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Abstract

The food industry has a considerable demand for functional foods, such as emulsions as delivery system for omega-6 and
omega-3 fatty acids. Such delivery systems must be stabilized, ideally with a compound that fulfills the criteria for both
functionality and sustainability. Spruce galactoglucomannans (GGM) are novel, wood-derived, natural, value-added, versatile,
multi-purpose emulsifiers that can physically stabilize oil-in-water emulsions while simultaneously protecting the oil phase
against oxidation. In this study, we present for the first time the use of GGM-stabilized emulsions as complex multicom-
ponent delivery systems for omega-6 and omega-3 fatty acids, i.e., (1) cod liver oil in drinkable yogurt and (2) oat oil in a
gluten-free vegan beverage. The emulsions and the resulting functionalized beverages were characterized in terms of their
physical stabilities. In addition, functionalized, drinkable yogurt was characterized in terms of the oxidative stability of the
oil. Results highlighted that oil droplets stabilized with GGM were stable during storage, against thermal treatment, upon
addition into the beverages, and GGM protected cod liver oil against oxidation in drinkable yogurt. The results reported
here highlight the vast potential for the use of wood lignocellulose-derived, multi-functional hydrocolloids in modern foods.
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Abbreviations OOE Oat oil emulsion
GGM Galactoglucomannan OBB  Oat-based beverage
HFY  High-fat yogurt
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molecules, such as proteins, vitamins, carbohydrates (i.e.,
dietary fiber), and fatty acids (i.e., omega-3 and omega-6
fatty acids) [5] or adding pre- and pro-biotics [6, 7]. Bever-
ages are consumed in large quantities throughout the world,
and this has made them the perfect target for functionaliza-
tion. Currently, the beverage sector is the most active sector
in the production of functional foods, mainly due to their
convenience and their providing the possibility of easily
meeting consumers’ needs. Commercial functional bever-
ages include energy drinks, sport drinks, fruit and vegeta-
ble beverages, dairy-based beverages, and non-dairy-based
beverages, such as oat-based beverages [8, 9]. The extent
and nature of the enrichment vary depending on the type
of beverage. For example, sport drinks are enriched mainly
with minerals and vitamins, whereas dairy-based functional
beverages commonly are enriched with probiotics, minerals,
fatty acids, and bioactive peptides [8].

The delivery of lipophilic compounds in a hydrophilic
food matrix requires a delivery and protective system that
can accommodate the added molecules, protect these mol-
ecules when they are added into the food matrix, and resist
external stresses, i.e., technological processes, such as pas-
teurization, and the characteristics of the food matrix, such
as low pH and high ionic strength [5]. To obtain delivery
systems with tunable characteristics, a careful structural
design approach must be used, and it must be coupled with
technological approaches, such as emulsification [5, 10].
Among the technologies that potentially could be used to
produce a delivery system, emulsification has a great advan-
tage because it can be used to generate extremely tunable
systems with an encapsulation efficiency up to 100% [11].
However, the properties of the emulsifier are very important
since emulsions serve as the delivery systems in functional
foods. Indeed, emulsifiers must keep the emulsion stable
when applied in the food matrix and under different environ-
mental stresses [12]. As an additional point, the delivery of
viable bioactive molecules that undergo oxidative degrada-
tion often requires the use of antioxidants to maintain their
physiological effect in the final product [10].

Recently, we identified galactoglucomannan-rich (GGM-
rich) extracts obtained from industrial softwood by-products
as novel, natural, value-added, emulsifying and stabilizing
agents [13]. GGM are plant cell wall heteropolysaccharides,
i.e., hemicelluloses, with similar carbohydrate structure as
that of known hydrocolloids: guar gum galactomannan,
locust bean gum galactomannan, and konjac glucoman-
nan [14-16]. GGM consists of a linear backbone composed
of f-(1 — 4)-p-glucopyranosyl and partially acetylated
p-(1 — 4)-p-mannopyranosyl units, branched with a-
(1 — 6)-p-galactopyranosyl side groups [17]. GGM also con-
tain wood-derived extractives and phenolic co-travelers [18,
19], which may provide additional functionality for GGM
[20]. GGM can be obtained in high yield from abundantly
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available wood sawdust using safe and environment-friendly
pressurized hot water extraction (PHWE) [21]. Thus, they
may be an interesting and sustainable option for emulsion
stabilizers. We showed that GGM efficiently stabilized
emulsions against coalescence [20, 22, 23] and protected
the oil phase in emulsions against lipid oxidation [20, 24].
The presence of phenolic residues attached to GGMs was
proposed to be the key element of the GGMs’ interfacial
and antioxidant properties. Indeed, it was hypothesized that
the stabilizing mechanism involves phenolic compounds that
deliver and anchor GGMs at the interface with oil droplets
and induce steric stabilization [20].

