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Utilization of olive pomace as a source of polyphenols:
Optimization of microwave-assisted extraction
and characterization of spray-dried extract

SANJA JURMANOVIC - MARIO JUG — TONI SAFNER - KRISTINA RADIC - ANA-MARIJA DOMIJAN -
SANDRA PEDISIC - SANJA SIMIC - JASNA JABLAN - DUBRAVKA VITALI CEPO

Summary

Olive pomace lags behind in significant amounts after production of olive oil. Although it contains various biologically
active compounds, its potential as a valuable source of functional ingredients has not been fully utilized. The main
reasons are shortages of existing extraction and drying methods that result in poor quality extracts, unsuitable for
further testing and processing. In this study, optimal conditions for sustainable, fast and efficient microwave-assisted
extraction of pomace phenols has been proposed. The proposed procedure is based on applying the power of 700 W
for 10 min in a closed vessel system, using 20% ethanol as the extraction solvent. For ensuring satisfactory yields and
powder characteristics during spray drying, hydroxypropyl-p-cyclodextrin was used and inlet temperature was set
to 130 °C with the aspirator set at 100 %. Dry extracts obtained under optimized conditions contained significantly
higher amounts of hydroxytyrosol (1216 mg-kg!) and showed improved antioxidant activity in B-carotene model system
(214.7 g'kg'!) and DNA-scisson model system (minimal inhibitory concentration was 52.9 mg:1-!) in comparison to con-
ventionally obtained extracts. Presented results enable objective assessment of the advantages of microwave extraction
in processing olive waste into a functional food ingredient.
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The well known health benefits of olive oil-
rich diet can, at least partially, be attributed to
potent anti-inflammatory, antioxidative and anti-
microbial effects of olive polyphenols. Oleuropein,
tyrosol and hydroxytyrosol are among the most
prevalent polyphenolic active constituents of olive
oil [1]. Their potential as biologically active com-
pounds with potential health benefits was recog-
nized by competent authorities, such as European
Food Safety Authority [2]. Therefore, investigat-
ing the possibilities of their recovery from alter-
native sources and subsequent incorporation in

functional food, food supplements or cosmetic
products is of considerable interest [3].

Given the fact that only 2% of phenolic com-
pounds are transferred to the oil during olive oil
production (3], olive pomace that remains after
oil production has recently been targeted as
a valuable source of phenolic compounds, in par-
ticular hydroxytyrosol and tyrosol. Extraction of
phenolic compounds from olive pomace is usually
carried out by conventional solvent extraction
(CE) after removal of residual oil [3]. Convention-
al extraction procedures are often time-consum-
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ing, require large amounts of (organic) solvents,
lack selectivity and result in thermal decomposi-
tion of thermolabile compounds.

Microwave-assisted extraction (ME) is a rela-
tively novel extraction technique that combines
microwaves and traditional solvent extraction re-
sulting in shorter extraction times, less solvent
consumption, higher extraction rate and lower
cost, in comparison to the traditional method of
extraction. Due to mentioned advantages, it was
used for efficient and sustainable extraction of
various compounds from various matrices, in par-
ticular natural products [4]. However, until now it
has not been applied for the extraction of polyphe-
nols from olive pomace. Various factors can
influence efficiency of ME, therefore optimization
of the extraction process parameters is required to
retain the maximum amount of target compounds.

Even in the case of availability of efficient ex-
traction procedures, further utilization of plant or
food extracts as food additives, nutraceuticals or
functional food ingredients is often limited due
to poor stability and organoleptic properties of
obtained extracts that appear as sticky, highly hy-
groscopic materials often with penetrating smell.
In addition, high hydrophilicity, loss of the consti-
tuents due to evaporation and degradation or oxi-
dation processes taking place during the storage
period may significantly impair the nutritional or
therapeutical value of the extracts prepared [5].
Careful selection of drying technique as well as
the type and the amount of the excipient can be
crucial for achieving target characteristics of the
final product. Spray drying is a widely used dry-
ing technique that is also successfully applied for
encapsulation of valuable food or plant compo-
nents into stable functional food ingredients en-
suring adequate powder consistency and protect-
ing bioactive compounds of the extracts against
the damage during drying and during the storage
period. In this view, spray drying is a technique
particularly appropriate for heat-sensitive compo-
nents such as polyphenols [6].

In this work, an efficient and sustainable ME
method for the extraction of polyphenols from
olive pomace was developed by using multifacto-
rial optimization design. The content of hydroxy-
tyrosol derivatives (HTDC), calculated as the sum
of the major olive pomace polyphenols hydroxyty-
rosol and tyrosol, antioxidant activity and total re-
ducing capacity (TRC) were used as the response
variables and the yields were compared to those
obtained by CE. Spray drying procedure was opti-
mized in terms of the type of the carrier material,
inlet temperature and aspirator power in order to
achieve the highest polyphenol yields and antioxi-
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dant activity, the lowest moisture content and op-
timal physico-chemical characteristics of the final
product. To additionally assess the advantages of
ME, functional characterization of obtained pow-
ders was conducted in terms of the content of par-
ticular biologically active compounds and antioxi-
dant activity in different biological model systems.

