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Quince seed powder (QSP) is known to exhibit emulsification properties and could be used as a natural emulsifier
in colloidal food systems. In this study, emulsion-based alginate hydrogels were formulated using QSP and
xanthan gum (XG) as stabilizers. The objective of the study was to show the emulsifying power of QSP in emul-
sions and their hydrogels using Time Domain (TD) NMR Relaxometry and Magnetic Resonance Imaging (MRI).
Rheology and mean particle size measurements for emulsions and scanning electron microscope (SEM) experi-
ments for hydrogels were further conducted as complementary methods. QSP containing emulsions were found
to have longer T, relaxation times than XG samples (p < 0.05). Addition of either QSP or XG produced a more
pseudoplastic flow behavior (p < 0.05) on the emulsions. Relaxation times were also obtained by MR images
through T, maps. Relaxation decay curves showed the presence of two proton compartments in hydrogels; pro-
tons associated with the polymer matrix and protons interacting with the oil phase. The contribution of the first pro-
ton pools was the largest in QSP hydrogels confirmed by the lowest standard deviation in the T, maps. This
behavior was explained by the emulsification ability of QSP. Results showed that NMR Relaxometry and MR im-

ages could be used to understand the emulsifying nature of QSP and many other hydrocolloids.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Stabilization of oil in water emulsions is essential for many food
products and this is usually achieved through stabilizers such as poly-
saccharides or emulsifiers or molecules that show both of these proper-
ties. In recent years, food scientists are continuously seeking ways to
replace synthetic surfactants with natural alternatives to formulate
‘green label’ products. Among these natural alternatives, food hydrocol-
loids such as xanthan (XG), pectin, alginate (AL), gum arabic have
gained quiet high interest and have been studied extensively as alterna-
tive emulsifiers [1,2].

XG is a non-adsorbing complex polymer with high molecular weight
and induces chain entanglements in water [3]. Thus, XG is mainly used
as a thickening agent. Unique properties of XG enable to produce stable
emulsions by increasing the viscosity of the continuous phase rather
than adsorbing on the oil droplets [4].

Recently another hydrocolloid, extracted from the seeds quince fruits
has also been studied by some researchers and shown to exhibit desir-
able properties in emulsions [5,6]. Quince seed powder (QSP) is
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extracted from the quince seeds and mainly comprises polysaccharides,
cellulose and proteins [7]. QSP has been shown to possess surface activ-
ity on oil droplets and it was described as an adsorbing polymer [6].

Each biopolymer induces different surface activity and thickening
characteristics in emulsions. Combination of various biopolymers is
possible to manipulate the dispersion of the oil phase within the emul-
sion. Association of proteins and polysaccharides may provide amphi-
philic complexes modifying both the rheology of the aqueous phase of
the emulsions and the interfacial properties on the droplet surfaces [8] .

Alginate (AL) is a linear anionic polysaccharide having L-guluronic
and D-mannuronic acids as the major components [9]. In the presence
of divalent ions (e.g., Ca>*), carboxyl groups of guluronic acid units in-
teract with these cations to form hydrogels [10]. AL is often used to
modify emulsions, form hydrogels for drug delivery systems and pro-
duce edible films [9,11].

In this study; XG; QSP and alginate were used as biopolymers to for-
mulate emulsions and emulsion hydrogels and the stability of these
emulsions and hydrogels were assessed specifically by NMR
Relaxometry and Magnetic Resonance Imaging (MRI) experiments.

NMR relaxometry is an important analytical tool that can be used for
materials either in solid or liquid state. This technique is mostly based
on measuring the relaxation times through different pulse sequences
[12]. When a sample is placed in a magnetic field and exposed to a
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radio frequency (rf) pulse; the spins are excited and once the rf pulse
stops; spins relax back to their original position and generate the signal.
From this signal, relaxation times are calculated. Relaxation times are
intrinsic properties and show changes with the structural and physical
changes in the systems. These relaxation times also known as spin-
spin (T,) and spin-lattice (T;) relaxation times have been related with
several physicochemical changes in food systems including gels
[13-15]; emulsions [16-18]; confectionery products [19,20]. It can be
used to determine pore size distribution in permeable media, water up-
take, water/oil content and water distribution, adulteration [21-23],
crystallization [16,24,25] in many different systems [26]. The informa-
tion obtained from relaxometry comes from the whole samples and
do not give localized information on the sample thus the data obtained
are usually 1-dimensional. If the interest is to explore different regions
in a sample Magnetic Resonance Imaging (MRI) can be used. MRI sys-
tems require magnetic gradient coils that can spatially gather the data.
Therefore, creating two-dimensional and three-dimensional images
that display areas having different physico-chemical properties
(e.g., water content) with different contrasts becomes possible [27]. In
MR images, the desired contrast is obtained by setting the proper acqui-
sition parameters and the contrast depends on T, and T, times of the
sample. Water uptake in hydrogels [28]; in vitro digestion of foods
[29,30]; oil migration in chocolate [31,32]; drying of fruits [33] are just
some examples that shows how MRI has been successfully used in
food systems.

The objective of this study is to show the potential use of NMR
Relaxometry and Magnetic Resonance Imaging (MRI) to differentiate
emulsification characteristics of QSP and XG in an alginate hydrogel
and on their corresponding emulsions. Rheology, particle size and
SEM measurements were also conducted to complement NMR/MRI
data and to confirm the findings of the method. The hypothesis of QSP
acting on emulsions as an adsorbing polymer will have been confirmed
in emulsions and emulsion hydrogels through relaxometry and MRI
experiments.

