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Abstract

In the study, spray-dried fat-filled protein-based powders consisting of pea protein isolate, vegetable oil and a carbohydrate
component were obtained. Each group of model fat-filled powders was formulated with four different carbohydrates
(Nutriose, inulin, polydextrose and trehalose). The formulations were kept for 6 months at 25 °C. In fats extracted from
“fresh” powdered products and stored formulas, the following parameters have been determined: fatty acid composition,
acid value, free fatty acid content, polyunsaturated-to-saturated fatty acids ratio and oxidation induction time in order to
assess the stability of encapsulated fats. Fats extracted from pea protein-fat formulations showed a satisfactory hydrolytic
stability. The most stable fats after storage were fats extracted from spray-dried fat-filled pea protein-based powders
containing the mixture of palm and rapeseed oils formulated with inulin or trehalose. There is a significant relationship
between the induction time and the unsaturated fatty acid content in fats extracted from fresh pea protein-fat formulas.

Keywords Fat-filled pea protein-based powders - Oxidative stability - Fatty acid composition - Hydrolytic stability

Introduction

Soluble fat powders are normally produced by spray-drying
of an oil-in-water emulsion. The great advantage of pow-
dered formulas is their stability, the ease of storage,
transport and incorporating into food mixtures. Composi-
tion of the fat phase based on different fats or their mix-
tures in dry powder yields a rich assortment of fat
formulations increasingly used in various food industries.
Powdered mass may include both animal and veg-
etable fats. Vegetable fat powders, fat powders, creamers,
replacers, toppings are fat-based formulations that are
primarily produced on the basis of vegetable fats. There are
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many categories of products in which the soluble fat for-
mulation is an important ingredient. These are ice cream
and desserts, milk candies, coffee, tea and cocoa coffees,
dry concentrates and blends (soups and sauces, dips, sea-
sonings, cake mixes, nutritional supplements, soluble
cocktails and energy drinks). In recent years, veg-
etable proteins are presented as good replacement of ani-
mal proteins in protein-fat preparations. Incorporation of
vegetable proteins to wall materials for encapsulation of
sensitive substances reflects the current and innovative
“green tendency” in food, cosmetics and pharmaceutical
industries [1]. Proteins from legumes, besides for nutri-
tional properties, have important functional properties,
including gelling, emulsifying, fat-absorbing and water-
binding properties [2, 3]. Pea proteins show a good char-
acteristic for their potential application, in particular for the
production of adhesives, bioplastics, emulsifiers and wall-
forming materials for microencapsulation [4]. However, in
the literature for microencapsulation uses, these proteins
are generally associated with polysaccharides [1]. Indeed,
polysaccharide/protein interactions give new functions to
pea proteins without chemical or enzymatic modification,

@ Springer


http://orcid.org/0000-0002-7134-3719
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-7474-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-7474-6&amp;domain=pdf
https://doi.org/10.1007/s10973-018-7474-6

610

A. Brynda-Kopytowska et al.

particularly solubility, foaming and surfactant properties
[5]. Pea proteins alone or in association with polysaccha-
rides are totally appropriate for the microencapsulation of
hydrophilic [6, 7], hydrophobic [8] and triglyceride [9, 10]
active core materials.

Protein—polysaccharide complexes allow optimum pro-
tection of the capsule core. Proteins, because of their sur-
face properties, mainly play the role of an emulsion
stabilizing colloid, and sugars—the role of filler in creating
a solid powder matrix. Properly selected carbohydrate
component can give a protein-fat powder with the desired
characteristics, stable during storage. Speciality carbohy-
drates that allow great flexibility when replacing sugar in
formulations have been developed commercially [11]. The
majority of these carbohydrate ingredients are non-di-
gestible oligo- or polysaccharides. These products are
lower in calories than sugar, have soluble dietary fiber and,
often, prebiotic properties. They include: gluco-polysac-
charides (including polydextrose, resistant starches and
maltodextrins) and fructo-oligosaccharides (FOS) (includ-
ing inulin). Polydextrose is a low molecular weight ran-
domly bonded polysaccharide of glucose with a calorific
value of 1 kcal g~' [12]. Nutriose, a registered trademark
of Roquette Freres, is commercial example of RS-IV-re-
sistant maltodextrin that is relatively soluble with “sugar-
like” properties. Nutriose was designed to contain very low
amounts of mono- and disaccharides’ less than 0.5%. The
high stability and solubility, reaching more than 70% w/w
in aqueous solution, of Nutriose makes it a versatile
ingredient in food products for fortifying soluble dietary
fiber. It is thermally stable at the pH of most food systems,
even during UHT pasteurization. Inulin and fructo-
oligosaccharides are the most studied prebiotics [13].
Inulin and low molecular weight FOS are interrelated
[14, 15]. FOS is characterized by a higher solubility than
sucrose. FOS will not crystallize, precipitate or leave a dry
or sandy feeling in the mouth. According to recent study
reports, glassy trehalose enables producing stable encapsu-
lated fat powders [16]. The important physical feature of
trehalose is its high glass transition temperature reaching
107 °C, which is the highest of all disaccharides [17].