MATERIALS AND METHODS

Plant material

Frozen olive pomace was obtained from several
two-phase olive mills in Croatia during seasons
2016/2017 and 2017/2018. It was thawed and dried
for 36 h at 50 °C in heat oven sterilizer (Inkolab,
Zagreb, Croatia). The dried material was then
mulched, kernels being removed by sieving (pore
size 1.25 mm) and the remaining material was
milled to powder. Remaining pomace oil was re-
moved by using petroleum ether in a Soxhlet ap-
paratus. Defatted, dry olive pomace was used for
the development of ME and CE.

Chemicals

Ethanol (96 %; Gram-Mol, Zagreb, Croatia)
was mixed with distilled water in order to obtain
ethanol-water mixtures for the optimization of
ME. Acetonitrile (> 99.9 %), methanol (> 99.9 %)
and formic acid used for the preparation of chro-
matographic analysis were from Sigma-Aldrich
(St. Louis, Missouri, USA). Reference standards
of phenolic compounds (2-(4-hydroxyphenyl)
ethanol (tyrosol, >99.5%), 3-hydroxytyrosol
(= 98%) and oleuropein (> 98%) were pur-
chased from Sigma-Aldrich. Folin-Ciocalteu
reagent, sodium carbonate, gallic acid, butyl hy-
droxy anisole (BHA), phosphate buffer saline
(PBS),  2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS), (%*)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox),
randomly methylated B-cyclodextrin (RAMEB),
hydroxypropyl-B-cyclodextrin (HPBCD), 3’,6’-di-
hydroxyspiro[isobenzofuran-1[3H],9°’[9H]-xan-
then]-3-one (fluorescein), 2,2’-azobis(2-methyl-
propionamidine) dihydrochloride (AAPH) and
pBR322 plasmid DNA from Escherichia coli RRI
were purchased from Sigma-Aldrich. GelRed
dye for gel electrophoresis was obtained from
Biotium (Fremont, California, USA). All other
chemicals were from Kemika (Zagreb, Croatia).
Deionized water (electrical resistivity 18 mQ) used
throughout the experiments was obtained from
Millipore-MiliQ water purification system (Merck,
Darmstadt, Germany).
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Investigation design

Investigation was conducted in three phases.
During the first phase, ME procedure was op-
timized for efficient extraction of polyphenols
from olive pomace. All analyses were conducted
with freshly prepared liquid extracts within 24 h.
During the second phase, spray-drying procedure
was optimized for obtaining dry extracts with satis-
factory yields and physico-chemical characteristics.
In the last phase of the investigation, two olive
pomace extracts were prepared by previously op-
timized ME and CE, spray dried under optimized
conditions and additionally characterized.

Extraction of olive pomace polyphenols

CE was conducted according to the previously
optimized method [7] using a closed-vessel micro-
wave extraction system (Milestone, Sorisole, Italy).
The aim was to determine optimal operational pa-
rameters for obtaining the highest possible TRC,
antioxidant capacity equivalent to Trolox (TEAC)
and the highest possible HTDC, since hydroxy-
tyrosol derivatives (HTD) are known to be asso-
ciated with the majority of health-promoting pro-
perties of olive-derived food products [2]. For that

purpose, the influence of the extraction solvent
(20% ethanol, 58% ethanol and 96% ethanol), mi-
crowave power (400-700 W) and extraction time
(from 1 min to 10 min) were investigated. Etha-
nol-water mixtures were used as safe and efficient
“green” solvents. Ranges of experimental domains
were based on preliminary experiments (our un-
published data). All experiments were conducted
under a constant liquid-to-solid ratio (50 ml to
1g).

The experiment was designed as full factorial
with two replicates of 23 runs consisting of com-
binations of minimum and maximum levels of
each of three factors (TRC, TEAC and HTDC)
using JMP version 13 software (SAS Institute,
New York, New York, USA). To provide an esti-
mate of variability within the design space and to
allow the testing for curvature between or within
factors, four replicates of central point were in-
cluded in the design with the aim of minimizing
the risk of non-linear relationship in the middle of
intervals and determination of confidence inter-
vals. In total, 20 runs under 9 experimental condi-
tions were performed to collect the data (Tab. 1).

Tab. 1. Experimental design with the observed responses
using microwave-assisted extraction and responses obtained for conventional extraction.