GGM and lignin are classified as dietary fibers [25]. In
addition to the stabilizing and antioxidant properties, GGM
may also induce health-promoting effects, as reviewed by
Pitkédnen et al. [25]. After legislatively-required safety eval-
uations of novel foods [25], the characteristics of GGMs
can make them a functionalizing and functional ingredient,
which is very attractive in the food sector. GGM could be
used as a multi-purpose ingredient to deliver and protect
omega-6 and omega-3 fatty acids and obtain functional
products. To develop new delivery/protective systems, they
must be tested in complex multi-component food matrices.

In this study, we present two applications in which the
functionality of GGM was exploited in drinkable yogurt (as
an example of a dairy-based beverage) and oat-based bever-
ages (as an example of a gluten-free, vegan beverage). The
aim of this study was to explore the potential for the use
of GGM-stabilized emulsions to deliver functional compo-
nents in complex food matrices, i.e., to obtain functional
foods. We focused on the physical stability of the functional
foods as well as the ability of GGMs to protect sensitive
compounds (such as labile fatty acids) against oxidation in
a functional, drinkable yogurt. In particular, spruce GGMs
were used to prepare emulsions that were rich in oils that
contained omega-6 and omega-3 fatty acids, e.g., cod liver
oil and oat oil. The results highlighted the vast potential
for the use of wood lignocellulose-derived multifunctional
hydrocolloids in modern functional foods.

Materials and methods
Materials

Oat oil containing rosemary extract as antioxidant (fatty
acid composition in Table 1), B-glucan-rich flour containing
34-56% p-glucan [26-28], and oat protein-rich powder con-
taining 73-87% proteins [26, 27], were kindly donated by Oy
Karl Fazer Ab (Finland). 2.5 and 0.4% (w/w) dairy fat drink-
able yogurts (Valio A + natural yogurt, Finland; fat content
reported by the manufacturer) were purchased in a local mar-
ket. Cod liver oil with a-tocopheryl acetate and tocopheryl
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Table 1 Fatty acid composition (% w/w) for oat oil and cod liver oil

Fatty acid Oat oil Cod liver oil
C14:0 0.18 4.8
Cl4:1 n.d. 0.12
C16:0 15 11
Clé6:1 0.19 10
C18:0 1.7 2.1
C18:1 (n-9) 39 18
C18:1 (n-7) 0.73 52
C18:2 (n-6) 40 2.5
C18:3 (n-3) 1.6 1.1
C20:0 0.79 14
C20:1 (n-9) 0.15 n.d.
C20:2 (n-6) n.d. 0.34
C20:3 (n-3) n.d. 0.14
C20:4 (n-6) n.d. 0.34
C20:5 (n-3) n.d. 9.6
C22:0 0.01 6.3
C22:1 0.18 0.74
C24:0 n.d. 1.3
C22:6 (n-3)+C24:1 n.d. 12

n.d. not detected

extract as antioxidants (Moller, Orkla Health, Norway) was
purchased from a local market and the corresponding oil
without the addition of antioxidant was kindly provided by
Orkla Health (fatty acid composition in Table 1). Galacto-
glucomannans (GGMs) were extracted from spruce sawdust
using a pressurized hot water flow-through extractor pilot
plant [21]. The extract was then spray-dried and stored in
pouches protected from light. Potassium sorbate was pur-
chased from Fluka (Switzerland). Sodium hydroxide was
purchased from J.T. Baker (The Netherlands). All solvents
used for extractions were purchased from Sigma-Aldrich
and Merck (Germany). Internal standard nonadecanoic acid
methyl ester and GLC-68-D mixture of methyl esters of fatty
acids were purchased from Nu-Check Prep, Inc. (USA).

Sample preparation
Emulsions

Concentrated emulsion containing cod liver oil A concen-
trated emulsion containing cod liver oil was prepared using
50% (w/w) cod liver oil (with and without a-tocopheryl
acetate and tocopheryl extract), 40% (w/w) water, and 10%
(w/w) GGMs. First, the GGMs were mixed with tap water
at room temperature and left overnight to ensure maxi-
mum dissolution. Then, oil was added to the GGM solu-
tion, and an emulsion was obtained by homogenizing the
system using a T-18 basic Ultra-Turrax high-speed homog-

enizer (IKA, Germany) at 11,000 rpm for 4 min followed
by 16,000 rpm for 1 min. The concentrated emulsion was
stored at 4 °C and analyzed over a period of 29 days. The
emulsion was prepared only using high-speed homogeniza-
tion due to its high viscosity.

