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Abstract: This study investigated how the type and homogenisation parameters of the feed mixture affect the
efficiency of the encapsulation process and the microcapsule properties of phenol-rich grape pomace extract
(GPE) during the spray drying process with goat whey protein (GW) as wall material. GPE was obtained by
solid-liquid extraction of grapes with 50% ethanol. Effects of ultrasonic homogenisation parameters (UB):
temperature: 30-50 °C; time: 5-30 min; stabilisation time after homogenisation: 15-45 min, and homogenisation
parameters on a magnetic stirrer (MS): temperature (25-50 °C), time (10-60 min) and homogenisation speed
(600-1200 rpm) were tested using response surface methodology (RSM) and Box-Behnken design. After
selecting the optimal homogenisation conditions, the spray drying process parameters were optimised in the
same way, namely: inlet air temperature (160-190 °C), GW fraction (0.5-3.5) and feed flow (6-10 mL/ min). The
results showed that GW has a high potential as a wall material in the spray drying process, especially for the
purpose of protecting polyphenolic compounds from GPE.

Keywords: coating material; goat whey protein; grape pomace extract; encapsulation; polyphenols;
spray drying; response surface methodology; microcapsule characterization

1. Introduction

The solid by-product of processing grapes into wine and other related products is grape pomace.
This material consists of skins, seeds, stalks and the remaining pulp. It is rich in bioactive elements
whose beneficial effects on human and animal health are of increasing scientific interest, including
polyphenols, dietary fibre, single-cell proteins and volatile organic compounds. If this by-product is
disposed of without further processing, it leads to a number of environmental problems, pollution
and financial losses. Extraction of phenolic substances from the grapes and encapsulation of the
obtained extract by spray drying is one of the potential ways for upcycling this by-product [1-5]. In
addition to optimal spray drying conditions, the selection of a suitable coating material is essential to
make this process as successful and loss-free as possible [6]. A perfect coating material should be
tasteless, colourless, odourless, inexpensive, readily available, stable, non-toxic and non-reactive with
other feed ingredients [7]. In addition, a variety of properties of the encapsulated particles produced,
including geometrical parameters, surface morphology and texture, are influenced by the coatings
used during the encapsulation process. These properties also influence the in vitro release behaviour
of the encapsulated compounds. Encapsulated bioactive compounds should be released from the
prepared particles under controlled conditions, i.e., at the desired location where the biological
properties of the compounds can be recognised [8].

Whey and whey proteins belong to the “alternative green” coatings (wall materials), animal-
based coatings of the protein type obtained from by-products or waste from the food industry, which,
due to their relatively low price and easy availability, among their other positive properties, are
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coatings used in encapsulation processes alone or in combination with other coatings, usually of the
carbohydrate type [9].

Whey is a yellow-green liquid that is left behind during the production of cheese or casein
[10,11]. It can be produced from different milks such as camel [12], goat [13], sheep [14], buffalo [15],
donkey [16,17] or cow [18,19]. Macwan et al. [20] estimated that about 157 million tonnes of cheese
whey are produced worldwide, which accounts for about 95% of the total whey produced during
milk processing in general. In their report, Buchanan et al. [21] estimate that the amount of whey
produced as a by-product could increase to 203-241 million tonnes per year worldwide by 2030 if the
trend of annual increases in cheese production of 1-2% is maintained. This figure may be even higher
if the whey produced in the manufacture of other dairy products, such as Greek yoghurt, is included.
The properties of whey depend on the type of milk (goat, cow, sheep, buffalo, donkey or camel) used,
and within the same species it can vary according to the breed, diet and general health of the animal,
as well as the degree of lactation [22]. Just like grape pomace, liquid whey is also considered a major
pollutant, an ecological and economic problem if it is exposed to the environment untreated. To
overcome this problem, whey has been processed using various technological techniques to create
value-added products such as probiotics, hydrogen, methane, electricity, whey protein, whey
powder and whey permeate [23].

Whey proteins are widely used in encapsulation processes like spray drying because of their
beneficial properties, which include high solubility in water, strong interaction with polyphenols,
aggregation properties, and GRAS (generally recognized as safe) classification [24]. Additionally,
whey protein isolate coating is transparent, odourless, and tasteless, with desirable barrier properties
to oxygen and lipids [25]. They are used during spray drying as coating materials for the purpose of
protecting polyphenols [26,27], volatile components [28], oils and fats [29]. Whey proteins and
polyphenols interact both covalently and non-covalently to form conjugates [30]. Several studies have
documented the potential benefits and uses of whey protein and polyphenol conjugates in enhancing
the functional and technological characteristics of bioactive substances like proteins [30,31].

According to the data available in the FAOSTAT online database [32], buffalo and cow’s milk
are the most produced and processed milks in the world. In 2021, only 2.1% of the total milk produced
was goat’s milk and only 1.8% of the total cheese produced was goat’s cheese. It is therefore logical
that buffalo/cow milk and dairy products are mainly the subject of scientific research, while research
dealing with other types of milk and dairy products is very rare. Goat whey is generally not fully
utilised as a coating material in the encapsulation process. Therefore, the subject of this research was
to investigate the possibility of using goat whey protein (GW) as a coating material for the
encapsulation of grape pomace extract (GPE) by spray drying. The main objective of this work was
to determine the optimal process parameters for the homogenisation of the mixture of core (GPE)
and wall material (GW) as well as the conditions of spray drying itself. The influence of the process
parameters on the properties of the resulting microcapsules (MC) was also investigated.

2. Materials and Methods

2.1. Chemicals and Reagents

Goat whey protein (GW) at 78.6% from Carrington Farms (Closter, New Jersey, USA) was used
as the coating material. We bought methanol HPLC grade and glacial acetic acid (99.5%) from Macron
Fine Chemicals (Gliwice, Poland). The supplier of sodium carbonate (anhydrous, p.a.) was T.T.T.
(Sveta Nedjelja, Croatia). The Folin-Ciocalteu phenol reagent was obtained from CPAchem
(Bogomilovo, Bulgaria), while Lab Expert (Shenzhen, Guangdong, China) provided the 96% ethanol

(p-a.).

2.2. Grape Pomace

Grape pomace of the Cabernet Sauvignon variety (Vitis vinifera L.), which remained after
vinification, was supplied by the Erdut winery (Erdut, Croatia, 2017 harvest). The grape pomace was
air-dried to a dry matter content of over 90% and stored in a hermetically sealed container. Before
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extraction, it was ground in an ultracentrifugal mill (Retsch ZM 200, Haan, Germany) to a particle
size of <1 mm.