Independent variable Responses
Run A B C Y1 Yo Y3
Microwave power Extraction time Ethanol concentration TRC TEAC HTDC
W] [min] [%] [gkg ] [gkg ] [gkg ]

1 700 1 96 11.85 15.08 0.41
2 700 1 96 10.90 13.46 0.34
3 550 55 58 20.73 20.64 1.68
4 550 5.5 58 19.93 20.40 1.60
5 550 55 58 19.86 20.70 1.64
6 550 55 58 19.38 21.32 1.68
7 400 10 20 21.39 22.87 1.33
8 400 10 20 20.05 21.11 1.20
9 400 1 96 11.29 12.25 0.38
10 400 1 96 9.87 11.30 0.34
11 400 1 20 11.96 13.69 0.35
12 400 1 20 12.07 13.15 0.38
13 400 10 96 14.00 15.56 1.06
14 400 10 96 14.58 14.05 1.10
15 700 10 20 48.43 44.70 3.76
16 700 10 20 50.18 45.42 3.79
17 700 10 96 20.96 15.98 1.51
18 700 10 96 19.90 16.56 1.39
19 700 1 20 14.18 17.60 0.47
20 700 1 20 1417 17.78 0.47
Conventional extraction 21.12 17.11 2.25

TRC - total reducing capacity (expressed as gallic acid equivalents), TEAC — Trolox-equivalent antioxidant activity (expressed as
Trolox equivalents), HTDC — hydroxytyrosol derivatives content.

53



Jurmanovié, S. et al.

J. Food Nutr. Res., Vol. 58, 2019, pp. 51-62

Spray-drying procedure

Aliquots of 130 ml of olive pomace extracts
prepared with either HPBCD or RAMEB were
subjected to spray drying (Biichi, Flavil, Swit-
zerland), the instrument being equipped with
a standard 0.5 mm two-fluid nozzle and a high-
performance cyclone. The compressed air flow
rate used for atomization was maintained at
600 normal litres per hour and the sample flow
rate was set to 6.5*0.5 ml'min-l. Those para-
meters were kept constant in all preparations,
while temperature of the drying air and the aspi-
rator rate varied as follows: inlet air temperature
was 130 °C or 160 °C and aspiration rate was 75 %
or 100 %. Optimal drying conditions were chosen
based on maximal product yields, HTDC, TEAC
and the lowest moisture content. Product yield was
expressed as the mass of powder obtained by spray
drying relative to the mass of powder obtained by
vacuum drying (maximal yield). Furthermore, im-
pact of the drying process on powder characteris-
tics, namely, particle size, morphology and bulk as
well as tapped density, was also investigated.

Powder characterization

Moisture content in the obtained spray-
dried products was determined gravimetrically
using moisture analyser MLS (Kern, Balingen,
Germany).

For the determination of particle mean dia-
meter and particle size distribution, sample pow-
ders were dispersed on glass slides and observed
using an Olympus BH-2 optical microscope
(Olympus, Tokyo, Japan) equipped with a CCD
camera (Ikegami Tsushinki, Tokyo, Japan) and
computer-controlled image analysis system Op-
tomax V (Optomax, Cambridge, United King-
dom). The microscopical field was scanned by
video camera and the images of the scanned fields
were digitalized and analysed by the Optomax V
software. In all measurements, at least 10000 par-
ticles were examined in order to obtain data re-
producibility.

For scanning electron microscopic (SEM)
analysis, Zeiss Ultra 55 electron microscope (Carl
Zeiss, Oberkochen, Germany) equipped with
energy selective backscattered detector was used.
Samples were fixed on a SEM sample stub using
double-sided tape and made electrically conduc-
tive by sputtering with a thin layer of gold and
palladium. The images were taken operating in
a second electron mode at an accelerating voltage
of 5 kV. Image width ranged from 2.934 mm to
7.622 um.

Bulk and tap densities of the spray-dried pow-
ders were measured by modifying the Pharmaco-
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poeia test, as reported in literature [6]. The bulk
and tap densities were calculated from the dif-
ference between the net weight of the plastic sy-
ringe content divided by the volume in the syringe
before and after tapping, respectively. The experi-
ments were performed in triplicate for each spray-
dried replicate (n = 6) and results were expressed
as mean = standard deviation.

Chromatographic determination of hydroxytyrosol,
tyrosol and oleuropein

Hydroxytyrosol and tyrosol were determined by
HPLC using Waters 2695 system (Waters, Milford,
Massachusetts, USA) coupled to a 2475 multi fluo-
rescence detector according to the method of TAN
et al. [8] with some modifications. Zorbax Eclipse
Plus C18 column (250 mm x 4.6 mm, particle size
5 wm, Agilent Technologies, Santa Clara, Califor-
nia, USA) was used for the separation of phenol-
ic compounds. Mobile phase A (sodium acetate
buffer 0.05 mollI'! sodium carbonate/0.05 mol-1-!
acetic acid 1:1 adjusted to pH 5.0 with 0.1 mol-l-1
acetic acid) and mobile phase B (acetonitrile)
were used for elution at a flow rate of 1.0 ml'min-1.
The fluorescence detector was set at the excitation
wavelength of 281 nm and emission wavelength
of 316 nm. Identification of hydroxytyrosol and
tyrosol was carried out by the comparison of the
retention times of pure standards. Analytes were
quantified using calibration curves obtained with
mixtures of standards in the concentration range
of 1-81 mg-I'! at five concentration points.