Oat oil emulsions We prepared four different types of oat
oil-containing emulsions (OOE). To consider the dilution
effect due to the preparation of an oat-based beverage (see
below), first, concentrated emulsions were prepared and
then diluted with tap water to the final ratios of GGMs and
oil, i.e., 0.2/1.5, 0.5/1, 0.5/2, and 0.8/1.5. The emulsions
were labelled as OOE, ,,, 5, OOE, 5,;, OOE, 5,5, OOE g/ s,
where the subscripts indicate the percentages of GGM
and oil in the emulsion. The content of oil in OOE sam-
ples was selected to be in the same range of that of com-
mercially available oat-based beverages. The GGMs were
mixed with tap water at room temperature and left overnight
to ensure their maximum dissolution. Then, oil was added,
and the mixture was placed in an Ultra-Turrax homoge-
nizer at 11,000 rpm for 5 min to obtain a coarse emulsion.
Fine emulsions were obtained by homogenizing the coarse
emulsions with three passes at a pressure of 800 bar using
a Microfluidizer 110Y high-pressure homogenizer (Micro-
fluidics, USA) configured with 75 pm Y-type F20Y and
200 pm Z-type H30Z chambers in series. Potassium sorbate
was added to the emulsions at a 0.1% (w/w) concentration to
avoid microbial spoilage. The oat oil emulsions were stored
at 22 °C and analyzed over a period of 28 days.

Functionalized beverages

Drinkable yogurt Functionalized drinkable yogurt was
obtained by adding the concentrated cod liver oil emulsions
(with and without added tocopheryl acetate and tocopheryl
extract) to the yogurt that had 2.5 and 0.4% (w/w) dairy fat
content, with final concentrations of cod liver oil of 0.5 and
1% (w/w). The samples were labeled as follows: HFYO.5,
HFY1, LFYO0.5, and LFY1, where HFY and LFY mean
high-fat yogurt (2.5%) and low-fat yogurt (0.4%), respec-
tively. The number indicates the concentration of cod liver
oil in the functionalized, drinkable yogurt. Concentrated
emulsions also were prepared using cod liver oil without
a-tocopheryl acetate and tocopheryl extract to study the sta-
bility of the oil with respect to oxidation. The samples were
mixed with an Ultra-Turrax homogenizer at 11,000 rpm for
1 min to facilitate the incorporation of the emulsion into the
yogurt matrix and to ensure that the yogurt had the desired
flow properties for drinking. Also, for comparison, drink-
able yogurts without an added emulsion were treated using
the same procedure. The samples were labeled as HFYO and
LFYO, and they were stored at 4 °C and analyzed over a
period of 29 days.
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Oat-based beverage The oat-based beverages were
obtained by adding both aqueous p-glucan-rich flour and
oat protein suspensions to the oat oil emulsion. A p-glucan-
enriched suspension was obtained by stirring 3.3% (w/v)
B-glucan-rich flour in tap water overnight at room temper-
ature (around 22 °C). Then, the suspension was heated to
85 °C and stirred for 2 h followed by stirring for an addi-
tional 2 h at room temperature. The oat protein suspension
was obtained using a modified version of the method pro-
posed by Yang et al. [29]. In particular, a suspension that
contained 7.5% (w/v) of oat proteins was stirred overnight
at room temperature. Then, the pH of the suspension was
adjusted to 8 with 1 M NaOH to improve protein solubility,
and the suspension was autoclaved at 115 °C for 12 min.
After reaching 80 °C, the suspension was withdrawn from
the autoclave and cooled to room temperature during mag-
netic stirring. Finally, the oat-based beverage was obtained
by mixing the three components to obtain final $-glucan and
protein concentrations of 1 and 3% (w/w), respectively. The
mixing was done by a T-18 basic Ultra-Turrax high-speed
homogenizer (IKA, Germany) at 11,000 rpm for 2 min.
Four different samples were obtained, and they were labeled
as OBB 5, 5, OBB, 5,1, OBBy 55, and OBB 5, 5, where the
numbers in the subscripts refer to the percentage of GGMs
and oil in the oat-based beverages, similar to those reported
for the oat oil emulsions in paragraph 2.2.1.2. The content
of oil in OBB samples was selected to be in the same range
of that of commercially available oat-based beverages.
Potassium sorbate was added to the samples at a 0.1% (w/w)
concentration to avoid microbial spoilage. The final pH of
OBB samples was 6.9. Selected samples were pasteurized at
80 °C for 10 min. Samples were stored at room temperature
(around 22 °C) and analyzed over a period of 28 days.

Analytical determinations
Fatty acid composition

The composition of fatty acids of cod liver oil and oat oil
was assessed by acid-catalyzed esterification and transes-
terification followed by gas chromatographic (GC) quan-
tification. The esterification and transesterification were
performed using 1% sulfuric acid in methanol as described
by Christie and Han [30], with some modifications. Around
50 mg of oils were first dissolved in toluene, added with 1%
sulfuric acid in methanol and incubated at 85 °C for 60 min.
Esterified fatty acids were extracted using heptane after
addition of saturated sodium chloride solution. The heptane
layer was collected and dried over anhydrous sodium sulfate.
The GC analysis was performed using the GC-FID equip-
ment and the method described by Yang et al. [31], with
some modifications. Briefly, the fatty acid methyl esters were
analyzed injecting in a split mode (1:15) 1 uL of sample
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at 250 °C in a GC-FID (Agilent 6890 N, USA) equipped
with a fused silica capillary column Omegawax™ 1250
(30 mx0.25 mmx0.25 pm, SUPELCO®, USA). Helium at
1.1 mL/min was used as carrier gas. The oven temperature
was programmed to increase from 180 °C with a 3 °C/min to
220 °C and finally increased with a 6 °C/min to 250 °C (with
a 12-min final hold). Methyl esters of fatty acids were iden-
tified using a GLC-68-D (Nu-Chek Prep. Inc., USA) com-
mercial mixture of methyl ester of fatty acids and quantified
using nonadecanoic acid methyl ester as internal standard.