2. Materials and methods
2.1. Materials

Alginate (AL), calcium chloride dihydrate (CaCl,.2H,0) and xanthan
gum (XG) were supplied from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Whey protein isolate (WPI) was purchased from Bipro
Hardline Nutrition (Kavi Gida San. Ltd. Sti., Istanbul). Sunflower oil
(Yudum Gida San. Tic. A.S., Ayvalik, Balikesir) was purchased from a
local grocery store. Quince seed powder (QSP) was prepared by using
the seeds of quinces purchased from a local supermarket in Ankara.

2.2. Quince seed powder preparation

Quince seeds were separated from the fruits, frozen and then dried
using a freeze drier (Christ, Alpha 2-4 LD plus, Germany) for 48 h at
—50 °0C and at 0.019 mbar [18]. Following drying, samples were
ground to a powder form by using a coffee grinder (MC23200, Siemens,
Germany).

2.3. Emulsion preparation

Formulation of the emulsions was determined with preliminary tri-
als. Since alginate does not possess emulsification properties; WPI was
added as an emulsifier to the mixture. Protein concentrations of 1-3%
(w/w) are typically used in emulsions for stabilization since protein ad-
sorption rate at these concentrations is not a limiting factor for emulsion
formation [34]. To prepare the emulsions; 2% WPI, 2% AL, and 10% re-
fined sunflower oil (all (w/w)) were dissolved in distilled water by
using a high-speed homogenizer at 14,000 rpm for 4 min (IKA, Corp.,
Staufen, Germany). XG and QSP were added to the emulsions at a

concentration of 0.5% (w/w) [6]. During the preparation of QSP contain-
ing emulsions, after all raw materials were homogenized for 1 min
(WiseTisHG-15D, Wertheim, Germany), emulsion was centrifuged at
10,000 g for 2 min to remove the solid particles of seed powder. Then,
centrifuged emulsion was re-homogenized at 14,000 rpm for 3 min.

2.4. Cold set gel preparation

As will be stated afterwards; MRI experiments were conducted for
the hydrogels formulated in the study. Since a clinical MR scanner
with a ‘knee’ coil of 16 cm diameter was used, it is desired to make the
gels as big as possible. For that purpose, gels were prepared using
50 mL of the prepared emulsions. Emulsions were denoted as Control
(AL-WPI-Oil-Water), QSP (QSP-AL-WPI-Oil-Water) and XG (XG-AL-
WPI-0il-Water) and were put into 0.25 M [35] CaCl, solutions at a
ratio of 1:3 by the help of plastic mesh baskets to enable isotropic diffu-
sion. Gelation lasted for 18 h. All three emulsion types used for gelation
contained AL, WPI and oil. Photos of hydrogels and plastic mesh baskets
are shown in the Supplementary document (Fig. S1 and Fig. S2).

2.5. Mean particle size measurements

Mean particle sizes of emulsions were measured by using a light
diffraction-based particle size analyzer (Mastersizer 3000, Malvern,
Worcestershire, UK). Refractive index value was set to 1.56.

2.6. Scanning Electron microscopy experiments

Hydrogels were dried using a freeze dryer (Christ, Alpha 2-4 LD plus,
Germany) for 48 h and then scanning electron microscopy experiments
were performed using a Jeol electron microscope (JSM 6400, Tokyo,
Japan) at 600 X magnification.

2.7. Rheological measurements

To complement the information that will be obtained through MRI
and NMR experiments; rheological measurements were conducted on
the three emulsion formulations (Control, QSP and XG) and on the XG
and QSP polymer solutions using a cone-and-plate (40 mm diameter,
4° cone angle, and 0.1425 mm gap) rheometer (Kinexus Dynamic Rhe-
ometer, Malvern Instruments, Worcestershire, UK). Experiments were
performed at 25 + 0.1 °C. Flow curves were obtained from the experi-
ments. For hydrogels, viscoelastic measurements were not conducted.

Rheological properties were determined at the concentration of 0.5%
(w/w) for XG and QSP both for emulsions and for polymer solutions. For
polymer solutions; flow curves were also obtained in the presence of
CaCl, (hydrocolloids were dissolved in 0.25 M CaCl, solution) since gels
were prepared with CaCl, as the crosslinking agent. Shear stress values
were recorded with respect to varying shear rates data from 0.1 s~ to
100 s~ with 20 sample points and 2 min total ramp time. Data were
fitted to the appropriate rheological model.

2.8. Nuclear magnetic resonance (NMR) Relaxometry measurements

NMR Relaxometry measurements were conducted both for the
hydrogels and emulsion systems. In addition, to interpret the relaxation
times better, T, measurements were also conducted for biopolymers
and their combinations in different forms as will be explained later.

Spin-spin relaxation (T,) measurements were conducted by using
two different NMR spectrometers. 0.32 T NMR spectrometer operating
at 13.52 MHz '"H-resonance frequency (Spin-Vision, Resonance System,
Russia) was used for emulsion characterization. A Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence was used with an echo time
(TE) of 1000 ps, repetition time (TR) of 1000 ms, 16 acquisition points,
and 64 scans to measure T, values. Since gels had shorter relaxation
times, to have higher signal to noise ratios, their relaxation times were
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acquired using a 0.5 T (22.40 MHz) NMR spectrometer equipped with a
10 mm coil (SpinCore Inc., Gainesville, U.S.A). T, measurements with
this instrument were also conducted using CPMG sequence with a TE
of 1000 ps, TR of 3000 ms and 32 scans. Spin lattice relaxation times
(T,) were also measured for gels and inversion recovery (IR) pulse se-
quence was used for these measurements. Inversion times changed be-
tween 1 and 10 ms and repetition delay of 3 s was used.