Oleuropein was analysed by ultra-performance
liquid  chromatography-electrospray-ionization-
tandem mass-spectrometry, using Agilent se-
ries 1290 coupled to an triple quadrupole mass
spectrometer (6430) with electrospray ionization
ion source (Agilent Technologies). Zorbax Eclipse
Plus C18 column (100 mm x 2.1 mm, 1.8 um par-
ticle size) was used and the solvent composition
and gradient conditions used were as described
previously by LOPEZ DE LAs HAazas et al. [9] with
some modifications: instead of 0.2% acetic acid
as solvent A, 0.1% formic acid was used, and flow
rate was reduced to 0.2 mlI'min-!. The mass detec-
tor parameters were as follows: capillary voltage
4000 V in positive and 3500 V in negative acquisi-
tions, drying gas temperature 300 °C, gas flow rate
11 I'min-1. Nitrogen was used as the nebulizing and
collision gas. Oleuropein was identified based on
mass spectra and retention time compared with
a standard. Quantification was performed using
the external standard method.

Determination of antioxidant activity
For determination of antioxidant activity,
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spray-dried samples were analysed in two rep-
licates (n = 4) and results were expressed as
mean * standard deviation. One-way analysis of
variance or Student #-test were used for the com-
parison of the obtained data. Differences were
considered significant if p < 0.05.

TRC was determined by a colorimetric assay
based on a modified procedure initially described
by SINGLETON and Rossi [10]. The reaction mix-
ture consisted of 200 ul of adequately diluted
extract or deionized water (blank), 1.35 ml of
deionized water and 150 ul of Folin-Ciocalteu
reagent. Reaction mixture was vortexed, 1.5 ml of
6% Na>CO3 was added and shaken in a water bath
for 30 min at 50 °C. After cooling to room tem-
perature, absorbance was measured at 725 nm.
Calibration curve was prepared with gallic acid
(1-150 mg11) and TRC was expressed as gallic
acid equivalents (GAE).

TEAC was determined by a colorimet-
ric assay based on a modified ABTS cation
radical (ABTS+°®) assay initially described by
RE et al. [11]. ABTS+** solution was prepared by
7 mmoll'! aqueous ABTS solution reacting with
2.45 mmol-I'! potassium persulfate solution in the
dark at 4 °C for 12 h. After reaction, ABTS** so-
lution was diluted with distilled water to give an
absorbance of (0.70 +0.02) at 732 nm. The reac-
tion mixture consisted of 100 ul of adequately di-
luted extract and 1167 ul ABTS** solution. Ab-
sorbance of the samples was measured at 732 nm,
after 3 min of reaction. The percentage of quench-
ing the absorbance was calculated according to the
equation [1]:

Ag — A3
A4 =———x 100 (1)
0
where AA is the percentage of absorbance quench-
ing, Ao is the initial absorbance and A3 is absorb-
ance of the reaction mixture after 3 min.

Calibration curve was generated by plot-
ting different Trolox concentrations (0-40 gl11)
against respective absorbance quenching percent-
ages (R? = 0.9993). Antiradical efficiency was ex-
pressed as Trolox equivalents (TE).

Oxygen radical absorbance capacity (ORAC)
was determined according to the procedure de-
scribed by Ou et al. [12] using fluorescein as the
fluorescent probe. The assay was performed in
a 96-well microplate and measured by Victor X3
Multilabel Plate Reader (Perkin Elmer, Waltham,
Massachusetts, USA). Briefly, 150 ml of 5 umol-l-1
fluorescein was added to each well of a black mi-
croplate and mixed with 25 ul of phosphate buffer
(75 mmoll-l, pH 7.0; blank), Trolox standard
(6.25-100 wmol-1'l) or adequately diluted sample.