Size and distribution of the oil droplets

The Sauter (D [3, 2]) and De Brouckere (D [4, 3]) mean
diameters and the droplet size distribution of emulsions were
determined using a Mastersizer 3000 static light scattering
apparatus mounted with a Hydro EV dispersion accessory
(Malvern Instruments Ltd, UK). The instrument was con-
trolled by the Mastersizer v.3.62 (Malvern Instruments Ltd,
UK) application software. Before conducting the analyses,
the emulsions were turned upside down gently ten times.
Then, the emulsions were added directly into the dispersion
accessory which allowed them to be diluted to avoid mul-
tiple scattering effects. The refractive indexes of water and
oil were 1.33 and 1.47, respectively. The mean diameters
and size distribution of the oil droplets were calculated as an
average of three measurements for each of the two samplings
performed on each emulsion.

Microscopy

All emulsions, plain and functional yogurts, and oat-based
beverages were analyzed using an AxioScope Al optical
microscope (Carl Zeiss Inc., Germany) connected to a Axi-
ocam MRm digital camera (Carl Zeiss, Inc., Germany).
Before analysis, the samples were mixed by turning the
container upside down ten times. One drop of sample was
placed in the middle of a glass slide and a glass cover slip
was centered above the drop. The samples were analyzed
using both 40 X and 100 X objective. Images were acquired
using Axiovision v.4.7.1.0 (Carl Zeiss, Inc., Germany) appli-
cation software.

Flow curves

Flow curves of functionalized drinkable yogurts, oat oil emul-
sions, and oat-based beverages were obtained using a Rheo-
lab QC rheometer (Anton Paar GmbH, Germany) controlled
by Rheoplus v.3.61 software (Anton Paar GmbH, Germany).
The experiments were performed using a concentric cylinder
geometry CC27 (cylinder diameter: 26.66 mm, cup diameter:
28.84 mm), and the measurements were conducted at 10 °C for
drinkable yogurt and at 22 °C for oat oil-containing emulsions



European Food Research and Technology (2019) 245:1387-1398

and the oat-based beverage. An RC6-RCS temperature control-
ler unit (Lauda, Germany) was connected with the rheometer
and used to control the temperature. Before the samples were
analyzed, they were mixed by turning the container upside
down ten times. Flow curves were obtained by increasing the
shear rate step-wise from 2 to 200 s\,

Sedimentation

The stability against the gravitational separation of oat-based
beverages (OBB) 5/, 5, OBB, 5/, OBB 5,5, and OBB g/, 5) was
determined using the method proposed by Mirhosseini et al.
[32]. In particular, 10 mL of the oat-based beverage was trans-
ferred into a 15-mL Falcon tube. During storage, the volume
(mL) of sediment was measured, and the stability index (SI)
was computed as follows:

V= V.
SI (%) = Tv 5 % 100

T
where V7 is the total volume (mL) of the sample, Vj is the
volume (mL) of the syneresis layer in the top of the Falcon
tube, and SI is the mean percentage + SE derived from the
two experimental replicates.

Secondary oxidation products

The secondary oxidation products of plain and functionalized
drinkable yogurts (HFYO, HFYO0.5, HFY1, LFYO, LFYO0.5,
and LFY1) that contain cod liver oil without a-tocopheryl
acetate and tocopheryl extract were extracted by solid phase
microextraction (SPME) and analyzed with gas chromatog-
raphy coupled with mass spectrometry (GC-MS), using the
same method described by Lehtonen et al. [24]. Three repli-
cates consisting of approximately 2 g of sample that had been
weighed in amber glass vials, hermetically sealed, and stored
at 4 °C in the dark were withdrawn for analysis. Briefly, the
volatile compounds were adsorbed onto a DVB/CAR/PDMS
fiber (Supelco, USA), released in the GC-MS injector at
250 °C for 10 min, and analyzed using an HP 6890 series GC
coupled with an Agilent 5973 MS (Agilent Technologies Inc.,
USA). They were separated using a SPB-624 capillary column
(Supelco, USA) and a temperature program from 40 to 200 °C
with helium at a flow rate of 0.7 mL/min with the MS running
in full-scan mode. The compounds were identified based on
the comparison of their retention times and mass spectra with
those of the standards.