The samples for NMR experiments were prepared by loading 3 mL of
sample into 15 mm diameter cylindrical plexiglass tubes for the
SpinVision system and by loading 15 mm height of hydrogel sample
into a 10 mm diameter cylindrical glass tubes for the SpinCore system.
All NMR experiments were performed at room temperature (25 °C).

T, experiments were replicated three times for each sample, and
mean T, values were calculated using a mono-exponential model by
using MATLAB (Mathworks Inc., U.S.A). Multi-exponential behavior of
the decay curves was also examined using XPFit (Soft Scientific, Alango,
Israel). Representative XPFit outputs (relaxation spectrum) are also
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given in Fig. 1. Colored lines in the spectrum denotes a ‘proton popula-
tion’ with a distinctive T, value.

2.9. Magnetic resonance imaging experiments for hydrogels

MR images of hydrogels were acquired using a 3 Tesla clinical MR
Scanner (SIEMENS, Germany). A knee coil of 16 cm diameter was used
for the measurements. Multi Slice Multi Echo (MSME) sequence that
was based on Spin Echo (SE) sequence was used to obtain the T,
maps of the gels. TR of 3150 ms, TE of 13.8 ms were used with 32 echoes
and 4 scans. A field of view (FOV) of 150 mm and matrix size of 128*128
were used. Slice thickness was set to 3 mm and among the seven slices
obtained, the 4th slice (the middle one) was only used for the analysis.
In each measurement, three gels of the same hydrocolloid and a control
sample was used. Oil in a 10 mm tube and in a UV-cuvette were used as
the reference samples to correct the hardware related signal intensity
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Fig. 1. *. Representative CPMG decay and XPfit relaxation spectra of the hydrogels. “*XPfit display different compartments as lines not in the form of peaks as in other multi exponential

relaxation analysis software.
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Fig. 2. *. Coronal (Top view) Spin Echo MR Images showing all 7 slices for quince seed including hydrogels (Slice Thickness of 5 mm, TE = 12 ms, TR = 3 s). *The bottom right gel in each
slice (in red rectangle) corresponds to the ‘Control Gel’ (gel that does not include any hydrocolloid) and the rest are the 3 replicates of the same formulation. To account for instrument-
based errors on signal intensity, sun flower oil (assuming that its signal properties not changing so signal intensity is constant) in a 10 mm tube (bottom right) and in a UV Cuvette (top-
right) were also imaged. Axes of the images denotes the voxels as for the images 128*128 matrix size was used.

differences if needed. Representative MR images are provided in Fig. 2.
For each gel, 3 replicates were analyzed as explained in the Fig.

Using the region of interest (ROI) tool of MATLAB, the gel region was
selected and T, relaxation maps were obtained. T, maps of the selected
region for different hydrocolloids and the control hydrogels were ob-
tained by fitting the decaying signal to a mono exponential model. A
T, map gives the spatial distribution of T, values in the gel. Thus, the
standard deviation of a T, map image could give idea about the homo-
geneity of the sample. An example T, map is given Fig. 3.

In addition to T, maps, T, CPMG decay curves obtained from MSME
images were further analyzed with XPFit to check the presence of differ-
ent compartments and 2 compartments were detected in contrast to the
experiments conducted at low magnetic field.

2.10. Statistical analysis

MINITAB (Version 16.2.0.0, Minitab Inc., State College, Penn, USA)
was used for statistical analysis. All experimental results were analyzed
by Analysis of Variance (ANOVA) Tukey's test at 5% significance level as
the comparison test (p < 0.05). Comparisons were conducted to observe
the effect of XG and QSP on results. At least three independent replicates
were recorded for each sample.

3. Results and discussion
3.1. Particle size measurements

XG emulsions including AL and WPI as additional polymers, were
shown to have the lowest particle size values with respect to Control

and QSP emulsions which had the same composition (Fig. 4)
(p < 0.05). The main reason behind this finding was the viscosity

increasing effect of XG on the continuous phase. WPI molecules
adsorbed onto the oil droplet surfaces and lowered the interfacial ten-
sion. Subsequently, these droplets fractured giving smaller diameter
droplets. Later, small droplets were not able to coalesce again due to
presence of XG and AL in the continuous phase. Thickening effect of
XG and high hydrophilicity of AL molecules created a barrier for these
droplets to come together thus, XG emulsions possessed the lowest par-
ticle size distribution (p < 0.05). At 0.5% (w/w) concentration, XG con-
centration was high enough to immobilize the oil droplets [3]. On the
other hand, presence of only QSP could not retard oil droplet coales-
cence since QSP has a dominant interfacial activity rather than thicken-
ing effect. Both WPI and QSP had similar activity on the droplets and this
did not cause a synergistic effect on lowering the mean particle size of
the emulsions. Here, importance of the type of the polymer composition
was justified. Control emulsions with no XG or QSP had the highest
droplet size as expected (p < 0.05).

3.2. Rheological measurements

3.2.1. Polysaccharide solution rheology

Alginate is commonly used with Ca™2 to make hydrogels or gel
beads [35-38]. In this study, hydrogels were also prepared from alginate
and CaCl, and polysaccharides of XG and QSP were added to make the
gels more stable. To interpret the effect of polysaccharides on the gel
structure better; understanding the effect of Ca™2 cations, particularly
on QSP was important. For this purpose, XG and QSP solutions were pre-
pared with distilled water and CaCl, and the effect was analyzed via
rheological measurements. Results are shown in Table 1. All solutions
showed a Power Law behavior (R? > 0.96).