Stable, soluble microencapsulated fat formulations can
be extremely attractive, in terms of their functional prop-
erties, as the ingredient that enriches the various soluble
powdery foods, cocktails and drinks, often characterized by
the acid nature and content of salt minerals. In such
preparations, stability of oils and fats is one of the most
important parameters that determined the quality of the
final product. Defining the relationship between the com-
position of spray-dried pea protein-fat preparations for-
mulated with different types of a carbohydrate component
and their properties, especially the stability of microen-
capsulated lipid fraction during storage of the products may
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be helpful in designing new stable powders and to optimize
their manufacturing technologies.

Considering the above, the aim of the study was to
evaluate the efficiency of newly designed double-wall
material system (pea protein isolate/carbohydrate) in the
aspect of microencapsulated oil stability. Spray-dried pea
protein-fat preparations with different types of carbohy-
drste component (Nutriose, inulin, polidextrose and tre-
halose) were formulated. The formulations were kept for
6 months at 25 °C. In fats extracted from fresh powdered
products and stored formulas, the following parameters
have been determined: oxidation induction time (IT), fatty
acid composition, acid value, free fatty acid (FFA) content
and polyunsaturated fatty acids (PUFA) to saturated fatty
acids (SFA) ratio.

Materials and methods
Chemicals and materials

All the solvents and reagents were purchased from Avantor
Performance Materials Poland S.A. (Gliwice, Poland)
except for standard compounds which were supplied by
Sigma-Aldrich (Saint Louis, MO, USA). Shortening
AMADA L containing palm oil, rapeseed oil and hardened
palm oil and rapeseed oil Maestro were purchased from the
Bunge Company Poland (ZT Kruszwica S.A., Poland). Pea
protein isolate NUTRALYS® S85F and wheat dextrin-
soluble fiber NUTRIOSE® FB06 were kindly donated by
Roquette Poland sp. z o0.0. Polydextrose STA-LITE R90
(Tate and Lyle USA) was obtained from Brenntag, Poland.
Inulin ORAFTI GR (Orafti, Belgium) and trehalose
(Hayashibara, Japan) were obtained from Hortimex,
Poland. All the solvents and reagents used in analyses were
of chromatographic or analytical grade.

Methods
Experimental design

The experimental design consisted of eight unique trials.
The spray-dried fat-filled pea protein-based powders con-
sisted of pea protein isolate (PPI), vegetable oil and soluble
fiber as a carbohydrate component. The experimental
design included two compositional variants, where the oil
fraction was made up of blend of palm and rapeseed (PR)
oils and rapeseed (R) oil as presented in Table 1. Each
group of model fat-filled powders was formulated with four
different carbohydrates [Nutriose (N), inulin (I), polydex-
trose (D), and trehalose (T)], wherein a carbohydrate-to-
protein-material ratio was at 5.3:1 in all cases.
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Table 1 Experimental design of the formulations

Code of Protein Fat Carbohydrate Carbohydrate-to-protein-material ~ Carbohydrate-to-fat-material
powder " 5 - ratio ratio
Type® Content/ Type® Content/ Type® Content/
% % %
PR_N PPI 7.5 PR 52.5 N 40 5.3:1 0.8:1
PR_I PPI 7.5 PR 52.5 I 40 5.3:1 0.8:1
PR_D PPI 7.5 PR 52.5 D 40 5.3:1 0.8:1
PR_T PPI 7.5 PR 52.5 T 40 5.3:1 0.8:1
R_N PPI 7.5 R 52.5 N 40 5.3:1 0.8:1
R_I PPI 7.5 R 525 1 40 5.3:1 0.8:1
R_D PPIL 7.5 R 52.5 D 40 5.3:1 0.8:1
RT PPIL 7.5 R 52.5 T 40 5.3:1 0.8:1

4PPI pea protein isolate
°PR blend of palm oil and rapeseed oil, R rapeseed oil

°N Nutriose, I inulin, D polydextrose, T trehalose

Preparation of model emulsions and fat-filled pea protein-
based powders

Model oil-in-water emulsions (target 30% w/w total solids,
comprising pea protein, oil and soluble fiber) were pre-
pared as follows. Carbohydrate powder was dissolved in
hot water at 60 °C, using a paddle agitator to aid recon-
stitution. Pea protein isolate was then added slowly during
mixing, and the mixture was moved to cold storage at 5 °C
for 12 h for the hydration of components. The water phase
was tempered to 60 °C before addition of the fat compo-
nent. When blend of palm and rapeseed oils was used, it
was melted in a separate vessel before addition. The mix
was agitated using Ultra-Turrax (IKA T18 Basic, Wilm-
ington, USA) at 13,000 rpm for 2 min, homogenized using
a two-stage homogeniser (Panda 2 K; Niro Soavi, Italy)
using a first-stage pressure of 60 MPa and a second-stage
pressure of 20 MPa. The emulsions were spray-dried in a
lab-scale Niro Spray dryer (Model MOBILE MINOR™
Niro A/S, Denmark), equipped with a rotary atomisation
system and co-current drying, with a typical water evapo-
ration rate of 1.5-2 h™'. An inlet air temperature of
150 &+ 3 °C and an outlet air temperature of 60 + 2 °C
were selected, and disk rotation was at approximately
20,000 rpm.