Data analysis
All determinations were expressed as the mean + standard

error (SE) of at least two measurements from two replicates
(n>2x%2), if not otherwise specified. Linear regression
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Fig.1 a Macroscopic image of the freshly prepared, concentrated
emulsion that contained 50% cod liver oil and 10% GGM, b its rel-
evant optical microscopy image, and ¢ droplet size distribution of
emulsion during storage at 4 °C

analysis by least-squares regression was performed, and the
goodness of fit was evaluated on the basis of the statistical
parameters of fitting (Rz, p value, and standard error) and
the residual analysis. Statistical significance was considered
for p <0.05.

Results and discussion
Cod oil emulsions

The first example of product functionalization was on drink-
able yogurt using an emulsion stabilized by GGM highly
loaded with omega-6 and omega-3 rich oil. Drinkable yogurt
is a food product that is consumed worldwide, and, currently,
it is used as a target food for functionalization [8]. We will
first explore the highly oil-loaded emulsion, which was pre-
pared to avoid the dilution effect when the emulsion was
added to the yogurt.

Figure 1a shows the macroscopic appearance of GGM-
stabilized emulsion containing 50% (w/w) cod liver oil
(hereafter called concentrated emulsion). The sample
appeared as a brownish dispersion. During the extraction
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process, lignin and other extractives were recovered along
with GGM [21]. Lignin is a macromolecule that is com-
posed of polymerized monolignols (phenolic compounds)
[33], and its color ranges from light brown to dark brown
[34]. The presence of lignin and other extractives probably
is responsible for the brownish color of the concentrated
emulsion.

From a microscopic perspective, the concentrated emul-
sions appeared as a polydisperse system in which a large
number of oil droplets with different diameters was observed
(Fig. 1b). After 15 days of storage at 4 °C, no differences
in the morphology of the oil droplets were observed (data
not shown). Then, the stability of the concentrated emul-
sion over time was confirmed by the droplet size distribution
(Fig. Ic). A main peak at around 3 pm with a shoulder at a
lower size was visible for all storage times. The concentrated
emulsion was physically stable for 15 days of storage at 4 °C,
exhibiting a constant D [3, 2] and D [4, 3] of 1.75+0.05 and
2.74 +£0.02, respectively. The stability can be attributed to
both GGMs’ stabilizing ability and the high mass fraction
of oil in the concentrated emulsion. Indeed, it is known that
a high mass fraction of oil increases the viscosity of emul-
sions, which, in turn, retards the possible breakdown mecha-
nisms, thereby increasing the stability of the emulsion [12].
Concentrated emulsions can be used as ingredients to add or
dilute to obtain the final product. The fact that concentrated
emulsions contain high amounts of oil allows these emul-
sions to be stored for prolonged periods of time and be added
at the desired time. Also, since concentrated emulsions are
ingredients, they reduce the costs related to the storage and
transportation of the final product [35, 36].

Drinkable yogurt

The concentrated emulsion was added to drinkable yogurt
with 2.5 or 0.4% (w/w) fat content to obtain final concentra-
tions of 0.5 and 1% (w/w) of cod liver oil in the final prod-
uct (samples HFYO0.5, HFY 1, LFY0.5, LFY1). The addition
of the emulsion altered the color of the drinkable yogurts
slightly, from white to slightly brown (Fig. 2). It is known
that color changes in food products modify the perception
and acceptance of the products [37]. However, consumers
tend to accept sensorial changes in food products that are
enriched or functionalized compared to the respective plain
foods [38].

Figure 2 shows the micrographs of the plain (HFYO
and LFYO0) and functionalized drinkable yogurts (HFYO0.5,
HFY1, LFYO0.5, LFY1). Cod liver oil droplets in HFYO0.5,
HFY1, LFYO0.5, LFY1 were distributed evenly in the sam-
ples and incorporated into the protein—yogurt matrix. No
differences were noted among the samples, indicating
that the presence of milk fat did not affect the stability of
the oil droplets. Also, no morphological differences were
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Fig.2 Macroscopic images (left to right) of HFY1, HFYO0.5, and
HFYO and optical microscopy images of LFY0O, LFYO0.5, LFY1,
HFYO, HFYO0.5, and HFY 1

noted between the oil droplets in the concentrated emulsion
and the oil droplets dispersed in the drinkable yogurts (cf.
Figs. 1b and 2). The stability of oil droplets in drinkable
yogurt can be explained by the reduced/absent interactions
between GGMs and caseins and the viscosity of the system.
Yogurt is formed upon acidification induced by fermenta-
tion, and a three-dimensional network of clusters and chains
of caseins is formed due to reduced electrostatic repulsion
between the casein molecules [39]. The zeta potential of
caseins is slightly negative (close to zero) at pH 3.5, and
it decreases as the pH value increases [40]. In acidic con-
ditions (pH=4.5), GGMs have shown a zeta potential of
about — 10 mV [13]. Thus, when the concentrated emulsion
comes in contact with the casein network of the yogurt, the
weak electrostatic forces that act between the GGMs and the
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caseins permit the incorporation of the concentrated emul-
sion into the yogurt’s protein matrix.