Effect of CaCl, on QSP and XG was different. Addition of CaCl, to XG
solutions increased the consistency coefficient (k values) (p < 0.05). In
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Fig. 3. T, maps of the Control, QSP and XG gels. Standard deviations of the T, values (calculated as the standard deviation of the all voxels in the 128128 image) are shown in the title of the

images indicating the heterogeneity/homogeneity in the gels.

contrast, Ca®>* ions did not result in higher viscosity for QSP solutions.
0.25 M Ca™ ion concentration was more effective on XG due to the an-
ionic and highly branched side chains of XG. Crosslinking density within
the XG molecules could increase with CaCl, addition [39]. QSP, on the
other hand, possesses a more linear structure [7] and this might have re-
duced the susceptibility of QSP molecules to Ca** action. Although QSP
is an anionic polysaccharide, most charges are accumulated on the main
backbone of the molecule [40]. Even after crosslinking with the added
ion, conformation of the QSP molecules did not change sufficiently to
alter the consistency index.

When flow behavior indexes were examined, both QSP and XG solu-
tions were shown to experience shear-thinning character before and
after CaCl, addition (n ~ 0.14-0.35) and XG samples had higher ‘n’
values compared to QSP.

XG solutions showed significantly higher ‘n’ values in 0.25 M CaCl,
solution with respect to their correspondent solutions in distilled
water (p < 0.05). The reason could be the contraction of the XG mole-
cule because of the interactions between the side chains and the main
cellulosic backbone. Ca*™2 ions promoted crosslinking between the
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Fig. 4. Mean particle size [D (4,3)] values of emulsions (p < 0.05). Control, QSP and XG
emulsions represent the formulations; AL-WPI-Oil-Water, QSP-AL-WPI-Oil-Water, XG-
AL-WPI-Oil-Water, respectively. Error bars are represented as standard errors.

side chains of XG but also induced collapse of some side chains on the
main XG cellulosic backbone [41]. Decrease of the hydrodynamic vol-
ume of the individual XG chains could have ended up with a higher n
value (p < 0.05) [42].

QSP with less branched structure compared to XG [18], was more
prone to exert a shear-thinning flow character with increasing shear
rates (ngsp < Nxc) Whereas effect of CaCl, addition on QSP was reverse.
CalCl, addition decreased the ‘n’ values significantly (p < 0.05). Inter-
molecular crosslinking effect of Ca>* ions could have made it possible
for QSP molecules to align in the direction of applied shear and resulted
in smaller n values.

Besides the effect of Ca*2 ions on molecular conformations, XG and
QSP solutions showed a consistent trend in rheological measurements.
XG solutions always had higher viscosity and a more pseudoplastic
flow behavior with respect to QSP solutions, regardless of the presence
of CaCl,. This consistency confirmed the characteristic differences of the
respective polymers in terms of molecular conformation in the solu-
tions. Consequently, consistency and flow behavior index results of XG
and QSP polymers in the presence and absence of a cation demonstrated
that each polymer had distinct flow characteristics and was affected dif-
ferently form the presence of CaCls.

3.2.2. Emulsion rheology

Sun et al. (2007) reported that in the absence or presence of low
amount of XG (0-0.02 w/w, %), 2% (w/w) WPI containing emulsions,
these systems possessed Newtonian flow characteristics. At relatively
higher XG concentrations (> 0.05 w/w, %) samples exhibited a shear-

Table 1

Rheological constants of polysaccharide solutions prepared by distilled water and 0.25 M
calcium chloride solution. Different letters in each column mean solution type differed sig-
nificantly (p < 0.05). Errors are represented as standard deviations. *

Solution k (Pa.s") n R?

XG-H,0 2041 + 0.26° 0.14 + 0.01° 0.989
XG-CaCl, 63.44 + 2.32° 0.19 + 0.01% 0.965
QSP-H,0 0.72 £ 0.11° 0.35 £ 0.02% 0.979
QSP-CaCl, 1.04 + 003" 0.24 £ 0.01° 0.989

* ANOVA was conducted for QSP and XG separately as the difference between 2 hy-
drocolloids was too large.
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thinning flow behavior as seen in Fig. 5. At higher shear rates, all sam-
ples also experienced a shear thinning effect. The reason was the more
ordered alignment of the emulsion droplets along the flow direction
at higher shear rates. XG emulsions attained n values less than unity
and showed a decreasing trend with increasing XG concentration, sug-
gesting a more pronounced shear-thinning behavior [3]. Therefore,
the n value of XG emulsions found in our study was consistent with
the previous results (Table 2). Compared to Control emulsions, both
XG and QSP emulsions attained lower n values showing the increased
shear thinning character of these samples (p < 0.05). XG or QSP addition
also increased the k values of the emulsions demonstrating the higher
viscosity of the gum added emulsions (p < 0.05).

Emulsion rheology results showed that addition of gum altered the
rheology of the emulsions and the effects were similar. Although both
XG and QSP emulsions attained similar k and n values, their stabilizing
effects were different from each other. Bryant and McClements (2000)
stated that 8.5% WPI and 0.2% XG (w/w) were thermodynamically com-
patible since their mixture solutions at pH 7.0 did not show any phase
separation over a 72 h period [43]. They also suggested that XG domi-
nated the rheological behaviors of these solutions. WPI — XG containing
solutions were reported to achieve a much higher viscosity than only
WPI or XG containing solutions. This synergistic effect was attributed
to the conformation of WPI and XG molecules in the solution. The free
volume available to XG molecules decreased by the presence of WPI
and this increased the effective volume of the XG in the aqueous
phase [44]. Therefore, increasing viscosity effect of XG was more consis-
tent and XG produced thick non-adsorbing layers in contrast to QSP
emulsions which was justified by the particle size measurements. QSP
has shear thinning property like XG and it also has a high intrinsic vis-
cosity leading to high hydrodynamic volume in solutions [45]. However,
higher surface activity of QSP than XG resulted in a lower ‘viscosity in-
creasing effect’ for QSP in the emulsions.