Reaction mixture was incubated at 37 °C for
10 min and oxidation reaction was initiated by
addition of 25 ul of AAPH (150 mmol-l! in phos-
phate buffer). The fluorescence of the reaction
mixtures (excitation at a wavelength of 493 nm,
emission excitation at a wavelength of 515 nm) was
plotted against time (60 min) and the average area
under the curve (AUC) was calculated for each
sample by integrating the relative fluorescence
curve. The net AUC of the sample was calculated
by subtracting AUC of the blank. Using Trolox so-
lutions of known concentration, a standard curve
was generated by plotting the net AUC and the
corresponding Trolox concentration. Antioxidant
activity of the samples was expressed as TE.
Antioxidant activity of extracts in B-carotene
emulsion model system was determined by the
method of PRIETO et al. [13]. For the preparation
of B-carotene-linoleic acid emulsion, B-carotene
(4 mg), linoleic acid (0.5 ml) and Tween 40 (4 g)
were dispersed in 20 ml of chloroform in a round-
bottomed flask, with vigorous shaking of the sus-
pension. Chloroform was evaporated in a rotary
evaporator at a temperature lower than 50 °C
in a short period of time to avoid initiation of
the lipid oxidation process as much as possible.
A volume of 1 ml of the oily residue was mixed
with 30 ml of 100 mmol‘l-! Briton buffer (pH 6.5,
pre-heated at 45 °C) to prepare emulsion. The pro-
cedure was performed in a 96-well microplate with
flat-bottom wells by combining 50 pl of the extract
(sample), BHA (control) or buffer (blank) and
250 wul of emulsion. The reader device was heated
to 45 °C and agitated (660 sections per minute,
2 mm amplitude). The reaction mixture was in-
cubated for 2 h and absorption was measured at
470 nm using Victor X3 Multilabel Plate Reader.
Linear regression curve was generated by plotting
absorbance inhibition ratios with respective Trolox
concentrations. Results were expressed as TE.
Inhibition of DNA scission in plasmid pBR322
was measured according to the procedure modi-
fied from Gu et al. [14]. Briefly, 4 ul of pBR322
plasmid DNA solution (50 ug-1'1), was mixed with
2 ul of extract solution (different dilutions, de-
signated as sample), PBS (10 mmol-l'l; pH 7.4;
blank) or Trolox (different concentrations; con-
trol); 2 ul of AAPH solution (50 mmolI'! ) or PBS
(control). The final volume of the reaction mixture
was brought to 10 ul with PBS. Following incuba-
tion at 37 °C for 120 min, 4 ul of loading dye so-
lution (2.5 g'I'! of bromophenol blue; 40 g-1-1 sac-
charose; 10 ml'l'l GelRed dye was added to the
reaction mixture and loaded onto agarose gel
(7 g'I'!) prepared by dissolving agarose in electro-
phoresis buffer (0.04 moll'! Tris HCI, 5umol-1-!
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sodium acetate, 0.04umol'l'! EDTA; pH 7.9).
After electrophoresis, DNA bands were visual-
ized and quantified with Image Quant LAS 500
(GE Healthcare Life Sciences, Chicago, Illinois,
USA). Activity was assessed based on the percent-
age of DNA remaining in its native form after in-
cubation with AAPH radical. Based on regression
equation calculated by plotting the sample con-
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Fig. 1. Actual vs predicted responses
obtained by multivariate linear regression.

A — total reducing capacity, B — Trolox-equivalent antioxidant
activity, C — hydroxytyrosol derivatives content.

Numbers near particular values indicate particular runs
(as presented in Tab. 1).

TRC - total reducing capacity (expressed as gallic acid
equivalents), TEAC - Trolox-equivalent reducing capacity
(expressed as Trolox equivalents), HTDC - hydroxytyrosol
derivatives content.
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centration in the reaction mixture (10-250 mg-1-1)
against the percentage of intact DNA, half-maxi-
mal inhibitory concentration (ECs0) was estab-
lished for each analysed sample.

RESULTS AND DISCUSSION

Optimization of microwave-assisted extraction

The most widespread technique currently used
for extraction of biologically active compounds
from plant matrices is CE, mainly due to its sim-
plicity and widely available equipment. The major
expected advantages of applying novel techniques
are shortened duration of extraction, reduced use
of toxic solvents, reduced energy consumption
and increased yields. ME is a long known extrac-
tion technique that combines traditional solvent
extraction with using microwaves for heating the
solvents and plant tissues in the extraction process
and improving the kinetics of extraction. However,
until now it has not been applied to the extraction
of polyphenols from olive pomace.

Analysis of data obtained after experimen-
tal testing of ME process showed that all ana-
lysed factors and their interactions had significant
influence on TRC, TEAC and HTDC. Applying
higher microwave power and longer extraction
time had a positive effect on the extraction yield.
Similar effect was observed regarding a higher wa-
ter-to-ethanol ratio in the extraction solvent. The
highest yields were obtained with the microwave
power of 700 W, after 10 min of extraction using
20% ethanol (Fig. 1, Tab. 1).

Regression models for all analysed responses
described high proportions of variability in the
data (adjusted R? for TEAC was 0.989, for TRC
was 0.994 and for HTDC was 0.931). Increasing
ratio of ethanol in the extraction solvent and all in-
teractions that included it showed a negative effect
on all analysed responses (p < 0.01). This was not
in concordance with the results of our previous
investigations that focused on optimization of CE
and ultrasound-assisted extraction of polyphenols
from olive pomace where the use of 60% ethanol
resulted in optimal extraction yields [8, 15]. The
observed discrepancies can be explained by the
fact that the ability of the material to absorb mi-
crowave energy is defined by its dissipation factor
(ratio of dielectric loss and dielectric constant)
and, therefore, the optimal extraction solvents for
ME need not always be reasoned directly from
those used in conventional methods [16]. Micro-
wave power and time, as well as all interactions
that did not include the extraction solvent, had
positive effects on all analysed responses (Fig. 1,
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Tab. 1). The statistical significance of two-way in-
teraction power x extraction time x extraction
solvent suggested that an optimal combination of
tested factors existed for each of the responses.