To understand the effect of the addition of the emulsion
on the mechanical properties of the drinkable yogurts, the
flow curves of HFYO, HFY 1, LFYO, and LFY 1 were deter-
mined (Fig. 3). Both yogurts (LFYO and HFY0) had pseudo-
plastic behavior (Fig. 3). HFYO had a flow curve that shifted
to lower values than that of LFYO. This shift was due to the
suppression effect that fat has on the elastic component of
the yogurt’s protein network [41]. However, even though
HFYO and LFYO showed different flow behaviors (Fig. 3),
it was possible to incorporate the concentrated emulsion in
both types of yogurts. It is important to remember that vis-
cosity can have a significant effect on the stability of the
oil droplets in the yogurt’s protein matrix. Even though a
small amount of emulsion was present in HFY1 and LFY]1,
a slight modification of the enriched samples’ flow curves
was observed (Fig. 3). In particular, the curves were shifted
at higher shear stresses, indicating an increase in the viscos-
ity. The same shift was observed for HYF0.5 and LFYO0.5,
even though the magnitude of the shift was lower (data not
shown). It is known that oil droplets are responsible for
increases in viscosity due to the augmented friction among
the particles, while oil volume fraction is responsible for
the magnitude of the increase [12]. However, in this study
the magnitude of the increase is negligible from a practical
perspective due to people’s low sensitivity in detecting small
changes in viscosity [42]. No changes in the flow behavior
were observed during 15 days of storage at 4 °C (cf. Figure 3
with Fig. S1 in Supporting Information).

The volatile oxidation products were evaluated over
an extended storage period of 29 days at 4 °C to evaluate
the protective effect of GGMs on the cod liver oil that was
mixed into the drinkable yogurts. No secondary oxidation
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Fig.3 Flow curves of freshly prepared samples HFYO, HFY1, LFYO,
and LFY1: the analyses were conducted at 10 °C. The bars represent
standard error

products were detected during storage in any of the function-
alized yogurts (HFY0.5, HFY 1, LFYO0.5, and LFY1). Addi-
tionally, no differences among the samples were detected
in the chromatograms. Thus, GGMs were able to protect
cod liver oil against oxidation in a complex matrix, such as
yogurt, as highlighted by the absence of secondary oxidation
products, i.e., aldehydes, alcohols, and ketones, during stor-
age. Secondary oxidation products potentially can be toxic
to people since they are absorbed readily and transported to
tissues where they can react with proteins, phospholipids,
and nucleic acids [43]. The antioxidant property of GGM
is attributed to the free and bound phenolic compounds that
react with oxygen, thereby protecting unsaturated fatty acid
moieties in triacylglycerol molecules [20, 24]. Thus, it is
possible to use GGM to deliver the cod oil in yogurt that
is rich in omega-6 and omega-3 fatty acids and avoid the
formation of potentially toxic molecules and rancidity in
drinkable yogurt during storage.

Oat oil emulsions

In this second case study, we report the use of emulsions
containing oat oil and stabilized by GGM as a way of obtain-
ing functional, oat-based beverages. Plant-based, non-dairy
beverages are a rapidly growing segment of functional food
products [44]. Oat-based beverages are an example of glu-
ten-free milk alternatives for vegans. Oats are a gluten-free
cereal that can be consumed safely by celiac patients, and
this cereal possibly can contribute to improvements in the
quality of their lives [45]. Oat B-glucan, contained in oat
beverages, has a very high capacity for reducing cholesterol,
postprandial glucose, and insulin; its capacity is even higher
than that of barley p-glucan [46, 47]. Based on the beneficial
effect of oat B-glucan, the oat-based beverage presented here
was made from oat f-glucan-rich flour, oat proteins, and
an emulsion stabilized using GGMs that contained oat oil,
which is rich in omega-6 fatty acids (Table 1).

All of the emulsions that contained oat oil were visually
homogeneous with a viscosity comparable to that of water
(around 1 mPa-s at 22 °C). During storage, a thin creaming
layer was observed visually in all of the emulsions except
OOE,) 5. All of the emulsions, except OOE,, 5,,, exhibited
good stability over time. Samples with a higher GGM-to-
oil ratio (Fig. 4, OOE, ¢/, s and OOE, 4/, 5) had a main peak
around 0.1 pm, followed by minor peaks at higher droplet
sizes. During storage, the main peak remained stable, while
the minor peaks shifted slightly at higher values, indicating
good stability against coalescence. Emulsions with lower
GGM-to-oil ratios (Fig. 4, OOE, ,,; s and OOE,, 5,,) had a
main peak at 0.3 pm and other peaks or shoulders at sizes
greater than 2 pm. In both emulsions, the peak at the lower
size remained stable for the entire storage period, while the
peaks and shoulders that were larger moved to higher values,
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Fig.4 Droplet size distribu- 6 61
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indicating a possible aggregation or coalescence of the oil
droplets. This phenomenon was more evident in OOE, 5,
than in OOE, ,,, 5. The stability of the emulsions followed
the order: OOE 5, s=0O0E 5, 5> OO0E, 5, 5> OO0E 5/,, the
latter sample being the most unstable one.

