of the
plasticizing effect of the low molecular weight phenolics present in the
core material. Indeed, as it can be observed in samples with increasing
OLE:matrix ratio (50MD:50TR samples) a higher lowering effect of OLE
on T; was noticed. Similar plasticizing effect has been observed in
maltodextrin-encapsulated cloudberry extract (Laine et al., 2008),
inulin-encapsulated orange juice (Saavedra-Leos et al., 2014) and
chitosan-encapsulated OLE spray-dried (Kosaraju, D’ath, & Lawrence,
2006). Surprisingly, no remarkable plasticizing effect of OLE was
observed in samples with trehalose as a sole component of matrix
compared to their analogous reference samples. Zhou and Roos (2012)
encapsulated water-soluble vitamins in trehalose amorphous matrices
and in samples at a,=0 observed a significant decrease in T, of around 5
to 8°C. It has been suggested that low molecular weight sugars and
similar compounds acts as plasticizers of amorphous polysaccharides
without changing packing or density, but by reducing molecular en-
tanglements (Kilburn et al., 2005). Based on the molecular size of the
components of OLE, the effect of this extract on the Tg; of
OLE-encapsulated in maltodextrin-rich systems could be similar so to
allow the formation of more complex entanglements between the large
carbohydrate molecules upon glass formation.

3.6. Microdistribution of OLE in encapsulated powders

Natural fluorescence of phenolic compounds present in OLE (Sikor-
ska et al., 2012) allowed the evaluation of the phenolic fraction distri-
bution in the carrier matrix of maltodextrin-trehalose powders, either as
single or mixed binary systems. Fluorescence of the OLE and pure
oleuropein were also tested under the same conditions (images not
shown), confirming an intense green emission.

In Fig. 2 the images of the microencapsulated powders show that at
increasing concentration of OLE in (OLE:matrix ratio 0.05, a-c; ratio
0.15, d-f; ratio 0.25, g-i) a stronger green signal could be noticed.
Moreover, an increased trehalose content in the matrix resulted in
higher signal (Fig. 2 and 100% MD, 1% column; 50-50% mixture, ond
column; 100%TR, 3" column). This may be due to presence on the
surface of the powder bricks of a higher fraction of phenolics not
entrapped in the dense amorphous carrier in agreement with the cor-
responding EE%. With increasing MD fraction, the higher OLE encap-
sulation depresses or quenches the fluorescence emission as compared to
surface fraction.

In all samples in the images at a smaller scale (Fig. 3), round spots of
a few micrometers with higher signal were observed. Even though signal
appeared to be distributed in the whole matrix, this may be due to a
fraction of OLE phase separated at a microscale level, without any evi-
dence of structural collapse/stickiness at a macroscale level.
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3.7. Morphology

Structural properties of the freeze-dried matrices are primarily
formed during freezing and affect porosity and strength of solids of
freeze-dried foods as well as entrapment of functional food components
(Roos, 2010). In all experimental formulations after freeze-drying, a
porous cake was obtained due to the sublimation of the ice, giving rise to
a structure made of a glassy matrix containing air cells whose size and
shape depend on the processing conditions used and composition of the
initial system.

By grinding, freeze-dried systems originate powders with particles of
irregular size and shape, preserving partly the initial cell-like structure
and walls characteristics. In Fig. 4, SEM micrographs of freeze-dried
powders made of 100% MD (Fig. 4a) or TR (Fig. 4d) alone (control),
or at increasing encapsulated OLE, are shown. TR particles showed less
clear pores, slightly thicker and denser cell walls and smoother surface
than the MD ones that, on the contrary, present a sharper and a more
structured porous morphology (Harnkarnsujarit et al., 2012). In general
powders with encapsulated OLE are characterized by a rougher surface
with budlike spherical domains (Fig. 4c,f) similar to those observed in
CLSM micrographs.

It could be hypothesized that a fraction of the OLE dispersed in the
carrier solution separated at a microscale level during the drying pro-
cess, without any evidence of structural collapse/stickiness at a
macroscale level. Freeze-dried cakes and their corresponding powders
were glassy and brittle, homogenous in color and free-flowing. Micro-
collapse phenomena occurring during freeze-concentration and detect-
able as budlike spherical domains, without any significant effect on the
resulting powders at a macroscale level have been reported elsewhere
(Heller et al., 1999; Johnson et al., 2010). Ice formation during freezing
causes a concentration of solutes into a freeze-concentrated phase before
the glass transition is reached, that in some cases can result in a ther-
modynamic propensity to phase separation.

3.8. Color

Microencapsulated powders had a light yellow to light brown color
as shown by positive but low a* and positive b* values in the range +11
to 22 (Table 5). Higher concentration of OLE per mass unit, i.e. higher
OLE:matrix, resulted in a more intense color as shown by higher values
of the chromatic indices and lower L* values. Colored compounds with
apolar nature such as chlorophyll and derivatives or flavonols like
luteolin are present in olive leaves (Flamminii et al., 2019; Rahmanian
etal., 2015). OLE powders present, thus, a brown color that contributes,
based on the relative concentration to the coloration of the micro-
encapsulated powders and its intensity (Saikia et al., 2015).