Analyses of responses showed that the
highly effective combination (700 W, 10 min and
20% ethanol) resulted in the highest HTDC,
TEAC and TRC of obtained extracts (Tab. 1).
Although it was found that higher microwave
power and longer extraction time had a positive
effect on the extraction yield, due to technical
limitations of ME such as evaporation of extrac-
tion solvent and partial carbonization of the sam-
ple, the next step of optimization that might imply
using more harsh extraction conditions was not
conducted.

In comparison to CE, all responses (7RC,
TEAC and HTDC) were significantly higher in ME
extracts obtained under optimized ME conditions
(132 %, 163 % and 68 %, respectively). Although
both extractions were performed with the same
solid-to-solvent ratio (1 g per 50 ml), ME extrac-
tion was significantly shorter (10 min vs 120 min).
The observed advantages of ME over CE exceed-
ed those obtained previously by using ultrasound-
assisted extraction at extraction of polyphenols
from olive pomace [15].

Optimization of spray-drying procedure

In order to optimize the quality of the spray-
dried product, the velocity of compressed air used
for atomization and the sample flow rate were set
as constant values, while the type of cyclodextrin
used as an extraction additive, inlet temperature of
the drying air and the aspirator rate were varied.
Total product yield, HTDC, TEAC and moisture
were taken as the major quality indicators. Fur-
thermore, powder characteristics, such as particle
size, morphology and bulk as well as tapped den-
sity were measured (Tab. 2).

The outlet temperature of the drying air has
the highest impact on the moisture content and
the content of thermosensitive bioactive com-
pounds in the spray-dried product. In our experi-
ments, the outlet temperature was proportional
to the inlet temperature of the drying air, air flow
rate and inversely proportional to the feed spray-
ing rate. However, as this last parameter was kept
constant, variation in the inlet temperature and
the aspirator setup led to the gradual increase in
the outlet temperature (Tab. 2). Surprisingly, sig-
nificant differences (p < 0.01) in the outlet tem-
peratures obtained at the same dryer setup were
observed while drying the extracts prepared
with different cyclodextrins. As concentration
of HPBCD and RAMEB, as well as the ethanol

Tab. 2. Influence of spray-drying parameters on quality attributes and powder characteristics of the prepared product.
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Results are presented as mean + standard deviation. Different letters in the same column indicate statistically significant difference (p < 0.05).

TRC - total reducing capacity (expressed as gallic acid equivalents), TEAC — Trolox-equivalent antioxidant activity (expressed as Trolox equivalents), HTDC — hydroxytyrosol derivatives con-

tent, HPBCD - hydroxypropyl-B-cyclodextrin, RAMEB — randomly methylated-f-cyclodextrin.
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Fig. 2. Scanning electron micrographs of olive pomace extracts.

HPBCD - hydroxypropyl-p-cyclodextrin; RAMEB — randomly methylated p-cyclodextrin.

content in the spray-drying feed were equal in all
cases, the observed difference could be attributed
to the different thermal capacity of the carriers
used.

Besides the outlet temperature, air flow rate
controlled by the aspirator setup is another pa-
rameter regulating the drying process. Presented
results (Tab. 2) clearly showed that the interplay of
the drying temperature and drying time had a ma-
jor impact on the moisture content as well as on
the content of active compounds and correspond-
ing antioxidative activity of collected samples. Sur-
prisingly, for RAMEB-containing extracts dried at
130 °C and 160 °C with the aspirator set at 100 %,
the moisture content and the content of bioactive
compounds was found to be significantly lower
(p < 0.05 in both cases) than that of the other ex-
tract. Regarding the moisture content, it should
be noted that the drying air and the atmosphere
in the laboratory were not conditioned. Therefore,
the drying capacity of the air was not constant and
the product could absorb the moisture from the
atmosphere during its collection phase. However,
the obtained moisture content ranging from
45.4 g'kglto 66.8 g-kg! is favourable to maintain
physical, chemical and microbiological stability
of the dried product [17]. On the contrary, lower
HTDC, TRC and TEAC indicated that RAMEB
was less effective in the protection of the bioactive
compounds, in particular when the drying was per-
formed at higher temperatures of the drying me-
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dium (i.e. outlet temperatures above 80 °C).

