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Physical characterization of high methoxyl pectin
and sunflower oil wax emulsions: A low-field 'H
NMR relaxometry study

Sinem Akkaya, Baris Ozel, Mecit Halil Oztop™=", Derya Kocak Yanik, and Fahrettin Gogus

Abstract:
ability characteristics. Pectin is often used in food industry due to its gelling and viscosity increasing properties. Physical
properties of pectin are highly dependent on its esterification degree. Waxes are commonly used as edible coatings to

Pectin—wax-based emulsion systems could be used to form edible films and coatings with desired water perme-

enhance the water barrier properties of food products. This study focuses on preparing emulsions with sunflower oil wax
(SFW) and high methoxyl pectin (HMP) at different concentrations for any possible edible film or coating formulations.
Sunflower oil (SFO) was added as the dispersed oil phase to these emulsions. Characterization of the emulsions was per-
formed by using particle size, rheology, and time domain nuclear magnetic resonance (NMR) relaxometry measurements.
Effects of HMP concentration and the presence of SFO in the emulsion formulations were explored. Mean particle size
values were recorded between 1 and 3 pm. Rheology measurements showed that increasing HMP concentrations and
presence of SFO in emulsions resulted in more pseudoplastic behavior. NMR transverse relaxation times (T>) were mea-
sured to detect the differences between the emulsions. Relaxation spectrum analysis was also conducted for a detailed
understanding of the transverse relaxations. Addition of SFO and higher HMP concentrations decreased the T ', values of
the emulsion systems (P < 0.05). However, T, decreasing effect of SFO was compensated at 10% (w/w) HMP concen-
tration showing that SFO was well dispersed in this particular emulsion formulation. Changes in the rheological behavior
and relaxation times provided insight on the formation and stability of the emulsions.

Keywords: emulsions, pectin, TD-NMR relaxometry, wax

Practical Application:
different water permeability characteristics. This study showed that NMR relaxometry parameters were also effective in

Findings of this study can be utilized and integrated to produce edible films and coatings with

monitoring and determining the physical characteristics of the pectin—wax-based emulsion systems as other conventional
techniques including rheology and particle size measurements. Our NMR relaxometry findings were in correlation with
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the flow behavior and particle size results of the investigated emulsion systems.

1. INTRODUCTION

Oil-in-water (o/w) emulsions are the most encountered emul-
sions in food industry (Karbstein & Schubert, 1995). These emul-
sions need a third component for dispersion. This can be achieved
by using some natural or synthetic materials, which are called
emulsifiers or surfactants (Guzey & McClements, 2006). Emul-
sifiers are surface-active ingredients and they adsorb onto the sur-
face of the lipid droplets during homogenization (Moreau, Kim,
Decker, & McClements, 2003). Proteins are natural emulsifiers
and they are generally used for such purposes (Dickinson, 2003).
Hydrocolloids are also gaining interest as emulsifying agents in
emulsion systems. In contrast to proteins and surfactants having
hydrophobic parts, most hydrocolloids are hydrophilic polymers
and they do not possess strong surface active properties. Due to
these characteristics, hydrocolloids are usually considered as stabi-
lizers (Dickinson, 2009). Prevention of oil droplets from aggrega-
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tion and coalescence could be maintained by steric and electro-
static mechanisms in polysaccharide containing systems (Derkach,
2009; Ushikubo & Cunha, 2014). Polysaccharides are able to form
a higher thickness of thin films between oil droplets with respect to
proteins and surfactants (Chanamai & McClements, 2002). In this
way, polysaccharides are able to modify the viscosity of aqueous
continuous phase of the medium so that they can provide long-
term stabilization (Taherian, Fustier, Britten, & Ramaswamy, 2008).