3.3. NMR Relaxometry measurements
3.3.1. Transverse relaxation results

3.3.1.1. Polymer solutions and emulsions. Transverse relaxation which is
also known as spin - spin relaxation (T,) measures the relaxation rate
of the 'H protons in the transverse plane and depends on the efficiency
of energy transfer between neighboring spins [12]. At first T, values
were expressed as ‘mono exponential ‘and the effect of ingredients
were discussed based on mono-exponential T, relaxation times. As
will be seen in the latter section, multi compartmental analysis was
also conducted on the emulsion relaxation data.

Table 2

Rheological constants of emulsions. Control, QSP and XG emulsions represent the formu-
lations; AL-WPI-Oil-Water, QSP-AL-WPI-Oil-Water, XG-AL-WPI-Oil-Water, respectively.
Different letters in each column mean emulsion type differed significantly (p < 0.05). Er-
rors are represented as standard deviations.

Emulsion k (Pa.s") n R?

Control 0.31 + 0.04° 0.88 + 0.03? 0.999
QsP 1.04 + 0.05% 0.68 + 0.02° 0.997
XG 0.99 + 0.022 0.68 + 0.02° 0.993

T, measurements of the polymer solutions and emulsions (Fig. 6)
showed that QSP containing ones had longer T, times compared to XG
containing ones except for WPI added gum solutions (p < 0.05). An-
other trend was the shorter T, of samples including oil which was an ex-
pected case since oil protons possess a higher rate of energy exchange
rate compared to water protons [6,27].

Longer T, times of QSP-water compared to XG-water solution was
mainly due to the big and complex structure of XG molecules. Side
chains of XG interacted more intensely with the surrounding water
molecules giving shorter T, times [46]. Particularly, viscosity increasing
effect of XG molecule originating from its helical conformation in water
also decreased the mobility of water and shortened the overall T, times.
Amphiphilic character, less branched and smaller molecular size of QSP
resulted in longer T, times (p < 0.05). Oil addition to these gum solu-
tions decreased the T, of both samples as expected but the longer T,
trend for QSP including samples remained. QSP also interacted with
oil droplets to some extent but XG chains continued to interact exten-
sively with the water phase. In contrast to these results, longer T,
trend of QSP containing gum solutions was reversed in the presence of
WPI. WPI decreased the T, values of the gum solutions but this time
XG-WPI-water samples had longer T, times (p < 0.05). Electrostatic in-
teractions between the positive patches of WPI and anionic XG side
chains provided a reduction in the polysaccharide - water interactions.
Consequently, these samples had longer T, times (p < 0.05). When oil
was incorporated into the gum-WPI-water systems, the general T,
trend for QSP containing samples was observed again. Surface active
properties of both WPI and QSP enabled them to interact on the inter-
face but only the hydrophilic fraction of WPI interacted with water in
the aqueous phase. On the other hand, steric incompatibility between
the WPI and XG molecules promoted a higher amount of protein ad-
sorption on the oil droplets [47]. Energy exchange rate at the emulsion
interface increased and XG restricted the mobility of the water mole-
cules in the continuous phase. Thus, inevitably, XG-WPI-oil-water
emulsions attained shorter T (p < 0.05) values.

Lastly, AL was added to the emulsion formulations. AL predominated
the transverse relaxation process of water in the gum solutions since
QSP-AL-Water and XG-AL-Water solutions had similar T, times. XG
and AL are both classified as non-adsorbing polysaccharides [34]. There-
fore, XG and AL together, interacted strongly with the water in the aque-
ous phase. In addition, similar T, times of QSP-AL-Water system
indicated the dominant hydrophilic behavior of AL. As a supportive ob-
servation for that claim, AL decreased the T, of gum solutions more ef-
fectively compared to WPI (p < 0.05). Presence of oil in the same AL
containing systems resulted in shorter T, times for both emulsions but
QSP-AL-Oil-Water samples had longer T, times than their XG corre-
spondents (p < 0.05). This result was also related to the amphiphilic
character of QSP.

Finally, QSP-AL-WPI-Oil-Water and XG-AL-WPI-Oil-Water emul-
sions, (the ones used for Ca®™* induced gels), were prepared. These QSP
and XG emulsions were found to have similar T, values probably due
to the presence of all emulsifiers at the same time within the emulsions.
Conformational arrangements of globular proteins like WPI constitu-
ents and rigid anionic polysaccharides played a crucial role in their in-
teractions since all charged groups could not contact efficiently due to
the conformational limitations [48]. But, AL had negative charge over a
wide pH range and this enabled electrostatic interactions between
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Fig. 6. Transverse relaxation times of all emulsion formulations (p < 0.05). Gums represent either XG or QSP. Error bars are represented as standard errors.

WPI and AL leading to stable emulsions [49]. In this case, the dominant
factor for emulsion stabilization was the viscosity of the continuous
phase. The lower mean particle size of XG emulsions agreed with this
finding (Fig. 4). Lower particle size values are generally associated
with more stable systems [49].