We also assessed the stability of the emulsion by eval-
uating the Sauter (D [3, 2]) and De Brouckere (D [4, 3])
mean diameters; D [3, 2] remained constant during stor-
age for all of the emulsions, but D [4, 3] tended to increase
with different magnitudes during storage. In particular, D
[4, 3] increased slightly for OOE, g, s and OOE, 5;; (ini-
tial: 0.25 +0.05, final: 0.45+0.05 um) and increased for
OOE,, ,/; 5 (initial: 0.88 +0.02, final: 2.21 +0.10 pm), while
a more marked increase was observed for OOE,, 5/, (initial:
2.76 £0.01, final: 9.39 +0.10 um).

The increase of the diameters of the oil droplets and the
presence of flocculated oil droplets also were evaluated

Fig.5 Optical microscopy
images of freshly prepared
OOE, 4/, s [emulsion contain-
ing 0.8% (w/w) GGM and
1.5% (w/w) oil] (left) and after
28 days of storage at 22 °C
(right)

@ Springer
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using optical microscopy. As an example, Fig. 5 (left) shows
the freshly prepared emulsion of OOE, g/, 5 [0.8% (w/w)
GGM and 1.5% (w/w) oil] and after 28 days of storage at
22 °C (right). Note that the freshly prepared emulsion had
finely distributed oil droplets. After 28 days, some bigger
droplets and aggregates were visible, supporting the droplet
size distribution data.

Generally, emulsions with higher GGM concentrations
and lower oil concentrations were more stable during stor-
age. The OOE, which had a GGM-to-oil ratio equal to or
less than 0.25, (Fig. 4), underwent partial coalescence dur-
ing storage, while OOE with GGM-to-oil ratio of around
0.5, (Figs. 4 and 5a, b) were more stable. Thus, the critical
GGM-to-oil ratio for our OOE was between 0.25 and 0.5,
lower than that obtained by our previous findings, which was
between 1 and 2 [23]. Previously, we prepared emulsions
using rapeseed oil and GGMs, which were precipitated using
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ethanol. The precipitation of GGMs by ethanol removes
the ethanol-soluble, low molar mass GGM oligo/polysac-
charides and free phenolic residues, which might help the
physical and oxidative stabilization of the emulsion [20], and
rapeseed oil has a different fatty acid composition than that
in Table 1, which might have increased the critical GGM-
to-oil ratio as well. The lower the critical GGM-to-oil ratio,
the higher the ability of the surfactant to physically stabilize
an emulsion. Thus, using non-purified GGMs, more stable
emulsions can be obtained compared to using ethanol-
precipitated GGMs [20]. GGM might have stabilized the
oil droplets by steric hindrance [22] thereby reducing the
interaction between the oil droplets and other particles in
the oat-based beverage.

The most stable emulsions (OOE, g/, 5, OOE, 5,,) were
pasteurized at 80 °C for 10 min to evaluate their stability
against thermal treatments. Both samples showed a droplet
size distribution (Fig. S2, Supporting Information) and a
mean droplet diameter comparable with those of the non-
pasteurized samples (D [4, 3] of 0.25+0.05 and D [3, 2] of
0.05+0.01 for both pasteurized and non-pasteurized sam-
ples), indicating excellent stability of the emulsions when
subjected to the pasteurization treatment. Our findings are
in agreement with the behavior highlighted by Chanamai
and McClements [48] on gum Arabic and modified starch-
stabilized emulsions. Indeed, polysaccharides are not prone
to unfolding or interface desorption induced by heat as in the
case of protein-stabilized emulsions, so they confer thermal
stability to polysaccharide-stabilized emulsions [12, 48].

Oat-based beverages

The OOE emulsions were used to produce oat-based bev-
erages by adding the oat protein and the f-glucan suspen-
sions. Figure 6a shows an example of the resulting bever-
age (OBB,, 5;;). The OBB beverages were brownish in color
(Fig. 6a). The color of the OBB samples could have been due
to OOE (in this case, the lignin compounds that are present