Storage of powders

The fat powders were stored for 6 months in barrier foil
packages tightly closed using a vacuum welding/packaging
machine PP-5.4 (Tepro, Poland). Bags made of four-layer
foil (lacquer, paper, aluminum, PE-LD low-density poly-
ethylene), constituting a barrier to light, water vapor and
air, served as package for samples. Powder samples were

stored at 25 °C. Properties of powders were researching
7 days after drying and after 6 months of storage.

Fat extraction

The oil was extracted from powdered formulations using
the Folch procedure [18], which has been slightly modified
by Boselli et al. [19]. Approximately 10 g of the sample
was homogenized with 100 mL of a chloroform/methanol
solution (1/1 v/v) in a glass bottle sealed with a screw cap.
The bottle was kept at 60 °C for 20 min before adding an
additional 100 mL of chloroform. After 3 min of homog-
enization, the content of the mixture was filtered through
the filter paper. The filtrate was mixed thoroughly with
70 mL of 1 M KCI solution and left overnight at 4 °C in
order to achieve phase separation. The organic phase was
collected and dried with a rotary evaporator at 40 °C.

Free fatty acids content

Acid values were determined by titration of fat samples
dissolved in the mixture of ethanol:diethyl ether (1:1, v/v)
with 0.1 M ethanolic potassium hydroxide solution. FFA
content was calculated based on acid values and the value
of molar mass of oleic acid. Acid values were analyzed by
the standard method according to the Polish Standard (PN-
EN ISO 660:2010) [20].

Determination of fatty acid composition
The determination of fatty acid composition was carried
out by gas chromatographic (GC) analysis of fatty acid

methyl esters (FAME). An YL6100 GC chromatograph
equipped with a flame ionization detector and BPX-70
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capillary column of 0.20 mm i.d. x 60 m length and 0.25-
pm film thickness was used. The oven temperature was
programmed as follows: 60 °C for 5 min, then it was
increased by 10 °C min~! to 180 °C; from 180 °C to
230 °C it was increased by 3 °C min~'; then kept at
230 °C for 15 min. The temperature of the injector was
225 °C, with a split ratio of 1:100, and the detector tem-
perature was 250 °C. Nitrogen flowing with the rate of
1 mL min~" was used as the carrier gas. The identification
of fatty acids was carried out using the lipid standard. Fatty
acids were identified by comparing the relative retention
times of FAME peaks with FAME chemical standard. The
results were expressed as relative percentages of each fatty
acid.

DSC studies: oxidation induction time

A differential scanning calorimeter (DSC Q20 TA) coupled
with a high-pressure cell (pressure differential scanning
calorimetry—PDSC) was applied to determine the oxida-
tive stability of tested fats. The thermal parameters were
obtained from the heat flow curves with the use of the
Universal V4.5A (TA Instruments) program. Fat samples
of 3—4 mg were weighted into an aluminum pan and placed
in the sample chamber under oxygen atmosphere with an
initial pressure of 1 400 kPa and with the 100 mL min~"
oxygen flow rate. The isothermal temperature for each
sample was 120 °C. For each sample, the output was
automatically recalculated and presented as amount of
energy per 1 g. The maximum PDSC oxidation time (in-
duction time) was determined based on the maximum rate
of oxidation (maximum rate of heat flow).

Statistical analysis

Relative standard deviation was calculated, where appro-
priate, for all data collected using Microsoft Excel 2012
Software. One-way analysis of variance ANOVA was
performed using the Statgraphics Plus, version 5.1. Dif-
ferences were considered to be significant at a p value of
0.05, according to Tukey’s multiple range test. Addition-
ally, program Statistica 10 (Statsoft) was used to evaluate
and analyze the data obtained during this study. The
Spearman’s rank correlation (7;) (a non-parametric corre-
lation of non-normal distributions) was used to determine
correlation between PUFA/SFA, FFA, IT, PUFA,
monounsaturated fatty acids (MUFA), SFA and trans iso-
mers of fatty acids (TRANS).
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Results and discussion

In the study, spray-dried fat-filled pea protein-based pow-
ders consisting of pea protein isolate, vegetable oil and a
carbohydrate component were formulated. The experi-
mental design included two compositional variants, where
the fat fraction was made up of blend of palm and rapeseed
oils and rapeseed oil as presented in Table 1. As the result
of the experiment, the following products were obtained:
PR_N—formulas containing mixture of palm oil and
rapeseed oil with Nutriose, PR_T—formulas containing
mixture of palm oil and rapeseed oil with trehalose,
PR_D—formulas containing mixture of palm oil and
rapeseed oil with dextrose, PR_I—formulas containing
mixture of palm oil and rapeseed oil with inulin, R_N—
formulas containing rapeseed oil and Nutriose, R_T—for-
mulas containing rapeseed oil and trehalose, R_D—for-
mulas containing rapeseed oil and dextrose, R_I—formulas
containing rapeseed oil and inulin.