2.3. Grape Pomace Extract Preparation

A solid-liquid extraction method with 50% aqueous ethanol as solvent was used to prepare the
GPE. The extraction of phenolic compounds from grape pomace was carried out in a shaking water
bath (Julabo SW-23, Seelbach, Germany) for two hours at 80 °C and 200 rpm. The samples were
extracted and then centrifuged for 10 minutes at 11,000 rcf (Z 326 K, Hermle Labortechnik GmbH,
Wehingen, Germany). After centrifugation, the supernatant was evaporated in a rotary evaporator
(Btichi, R-210, Flawil, Germany) at 48 mbar and 50 °C to half the initial volume in order to reduce the
ethanol content in the extract. A corresponding volume of redistilled water was used to replace the
removed ethanol. In this way, a liquid, phenol-rich grape pomace extract was obtained, which was
used to produce the encapsulation mixture for spray drying.

2.4. Optimisation of Process Parameters Using the Response Surface Methodology

In order to achieve optimal conditions for the encapsulation of GPE by the spray drying method
using GW, the optimisation of the parameters of two methods of homogenisation of the encapsulation
mixture of core and coating before spray drying was carried out, namely homogenisation with
mixing using a magnetic stirrer (MS) and homogenisation of the mixture in an ultrasonic bath (UB).
After selecting the optimum process parameters and homogenisation method, the spray drying
parameters were optimised.

A Box-Behnken experimental design with three repetitions in the centre (15 experimental runs)
was selected for the design of experiments and optimisation of the homogenisation and spray drying
process parameters, and the Response Surface Method (RSM) with numerical optimisation was used
to evaluate the influence of the independent variables of each response, e.g., on the selected MC
properties. The responses were analysed by using second order polynomial model:

K K k-1 k
Y =6+ Z BiX; + Z ByX}? + Z Z BiiXiY; 1)
=1 =1 i=1 =1

where Y = response function predicted by the model, fo = constant of the response polynomial
equation, gj = coefficient of the linear term of the response polynomial equation, fj= coefficient of the
quadratic term of the response polynomial equation, i = coefficient of the interaction term of the
response polynomial equation, Xiand Xj= examined independent variables (process conditions), and
k = number of variables.

A response surface was created for each of these three optimisation cases on the basis of the
mathematical model acquired. This provides a visual representation of the effects of the analysed
parameters on the observed models. The response surface is represented as a surface in three
dimensions. By comparing the results of the RSM with the experimental results obtained under the
specified optimal conditions of homogenisation, i.e., spray drying, the success of the optimisation of
each process was verified.

The programme Design-Expert, v.13 (Stat-Ease, Minneapolis, USA) was used for experimental
design and parameter optimisation as well as for process modelling by means of non-linear
regression analysis and statistical analysis (ANOVA) of the significance of the investigated process
parameters on selected physic-chemical MC properties.

2.4.1. Optimisation of Homogenisation in an Ultrasonic Bath and on Magnetic Stirrer

In order to determine the most suitable homogenisation method and the parameters of the
homogenisation process, the initial encapsulation mixture of core and coatings, i.e., a mixture of GPE
and GW in the following ratio was prepared: “dry mass of GPE” : “dry mass of GW” =1:2 (w/w ).

The UB homogenisation was carried out in a glass jar in an Elmasonic P 120 H ultrasonic bath
(Elma Schmidbauer GmbH, Singen Germany) in “normal” operating mode at a frequency of 80 kHz,
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with the homogenisation temperature, homogenisation time and stabilisation time at room
temperature optimised within the ranges given in Table 1.

Table 1. Uncoded and coded levels of the independent variables for UB homogenisation.

Independent variable Variable levels

-1 0 1

Homogenisation temperature (Th, °C) Xi 30 40 50
Homogenisation time (fn, min) X2 5 17.5 30
Stabilisation time (s, min) X3 15 30 45

MS homogenisation of the encapsulation mixture was carried out in a glass jar on a SMHS-6
magnetic stirrer with heating plate and 30 mm stirring bar (Witeg Labortechnik GmbH, Wertheim,
Germany), optimising the homogenisation temperature, homogenisation time and mixing speed
within the parameter ranges given in Table 2. After MS homogenisation and before spray drying, the
encapsulation mixture was stabilised for 5 minutes at room temperature.

Table 2. Uncoded and coded levels of the independent variables for MS homogenisation.

Independent variable Variable levels

-1 0 1

Homogenisation temperature (Tx, °C) X1 25 37.5 50

Homogenisation time (tn, min) X 10 35 60
Mixing speed (1, rpm) X3 600 900 1200

Spray drying of the previously homogenised mixture was carried out in all experiments on a B-
290 mini spray dryer (BUCHI Labortechnik AG, Flawil, Switzerland) with nozzle diameter 15 pm.
The inlet air temperature was 180 °C. The pumping rate was 25%, while the air flow was approx. 600
litres per hour.

Optimum levels of homogenization conditions are identified in regard to the response of
encapsulation efficiency and moisture content of MC.

2.4.2. Optimisation of Spray Drying Conditions

The inlet air temperature, the GW proportion in the “core : coating” ratio (w/w) and the feed
flow of the previously homogenised encapsulation mixture were optimised process parameters for
spray drying in the ranges shown in Table 3. Spray drying was carried out using a B-290 mini spray
dryer (BUCHI Labortechnik AG, Flawil, Switzerland) with an air flow of approx. 600 litres per hour
and nozzle diameter 15 pm. Finally, the optimal encapsulation conditions by spray drying were
selected by numerical optimisation with respect to the physicochemical properties of the obtained
MCs, which were determined using the methods described in section 2.5.

Table 3. Uncoded and coded levels of the independent variables for spray drying.

Independent variable Variable levels

-1 0 1
Inlet air temperature (Ti, °C) X1 160 175 190
Proportion of GW (R, -) X2 0.5 2 35
Feed flow (Q, mL/min) X3 6 8 10

In microencapsulation by spray drying, the powder produced (MC) was collected in a separating
flask and quantitatively transferred directly into sealed sample containers and stored in the dark at 4
°C prior to analysis.

2.5. Microcapsule Characterisation

2.5.1. Encapsulation Efficiency
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The encapsulation efficiency (EE, %) represents the ratio between the cross-linked phenolic
substances inside the MC and the phenolic substances that remained adsorbed on the surface of the
MC and was calculated after determining the mass fraction of the total phenolic content in the MC
(TPC, mgcat/gav) and the mass fraction of the phenolic content on the surface in the MC (SPC,
mgcag/gab) according to Vu et al. [33] using Equation (2):

TPC — SPC
— X
TPC

The TPC in MC is expressed as the mass of gallic acid equivalents per dry basis of MC
(mgcae/gav) and was determined spectrophotometrically according to the Folin-Ciocalteu method by
measuring the absorbance at 765 nm. The MC sample was prepared by vortexing 15 mg MC with 3
mL ethanol/glacial acetic acid/water (50:8:42, v/v/v) and then filtering through a 0.45 pum PTFE filter
[34]. A volume of 40 uL of the filtrate prepared in this way was mixed with 3160 uL distilled water
and then with 200 uL Folin-Ciocalteu reagent. After 8 minutes, 600 pL of 20% (w/v) sodium carbonate
was added and the mixture was incubated at 40 °C for 30 minutes and the absorbance was measured.