3.3.1.2. Hydrogels. T, results of the hydrogels showed a
monoexponential behavior and did not yield a multi relaxation behav-
ior. Gels obtained by Ca®" induced gelation of gum-AL-WPI-Oil-Water
emulsions showed that XG gels had the longest T, times while QSP
and Control emulsions achieved similar but shorter T, values
(p < 0.05) (Fig. 7). During gelling, QSP, XG and Control emulsions
were subjected to 0.25 M CaCl, solution with an ionic strength of 0.75.
Interactions between the WPI and the added polysaccharides in the
continuous phase was modified by the ions present in the emulsion. As-
sociation of the WPI molecules highly depended on the ion concentra-
tion in the system [50]. Anionic side chains of XG interacted
extensively with Ca®™ ions during gelling and a stiff conformation of
XG was established. Therefore, XG gels created distinct water pools
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Fig. 7. Transverse relaxation (T,) times of the gels (p < 0.05). Control, XG and QSP gels
represent the formulations; AL-WPI-Oil-Water, XG-AL-WPI-Oil-Water, QSP-AL-WPI-Oil-
Water, respectively. Error bars are represented as standard errors.

within its structure and immobilized water in these compartments re-
sulted in longer T, times [13]. Presence of QSP could not produce such
compartments due to its lower association with Ca™2 with respect to
XG. Extracts of quince seeds contain cellulose, hemicellulose, lignin
and water soluble polysaccharides such as glucan, galacto-glucan and
arabino-xylan fractions [5,7]. QSP also possesses a high dietary fiber
content and gum constituents. These fibers and gums have a good
water-binding capacity leading to higher viscosities in the QSP contain-
ing solutions [40,51]. QSP was reported to have both thickening and am-
phiphilic properties [6,51]. The amphiphilic characteristics of QSP
originated from its protein fraction and hydrophobic methylene groups
[5]. These fractions enabled QSP molecules to adsorb onto the hydro-
phobic oil droplet surfaces and form a strong interfacial layer [51]. On
the other hand, high molecular weight polysaccharides of QSP provided
emulsion stabilization and a gelation behavior in the solutions [52]. All
these properties of QSP resulted in a shorter T, values for its gels
(p <0.05). Presence of WPI and AL contributed to the gelation of Control
samples in the absence of QSP or XG. Divalent cations interacted with
guluronate blocks of AL to form an egg-box model gel like structures
[9]. By this way, junction zones between the adjacent chains were cre-
ated giving a three-dimensional weak gel network [53]. AL molecules
located in the aqueous phase of the emulsions could interact with sur-
factants adsorbed on the oil droplets through electrostatic repulsion
and steric interactions [54]. Depending of the pH of the solution, globu-
lar proteins were reported to form soluble or insoluble complexes with
AL molecules in the aqueous phase [55]. Therefore, Control emulsions
were also able to gel under the same conditions with XG and QSP emul-
sions and they had gelling characteristics closer to QSP gels.

3.3.2. Transverse relaxation spectrum analysis of emulsions

For emulsions, as stated before a multiexponential relaxation time dis-
tribution analysis was also performed. Table 3 summarizes the relaxa-
tion spectrum of oil containing emulsions. These samples had two
distinct proton populations with their respective peak times and areas
[46]. First peaks having shorter peak times and lower areas were attrib-
uted to the contribution of dispersed oil phase to the relaxation since oil
had much shorter T, than water [56]. QSP-Oil-Water and QSP-WPI-Qil-
Water formulations had longer T in peak 1 than their correspondent
XG formulations indicating the emulsifier effect of QSP (p < 0.05). A lon-
ger peak 1 time showed that water in the continuous aqueous phase
was able to participate in the interactions on the interface resulted in
longer T, values for this peak. XG was known as a non-adsorbing
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Table 3

Transverse relaxation spectrum analysis of all emulsion formulations. Different letters in
each column mean emulsion type differed significantly (p < 0.05). Errors are represented
as standard deviations.

Emulsion To1 (ms) RA; (%) Ta, (ms) RA; (%)
QSP-oil-water 81 + 4° 14 + 1° 627 £23° 86+ 1°
QSP-WPI-oil-water 66 + 4° 13 £ 1% 693 + 40° 87 + 19¢
QSP-AL-oil-water 56 + 2¢ 10 + 1< 550 + 17¢ 90 + 1°¢
QSP-AL-WPI-oil-water 37 & 29 6+ 1° 490 + 1¢ 94 + 1°
XG-oil-water 6242 941 460 + 14 91 + 1°
XG-WPI-oil-water 54 + 3¢ 12 £ 1% 600 + 1° 88 + 19
XG-AL-oil-water 57 + 1¢ 12 £ 1% 490 + 1¢ 89 + 1«
XG-AL-WPI-oil-water 32 + 39 9+ 1 490 + 14 91 + 1°

polymer thus it was not expected that the T, of the proton pool that was
attributed to the oil would attract water and had a longer relaxation
time in the solution of a non-adsorbing polymer. Therefore, XG-Oil-
Water and XG-WPI-Oil-Water samples had shorter peak 1 times
(p < 0.05). Moreover, addition of AL to Gum-Oil-Water and Gum-
WPI-Oil-Water systems resulted in a shorter peak 1 T, (p < 0.05) com-
pared to non-AL systems and similar peak times were observed for QSP
and XG systems. Hydrophilic character of AL dominated the continuous
phase of the emulsions and abundance of interactions between the
water phase and oil phase was replaced by AL — water interactions. It
was hypotheiszed that QSP solutions are more susceptible to WPI and
AL addition in terms of shorter peak 1 times which was mainly due to
surface active property of QSP rather than viscosity increasing effect in
the bulk phase. When AL and WPI were present in the emulsions at
the same time, continuous phase viscosity properties determined the
peak 1-time values.