Fatty acids composition

The data of fatty acid composition of fats extracted from
studied preparations are given in Tables 2, 3, Figs. 1 and 2.
Fats isolated from preparations PR (PR_N, PR_I, PR_D,
PR_T) contained from 44.7 to 47.8% of monounsaturated
fatty acids (MUFA) and from 34.5 to 37.4% of saturated
fatty acids (SFA). The predominant fatty acid in fats from
PR preparations was oleic acid (C18:1 ®9) which
accounted from 43.98 to 47.15% of fatty acids, followed by
palmitic acid (C16:0) which accounted from 28.65% to
31.19%. Fats from PR preparations contained also 13.3 to
14.2% of polyunsaturated fatty acids (PUFA) including
important essential fatty acids from n—3 and n—6 groups
as o-linolenic acid and linoleic acid. The content of linoleic
acid in fats isolated from RP formulas ranged from 10.31 to
11.36%, and o-linolenic from 2.91 to 3.17%. According to
data presented in the literature [21], the palm oil contains
from 49.9 to 54.7% saturated fatty acids, 37.1-39.2% of
monounsaturated fatty acids and 8.1-10.5% of polyunsat-
urated fatty acids. It can be observed that fats extracted
from pea protein-lipid preparations containing palm oil
were characterized by higher amount of unsaturated fatty
acids and lower content of saturated fatty acids. It is due to
the fact that the fat isolated from PR formulas was the
mixture of palm and rapeseed oils. In fats extracted from
PR preparations, some amount of isomer of trans fatty
acids, ranged from 3.60 to 4.67%, was also determined.
The percentage of PUFA in fats from R preparations
(R_N, R_I, R_D, R_T) ranged from 30.0 to 30.8%. These
fats contained also 7.4 to 9.0% of SFA and the 60.9 to
61.8% of MUFA. R preparations, which were the subject of
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Table 2 Fatty acids composition (%) in fats extracted from fresh and stored for 6-month PR formulas

Fatty acid PR_N_OM PR_N_6M PR_T_OM PR_T_6M PR_D_OM PR_D_6M PR_I_OM PR_I_6M
C8:0 0.03 £0.00 0.0240.02 0.05+0.01 0.04 + 0.01 0.04 + 0.01 0.03 £0.00  0.03 £0.00 0.03 £ 0.00
C10:0 0.04 £0.00 0.01 £ 0.01 0.05 + 0.01 0.04 + 0.01 0.04 + 0.01 0.03 £ 0.00  0.04 = 0.01 0.03 & 0.00
C12:0 0.31 £0.07 031 £ 0.01 045+ 0.10 031 +£0.04 035£0.02 0.26 £+ 0.03 032 +£0.02 0.27 £ 0.00
C14:0 0.82+0.05 073+£0.04 098+014 076+0.02 0.83 £0.03 0.73 = 0.01 0.80 &+ 0.05 0.72 £ 0.00
C15:0 0.05+0.00 0.02+£0.03 0.04=£000 0.04 %001 0.05+0.00 0.04 £0.00 0.04 £0.01 0.05 &+ 0.01
C16:0 28.83 £ 0.21 28.65+ 035 31.19 £1.62 29.08 £0.19 29.61 037 29.04 £0.35 2931 £0.26 28.71 £ 0.01
Clé:1c 0.13 £0.06  0.19 + 0.01 0.18 &+ 0.01 0.19 &+ 0.01 0.19 + 0.01 0.18 = 0.00  0.18 £ 0.01 0.19 & 0.00
C17:0 0.09 £0.00 0.11 £ 0.01 0.11 + 0.01 0.08 £ 0.00 0.12+£0.00 0.11 £0.01 0.09 + 0.01 0.13 &+ 0.01
C18:0 428 +£0.13  413+£0.04 4.07£016 4.11+004 420+0.09 418+£0.04 423 +008 433 %004
C18:1t 3.60 + 1.08 388 £045 467012 450021 411 +056 370+ 132 4.03£1.19 4.67 £0.01
C18:1n9c  47.15 £2.37 46,57 £0.24 4398 £ 129 46.17 £ 0.30 46.16 £ 036 46.87 £ 1.36 46.50 & 0.95 45.74 + 0.06
C18:2n6¢c  11.36 £ 0.03 11.05 £0.07 10.37 £0.18 10.62 & 0.22 10.31 £0.08 10.81 £0.23 10.41 &£ 0.24 10.97 = 0.01
C18:3n3c 253 £064 317 £0.18 291 £ 0.05 3.06 £ 009 298 +£007 295+£0.04 3.01 £0.00 3.02£0.01
C20:0 031 +£029 054+005 044 +£0.06 0.51£0.01 0.49 £0.00 053 +£0.02 047 £0.01 0.55 &+ 0.00
C20:1c 0.51 £0.07 059 + 0.01 0.54 £ 0.04  0.54 £ 0.01 0.58 + 0.01 0.58 £ 0.04  0.56 £ 0.03 0.61 & 0.01
PR blend of palm oil and rapeseed oil, N Nutriose, / inulin, D polydextrose, T trehalose