In all cases, the observed product yields were
relatively high, slightly over the typical range of
50-70% observed for spray-drying process. It
could be primarily related to the use of high effi-
ciency cyclone and the aspirator setup. Higher
drying air flow rate led to more efficient particle
separation in the cyclone and consequent higher
production yield (Tab. 2), while effect of the dry-
ing temperature was not statistically significant.
On the contrary, URzUA et al. [18] showed that,
when inulin was used as an additive in spray-dry-
ing process of olive leafs extracts, the yield ranged
from 38 % to 73 % and was significantly influenced
by the drying temperature. This clearly underlines
the benefits provided by the use of cyclodextrins
as the spray-drying additives and is consistent
with our previous findings indicating protective
effects of B-cyclodextrin on carob polyphenols,
during spray drying [19]. Such protective role
could explain the insignificant changes in the
HTDC and TRC in the samples prepared with
HPBCD. Less efficient protection observed in case
of RAMEB-based products could be attributed
to the preferential steric compatibility and higher
complex stability with HPBCD over RAMEB for
tyrosol and probably also with other antioxidants
present in the olive pomace [20]. All samples
presented a relatively narrow log-normal particle
size distribution, with 82-95 % of the particles in
the size ranges between 2.0 um and 5.0 um. The
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extent of variation in particle size is also evident
from SEM results (Fig. 2). The mean spherical
diameter of the particles (Tab. 2) in the prepared
systems did not vary significantly (p < 0.05), since
the solid concentration in the spray-drying feed
and pressured air flow used for atomization and
feed rate, which are recognized as the main pa-
rameters affecting the size of the drying droplets,
were kept constant in all preparations. In all cases,
SEM presented irregularly spherical hollow par-
ticles, having many shrinkages and dents on their
surface (Fig. 2). That effect was pronounced in
case of smaller particles and especially in case of
particles prepared using RAMEB as a spray-dry-
ing additive. The observed morphology of the pre-
pared particles indicated that the drying process
was very rapid, leading to concentration of the
solute at the solvent gas interface and an initial
shell formation [21]. The wrinkled morphology
of particles suggests that the shell formed during
the early stages of the droplet drying was not rigid,
probably due to high solubility of cyclodextrin de-
rivatives in the solvent system. Due to fast drying,
solvent evaporation generated vapour pressure
inside the particles resulting in their inflation
and possible rupture. Further drying process de-
creased the vapour pressure inside the forming
particles, resulting in their crumpling and typical
wrinkled morphology of completely dry particles.
Similar particle morphology was already report-
ed for different spray-dried extracts, such as that
of sumac (Rhus coriaria L.) [22] or for by spray-
drying encapsulated phenolic compounds from
olive pomace [23], both prepared using a malto-
dextrin as a spray-drying additive. The crumpling
phenomenon was especially pronounced in case
of particles containing surface-active compounds,
such as RAMEB [23].

The prepared powders presented rather low
bulk density, ranging from 0.197 mgcm=3 to
0.274 mg-ecm-3 (Tab. 2), owing to the hollow struc-
ture of the formed particles. The variation in
applied parameters of the spray-drying process
did not affect significantly the bulk density of the
prepared powder (p < 0.05). A similar range of
bulk densities was previously observed in case of
polyphenols extracted from the olive mill waste-
water [24].

Based on the presented results, it appears
that the most satisfactory conditions to perform
the drying of the olive pomace extracts were ob-
tained when HPBCD was used as an additive and
inlet temperature was set to 130 °C with aspira-
tor at 100 %. The obtained results clearly demon-
strate the benefits of cyclodextrin application in
the spray-drying process. This is in line with results

of WILKOWSKA et al. [25] showing that the use of
HPBCD yielded a lower moisture content and
higher encapsulation efficiency of polyphenols of
the spray-dried black chokeberry juice and wine,
compared to those obtained by the use of malto-
dextrin or Arabic gum as spray-drying additives.

Characterization of olive pomace extract obtained
under optimal extraction conditions

Significant differences in 7TRC and TEAC were
observed between ME and CE showing twice
as high values in ME for both tests (44.2 g'kg
I GAE vs 1059 g'kg'! GAE and 14.0 gkg! TE
vs 36.0 g'kg! TE, respectively). These observa-
tions are in consistence with the results obtained
during ME optimization (Tab. 1). Both TRC and
TEAC measurements are indirect approaches
that measure the reduction of inorganic oxidizing
species or the reduction of a persistent radical,
respectively. On the other hand, a direct method
for measuring antioxidant activity is determina-
tion of ORAC. It is based on competitive bleaching
of a probe and measures the ability of a particu-
lar sample to inhibit the consumption of a target
molecule [26]. As shown in Fig. 3A, ORAC values
in analysed samples obtained by CE and ME were
84.0 g'’kg! TE and 90.0 g'kg! TE, respectively. Al-
though ORAC was higher in the sample obtained
by ME, observed differences were not statistically
significant and certainly not so prominent as in the
case of TRC and TEAC.