The SPC was also determined by the Folin—Ciocalteu method described above in the filtrate
containing the phenolic substances washed from the surface of the MC. The filtrate was prepared by
mixing 24 mg of MC with 3 mL of an ethanol/methanol solution (1: 1, v/v) and the sample was filtered
through a 0.45 um PTFE filter [34]. The results are expressed as the mass of gallic acid equivalents
per dry MC base (mgcae/gab).

All determinations of TPC and SPC were determined in triplicate.

EE (%) = 100 @)

2.5.2. Moisture Content Determination

Moisture content (wm, %db) in GW and MC was determined thermogravimetrically on a HR73
moisture analyser (Mettler Toledo, Columbus, OH, USA) using a standard drying method at 105 °C
with switch off criteria 5 [35]. All determinations were performed in three parallel repetitions and
moisture content was expressed on the dry basis of sample.

2.5.3. Encapsulation Yield

The encapsulation yield (Y, %) was calculated as the ratio between the total mass of dry matter
MC and the total mass of dry matter in the encapsulation mixture (feed), expressed as a percentage
according to Vu et al. [33].

2.5.4. Determination of the Solubility Properties of the Microcapsules

The solubility properties of MC, i.e., water solubility index (WSI, %), water adsorption index
(WAI) and swelling power (SP), were determined according to the method described by Lee et al.
[36] by mixing 0.1 g of MC and 10 mL of redistilled water in a pre-weighed, clean and dry 50 mL
Falcon test tube. The contents of the test tube were shaken with a vortex (DLAB SCIENTIFIC MX-S,
Beijing, China) and tempered in a water bath (Witeg WSB-30, Wertheim am Main, Germany) at 60 °C
for 30 minutes. The solution was then cooled in cold water and centrifuged for 10 minutes at 11000
rpm (Hermle Z 326 K, Gosheim, Germany). The supernatant was decanted into a Petri dish of known
mass and dried for 3 hours at 105 °C in an electric dryer (Memmert UFE 500, Schwabach, Germany).
After cooling the Petri dishes in a desiccator for 1 hour, the mass of the Petri dishes was determined
by weighing, i.e., the mass of the dry supernatant remaining at the bottom of the Petri dishes was
calculated, which represents the mass of the dissolved MC.

In addition, the mass of undissolved (swollen) MCs was determined by weighing Falcon tubes
with wet sediment after centrifugation and decanting the supernatant.

Based on the results obtained, the values of WSI, WAI and SP were calculated according to
Equations (3)-(5) as follows:

WSI (%) = Mary supernatant (8)

x 100 3
mdry basis of MC (g) ( )
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wet sediment left behind in the Falcon tube (g)

m
WAI () =

(4)

mdry basis of MC (g)

Myet sediment left behind in the Falcon tube (g)

WSI (% ©)
Mdry basis of MC (g) x (1 - #)

SP(-) =

2.5.5. Determination of Density and Compressibility Properties of Microcapsules

The bulk density (BD, g/cm?®) and tapped density (TD, g/cm?) for the MS were determined
according method described by Boyano-Orozco et al. [37]. The BD was determined by measuring the
volume occupied by 1 g of MC in a 25 mL beaker, while the TD was determined as the ratio between
the mass of the MC sample and the volume occupied by the sample after 1250 taps using an AutoTap
device (Anton Paar, Graz, Austria). All measurements were performed in triplicate.

The determination of BD and TD enabled the calculation of the compressibility parameters,
namely the Hausner ratio (HR) and the Carr index (CI, %) [38], which were calculated according to
Equations (6) and (7):

TD
HR (-) = BD (6)
Cl (%) = % x 100 @)

2.5.6. Determination of Colour Parameters

The objective colour measurement of GW and MC was performed with a Chroma Meter CR 400
(Konica Minolta, Japan) using the CIELab colour measurement system and a chamber for measuring
the colour of powder materials (CR-A50). Colour parameters: L* (black/white vector; direct measure
of lightness), a* (redness/greenness vector), and b* (yellowness/blueness vector) were performed in
three measurements for each sample, and the mean values of the measured parameters were used to
calculate other colour parameters. The values of the total colour difference (AEx) between GW and
MC were calculated to determine the possible correlation between the colour and the content of
phenolic substances in MC. The total colour difference was calculated according to Equation (8) as
follows:

AEgy (=) = Ly — L2 + (a; — a*)? + (b; — b*)? ®8)

where the index “0” indicates the colour parameter of the pure coating (GW).
In addition, the value of hue (h* hue angle) and chroma (C* saturation) were calculated
according to Equations (9) and (10) as follows:

*

b
h*(°) = tan™? (a—> 9)
C*'(—) =+(a*)?+ (b)? (10)
3. Results and Discussion

3.1. Optimisation of the Homogenisation of the Encapsulation Mixture in an Ultrasonic Bath

In order to optimise the homogenisation parameters of the GPE and GW encapsulation mixture
in the UB, a total of 15 runs were carried out according to the test plan described in section 2.4.1.
(Table 1). After encapsulation by spray drying, the properties of the resulting MCs were determined.
The encapsulated phenolic compounds (TPC and SPC), the density parameters (BD and TD) and the
colour parameters (L*, a* and b*) of MC are listed in Table 4.
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Table 4. Independent variables of UB homogenisation (Th, t, ts) and corresponding responses: total
phenolic content (TPC), surface phenolic content (SPC), bulk density (BD), tapped density and colour
parameters (L* - lightness, a* — redness, b* — yellowness).