Data expressed as mean =+ standard deviation

Table 3 Fatty acids composition (%) in fats extracted from fresh and stored for 6-month R formulas

Fatty acid R_N_OM R_N_6M R_T_OM R_T_6M R_D_OM R_D_6M R_1_OM R_I_6M
C16:0 5.42 +£0.28 548 £000 5524064 508+£006 577069 491 +0.17 644192 4.80+£0.01
Clé:1c 0.24 £+ 0.01 0.23 + 0.01 0.22 &+ 0.05 022 4+0.00 025+£0.04 0.22+£0.01 031 £0.09 0.21 £ 0.00
C17:0 0.12 £ 0.01 0.10 = 0.01 0.12 + 0.01 0.12 + 0.01 0.14 + 0.01 0.11 £0.00  0.14 £ 0.03 0.11 £+ 0.00
Cl7:1c 0.06 = 0.01 0.08 £ 0.00  0.07 £ 0.01 0.07 + 0.01 0.06 = 0.01 0.06 £ 0.00  0.06 £0.00 0.07 £ 0.01
C18:0 1.98 + 0.02 1.95 £ 0.01 1.87 £0.20 1.87 £ 0.01 1.94 £ 0.11 1.86 = 0.01 1.86 £ 0.17 1.84 £ 0.01
C18:1n9¢  59.93 £0.03 59.57 £0.04 60.18 & 042 59.87 £ 0.04 5991 £0.59 5993 £0.06 5929 +1.00 60.02 &+ 0.07
C18:2n6¢c  19.67 £ 0.07 1944 £0.03 1949 £0.15 19.65+0.01 1940 £0.23 19.75 £0.15 19.68 & 0.08 19.84 + 0.02
C18:3n3c 9.86 £0.19 10.17 £0.02 996 £0.11 10.19 £0.00 994 +0.04 10.18 =0.02 9.84 £0.22 10.15 £ 0.02
C20:0 0.62 £0.02  0.67 £ 0.01 0.57 £ 0.01 0.65 = 0.01 059 +£0.12 0.65+£0.00 0.53£0.16 0.65 =% 0.00
C20:1c 1.45 + 0.04 1.53 £ 0.03 1.37 £ 0.11 1.51 +£ 0.02 1.36 + 0.24 1.52 £+ 0.00 1.25 £ 0.38 1.51 + 0.01
C20:3n3c 031 £0.02 037 £0.00 028 £ 0.01 037 £0.00 030=£0.07 038 £0.01 030 £0.10 038 £0.01
C20:4n6 038 +£0.03 044 £0.00 037007 043 £0.01 036 £0.10 044 £0.00 033£0.12 044 £0.01

R rapeseed oil, N Nutriose, / inulin, D polydextrose, T trehalose

Data expressed as mean =+ standard deviation

the research, are rich source of essential unsaturated fatty
acids, such as, among others, linoleic acid (C18:2 ®w6) and
a-linolenic acid (18:3 ®3). The content of linoleic acid in
fats isolated from R preparations ranged from 19.40 to
19.84%, whereas the a-linolenic acid was determined at the
level 9.84 to 10.19%. These fats contained also oleic acid,
belonging to monounsaturated fatty acids in significant
amounts (from 59.57 to 60.18%). According to data given
in the literature [22], the content of o-linolenic acid,

linoleic and oleic acid in refined rapeseed oil reached 6.1,
15.1 and 67.9%, respectively. It can be observed that fats
extracted from R preparations were characterized by sim-
ilar fatty acid composition to rapeseed oil. In these fats, no
isomers of trans fatty acids were determined.

Neither the storage time nor the type of carbohydrate
used in the preparation has a statistically significant effect
on the changes in fatty acid composition of the fats
extracted from these formulations. Generally, it can be
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Fig. 1 Content of fatty acids
(SFA saturated fatty acids,
MUFA monounsaturated fatty 90%
acids, PUFA polyunsaturated

fatty acids, TRANS isomers of 80% ar al
trans fatty acids) for fats from

PR formulas, PR blend of palm 70%
oil and rapeseed oil, N Nutriose,

100%

I inulin, D polydextrose, 60%
T trehalose. *The different

letters indicate significantly 50%
different values for SFA,

MUFA, PUFA and TRANS 40% b ab
(p < 0.05)

30%

20%

B TRANS
OSFA
0 MUFA

ab ab b ab ab O PUFA

10%
° ab b

0%

a a ab a || ab

PR_N_OM PR_N_6M PR_T_OM PR_T_6M PR_D_OM PR_D_6M PR_I_OM PR_I_6M

Fig. 2 Content of fatty acids
(SFA saturated fatty acids,
MUFA monounsaturated fatty 90%
acids, PUFA polyunsaturated

fatty acids) for fats from 80%
R formulas. R rapeseed oil,

N Nutriose, [ inulin,

D polydextrose, T trehalose.
*The different letters indicate
significantly different values for
SFA, MUFA, PUFA (p < 0.05)