Fig.6 Visual appearance

of OBB, 5/, (a) and stabil-
ity indexes (SI) for oat-based
beverages (b) after 1, 7, and
28 days of storage at 22 °C

in GGMs, as discussed previously) and -glucan-rich flour,
thus the color coming from GGM is not expected to affect
the product’s acceptability to consumers since the oat-based
ingredients have a similar color. The samples appeared as
suspensions of particles that tended to sediment over time
(Fig. 6a, b). It is interesting to note that the stability of the
oat-based beverages in terms of stability index (SI) seemed
to be dependent on the GGM content rather the GGM-to-
oil ratio (Fig. 6b). The sedimentation was dependent on the
emulsion formulation (Fig. 6b). OBB,,,, 5 had the highest
stability index (SI) over time, whereas, the sample based on
the emulsion that contained the same amount of oil (1.5%)
but more GGMs (0.8%), i.e., OBBy g/, 5, had the lowest SI.
The sedimentation could have been due to the presence of
insoluble particles in the beverage and to the aggregation of
oat proteins and oat f-glucan over time that increased the
dimensions of the particles, which favored phase separation
[49, 50]. The presence of oat proteins and f-glucan led to the
formation of aggregates that increased over time, forming
a compact matrix that led to syneresis. However, the aggre-
gates were dispersed easily by turning the container upside
down, again forming a homogeneous dispersion similar to
that observed in the freshly prepared samples.

The reduction of the SI also was reflected in the rheo-
logical properties of the OBB samples, with all OBB sam-
ples exhibiting a pseudoplastic behavior. Over time, the
samples tended to shift towards a more liquid-like behav-
ior (data not shown). This transition was accompanied
by a marked reduction of the viscosity (Table 2), which
possibly was due to the aggregation of the suspended par-
ticles which incorporated the oil droplets, followed by
syneresis. Indeed, when a system undergoes aggregation,
the rheological behavior of the resulting material can be
altered and result in a reduction of the viscosity of the
system itself [12]. However, oil did not separate from
the beverage; rather, it remained dispersed as small oil
droplets which can be re-dispersed by mixing the sample.
No visible oil was detected on top of the sample, which

OBBy /1.5
BB

S1 (%)
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Table 2 Viscosity recorded
at 100 s~! for oat-based

beverages (OBB g/, 5, OBBy 5/, 1 7 28
OBB, ,/; 5, OBB 5)) after 1, 7,
and 28 days of storage at 22 °C

Sample Storage time (days)

OBByg,s 78.1 233 92
OBB,s, 629 191 62
OBBy,,s 797 285 114
OBB,s, 341 138 70

The standard error for all meas-
urements was <0.1 mPa s

indicated that the oil droplets in the oat-based beverage
were stable over time. The stability of the oil droplets
also was confirmed by the optical microscopy images.
As an example, Fig. 7 shows the microstructure of freshly
prepared OBB, 5, (left) and after 28 days of storage at
22 °C (right). Note that some of the oil droplets embed-
ded in the heterogeneous matrix can be observed in both
micrographs. These oil droplets were similar to those
observed in the starting emulsion (Fig. S3, Supporting
Information).

Finally, OBB,,, 5 was selected and pasteurized at
80 °C for 10 min to assess its stability against thermal
treatments. Figure 8 shows the SI as a function of time
for both pasteurized and non-pasteurized samples. Note
that the pasteurized sample had a slower sedimentation
velocity than the non-treated sample. (The slope of the
first part of the curve was —0.0426 and — 0.2025%/h for
the pasteurized and non-pasteurized oat-based beverages,
respectively). Also, the final value of SI in the pasteur-
ized sample was greater than that of the non-treated sam-
ple, indicating a lower tendency for syneresis to occur.
This could be linked to the microstructure of the sample,
which was affected significantly by pasteurization (Fig.
S4, Supporting Information). Indeed, a more homogene-
ous suspension with less aggregates was noticed when the
pasteurized sample was compared with the non-treated
sample (Fig. S4).

Fig. 7 Optical microscopy
images of freshly prepared
OBB,, 5/, (left) and after 28 days
of storage at 22 °C (right)
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Fig. 8 Stability index (SI) as a function of storage time for pasteur-
ized (80 °C for 10 min) and non-pasteurized OBBy, ,/; 5

Conclusions

GGM-stabilized emulsions are able to deliver oils rich in
essential fatty acids in multi-component food matrices. The
stability of the oil droplets embedded in the drinkable yogurt
and oat-based beverages was maintained during storage at
4 °C and 22 °C, respectively, over a prolonged period of
time. Also, no oxidation of the cod liver oil in drinkable
yogurt was observed during storage, and emulsions that con-
tained oat oil had excellent thermal stability. Even though
GGMs have no viscosity-enhancing properties like some
other polysaccharides, and more studies are needed to bet-
ter elucidate the interactions at molecular level between
GGMs and other food components in complex matrices,
it is evident that GGMs are versatile ingredients that can
be used as a multi-purpose polysaccharide in the physical
and chemical stabilization of emulsions. After appropriate
safety evaluation, GGMs extracted from wood can be added
as a new multi-functional hydrocolloid for food, cosmetic,
pharmaceutical, and chemical applications. This study high-
lighted the great applicative potential of GGMs as novel,
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multi-purpose emulsifiers that can contribute to research
related to the valorization of the side streams of the forest
industry.
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