Areas of peak 1 obtained from the relaxation spectrum (Table 3) sug-
gested that QSP and WPI were surface active polymers which was in
agreement with the literature findings [5,57]. WPI molecules were re-
ported to act as emulsifiers and during homogenization they migrated
to oil-water interfaces. Hydrophobic adsorption sites of WPI anchor on
the oil droplet surface. After covering the droplet surface, WPI mole-
cules start to form a viscoelastic film contributing to steric stabilization
of the system [49]. WPI adsorbs on the droplet surfaces layer by layer
and the first layer behaves as the substrate for further adsorption of
WPI molecules [58]. Moreover, Sun et al. (2009) reported that WPI
was effective on determining the surface charge of oil droplets [59].
On the other hand, Ritzoulis et al. (2014) stated that quince seed ex-
tracts that they analyzed contained substantial amounts of protein
ranging from 10% to 25%. Presence of protein in the quince seeds played
a crucial role on the adsorption of QSP molecules on the droplets [5]. In
our case, this protein fraction of the QSP could have caused electrostatic
repulsion at the interface and stabilized the systems [5,60]. Peak 1 area
values as shown in Table 3 were compatible with these findings. Firstly,
QSP-0il-Water system had higher peak 1 area than XG-Oil-Water sys-
tem showing the surface activity of QSP (p < 0.05). A higher area for
the first peak suggested the presence of a higher rate of interaction in
this proton population. When WPI was added to the Gum-Oil-Water
emulsions, relative peak areas of QSP and XG added samples attained
similar values (p < 0.05). This indicated that WPI was more dominant
than QSP molecules in terms of providing surface activity on the inter-
phase. AL addition also revealed statistically the same peak 1 area
(p > 0.05). Predominant effect of WPI was also observed in Gum-AL-
WPI-Oil-Water combinations since XG containing emulsions had higher
peak 1 area compared to the relative peak area of QSP emulsions
(p < 0.05). WPI - AL biopolymeric interface acted as an anchor between
the oil droplet surface and the aqueous continuous phase [61]. This re-
sult was quite opposite to the area values of Gum-Oil-Water formula-
tions. WPI with its bigger molecular size and amphiphilic patches
predominated the interactions on the oil droplets independent from
the gum type that was added to the formulation.

Peak 2 was associated with the interactions mainly taking place in
the aqueous phase of the emulsions and revealed considerably longer
T, than peak 1 (Table 3) [62]. Most of the emulsion combinations in-
cluding QSP attained longer T, times than XG containing formulations
for the second peak (p < 0.05). Only Gum-AL-WPI-Oil-Water combina-
tions attained statistically the same peak times (p > 0.05). Shorter peak
times of XG blended samples proved the enhanced interaction of XG
molecules with the surrounding water molecules in the aqueous
phase. Simultaneous presence of WPI and AL in the emulsions predom-
inated the physicochemical properties in the continuous phase and sim-
ilar Ty's at peak 2 were observed. Peak 2 areas were substantially higher
than peak 1 areas indicating the importance of the continuous phase's
contribution on the stability of the emulsions (p < 0.05) [6]. WPI and
AL containing emulsions generally promoted more interactions within
the system and resulted in higher relative areas (p < 0.05). XG-0il-
Water emulsions had a higher relative peak area compared to QSP-
Oil-Water emulsions as expected (p < 0.05). However, peak 2 area of
QSP-AL-WPI-Oil-Water formulations attained higher area values with
respect to their correspondent XG emulsions (p < 0.05). This reverse
correlation between the peak 2 areas for the aforementioned formula-
tions indicated that WPI and AL affected the continuous phase proper-
ties substantially. Although XG was the predominant component for
the regulating the rheological properties of the aqueous phase, interac-
tions in this phase also depended strongly on WPI and AL actions. In
general, the proton relaxation compartment described by peak 2 simu-
lated the overall monoexponential T, results of the emulsions. Similar
overall T, for QSP and XG emulsions for the final formulations sup-
ported these findings.

3.3.3. Longitudinal relaxation results of gels

For hydrogels, T, relaxation times were also measured and the data
fitted well with mono exponential as in the case of T,. Longitudinal or
spin - lattice relaxation time represents the energy exchange rate of
H protons with the surrounding lattice [27]. Fig. 8 shows the T; times
of Ca*? induced emulsion gels having gum (QSP or XG), AL, WPI, oil
and water. XG gels had the longest T; which was consistent with its T,
results (p < 0.05). Local water populations not interacting with the sur-
rounding polymer lattice relaxed slowly in XG gels. In addition, XG mol-
ecules with no or negligible surface activity did not commit energy
exchange reactions with the oil droplets. These reactions were only car-
ried out by WPI molecules which was not sufficient to attain high en-
ergy exchange rates that would reduce the T; of XG gels. QSP gels had
the shortest T, times and the main reason was the interfacial activity
of QSP molecules on the oil droplets (p < 0.05). QSP molecules adsorbed
on the oil-water interface could have experienced intense proton
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Fig. 8. Longitudinal relaxation times (T;) of the gels (p < 0.05). Control, XG and QSP gels
represent the formulations; AL-WPI-Oil-Water, XG-AL-WPI-Oil-Water, QSP-AL-WPI-Oil-
Water, respectively. Error bars are represented as standard errors.
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Table 4

T, results obtained from the MR images. Control, XG and QSP gels represent the formula-
tions; AL-WPI-Oil-Water, XG-AL-WPI-0il-Water, QSP-AL-WPI-Oil-Water, respectively.
Different letters in each column mean gel type differed significantly (p < 0.05). Errors
are represented as standard deviations. (RA means ‘relative area’ and denotes the contri-
bution of that peak to the signal).