Strong hydrophilic character of polysaccharides reduces their
surface active properties with respect to surfactants and proteins
(Dickinson, 2009). However, presence of a small protein moi-
ety, for example gum arabic or hydrophobic groups, for example
methylated groups of high methoxyl pectin (HMP), can provide
polysaccharides some emulsifier abilities (Huang, Kakuda, & Cui,
2001). For instance, pectin is a strongly hydrophilic polymer but
the degree of esterification and polymerization determines the
functional characteristics of pectin in aqueous solutions (Akhtar,
Dickinson, Mazoyer, & Langendorff, 2002). Pectin provides stable
emulsions mainly by electrostatic repulsion mechanism (Muhiddi-
nov, Khalikov, Speaker, & Fassihi, 2004). High hydrophilic capac-
ity of pectin limits its use in emulsion formulations designed for
production of edible films and coatings with desirable water per-
meable characteristics. Nevertheless, combination of pectin with
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Table 1-Composition of samples (w/w, %).

High methoxyl pectin

Sunflower oil wax Sunflower oil

Sample (%) (%) (%)
s1 5 5 -
s2 7 5 -
s3 10 5 -
s4 5 5 10
S5 7 5 10
S6 10 5 10
s7 - - 100
S8 5 - -
$9 7 - -
S10 10 - -
S11 5 - 10
S12 7 - 10
S13 10 - 10
S14 - 33 67
s15 - 100 -

lipids can be used to form stable emulsions (Thakur, Singh, &
Handa, 1997). Wax—pectin binary systems are suitable examples
for such systems (Galus & Kadzinska, 2015; Vargas, Pastor, Chiralt,
McClements, & Gonzilez-Martinez, 2008). Waxes are lipid struc-
tures found in fruits and seeds with strong hydrophobic proper-
ties (Lee, 1999). Water impermeable properties of wax containing
edible films are widely utilized in the food industry (Aguirre-Joya
et al.,2019; Kowalczyk, Zigba, Skrzypek, & Baraniak,2017; Zhang,
Simpson, & Dumont, 2018). Sunflower oil wax (SFW) is among
the wax sources, for example candeilla, beeswax used for such pur-
poses. Additionally, SFW contains trace amount of crude oil giv-
ing the wax a bit of an amphiphilic character (Batimler, Carelli, &
Martini, 2013).

In this study, HMP-SFW-based emulsions, both in the presence
and absence of SFO, were formulated and characterized by parti-
cle size, rheology, and LF '"H NMR experiments. Low methoxyl
pectin (LMP) was mostly used in the previous pectin—SFW emul-
sion studies (Chalapud, Batimler, & Carelli, 2018, 2020). Accord-
ingly, the primary objectives of this study were to show that HMP
could also be used in wax containing edible film emulsion for-
mulations and NMR relaxometry parameters could be correlated
with the rheological and particle size characterizations. To the best
of our knowledge, there is no NMR relaxometry study for the
characterization of such emulsion systems in the literature.

2. MATERIALS AND METHODS

2.1 Materials

Medium rapid setting purified HMP (APA 103; Yantai Andre
Pectin Co Ltd., Yantai, China) extracted from apple pomace with
an esterification degree of 66 to 69%, SFW (Koster Keunen, Bladel,
the Netherlands) with melting point around 74 to 77 °C, which
was determined by preliminary differential scanning calorimetry
(DSC) measurements and SFO (Yudum, Savola Foods, Istanbul,
Turkey) were used as the main materials. Sodium azide (Merck
KgaA, Darmstadt, Germany) was added to all emulsions at 0.1%
(w/w) concentration to prevent microbial growth. All emulsions
were prepared using distilled water.