Th th ts TPC SPC BD ™D L* a* b*
(°C) (min) (min) (mgcar/gd) (mgcar/gd) (g/cm®) (g/em®) (o) =) =)
30 30.0 30 119.07 =+ 13.29 + 0.11 0.16 6598 8.01 3.62
1 1.95 0.66 + + + + +
0.00 0.00 2.05 0.28 0.12
50 17.5 15 106.49 + 7.82 +0.66 6733 824 364+
0.08 + 0.13 +
2 1.99 + + 0.22
0.00 0.00
1.93 0.20
50 17.5 45 113.46 9.43 +0.15 6747 7.76 357+
0.08 + 0.11 +
3 +1.92 + + 0.21
0.00 0.00
420 033
40 5.0 45 115.12 + 11.86 + 63.36 7.74 328+
0.08 + 0.11 +
4 2.55 0.67 + + 0.05
0.00 0.00
1.28 0.18
30 5.0 30 114.47 + 9.98 + 0.35 66.59 833 333=
0.08 + 0.11 +
5 1.16 + + 0.05
0.00 0.00
0.85 0.08
40 17.5 30 159.29 + 7.86 +0.80 6391 850 359+
0.08 + 0.12 +
6 2.46 + + 0.09
0.00 0.00
3.11 0.16
40 17.5 30 155.93 + 7.28 +0.20 64.21 842 341+
0.07 + 0.11 +
7 1.74 + + 0.13
0.00 0.00
3.14 0.11
50 5.0 30 137.01 + 8.56 +0.57 66.81 751 322+
0.07 = 0.11 +
8 1.63 + + 0.07
0.00 0.00
1.31 0.14
40 5.0 15 169.21 + 9.25+0.72 60.66 740 2.88=
0.08 + 0.11 +
9 2.28 + + 0.09
0.00 0.00
0.64 0.05
30 17.5 45 157.06 + 9.25+0.74 6244 8.61 3.69+
0.07 = 0.11 +
10 1.62 + + 0.34
0.00 0.00
465 076
50 30.0 30 115.50 + 7.11+0.69 66.74 7.05 3.68=
0.08 + 0.13 +
11 3.76 + + 0.05
0.00 0.00
1.87 0.14
30 17.5 15 119.53 + 8.11+0.75 6241 7.07 342+
0.06 = 0.10 =
12 0.90 + + 0.04
0.00 0.00
0.71 0.05
40 17.5 30 147.63 + 7.2+1.29 64.80 6.90 341=
0.08 + 0.11 +
13 2.31 + + 0.07
0.00 0.00
2.68 0.25
40 30.0 45 122.13 + 7.34 +0.95 59.01 6.73 324+
0.07 = 0.11 =
14 1.32 + + 0.04
0.00 0.00

221  0.06
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40 30.0 15 115.66 + 12.00 + 6255 825 431+
0.07 + 0.11 +
15 1.80 0.46 + + 0.15
0.00 0.00
218 0.19

The response values are given as the mean + standard deviation.

The measured values of the residual moisture content (wm) and the calculated values of the
encapsulation success indicators (EE and Y), the solubility properties (WSL, WAL, SP), the flowability
parameters (HR and CI) and the colour differences of MC in relation to the pure coating GW (AEw)
were used for numerical and graphical optimisation and presented as a 3D response surface plot as
a function of the independent process variables (Figure 1).

SISO
3 g::::s:“:“:\ 3
SRS oS

Y (%)

Ao (-)

@) (h) (i)

Figure 1. 3D response surface plot of the simultaneous interaction of UB homogenisation parameters
— homogenisation time (tn) and stabilisation time () at 40 °C (homogenisation temperature, Th) on
MC properties: (a) encapsulation efficiency (EE); (b) moisture content (wm); (c) encapsulation yield
(Y); (d) water solubility index (WSI); (e) water adsorption index (WAI); (f) swelling power (SP); (g)
Hausner ratio (HR); (h) Carr index (CI); and (i) total colour difference (AEaw).

The mass concentration of SPC varied from 7.11 to 13.29 mgcat/gab, while the mass concentration
of TPC varied from 106.49 to 169.21 mgcae/ga» (Table 4) , resulting in a high EE, which ranged from
88.84 to 95.33% (calculated from the experimental values of TPC and SPC) as shown in the 3D plot
(Figure 1a). According to Carneiro et al. [39], successful encapsulation leads to a high retention of the
active ingredient and a low amount of the active ingredient on the MC surface.
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The MC moisture contents ranged from 5.92 to 6.06% (Figure 1b). Moisture content has a
significant impact on the microbiological stability of the powdered product [40] and a moisture
content of < 10% can be considered appropriate for powders produced by spray drying [41].

The aim of any encapsulation process should be to achieve maximum Y with minimum losses.
According to Sundarararajan et al. [42], losses occur during spray drying when the undried feed
mixture sticks to the walls of the device and settles there. Choosing the right coating material and the
ideal process parameters is crucial to achieve the lowest possible losses [43]. In these spray drying
experiments, Y values between 79.98 and 97.36% were achieved (Figure 1c), which can be considered
very high for a laboratory dryer.

Regarding MC solubility parameters, the WSI was 51.80 — 61.89%, the WAI was 5.64 —11.22, and
the SP varied from 12.76 to 29.54 (Figure 1d—f). Based on the specific density of the powder before
and after tapping, the values of the HR and the CI were calculated and shown in Figures 1g and 1h.
The calculated HR values were in the range of 1.32 - 1.67, while the CI values were 24 - 40, which
according to the Europeian Pharmacopoeia [44] is in the range of “passable” to “very, very poor”.
That powder poor flowability are possibly related to a moisture content of > 3%, which impairs the
adsorption of water and the flow properties of the MC [45].

The values of the coordinates of the CIELab colour system are listed in Table 4. Based on the
positive a* coordinate, it can be concluded that a red colour develops in all MC samples. In addition,
the development of a yellow colour is conspicuous due to the positive b* coordinate of the CIELab
colour system. The appearance of redness and yellow hue is a consequence of the presence of GPE in
MC, which is clearly visible to the human eye, “very noticeable” with respect to the values of the
colour parameters of the pure GW, which were: Lo* =80.17, a0* =-2.03 and bo* = 16.35 (AEx well above
value 6, Figure 1i).

Table 5 shows that the homogenisation parameters th and ts have a statistically significant effect
on EE, WAI, SP and AEx independently and/or in interaction with the other two process parameters
(p-value < 0.05). The influence of factors A and A2 was significant for AEa.

Table 5. Coefficients in terms of coded factors (A: Th, B: tn, C: ts) of the UB homogenisation for the
dependent variables (EE, wm, Y, WSI, WAI, SP, HR, CI, AEav) of MC.

Estimated coefficients of coded factors ¥

Respons
Intercep

e . A B C AB AC BC A2 B2 C
Rk X 0.630 i 2.300 i i i

EE 95173 05638 0372 0066 T 0467 0 1142 2100 1112
5 3 5 9 4 9
0.001  0.005 X X X § k 0.046

Wm 5970  0.0363 5 , 0017 0010 0005 0026 0.001 s

5 0 0 3 3

Y 93.773 27325 2.026 0068 0262 0.812 2440 3231 2134 4.604
3 8 5 5 0 7 2 2
§ i § 0.705  2.210 § k X

WSI 59205 04488 0838 0682 2377 , 2370 0865 2087
8 5 5 4 4 9
X 0.442 § i § § i i

WAI 10167  0.088  1.961 . 0370 1112 0337 0240 0410 1783
3% 0 5 ** 5 8 8 3 #
X 0.635 i § 0.252 i § i

SP 24977 02850 4965 T 2182 2242 1549 1364 5.499
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0.042 0.010 X X X 0.027 A 0.012
HR 1490  -0.0175 0.005 0.055 0.065 0.042
5 0 5 5
0 0 0 5
2.013 0.563 § i i 1.319 § 0.276
CI 32907 06875 g 0202 2162 3140 1.973 ;
5 5 0 3
i 0.107  0.137 i i 1.192 ) 0.362 1.597
AEab 22813  1.0125* 0.132  0.187 1.992
5 5 5 1 1
* 5 5 9>{->{-

¥ The estimated coefficient represents the expected change in response per unit change in factor value when all
other factors are held constant. The intercept in an orthogonal design is the average total response of all runs.
The coefficients are adjustments around this average based on the factor settings;. ** Statistically significant
coefficient for the model (p <0.05).