100%

70%

60%

50%

40%

m SFA
0 MUFA
1 PUFA

30%

20%
ab abc

10%

0%

R_.N.OM R_N.6M R.T.OM R.T_6M R_D_OM R_D_6M

stated that protein-lipid preparations were characterized by
the desired composition of fatty acids, which did not
change during storage. Thus, it can be concluded that pea
protein-carbohydrate matrixes used in powdered formulas
had protective effect on the encapsulated fat. The results
are in agreement with these reported by Augustin et al.
[23], who observed that the combination of proteins with
carbohydrates as a carrier material favors better stability of
microencapsulated fish oil. In the study of Karaca et al.
[24], it has been observed that flaxseed oil could be effi-
ciently entrapped with maltodextrin combined with

@ Springer

bc a (o] a c

R_I_OM R_I_6M

chickpea protein isolate or lentil isolate by spray drying or
freeze drying, providing a protective effect against oxida-
tion during storage. Various studies have shown that a wall
system consisting of protein in conjunction with carbohy-
drates is effecting in stabilizing encapsulated fat during
storage of spray-dried powder [16, 25, 26].

In the study, the PUFA SFA™' ratio for fats extracted
from protein-lipid preparations was also determined as an
important indicator of the nutritional value of food prod-
ucts (Table 4). In the study, fat extracted from the formu-
lations containing palm oil in their composition was
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Table 4 PUFA SFA™! ratio for

fats from PR and R formulas Time of storage/months PR_N PR_T PR_D PR_I R_N R T R_D R_1I
0 0.40 0.38 0.37 0.36 3.72 3.73 3.56 3.36
6 0.41 0.40 0.39 0.40 3.72 3.98 4.08 4.16

PUFA polyunsaturated fatty acid, SFA saturated fatty acid, PR blend of palm oil and rapeseed oil,
R rapeseed oil, N Nutriose, / inulin, D polydextrose, T trehalose

characterized by a low PUFA-to-SFA ratio reaching 0.36 to
0.41, whereas in the case of fat from the preparations
containing rapeseed oil higher value of PUFA SFA™'
ranging from 3.36 to 4.16 was observed.

Oxidative stability

Oxidative stability of oils and fats is one of the most
important parameters for product quality assessment; thus,
the selection of the best coating material is an essential
factor in obtaining microencapsulated fat that is effectively
protected against oxidation. A number of methods for such
an assessment have been developed [27], among which
differential scanning calorimetry is one of the most fre-
quently used [28]. There are reports saying that the DSC
data for vegetable oil oxidation correlate well with
Rancimat and electron spin resonance (ESR) spectroscopy
results [27-31]. The results of PDSC measurements are

Fig. 3 Oxidation induction time 160
of fats from PR and R formulas.

PR blend of palm oil and

rapeseed oil, R rapeseed oil, 140
N Nutriose, I inulin,

D polydextrose, T —trehalose.
Different letters indicate that the
samples are significantly I

120 c

different at p < 0.05 (separately 100 bc
for PR formulas and for
R formulas)

Induction time/min
o]
o

9]
o

40 a a

20

PR_N PR_T

shown in Fig. 3. The DSC curves presenting the oxidation
induction times are presented in Figs. 4, 5, 6 and 7.

Induction time can be used as primary parameter for the
assessment of the resistance of tested fats to their thermal
oxidative decomposition. Generally, samples with longer
induction times are more stable than those for which the
induction time obtained at the same temperature is shorter
[32-36]. The higher degree of unsaturation of fatty acids
makes these fats more susceptible to oxidation processes.
Taking into account the results of the regression analysis, it
can be stated that the induction time of fats isolated from
pea protein-fat preparations is related to the PUFA SFA™'
ratio and in this case a linear relationship can be observed.
This dependency is matched to the model at 86.34% (R?)
(Fig. 8).

The PDSC tests for fats extracted from formulas after
6 months of storage, performed at isothermal temperature
of 120 °C, showed that the induction time increased in

bc

uOM
6M

f

a
d © I
b . ¢ b
l a I I
PRI RN RT R.D R_I

PR_D

@ Springer



A. Brynda-Kopytowska et al.

616
Fig. 4 DSC curves of oxidation 0.3
induction time of fats from fresh
PR formulas (/ PR_N—blend of
palm oil and rapeseed oil with
Nutriose, 2 PR_T—blend of TN
palm oil and rapeseed oil with 027 \\,
trehalose, 3 PR_D—blend of 3
palm oil and rapeseed oil with -
polydextrose, 4 PR_I—blend of o
palm oil and rapeseed oil with % 0.1 -
inulin) L .
5 B
I
0.0 -
-0.1 T T T T
0 20 40 60 80 100
Exo up Time/min Universal V4.5A TA instruments
Fig. 5 DSC curves of oxidation 0.3

induction time of fats from PR
formulas after 6-month storage
(I PR_N—blend of palm oil and
rapeseed oil with Nutriose, 2
PR_T—blend of palm oil and 0.2
rapeseed oil with trehalose, 3
PR_D—blend of palm oil and
rapeseed oil with polydextrose,
4 PR_I—blend of palm oil and
rapeseed oil with inulin)