2.2 Emulsion preparation

HMP solutions and SFW dispersions were prepared, separately.
They were stirred separately at 300 rpm for 30 min at 80 °C. Since
the melting point of SFW was around 75 °C, all samples were
mixed at 80 °C to prevent wax crystallization. After SFW melted

completely, HMP and SFW solutions were mixed with a high shear
homogenizer (IKA; T18 Digital Ultra-Turrax) at 25,000 rpm for
5 min. Sodium azide was added into the emulsions (0.1%, w/w).
Emulsions were cooled to room temperature after homogenization
(~25 °C). For the SFO containing samples, SFO at 10% (w/w)
concentration was added into the previously prepared HMP-SFW
mixtures and homogenized again at 25,000 rpm for 5 min. HMP
concentrations used in the study were determined by preliminary
experiments to obtain stable emulsions. Compositions of the sam-
ples were given in Table 1.

2.3 Particle size measurements

Mean particle size values of the emulsions were determined by
using a light diffraction based particle size analyzer (Mastersizer
3000 Malvern, Worcestershire, UK) and refractive index value of
1.56 was used (Guner & Oztop, 2017). Sample particles were as-
sumed to be spherical and particle analyzer speed was adjusted
to 2,000 rpm during the analyses. Each emulsion was brought to
room temperature and diluted in deionized water prior to particle
size analysis. Particle size values were described by the volume-
based D4 3) mean diameter as shown in Equation (1):

Dy5 = SND!/N.D; )

where Dj value is the geometric mean of diameters, IN; is the num-
ber of particles in emulsion with diameter D;.

2.4 Rheological measurements

Rheological characterization of the emulsions was performed
by using a dynamic rheometer (Kinexus Dynamic Rheometer,
Malvern, UK) with a cone-and-plate (40 mm diameter and 4°
cone angle, 0.1425 mm gap) geometry. Emulsions at the room
temperature were poured onto the plate so that the surface of the
cone was fully covered with the sample. Then, shear stress val-
ues were recorded with varying shear rate values between 0.1 and
955~ ,in a total ramp time of 2 min (Thombre & Gide,2013). Data
were analyzed by Power Law, Newtonian, and Herschel-Bulkley
models. The best fitted model was the Power Law model with the
following equation (Eq. 2):

T =ky" 2
where T, k, ), and n denote shear stress, consistency index, shear

rate, and flow behavior index, respectively.

Vol. 86, Iss. 1,2021 o Journal of Food Science 121

Food Engineering, Materials
85U801 SUOWIWIOD A0 3|qeatdde ay) Aq pausenob afe sajole YO ‘8sn Jo o[l 40y ArIq1IT 8UlUO A8]1A UO (Suo !upum-pueswlal/lum'/m!M'/hmq!|au!|u0//de§ngH.ﬁﬁo§bLN@Bgﬁgmg@ﬂ;\éozlsom] Uo AkelqI78UIIUO AB[IMW ‘SRISIBAIUN UeIAT 1YY AQ 09SST TY8E-0G.T/TTTT OT/I0p/L0D A3 1M Aselq1ul|uo ) l//Sdiy woly pepeojumod ‘T ‘T202 ‘TY8E0S.LT



ABojouyoalouey 7 ‘30uajag

S[eLiate} ‘Buussuifug pooq

Physical characterization of high...

Amplitude (a.u.)

L |

Figure 1-Representative transverse relaxation
spectrum of the emulsions.
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2.5 NMR relaxometry measurements

2.5.1 Transverse relaxation measurements. NMR trans-
verse relaxation times (T3) of all emulsions were measured ac-
cording to the method of Pocan, Ilhan, and Oztop (2019) using
a LF NMR system equipped with a permanent magnet operat-
ing at a 'H frequency of 22.40 MHz (Spin Core, Gainesville, FL,
USA), having a 10 mm diameter radio frequency (RF) coil (Pocan
et al., 2019). Prepared emulsions were allowed to equilibrate to
room temperature and then poured into cylindrical tubes having
10 mm diameter for the measurements. Carr—Purcell-Meiboom—
Gill (CPMG) sequence was used to measure the T, values. CPMG
experiments were performed using a repetition delay of 3 s, echo
time of 2,000 ms, 32 scans, and number of echoes changing be-
tween 1,500 and 3,000 depending on the sample. Decay curves
were fitted to a mono-exponential fitting using MATLAB.