Regardless of the degree of significance of the mathematical models describing the response
surfaces, after processing the experimental data, numerical optimisation of the homogenisation
parameters in the tested areas of the UB homogenisation parameters was carried out using Design
Expert v.13 software (Stat Ease, Minneapolis, USA). Numerical optimisation was performed with
respect to the MC properties selected as key for this type of encapsulation, namely: wm (at minimum)
and EE (at maximum). It was found that the optimal parameters of UB homogenisation are: Th = 40
°C, tn=17.5 min and #s = 30 min. The verification of the numerical optimisation was performed with
anew homogenisation and encapsulation experiment under optimal homogenisation conditions, and
the estimated and experimentally determined properties of the obtained MCs were compared (Table
6). By comparing the deviations obtained, it can be concluded that the numerical optimisation was
performed satisfactorily and that the deviations between the estimated and determined values are
acceptable for almost all properties (except for SP), as they are <10 %.

Table 6. Display of values predicted by models and experimentally obtained values for properties of
MC produced with UB homogenisation of encapsulation mixture at Th =40 °C, th=17.5 min and ts =

30 min.
. . Experimentally . L.
Dependent variable Predicted value . Deviation (%)
determined value

EE (%) 95.17 93.88 1.36

Wm (Yodb) 5.97 5.88 1.51

Y (%) 93.77 91.90 1.99

WESI (%) 59.20 55.77 5.79

WAI (-) 10.17 9.32 8.36

SP (-) 24.98 21.06 15.69

HR (-) 1.49 1.48 0.67
CI (%) 33 35 6

AEw (-) 22.81 22.88 0.31

3.2. Optimization of Homogenization of the Feed Mixture on a Magnetic Stirrer

Optimization of MS homogenization parameters was performed in the same manner as
determination of optimal UB homogenization parameters according to the conditions described in
Section 2.4.1. and Table 2, and their influence on the properties of the obtained MCs was investigated.
As in Section 3.1., the results of MS homogenization are presented and the properties of the obtained
MCs are determined. TPC, SPC, BD, TD as well as L*, a* and b* of MC are presented in Table 7, while
the measured values of wm and the calculated values of EE, Y, WAI, WSI, SP, HR, CI and AEw are
presented as a 3D response surface diagram (Figure 2).
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Table 7. Independent variables of MS homogenisation (T, tn, 1) and corresponding responses: total
phenolic content (TPC), surface phenolic content (SPC), bulk density (BD), tapped density and colour
parameters (L* - lightness, a* — redness, b* — yellowness).

Tw n TPC SPC BD TD L* a* b*
(°C) (min) (rpm) (mgoae/ga) (mgeae/gar) (g/emd) (g/lemd) () () ()
375 10 1200 13470 + 886053 0.06+ 008+ 6177 695 272+

1 4.34 0.00 0.00 + + 0.04
0.38  0.03
50 35 600 121.54 + 830+092 005+ 007+ 6166 667 245+
2 2.39 0.00 0.00 + + 0.06
136 0.13
50 60 900 147.75 + 8.04+092 006+ 008+ 5535 6.05 236+
3 3.39 0.00 0.00 + + 0.03
0.08 0.01
50 10 900 123.44 + 851+0.27 005+ 007+ 6350 694 278+
4 9.81 0.00 0.00 + + 0.17
1.29 0.75
375 35 900 123.43 + 728+0.79 007+ 011+ 69.60 8.03 3.06=+
5 9.75 0.00 0.00 + + 0.06
046 0.03
375 60 1200 130.92 + 10.07 =+ 006+ 008+ 6452 757 297+
6 9.92 0.33 0.00 0.00 + + 0.02
041 0.07
50 35 1200 138.83 + 9.60+035 008+ 010+ 6672 753 322+
7 4.03 0.00 0.00 + + 0.06
031 012
375 35 900 124.73 + 742+033 007+ 011+ 6926 841 336+
8 2.61 0.00 0.00 + + 0.21
0.68 0.14
25 35 1200 136.52 + 851+111 008+ 011+ 6710 6.13 4.08+
9 2.79 0.00 0.00 + + 0.06
1.77  0.04
375 10 600 132.08 + 842+0.69 0.07+ 010+ 6728 818 3.52=%
10 3.86 0.00 0.00 * * 0.06
1.70  0.18
25 60 900 136.44 + 895+164 009+ 013+ 5795 751 263+
11 6.68 0.00 0.00 + + 0.03
048 0.04
375 60 600 113.31 + 9.78+020 0.06+x 009+ 5976 7.04 215%
12 1.09 0.00 0.00 + + 0.06
1.36  0.22
25 10 900 131.26 + 829+078 007+ 010+ 5890 723 252+
13 3.93 0.00 0.00 + + 0.06
093 0.09
375 35 900 124.78 + 738+026 007+ 011+ 6942 819 314+
14 3.20 0.00 0.00 + + 0.06

0.83 0.20
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25 35 600 138.07 + 929+0.77 008+ 013+ 6172 8.67 356+
15 3.70 0.00 0.00 + + 0.08

The response values are given as the mean + standard deviation.
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Figure 2. 3D response surface plot of the simultaneous interaction of MS homogenisation parameters
—homogenisation time (tn) and mixing speed (1) at 37.5 °C (homogenisation temperature, Tn) on MC
properties: (a) encapsulation efficiency (EE); (b) moisture content (wm); (c) encapsulation yield (Y); (d)
water solubility index (WSI); (e) water adsorption index (WAI); (f) swelling power (SP); (g) Hausner
ratio (HR); (h) Carr index (CI); and (i) total colour difference (AEaw).

n (rpm)