The capacity of a particular antioxidant to
reach the place where radicals are formed is
also an important aspect to consider. Therefore,
antioxidants with a high antioxidant capacity in
aqueous media are not necessarily efficient in
compartmentalized systems [26]. This aspect of
antioxidant activity can be tested by [B-carotene-
linoleate method, which investigates the potential
of the sample to protect the B-carotene molecule
in an emulsion system. It is therefore considered
as more relevant approach for screening of po-
tential natural antioxidants to be used in complex
food matrices. In B-carotene-linoleate emulsion
system, ME extracts showed significantly higher
antioxidant activity in comparison to CE samples
(214.7 g'kg! TE vs 166.0 g'kgl TE). However,
the observed differences were not as dramatic as
in the case of TRC or TEAC (Fig. 3B). This is in
consistence with the results of CHANDRASEKARA
and SaHIDI [27] who showed that roasting resulted
in a dramatic increase in TRC of cashew nuts (by
approximately 290 %) but resulted in insignificant
changes of antioxidant activity in the [-carotene-
linoleate model system.

Antioxidant activity of samples prepared by
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ME and CE was also investigated in a model that
measures their protective effects against AAPH
peroxyl radical-induced DNA strand scission.
DNA scission can be monitored by electrophore-
sis since it results in occurrence of additional cir-
cular or linear nicked DNA forms in addition to
the native supercoiled form. Each form is charac-
terized by different electrophoretic mobility and
the content of a particular form can be determined
based on the intensity of the particular band. As
explained previously, antioxidant activity of tested
extracts was determined based on the percentage
of DNA remaining in its native form after incu-
bation with peroxyl radical. Analysed extracts (at
10-250 mg1!) produced visible protective effects
against DNA scission in all investigated concen-
trations. ECsp values of CE and ME extracts were
52.9 mg'l'l and 64.8 mg-l-1, respectively, indicating
a similar protective effect that was significantly
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lower but still comparable to Trolox (its ECso was
3.26 mg-I-1). Obtained results are comparable with
recently published literature data on DNA strand
scission inhibitory effect of Camelina sativa seeds
phenolics [28].

Presented results point out that significantly
higher antioxidant activity of ME extracts in com-
parison to CE extracts. as shown by TRC and
TEAC, was not confirmed by other performed
antioxidant assays. Such discrepancies between
antioxidant activities obtained using different
chemical methods are common and are partially
due to different reaction mechanisms, reaction
conditions and the variable nature of free radicals
and target molecules involved. This is the reason
why the combination of three or more different
tests is usually recommended for more realis-
tic antioxidant activity assessment [26]. On the
other hand, in complex plant matrices, different
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Fig. 3. Antioxidant activity of olive pomace extracts.

A — antioxidant activity in chemical-based assays, B — antioxidant activity in B-carotene-linoleate model system, C — antioxidant
activity in DNA strand scission model, D — hydroxytyrosol derivatives content.

Results are expressed as mean = standard deviation. Columns belonging to the same group of data marked with different letters
belong to different statistical groups (p < 0.05). * — values were below the limit of detection of the applied method.

Antioxidant activity is expressed as grams of Trolox equivalents except total reducing capacity.

CE - conventional solvent extraction; ME — microwave-assisted extraction, TRC — total reducing capacity (expressed as grams
of gallic acid equivalents), TEAC - Trolox-equivalent reducing capacity; ORAC - oxygen radical absorbance capacity, ECso —
half-maximal inhibitory concentration, HTD — hydroxytyrosol derivatives, HTS — hydroxytyrosol, TS — tyrosol, OLE — oleuropein.
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chemical entities can be responsible for particular
aspects of antioxidant activity and specific syner-
gistic effects are also possible. Therefore, variable
results obtained by using different antioxidant
tests can at least partially be attributed to differ-
ent chemical composition of CE and ME extracts.
Typical and the most representative polyphenols
present in olive pomace were hydroxytyrosol and
tyrosol, while oleuropein was also present in sig-
nificant concentrations, depending on the type of
pomace (Fig. 3D).

It is obvious from presented data that ME ex-
tracts contained a significantly higher content of
hydroxytyrosol (1216 mg-kg! vs 734 mg-kg1), sig-
nificantly lower content of tyrosol (131 mg-kg!
vs 531 mgkgl) and only traces of oleuropein
(27 mg'kg!) in comparison to CE extracts. The
observed differences can probably be attributed
to more aggressive extraction conditions in the
case of ME, which led to degradation of tyro-
sol and oleuropein, as well as probably to partial
conversion of oleuropein to hydroxytyrosol [29].
However, the significantly higher hydroxytyrosol
content did not contribute significantly to antioxi-
dant activity of ME extracts in particular antioxi-
dant tests (ORAC, [-carotene linoleate emulsion
test, inhibition of DNA scission) indicating that
antioxidant activity of complex natural extracts
must be critically assessed with respect to the
applied method of analysis and the targeted area
of application.
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