2.5.2 Relaxation spectrum analysis. In order to analyze
the relaxation behaviors of the emulsions in detail, multiexponen-
tial decay fitting of the CPMG curves was implemented. For that
purpose, Prospa 3.1 (Magritek, PA, USA) software was used. Non-
negative-least-squares analysis which utilizes an Inverse Laplace
based routine to decompose an exponential decaying curve to its
multiexponential components was performed (Oztop, Rosenberg,
Rosenberg, McCarthy, & McCarthy, 2010). Figure 1 shows a rep-
resentative transverse relaxation spectrum of the emulsions.
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2.6 Statistical analysis

Analysis of variance was used to analyze the experimental re-
sults with Minitab (Version 16.2.0.0; Minitab Inc., Coventry, UK).
Tukey’s comparison test at 95% confidence level was applied for
the comparisons. Measurements were conducted as three indepen-
dent replicates.

3. RESULTS AND DISCUSSION

3.1 Particle size analysis

Size and distribution of oil droplets determine the stability of
an o/w emulsion (McClements, 2015). Mean particle size values
of the Sy to S¢ samples were in the range of 1.5 to 2.5 um. Similar
to our particle size results, it was previously stated that the average
particle size of o/w canola emulsions stabilized with pectin was
around 2.5 pm (Huang et al., 2001). As shown in Figure 2, average
particle size of initial HMP-SFW dispersions (S1) decreased when
HMP concentration reached 10% (w/w; S3; P < 0.05). However,
higher HMP concentrations in SFO containing HMP-SFW
emulsions did not change the mean particle size values of the
emulsions (Figure 2). This could be attributed to the polydispersity
values of the emulsions (Table 2) (McClements, 2015). Polydisper-
sity results suggested that emulsions formed were not monomodel
systems. Nakauma et al. (2008) stated that o/w emulsions having
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Table 2-Particle polydispersity values of the emulsions.”.

Table 3-Power Law constants of the emulsions.’.

Sample Mean particle span Sample k (Pa-s") n

S 2.31 £ 0.05 S 0.26 + 0.114 0.96 % 0.02%
S, 2.42 +0.25" S, 0.48 + 0.074 0.96 + 0.01?
S3 1.42 £ 0.05° S3 9.41 4+ 0.13> 0.86 + 0.004
Sy 2.28 + 0.80* Sy 1.11 £ 0.27¢ 0.92 % 0.01%¢
Ss 2.78 + 0.25% Ss 454 4 0.45¢ 0.90 + 0.01¢
Se 1.43 4 0.02° Se 20.97 4+ 1.54 0.82 & 0.014

“Different inline letters in each column indicate significant difference (P < 0.05). Errors
are represented as standard deviations.

high emulsifier-to-oil ratio contained nonflocculated and polydis-
perse oil droplets (Nakauma et al., 2008). Under these conditions,
HMP was able to reduce the mean particle size in SFW emulsions
but it was not very effective on mean droplet size in SFEW-SFO
emulsions. Hydrodynamic processes which were induced by
droplet disruption during homogenization may have controlled
the mean droplet size values (Jafari, Assadpoor, He, & Bhandari,
2008). Nakauma et al. (2008) also showed that o/w emulsions con-
taining sugar beet pectin, soybean soluble polysaccharide, and gum
arabic emulsifiers had stable droplet size distributions after a critical
emulsifier-to-oil ratio. These emulsions experienced substantial
increase in their continuous phase viscosities which induced
constant average droplet size values starting from emulsifier-to-oil
ratios of 0.14,0.34, and 0.67 for sugar beet pectin, soybean soluble
polysaccharide, and gum arabic, respectively (Nakauma et al.,
2008). In our study, high emulsifier/oil ratios of 0.5, 0.7, and 1.0
were used. Therefore, even at 10% (w/w) HMP, similar droplet size
distributions were observed in SFO containing samples (S4 to Sg).