According to the presented results (Table 7, Figure 2), during the experiment of this
homogenization optimization on MS, a high EE rate of 91.37 to 94.56% was also detected, similar to
the case of UB homogenization. The TPC varied from 121.54 to 138.83 mgcat/gab, while the SPC varied
from 7.28 to 10.07 mgcat/gab, which is slightly lower compared to the previous optimization of the
homogenization of the feed mixture in UB. The values of the achieved Y ranged from 62.29 to 93.05%.
It can be argued that WSI, WAI and SP are important indicators of powder quality as consumers
value fast and thorough powder reconstitution [46]. When the capsule mixture was homogenised by
optimization on an MS, the solubility parameters showed higher values than in the previous
optimization experiments. In this series of experiments, the MC homogenised at 37.5 °C for 60
minutes at 1200 rpm had the highest SP (31.15) and WAI (13.58) values. On the other hand, the MC
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sample homogenised at 37.5 °C for 60 minutes at 600 rpm also had the lowest SP (14.97) and WAI
(7.36) values. The WSI had values between 30.67 and 65.54%. It can be concluded that higher
homogenization rate was more favourable for achieving better MC solubility properties — WSI and
SP. The MC wm varied between 5.90 and 6.00 %d» with little to no influence of optimization conditions.
From the data in Table 7, it is clear that MC is formed with developed red colour and a trace of yellow
colour. The MC total colour change values with respect to the applied coating range from 19.73 to
29.61. Before tapping, the calculated BD values are between 0.05 to 0.09 g/cm3, and after tapping, the
TD values are between 0.07 to 0.13 g/cm3. The slightly higher average values of BD and TD compared
to MC produced after UB homogenization may be related to the particle size (MC). Kog et al. [47]
found that the application of ultrasonic homogenization has a significant impact on particle size, i.e.,
they observed that the produced particles of microencapsulated extra virgin olive oil powder had a
smaller size and the spray drying process had a lower EE when ultrasonic homogenization was
previously applied. Most of the MCs produced also have “poor” or “very, very poor” flow properties,
based on the calculated HR and CI values, which are probably related to the relatively high moisture
content (> 3 %).

Table 8 shows the coefficients of the mathematical model in the form of coded factors. In contrast
to the optimisation of the UB homogenisation, no statistically significant influence of the independent
variables on the investigated variables was found in the optimisation of the MS homogenisation
according to Table 8 for the model in the investigated range of process parameters (p > 0.05).

Table 8. Coefficients in terms of coded factors (A: Th, B: tn, C: ts) of the MS homogenisation for the
dependent variables (EE, wm, Y, WSI, WAI, SP, HR, CI, AEa) of MC.

Estimated coefficients of coded factors ¥

Respon
Interce
se ot A B C AB AC BC A? B2 C2
93.2033  0.043 - - - - 0.155 - 0.05958 0.3170
EE 75 0276 0172 0.332 0.275 0.14041 33
25 5 5 7 83
6.01333 -0.025 - 0.031 - 0.012 - - - -
Wm 0.003 25 0.037 5 0.005 0.01916 0.03166 0.0066
75 5 67 67 7
72.4867 5.112 - 0.557 - 2312 3.262 427042 1.20542 -
Y 5 0.157 5 3.542 5 5 1.0045
5 5 8
56.14 1.408 - 0.305 - - 0.432 -2.3425 29425
WSI 75 0.576 2.895 0.182 5 0.79
25 5
9.37333 1362 0537 1.262 0.992 0.907 - 1.18208  0.14708 0.7320
WAI 5 5 5 5 5 0.077 3
5 63
21.91 3.84 081 2795 0.627 1922 0.102 1.30125 1.74625 2.0762
5P 5 5 5 5
1.45 -0.055 - - 0.067 - - -0.03 0.0575
HR 0.021  0.053 5 0.032 0.025 -0.0175
25 75 5
30.72 - - - 2.885 - - -1.5475  2.6475
CI 2536 0.843 2.582 1.717 1.142 -0.7

25 75 5 5 5

d0i:10.20944/preprints202407.0533.v1
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25.32 - 0.495 - 078 025 0365 -0.0025 -2.3025
AEab 0.967 0.572 -1.1225
5 5

¥ The estimated coefficient represents the expected change in response per unit change in factor value when all

other factors are held constant. The intercept in an orthogonal design is the average total response of all runs.
The coefficients are adjustments around this average based on the factor settings.

Also in this case, the results of the RSM analysis were used for the numerical optimisation of the
MS homogenisation process parameters in the tested area, requiring a minimum value for wm and a
maximum value for EE. The results of this optimisation showed that the optimum parameters were
within the specified limits: Th = 50 °C, t» = 10 min and n = 600 rpm. After the control experiment of
homogenisation and spray drying, the MC properties were determined and compared with
numerically estimated property values (Table 4). From the comparison of the experimentally
determined values of the powder properties with the predicted values, it can be deduced that the
majority of the deviations are less than 10%. Three exceptions stand out with deviations of more than
10%: SP, WSI and AEaw.

Table 9. Display of values predicted by models and experimentally obtained values for properties of
MC produced with MS homogenisation of encapsulation mixture at T» =50 °C, t» = 10 min and # = 600

rpm.
. . Experimentally .
Dependent variable Predicted value . Deviation (%)
determined value
EE (%) 94.70 91.45 3.40
Win (%db) 5.92 5.96 0.70
Y (%) 86.16 81.11 5.90
WESI (%) 62.72 52.46 16.40
WAI (-) 9.02 9.76 8.20
SP (-) 24.82 20.54 17.20
HR () 1.42 1.42 0.00
CI (%) 32 30 6
AEaw (-) 20.34 22.79 12.00

A comparison of the properties of MC obtained by spray drying using UB homogenisation
(Table 6) with the properties of MC obtained by MS homogenisation (Table 9) under optimum
conditions shows that slightly better results were obtained in the case of UB homogenisation.
However, considering the time required for each type of homogenisation, MS homogenisation is
preferable, since in this case the total homogenisation time was 15 minutes (tz = tn + ts =15 min + 5
min), while in the case of UB homogenisation it was 47.5 minutes (tz = tn + s = 17.5 min + 30 min),
which is more than three times longer. Following on from the above, the optimisation of the process
parameters for spray drying with prior MS homogenisation of the encapsulation mixture at: T» = 50
°C, tn=10 min and n = 600 rpm.

3.3. Optimization of Encapsulation by Spray Drying

As already mentioned in the introductory part, the parameters of spray drying are extremely
important for this type of microencapsulation in order to obtain MCs with satisfactory powder
properties at high efficiency and yield. Numerous other authors testify to this [48-51].

The optimisation of the spray drying process parameters was performed as described in section
2.4.1. and Table 3 and their influence on the properties of the obtained MCs was investigated. The
experimentally determined values of density (TD, BD) and colour parameters (L*, a*, b*) for all 15
encapsulation wounds are listed in Table 10).