Gel Ty (ms) Ty, (ms) RA; (%) RA; (%)

Control 5228 £ 0.99°® 10893 + 227° 60.90 + 1.31° 39.10 + 1.31¢
QsP 50.38 £ 0.40° 12757 + 1.62*  81.50 £ 0.44*  18.50 + 0.44°
XG 53.59 + 0.83" 10353 + 2.57° 6443 + 2.85° 3557 + 2.85"

exchange rate with the surrounding molecules thus longitudinal relax-
ation process was faster for these samples [63]. Control gels had moder-
ate T, times which was consistent with the emulsification capabilities of
the added XG and QSP polymers.

3.4. MRI results for hydrogels

T, results obtained from MR Images were different than the results
found in the low field system. Although the signal to noise (SNR) values
were quite high in the low field systems, the field being not homoge-
nous enough and the fast exchange rate at low field might have
prevented the detection of two compartments thus one component
was observed, and results were interpreted accordingly. However, MR
images showed the presence of two compartments in emulsion gels.
First component's T, times changed between 50 and 55 ms whereas
for the second component T, values were in the range of 100-130 ms.
Results for different hydrogels and the contribution of each peak to
the overall signal is given in Table 4.

Since it is known that oil had a relaxation time that could change be-
tween 90 and 120 ms, second compartment was associated with pro-
tons coming from the oil present in the gels whereas first component
denoted the protons that were strongly interacting with the polymer
matrix. For the first component XG and QSP hydrogels were signifi-
cantly different from each other (p < 0.05) indicating that polymer
water interaction was stronger in the QSP gels. But since quince had
also emulsifying ability, contribution of oil could have also decreased
the relaxation times. The difference was also obvious in the second com-
ponent as the second component had the longest T, which was indica-
tive of the good emulsifying ability of QSP. as QSP helped to disperse oil
much better in the continuous phase and also had exchanging proton
contributions from the water phase. The high contribution of the first
component was also a good indication showing that QSP gels were
more homogenous and emulsified much better as the contribution
was significantly higher compared to control and XG samples. This
was also consistent with the fact that QSP hydrogels had the shortest
T, for the first component indicating a strong gel network with the oil
phase.

In addition to relaxation times, T, maps were also evaluated. As seen
in Fig. 3 and previously in gel photos (Fig. 1), there was oil accumulation
in the center. Accumulation of the oil phase in the center indicated the
instability. There is a significant signal intensity difference between
the center and the edges. This was quantified by calculating the stan-
dard deviation on the T, maps as seen in the Fig. 3. For control samples
standard deviation was quite high and when ANOVA was conducted be-
tween XG and QSP samples it was seen that QSP hydrogels significantly
had lower deviations than the XG hydrogels.

3.5. SEM images

Control gels had a smooth structure in the absence of QSP or XG, as
shown in the SEM image (Fig. 9A). These gels possessed large clumps
on the relatively plain background. Fig. 9B shows the QSP gel image hav-
ing random sized droplet structures on the surface. QSP as an adsorbing
polymer probably coated the droplets to some extent with WPI contri-
bution. The nonhomogeneous size distribution of the clumpy structures
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Fig. 9. SEM images of the gels: (a) Control, (b) QSP, (¢) XG. Control, QSP and XG gels
represent the formulations; AL-WPI-Oil-Water, QSP-AL-WPI-Oil-Water, XG-AL-WPI-Oil-
Water, respectively.

was due to the insufficient continuous phase viscosity of the QSP emul-
sions and during gelling this caused a random distribution of the coated
droplets. XG gel (Fig. 9C) exerted a filamentous and fragmented struc-
ture with denser and smaller clumps [64]. These structures could be at-
tributed to the branched network of XG and the resulting intense
interactions with the added Ca™2 ions during gelation [40]. The abun-
dance and complexity of anionic side chains led to a more distorted tex-
ture for XG gels with respect to Control and QSP gels.

4. Conclusion

QSP and XG blended emulsion formulations were characterized
mainly by NMR relaxometry transverse and longitudinal relaxation pa-
rameters. A detailed relaxation spectrum analysis of biexponential sam-
ples was also conducted. NMR results were discussed together with
mean particle size, rheology and SEM image analyses. Consequently,
XG based emulsions produced lower particle size systems with respect
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to QSP including samples, in the presence of WPI and AL as additional
polymers. It was demonstrated that the interactions of non-adsorbing
XG and adsorbing QSP molecules within the o/w emulsions could be
monitored by T, measurements. The longest T; and T, results of XG
emulsion gels agreed with the lower particle size distribution of respec-
tive XG emulsions (p < 0.05). T; and T, decreasing effect of oil lumps
were compensated by smaller and more homogenous oil droplet distri-
bution within the XG gels. However, MR images provided more info on
the relaxation time of hydrogels. Relaxation spectrum analysis denoted
the presence of two compartments. High contribution and short relaxa-
tion time of the first peak confirmed the emulsification ability of QSP in
hydrogels. Moreover, T, maps revealed that hydrocolloids definitely im-
proved the stability of the gels as observed on the deviations obtained
from T, maps. In overall, it was shown that QSP would be a good alter-
native to be used in emulsions and hydrogel systems.
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