Besides mean particle size results, polydispersity analysis of the
emulsion systems can also provide valuable information on the
emulsion quality and characteristics (Riquelme, Zafiga, & Aran-
cibia, 2019). SFO emulsions containing candeilla and carnauba
waxes had higher polydispersity values with respect to the emul-
sion prepared with stearic acid, according to a study which investi-
gated solid lipid dispersions (Asumadu-Mensah, Smith, & Ribeiro,
2013). Similarly, we have also observed higher mean particle span
values for the SFW containing samples than expected except for
the samples with 10% (w/w) HMP. Table 2 demonstrated that S3
and S formulations had lower span values with respect to other
formulations (P < 0.05). Span results suggested that HMP could
produce more similar sized oil droplets at 10% (w/w) concen-
tration. Chalapud et al. (2018) demonstrated that LMP (1 to 3%,
w/w) was able to produce SFW emulsions with mean particle size
and polydispersity values in the range of 4.80 to 8.60 um and 1.10
to 2.04, respectively (Chalapud et al., 2018). When compared to
this study, our results suggested that HMP could produce smaller
mean particle size values for the emulsions at all HMP concen-
trations (Figure 2). However, 10% (w/w) HMP was required to
attain low span values as reported for LMP stabilized SFW emul-
sions (Table 2). In general, effective emulsifiers rapidly reduce oil—-
water interfacial tension, adsorb strongly onto the oil droplets and
prevent recoalescence of droplets via electrostatic and steric repul-
sion mechanisms (Leroux, Langendorfl, Schick, Vaishnav, & Ma-
zoyer, 2003). In case of hydrophilic hydrocolloids such as pectin
and its derivatives, required amount to saturate the droplet sur-
face is higher than the small emulsifier particles (Dickinson, 2009).
Thus, a high HMP concentration around 10% (w/w) was needed
to observe the stabilizing effect of HMP. Despite its weak sur-
face activity properties, HMP may have exhibited some interfa-
cial activity via slow migration to the oil-water interphase at high

“Different inline letters in each column indicate significant difference (P < 0.05). Errors
are represented as standard deviations.

concentrations (Garti & Reichman, 1993). When surfaces of oil
droplets are not completely covered, a single polymer chain can
interact with many particles and cause bridging flocculation of
some droplets (Dickinson, 2009). This was probably the case in S5
samples since at 7% (w/w) HMP concentration, emulsion droplets
had similar droplet sizes and higher span values with respect to
Se samples. Below droplet surface saturation coverage, emulsions
could not maintain stable profiles. At 10% (w/w) HMP concen-
tration (S¢), oil droplets were probably fully covered with the poly-
mer and these coated droplets repelled each other due to anionic
character of HMP.

Another factor which affected the size and distribution of the
particles was the presence of SFW in the emulsion system. The
lower mean particle size and reduction in polydispersity values of
S3 showed that HMP surrounded molten wax droplets during ho-
mogenization at 10% (w/w) concentration (Leroux et al., 2003).
Shortly after homogenization, molten wax particles started solidi-
fying and then they crystallized. Clearly, at 10% (w/w) HMP, nu-
cleation and growth of wax crystals were hindered. By this way,
presence of SFW also contributed to the higher stability of SFO
containing emulsions at 10% HMP concentration (Sg).