Table 10. Independent variables of spray drying (Ti, R, Q) and corresponding responses: bulk density
(BD), tapped density (TD) and colour parameters (L* — lightness, a* — redness, b* — yellowness).
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Run Ti R Q BD TD L* a* b*

O () (mb/min) (g/cmd) (g/cm’) (@) (@) (@)
1 170 20 2.0 0.06+0.00 0.08+0.00 62.75+1.06 6.12+0.05 4.49+0.09
2 180 20 3.5 0.07+0.00 0.08+0.00 61.56+2.16 8.62+0.15 4.84+0.08
3 170 25 0.5 0.07+0.00 0.10£0.00 63.63+1.19 892+0.13 3.61+1.08
4 180 15 2.0 0.08+0.00 0.10+0.00 65.28+0.97 7.73+0.17 4.34+0.03
5 170 20 2.0 0.13£0.00 0.20+0.00 58.04+221 13.54+0.48 4.95+0.11
6 160 15 2.0 0.06+0.00 0.09+0.00 59.30+1.49 8.16+0.17 7.44+0.26
7 180 20 0.5 0.15+0.00 0.25+0.00 53.61+2.03 11.28+0.27 4.69+0.09
8 170 20 2.0 0.13+£0.00 0.22+0.00 49.36+0.92 14.32+0.62 4.73+0.06
9 180 25 2.0 0.08+0.00 0.11+0.00 6235+2.07 8.08+0.09 4.59+0.16
10 170 15 3.5 0.08+0.00 0.11+0.00 6260+1.65 7.11+x021 4.19+0.11
11 160 20 0.5 0.08+0.00 0.10+0.00 6131+251 7.48+0.08 4.04+0.16
12 170 25 3.5 0.07+0.00 0.10+£0.00 62.72+1.15 9.19+055 4.14+0.10
13 170 15 0.5 0.08+0.00 0.11+0.00 59.74+3.18 9.39+0.54 4.38+0.22
14 160 25 2.0 0.07+0.00 0.10£0.00 62.79+1.64 896+020 4.29+0.10
15 160 20 3.5 0.11+0.00 0.20+0.00 51.35+0.70 13.96+0.11 4.03+0.08

The response values are given as the mean + standard deviation.

The values listed in Table 10 as well as certain values for TPC, SPC and wmn were used to calculate
other properties, which were then used for RSM optimisation and the creation of 3D response
surfaces. The coefficients in the form of coded factors and the statistical significance of the influence
of the spray drying parameters on various properties of MC are shown in Table 11. From the values
given, it can be generally concluded that among the three spray drying parameters tested, the greatest
influence on the encapsulation and the properties of MC was the GW proportion (R).

Table 11. Coefficients in terms of coded factors (A: Ti, B: R, C: Q) of the spray drying for the dependent

variables.
Estimated coefficients of coded factors ¥
Respo
Interce
nse . A B C AB AC BC A? B2 C:
p
120.37  8.1025 - - 1.952 1237 899  -1.68 21337 -
TPC 38.713  13.203 5 75 5 5.4325
g** 8
6.49 1.87 - - - 033 3.3425 0.8312 14.273 -
SPC 17511 25912  2.265 #¢ 5 8 0.1362
3>(->(- 5** 5
- 0.6212 1347 - i
EE 94.61 9.075** 0.625 052 6.7125*  -0.695
0.7538 5 5 0.8125 .
0.5588 04062 ) - 0.8442 0.1791
Wm 4.9267 0.0575 0.492 2491 0.5367
o 5%* 0.1925  ** 7
5 0-17
i i 7.307 i 2.9766 -
Y 97.137 3.8075 -2.5988 24712 0.497 0.16  5.6908
5 7 4.0533

5 5 3


https://doi.org/10.20944/preprints202407.0533.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 July 2024 doi:10.20944/preprints202407.0533.v1

16
WSI 5123 04137 7.01* 03562 1592 -2.32 22'825 093 31225 471
5 5 5 '
WAI  5.1333 ~05025*  -0.07 0315 042* -0.045 0.0016 0.1767% 0.1016
0.0575 X " 7 § 7
§ 0.6687 ) i 0.342 ) 0.6016 0.8316
SpP 10.537 0.3387 1.142 -0.87 0.1908
0.3825 5 5 67 67
5 5 3
i i 0.105 0.007 i 0.1375*
HR 14 00488 0.1413* 00175 0.0225 0.0525 X -0.005
*% * 5 *%
i i 4515 0.627 - -
CI 2857 19363 6.1063* 1.09 1.0775 2975 6
ok 5 0.2625
*% * *
63.046 0.6062 45812 -04125 - 1.04 1 - - -
L* 7 5 o 1.312 0.0970 4.5870 1.4795
5 8 g+ 8
2391 -0.675 5.9587 1.7487 099 -433 - 37862 - 3.8187
h* G 5 0.8425 5 2.4812 5
5
o 9.89 - - 0155  -02 - 0455 0.1025 1.2675 0.0525
0.0875 2.825** 0.425
- - 43516 0.7016
AEab  23.847 -491* 00175 0975 -036 1.115
0.4175 0.2833 7% 7

¥ The estimated coefficient represents the expected change in response per unit change in factor value when all
other factors are held constant. The intercept in an orthogonal design is the average total response of all runs.
The coefficients are adjustments around this average based on the factor settings;. ** Statistically significant
coefficient for the model (p <0.05).

More specifically, if it consider the response values for the dependent variables that are
indicators of the success of the encapsulation process, i.e., TPC, SPC, EE and wn, it is evident that: the
coded factor A (in linear and quadratic form) had a statistically significant influence on wm; the coded
factor B (in linear and quadratic form) had a significant influence on TPC, SPC and EE; while the
factor C significantly influenced SPC and wm. In addition, the interaction of the influence of factor BC
on SPC was also recorded. Furthermore, factor B had a significant on WSI and WSA with the presence
of the interaction of factors AB and AC. The fluidity/compressibility properties of MC (HR and CI)
were significantly influenced by factors A and B, as independent factors with linear and quadratic
dependence, and the combined influence of these two factors was noted. MC colour parameters (L*
h*, C*) and the total colour difference compared to the pure GW were statistically dependent on B
and B2. These influences are also clearly visible on the 3D response surfaces (Figure 3 - 5).
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Figure 3. 3D response surface plot of the simultaneous interaction of spray drying parameters — inlet
air temperature (Ti) and proportion of GW (R) at 8 mL/min (feed flow (Q,) on MC properties: (a) total
phenolic compounds (TPC); (b) surface phenolic compound (SPC); (c) encapsulation efficiency (EE);
(b) moisture content (wm); (c) encapsulation yield (Y).

In general, it can be expected that with an increase in the proportion of the shell (R) in the
encapsulation mixture, its proportion in the MC also increases, i.e., the proportion of the active
ingredient, i.e., TPC, which in this case is incorporated into the MC in the form of GPE, decreases,
which is clearly visible in Figure 3a. This also has an impact on the decrease in the amount of phenolic
compounds adsorbed on the MC surface, which is even more pronounced when considering the
additional observed influence of Q and their interaction (Figure 3b). Consequently, an increase in
TPC and a decrease in SPC led to an increase in EE (Figure 3c). The values of TPC, SPC and EE ranged
from 60.58-189.38 mgcat/gav, 2.56-45.16 mgacate/gab and 74.68-97.38 %, respectively.