Matrix component also appeared to play a role in the color of the
powders. At equal OLE:matrix ratio, samples with maltodextrin as wall
component and higher % solids showed a slightly more intense yellow

Fig. 3. CLSM micrographs of microencapsulated powders at OLE:matrix ratio = 0.25 and matrix composition (a) 100%MD, (b) 50%MD-50%TR and (c) 100%TR.

Magnification: 40X, in 3D Z mode.
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EHT= 6.00kV

WD = 7.2mm
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Mag= 100KX Signal A = SE2

4

Mag= 100KX

Signal A = SE2

Mag= 100KX Signal A= SE2 EMT= 500KV WD = 68mm

Fig. 4. SEM micrographs of control and microencapsulated OLE powders with 100%MD: (a) control, (b) OLE:matrix = 0.05 and (c) OLE:matrix = 0.25; and 100%TR:

(d) control, (e¢) OLE:matrix = 0.05 and (f) OLE:matrix = 0.25.

Table 5
Colourimetric parameters and Yellow Index (YI) of microencapsulated powders.
EF Experimental values of variables Color
% solids (X;) MD:TR (X2) OLE:matrix (X3) L* a* b* YI
%MD %TR
OLE - - - - 37.13 +0.48° 4.36 +£0.448 21.99 +0.09¢ 84.63 +£0.841
4 30 100 0 0.05 52.82 +0.23f 0.03 £0.03* 14.66 £0.11° 39.66 +0.13°
3 10 100 0 0.05 53.67 +0.36% 0.06 +0.01% 13.45 +0.30" 35.81 +0.88"
2 30 0 100 0.05 54.18 +0.248 0.10 +£0.01? 13.02 +£0.29% 34.34 +0.84%
1 10 0 100 0.05 55.32 +0.38" 0.13 £0.02* 11.90 +0.13* 30.74 +0.54°
8 30 100 0 0.25 46.07 +0.55% 2.41 £0.12f 21.73 +0.338 67.41 £1.67"
7 10 100 0 0.25 47.64 +0.46" 1.88 +0.04° 19.31 +0.58° 57.91 +£1.60%®
6 30 0 100 0.25 47.00 +0.37° 2.22 +0.06 19.72 +0.72f 59.95 +2.63%
5 10 0 100 0.25 47.82 +0.34> 1.84 +0.16° 18.72 +0.36% 55.94 +0.75°8
13 20 50 50 0.09 50.46 +0.18° 0.90 +0.05" 17.33 +£0.57¢ 49.08 +1.68¢
15 20 50 50 0.15 48.77 +0.31%¢ 1.49 +0.09 18.42 +0.824f 53.95 +2.42%f
14 20 50 50 0.21 49.00 +0.47¢ 1.68 +0.09% 19.06 +0.85° 55.60 +3.01°8
11 20 21 79 0.15 49.24 +0.361 1.50 +0.02°¢ 18.21 +0.364¢ 52.83 £1.00%
12 20 79 21 0.15 49.20 +0.261 1.45 +0.04¢ 18.17 +0.60% 52.76 +1.86%

Results are expressed as mean value of three replicate analysis +SD.

Different superscript letters in the same column indicate significant differences at a probability level of p < 0.05.

color (i.e. higher b* and YI values and lower L*) than those with
trehalose as wall components and lower % solids. This indicates a higher
retention of OLE pigment compounds in maltodextrin-rich matrices. It
has been demonstrated that saccharides with a-(1,4) glycoside link
generates apolar surfaces, increasing their ability to bind apolar mole-
cules (Sundari and Balasubramanian, 1997). Thus, since maltodextrin
has a-(1,4) link and a higher molecular weight than trehalose, it is ex-
pected to interact and bind a higher fraction of such apolar pigments.

4. Conclusions

Results of this study showed the role of formulation variables e.g.
matrix composition and complexity (single component vs. binary
maltodextrin-trehalose mix) and core-to-matrix ratio, in affecting phe-
nolics encapsulation of an olive leaf extract by freeze-drying. A design of
experiments optimization approach using RSM was employed and re-
sults highlighted that the matrix composition and the amount of OLE
had a significant effect on the encapsulation efficiency and the

antioxidant, thermal, physical and microstructural properties of the
freeze-dried encapsulated powders. The increasing concentration of
maltodextrin enhanced the encapsulation of both OLE total phenolics
and oleuropein up to an almost total retention when MD is used alone,
which could be directly observed thanks to fluorescence imaging. Color
and thermal properties of the microencapsulated powders depend on the
maltodextrin-trehalose ratio and a plasticizing effect of OLE was also
observed, especially in the glassy powders containing MD. Surface
structure observations obtained by electron microscopy showed signif-
icant differences in shape and morphology among samples with different
matrix composition and the effect of the OLE presence.

Results of this study allow the evaluation of formulation variables on
freeze-drying encapsulation and powder properties using matrix binary
systems of high and low molecular weight carbohydrates (i.e. malto-
dextrin and trehalose) good glass formers and representatives of many
food systems in which they could be incorporated. In particular, the
feasibility of freeze-drying to obtain microencapsulates characterized by
a high retention of the OLE bioactives when MD is the prevalent matrix
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component was evidenced. The role of trehalose used either as single
carrier component or mixed with MD need to be better understood with
main reference to the physical and chemical stability during storage and
under different environmental conditions. Further studies are also
required to evaluate the technological applications of the OLE extracts in
complex food formulation and their impact on quality, sensory (e.g.
bitterness) and stability.
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