3.2 Rheological analysis

Rheological behaviors of the emulsions were evaluated and
composition of emulsions were found to be effective on the flow
behaviors (Kim & Mason, 2017). All samples had shear-thinning
characteristics as shown in Figure 3(A, B). First, increasing HMP
concentration resulted in higher consistency index values, thus
higher resistance to flow (Table 3; P < 0.05; Sahin & Sumnu, 2006).
Viscosity increase was more predominant in SFO containing sam-
ples. Flow behavior index values decreased with increasing HMP
concentration and emulsions obtained a more shear-thinning char-
acter (P < 0.05;Sahin & Sumnu, 2006). Presence of SFO enhanced
the pseudoplastic character of the samples. Although S¢ had con-
siderably higher consistency index than S3, their flow behavior in-
dex values were statistically same indicating that SFO was success-
fully incorporated into the HMP-SFW system of S (P > 0.05;
Tabilo-Munizaga & Barbosa-Cénovas, 2005).

Predominantly hydrophilic, high molecular weight (10* to
10° Da) polymers may form a thick steric stabilizing layer between
oil droplets (Pal, 1996). Furthermore, polymers having charged
groups in their structures may establish net electrostatic repulsive
forces between the oil droplets (Guzey & McClements, 20006).
HMP is an anionic, high molecular weight (~840 kDa) poly-
mer that is suitable for the aforementioned stabilizing mechanisms
(Ushikubo & Cunha, 2014). Before forming a thick layer between
the oil droplets, HMP may have produced a charged stabilizing
layer via its ionizable groups in the system at 5% (w/w) concen-
tration. Substantial increments in viscosities of the samples were
observed (Table 3) starting from HMP concentrations of 7% (w/w)
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and especially at 10% (w/w). Therefore, thickness of the layers be-
tween oil droplets may have been enhanced extensively so that this
mechanism may have predominated the emulsion system (Dick-
inson, 2009). Increase in the polymer (HMP) concentration might
have also contributed to the viscosity increase to some extent but
it is highly unlikely that amount of HMP can alone induce such
a dramatic change in the flow behaviors of the samples. Proba-
bly, HMP was able to increase the viscosity of the continuous
phase surrounding the oil droplets since the emulsifier concen-
tration was high. In this way, mobility of the oil droplets was re-
stricted (Chanamai & McClements, 2002). Okuro, Gomes, Costa,
Adame, and Cunha (2019) also claimed that increasing emulsifier
(lecithin) content in o/w emulsions with 25% (w/w) SFO formed
an enhanced viscoelastic interfacial layer which provided a good
kinetic stability to their emulsions (Okuro et al., 2019). In another
study, pea protein—polysaccharide complexes prepared with differ-
ent polysaccharides were used to stabilize the SFO containing o/w
emulsions at 2% (w/w) total polymer concentration (Vélez-Erazo,
Bosqui, Rabelo, Kurozawa, & Hubinger, 2020). They showed that
pea protein—tara gum and pea protein— xanthan gum complexes
provided a better stability to the emulsions since xanthan gum and
tara gum produced more viscous samples. In spite of the fact that
pea protein—gum arabic and pea protein—pectin containing emul-
sions also demonstrated some pseudoplastic behavior, viscosities of

124 Journal of Food Science ¢ Vol. 86, Iss. 1, 2021

these emulsions were lower than the ones with xanthan gum and
tara gum. Consequently, pectin and gum arabic including emul-
sions did not exert a good stability over time (Vélez-Erazo et al.,
2020). In this sense, a high HMP concentration (10%, w/w) was
required in our study to obtain stable emulsions with more viscous
character. Additionally, viscosity and storage moduli of fine emul-
sions were reported to be higher than that of coarse emulsions and
for the fine emulsions the shear-thinning effect was much stronger
(Barnes, 1994). Therefore, increase in the bulk viscosity and en-
hanced pseudoplastic behavior of emulsions were attributed to bet-
ter stability (Pal, 1996). After acquiring more viscoelastic character,
emulsions were less prone to bridging flocculation (Xiong et al.,
2018). Lower span value of S¢ with respect to S; and Ss samples
was also in agreement with these findings (P < 0.05). Now, NMR
relaxometry results will be discussed in detail to investigate any
possible correlation with the particle size and rheological charac-
terization of the emulsions.