Heat flow/W g~
o

0.0

-0.1 T T

Exo up

comparison with fats from fresh samples. Fats extracted
from fresh capsules are therefore less stable compared to
fats obtained from formulations stored for 6 months. The
presumed cause of the increase in oxidative stability may
be the presence of melanoidin—compounds formed during
the Maillard reaction. Such compounds can arise when
both protein and reducing sugars are present in the sample.
The high temperature that is used during the process of

@ Springer

T T T T
60 80 100 120 140 160
Time/min Universal V4.5A TA instruments

spray-drying and the shelf life of 6 months are favorable to
their formation. Literature data on hazelnuts report that the
oxidative stability level of oil extracted from roasted
hazelnuts seemed to be comparable or even higher than
previously reported [37]. It could be partially explained by
the Maillard reaction products formation through the
interaction of proteins with reducing sugars during high-
temperature treatment [38]. The increase in oxidative
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Fig. 6 DSC curves of oxidation 1.5
induction time of fats from fresh

R formulas (/ R_N—rapeseed P
oil with Nutriose, 2 R_T—
rapeseed oil with trehalose, 3
R_D—rapeseed oil with 1.0 4
polydextrose, 4 R_I—rapeseed
oil with inulin)

Heat flow/W g~
o
[6,]

.
\;\;\
0.0
- 05 T T T T
0 10 20 30 40 50
Exo up Time/min Universal V4.5A TA instruments
Fig. 7 DSC curves of oxidation 2.0

induction time of fats from

R formulas after 6-month storage (/
R_N—rapeseed oil with Nutriose, 2
R_T—rapeseed oil with trehalose, 3 1.5
R_D—rapeseed oil with
polydextrose, 4 R_I—rapeseed oil
with inulin)

—_
o
1

Heat flow/W g~*
o
(&}

0.0 +

-05 T

Exo up

stability is particularly noticeable in the case of fat
extracted from PR formulations containing inulin or tre-
halose as a carbohydrate component in the matrices. Inulin
can take part in reactions with other components, such as
the amino group of pea proteins in the Maillard reaction
[39]. As reported by Michalska and Zielinski [40],

T T T T

30 40 50 60 70

Time/min Universal V4.5A TA instruments

melanoidins, products of non-enzymatic browning,
reportedly show strong antioxidant activity which can
affect positively oxidative stability of tested hazelnuts.
According to the studies provided by Oku et al. [41], tre-
halose has a significant depression effect on the oxidation

of unsaturated fatty acids through the weak interaction with
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Fig. 8 Linear correlation 140
between obtained ratio PUFA
SFA™! and induction time of

fats from PR and R formulas 120 A
after 6 months of storage
100

80

60

Induction time/min

y=-18.018x+ 105.97
R2=0.8634

A 6M

40

20

0.00 0.50 1.00

the double bond(s). 'H-'"H NOESY measurements pro-
vided direct evidence for complexation of trehalose with
linoleic acid. Computer modeling study indicates that tre-
halose forms a stable complex with a double bond through
OH:--mt and CH:--O type of hydrogen bonding.

Free fatty acids content
The main components of fats are triacylglycerols. Fats also

contain certain quantities of monoacylglycerols, diacyl-
glycerols and free fatty acids. Hamam and Shahidi [42]

Fig. 9 Free fatty acids content 0.45

for fats from PR and b

R formulas. PR blend of palm 0.40 b
oil and rapeseed oil, R rapeseed ' I

oil, N Nutriose, [ inulin, I
D polydextrose, T trehalose. 0.35

Different letters indicate that the

samples are significantly 030 a

different at p < 0.05 (separately
for PR formulas and for
R formulas)

FFA /%
o o o

o

(&)

0.2
0.2
0.1
0.1
0.0
0.00
PR_N
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suggested that the presence of free fatty acids may induce
oxidation due to a catalytic effect of the carboxylic groups
of the fatty acids on the formation of free radicals. The
determinant of free fatty acids contents in fat is acid value
(AV). Acid value of tested fats from lipid-protein formulas
amounted from 0.48 to 0.77 mg KOH g~ of fat. The acid
value for the fats of all tested formulations was therefore
below 4 mg KOH g~ ', so it was within the standard (ISO
660: 2000). It can be stated that fats separated from pea
protein-fat formulations were of satisfactory hydrolytic
stability.

a a
a
a a a a
m OM
6M
PR_T PR_D PR_I R_N R_T R_D R_I
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Table 5 The Spearman’s rank correlation (r;) (a non-parametric correlation of non-normal distributions) between PUFA/SFA, FFA, IT, PUFA,
MUFA, SFA and TRANS in fats extracted from fresh formulas and from samples stored for 6 months