The wm ranged 4.59-7.74% (Figure 3d). The lower moisture content in MC was achieved at lower
inlet air temperatures, which can be explained by the absence of sudden crust formation on the
surface of the MC in the initial drying phase, which can interfere with the difficult removal of
moisture from the centre of the MC in the later stages of drying. Although there was no statistically
significant influence of the factor R (Table 11), it can be seen in Figure 3d that as R increases in the
encapsulation mixture, the moisture content in the final product also increases, which may be related
to the fact that the moisture content in pure GW powder is 5.25 %db and in this case the GW itself can
be considered as a “moisture reservoir” in the MC. Similar to our results obtained by Moreno et al.
who reported a moisture content between 4.4 and 11.7% [52], in the case of microencapsulation of
GPE using whey protein isolate, while it was slightly higher, between 11.1 and 14.8%, in the case of
using combination of maltodextrin, whey protein isolate and pea protein isolate as coating [53].

Although no statistically significant influence of a model factor on Y was found (Table 11), it can
be seen in Figure le that the response surface value of Y is mostly above the value of 90% and
increases slightly with increasing drying temperature.

The parameters of solubility WSI, WAI, and SP are crucial markers of the product’s functional
qualities as well as markers for the use and preservation of MCs. The ability of the MCs to dissolve
in water is represented by WSI. The intended use of the MC product determines whether a higher
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WHSI value is desirable. A high WSI is particularly crucial if the MC is going to be used in the food or
pharmaceutical industries so that the MCs can be easily incorporated and dispersed evenly
throughout the final product. The likelihood of microbiological instability of the MC products
increases with higher WAI values [54]. WSI, WAI and SP values of this optimization set ranged from
41.56-67.23%, 4.06-5.76, 9.00-13.87, respectively (Figure 4a—c).
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Figure 4. 3D response surface plot of the simultaneous interaction of spray drying parameters — inlet

air temperature (Ti) and proportion of GW (R) at 8 mL/min (feed flow (Q,) on MC properties: (a) water
solubility index (WSI); (b) water adsorption index (WAI); (c) swelling power (SP); (d) Hausner ratio
(HR); (e) Carr index (CI).

Based on the specific density of the powder before and after tapping (Table 10), the HR and the
CI were calculated and response surfaces were present in Figure 4d, which clearly shows the
independent and combined influence of R and Ti on these properties. The flow characteristics of most
MC are marked as “very poor” or “very, very poor”.

As previously confirmed statistically (Table 11), the significant dependence of the colour
properties of MC on R is also confirmed by the 3D response surfaces shown in Figure 5. The
brightness of MC ranges from 49.36-65.25, where MCs with are brighter in relation to GW, i.e., they
have higher values for L* (Table 10, Figure 5a). The brightness of the GW powder used is 80.17. The
h* values range from 16.11-42.35° (Figure 5b), which corresponds to the I. quadrant of the CIELab
colour plot (0-90°), i.e., they are in the red colour range. At the same time, as the proportion of GW
in MC increases, the value of I* increases, i.e., the hue moves towards the II. quadrant of the CIELab
plot (90-100° yellow colour), where the h* value for GW powder is located (97.07°). The hue
saturation (Figure 5c) was in the range of 7.59-15.8, with lower values for MC with a higher GW
content, i.e., the colour was less vivid and closer to neutral grey. Given the above, it was expected
that the values for AEx would be lower when a greater proportion of MC is GW (Figure 5d). These
instrumentally determined values ranged from 21.48 to 36.77 and were also subjectively visible,
considering that the average human eye can perceive any total colour difference that is > 6.
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Figure 5. 3D response surface plot of the simultaneous interaction of spray drying parameters — inlet
air temperature (Ti) and proportion of GW (R) at 8 mL/min (feed flow (Q,) on MC properties: (a)
lightness (L*); (b) hue (h*); (c) chroma (C¥); (d) total colour difference (AEw).

Comparing the colour parameters (Figure 5) with the content of phenolic substances in MC
(Figure 3), a clear correlation between these values can be observed, which is also confirmed by the
high correlation coefficients for TPC : h*, SPC : L* and SPC : C*, which are -0.8805, -0.8361 and 0.9347,
respectively.

The numerical optimisation of the process parameters in the tested range was used again to
determine the optimum drying parameters with predetermined limit values, i.e., minimum wm and
maximum EE. In this way, the following values were determined as the optimum encapsulation
parameters: Ti=173.5 °C, R=2.5 and Q =7 mL/min.

When comparing the predicted and experimentally determined values of the powder properties
under optimal conditions, it can be seen that most deviations are less than 10%. There are two
exceptions where the deviation is greater than 10%, namely the SP of the powder and the WAI (Table
12).

Table 12. Display of values predicted by models and experimentally obtained values for properties
of MC produced by spray drying at optimal conditions (Ti=173.5 °C, R=2.5 and Q =7 mL/min).

Dependent variable Predicted value Experfmentally Deviation (%)
determinate value

EE (%) 96.95 9547 1.53

Wi (Yodb) 4.89 4.98 1.81

Y (%) 96.67 96.10 0.59

WSI (%) 57.94 57.47 0.81

WAI (-) 4.98 4.37 12.25
SP (-) 11.93 10.28 13.83

HR (-) 1.35 1.36 0.74

CI (%) 26 26 0
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AEa () 24.48 2373 3.06

4. Conclusions

In the study, the response surface method and the Box-Behnkhen test plan were successfully
used to determine the optimal parameters of the GPW microencapsulation process with GW
receiving spray drying and prior homogenisation of the encapsulation mixture.

With high Y values of up to 97.36% and EE values of up to 95.07%, very successful encapsulation
processes were achieved regardless of the type of homogenisation and homogenisation conditions,
obtaining MC with relatively low moisture content and good properties. Considering the total
duration of the homogenisation processes tested, MS homogenisation was selected as more suitable
in view of the threefold time saving.

An air temperature at the inlet of the spray dryer of 173 °C with a feed flow of 7 mL/min and the
use of a 2.5 times greater amount of coating than the GPE slurry were found to be optimal drying
conditions.

Furthermore, the experiments showed that the choice of the right coating material and its
concentration is crucial for the outcome of the spray drying process. By adding GW in an amount 2.5
times greater than the weight of the dry substance of GPE, MCs with a high proportion of total
polyphenolic compounds are formed, which are highly soluble and have a high yield and efficiency
of the process.

It can be concluded that GW is a suitable wall material for overcoming stickiness problems in
spray drying of sugar-rich extracts and is also suitable for protecting the phenolic compounds in the
spray drying process.
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