PUFA/SFA FFA IT PUFA MUFA SFA TRANS
0 month
PUFA/SFA 1.00000 — 0.571429 — 0.785714 0.880952 1.00000 — 1.00000 — 0.938591
FFA — 0.57143 1.000000 0.333333 — 0.452381 — 0.57143 0.57143 0.545397
IT — 0.78571 0.333333 1.000000 — 0.928571 — 0.78571 0.78571 0.887856
PUFA 0.88095 — 0.452381 — 0.928571 1.000000 0.88095 — 0.88095 — 0.938591
MUFA 1.00000 — 0.571429 — 0.785714 0.880952 1.00000 — 1.00000 — 0.938591
SFA — 1.00000 0.571429 0.785714 — 0.880952 — 1.00000 1.00000 0.938591
TRANS — 0.93859 0.545397 0.887856 — 0.938591 — 0.93859 0.93859 1.000000
6 months
PUFA/SFA 1.00000 0.380952 — 0.619048 1.00000 0.857143 — 1.00000 — 0.786387
FFA 0.38095 1.000000 — 0.333333 0.38095 0.380952 — 0.38095 — 0.380510
IT — 0.61905 — 0.333333 1.000000 — 0.61905 — 0.761905 0.61905 0.938591
PUFA 1.00000 0.380952 — 0.619048 1.00000 0.857143 — 1.00000 — 0.786387
MUFA 0.85714 0.380952 — 0.761905 0.85714 1.000000 — 0.85714 — 0.938591
SFA — 1.00000 — 0.380952 0.619048 — 1.00000 — 0.857143 1.00000 0.786387
TRANS — 0.78639 — 0.380510 0.938591 — 0.78639 — 0.938591 0.78639 1.000000

Free fatty acid content was calculated based on acid
values and the value of molar mass of oleic acid. The
results of FFA content for the fat extracted from lipid-
protein preparations are given in Fig. 9.

The content of free fatty acids in fats extracted from
fresh protein-fat preparations ranged from 0.24 to 0.28%.
The storage time of tested formulations was the factor with
the greatest influence on the acid value and hence on the
content of free fatty acids. Statistically significant differ-
ences were observed between the free fatty acid content of
fats obtained from the formulations stored for 6 months
and the fats obtained from fresh preparations. Fats isolated
from preparations stored for 6 months were characterized
by the highest acid values and, consequently, by the highest
content of free fatty acids. The content of free fatty acids
ranged in this case from 0.36 to 0.39%. Neither a carbo-
hydrate type nor the type of fat incorporated into the
preparation has a statistically significant effect on the FFA
content in fats extracted from pea protein-fat preparations.
The content of free fatty acids in fat extracted from PR
preparations was lower than the content of FFA in palm fat.
According to Mba et al. [21], the content of free fatty acids
in palm oil ranges from 3.17 to 5.0%. The acid value of fats
derived from rapeseed oil preparations was slightly higher
than that of rapeseed oil. Literature data on refined rape-
seed oil report that the acid number of this oil is about
0.2 mg KOH g~ ' [22].

The Spearman’s rank correlation (rs) (a non-parametric
correlation of non-normal distributions) was used to

determine correlation between the studied parameters
(Table 5).

Considering the results of the statistical analysis, a
strong correlation was demonstrated between the oxidation
induction time and the fatty acid content of the polyun-
saturated, monounsaturated and saturated fatty acids
extracted from pea protein-fat preparations. The PUFA
content has the greatest influence on the induction time of
fat extracted from these formulations. In the case of fats
extracted from “fresh” formulas, the correlation coefficient
between the induction time and the PUFA content can be
defined as strong negative (— 0.92857), which means that
samples with higher unsaturated fatty acid content were
characterized by shorter induction time. In addition, a
strong negative correlation was noticed between MUFA
and induction time in the case of fats extracted from fresh
formulations. On the other hand, there is a positive corre-
lation between the content of saturated fatty acids and the
trans isomers of fatty acids and the induction time of fat
samples. Such correlations may indicate that the oxidative
stability of fats in fresh protein-fat preparations is influ-
enced primarily by the type of fatty acids contained in
these formulations. Such a strong relationship between
PUFA content and induction time was not observed for fats
isolated from protein-fat preparations stored for 6 months.
Therefore, the stability of these formulations may be
influenced by other compounds, for example products of
Maillard reaction, that may have developed during storage,
as it was mentioned above.
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Conclusions

Our study indicates that the composition of fatty acids did
not change during storage of the formulations at 25 °C for
6 months. It could be stated that the studied wall system
consisting of pea protein isolate in conjunction with car-
bohydrate was effective in stabilizing encapsulated fat
during storage of spray-dried powder. There were differ-
ences in fatty acid profiles between formulations contain-
ing rapeseed oil and preparations with palm oil-rapeseed
oil mixtures. Rapeseed oil microcapsules were character-
ized by a greater proportion of polyunsaturated fatty acids,
while palm oil-rapeseed oil formulations contained higher
levels of saturated fatty acids. Fats extracted from pea
protein-fat formulations were characterized by satisfactory
hydrolytic stability. There was a slight increase in the acid
number after a 6-month storage period. Oxidative stability
of microencapsulated fat was influenced by the type of fat.
Fat extracted from fresh rapeseed oil capsules was the least
stable (shorter induction time). The most stable fats after
6 months of storage were fats extracted from spray-dried
fat-filled pea protein-based powders containing the mixture
of palm and rapeseed oils formulated with inulin or
trehalose.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creative
commons.org/licenses/by/4.0/), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided you give
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link to the Creative Commons license, and indicate if changes were
made.
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