3.3 NMR relaxometry analysis

3.3.1 Mono-exponential transverse relaxation times.
Mono-exponential transverse relaxation times of emulsions
were analyzed to investigate the effects of ingredients and com-
positions of the emulsions. As will be seen in Section 3.3.2,
multicompartmental relaxation analysis of the samples was also
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Table 4-Mono-exponential transverse relaxation times of the
emulsions (S; to S¢) and high methoxyl pectin solutions (Sg to
S10)- -

Sample T, (ms)

S 312.48 + 4.70°
S, 197.62 + 1.26¢
S3 115.24 4+ 1.87"
Sy 268.06 + 8.35°
Ss 174.64 + 8.49°
Se 111.73 £ 0.85"
Sg 347.77 £ 5.59*
So 240.81 + 3.764
S0 141.14 + 1.478

“Different inline letters in each column indicate significant difference (P < 0.05). Errors
are represented as standard deviations.

performed for a more detailed discussion. Table 4 summarizes
the mono-exponential T, results of the emulsions. Applied RF
pulse generates a signal representing the whole sample. Therefore,
it is crucial to distinguish the information obtained during the
relaxation process (Hashemi, Bradley, & Lisanti, 2010). T5 is related
to the efficiency of the energy transfer between neighboring spins
(Kirtil & Oztop, 2016). If the molecules of a sample have short
distances between each other, a high energy transfer efficiency
is achieved producing shorter T5. Thus, solid materials having
closely packed molecules have shorter T, than liquid materials
such as water whose molecules have larger distances between each
other (Hashemi et al., 2010). Long T» of water predominates the
transverse relaxation characteristics of the food materials with
high water content, for example o/w emulsions. Therefore, the
mono-exponential T> of an o/w emulsion is mostly affected by
the mobility and distribution of water protons within the emul-
sion system (Linke, Guthausen, Floter, & Drusch, 2018). First, a
continuous reduction in T, of HMP-SFW containing samples (S;
to S3) was observed with higher HMP concentrations (P < 0.05).
Same trend of T, was also applicable for the SFO added samples
(S4 to Sp). In general, SFO containing samples maintained a lower
T, profile compared to their no SFO containing correspondents
(P < 0.05). However, T, of S3 and S, were similar indicating
that T, decreasing effect of SFO was compensated at 10% (w/w)
HMP. T is also known as spin—spin relaxation time and measures
the 'H proton relaxation rates in the transverse plane (Hashemi
et al.,, 2010). In this study, emulsions contained at least 85%
(w/w) water thus, the information provided by T5 could be used
to evaluate the state of water interacting with the surrounding
macromolecules (Williams, Oztop, Mccarthy, Mccarthy, & Lo,
2011). Water in free state with a flexible molecular packing,
attains longer T, (Hashemi et al., 2010). Shorter T, was expected
with the increase in the HMP concentration due to the intense
interactions between the water molecules and hydrophilic parts of
the HMP macromolecules (Mariette, 2009). T> of SFO (S7) was
measured as 140 ms, which was much shorter compared to T,
of bulk water which could be described as several seconds (Kirtil
& Oztop, 2016). Therefore, sharp T, decrease of the samples due
to SFO addition was inevitable (Table 4). Nevertheless, similar T5
for S; and Sq showed that SFO was well dispersed in Sg at 10%
(w/w) HMP. This result (S¢) suggested that T, lowering effect of
SFO phase was overwhelmed by efficient contribution of the oil
droplets in the continuous phase (Kirtil & Oztop, 2016). Probably,
presence of HMP at high concentration (10%, w/w) in continu-
ous phase of the emulsion created a sufficient thickness of aqueous
layer around the individual oil droplets (Mariette, 2009). Therefore,

Table 5-Mono-exponential transverse relaxation times of the
emulsions (S4 to S¢) and (S11 to S13).

Sample T, (ms)

Sy 268.06 + 8.35P
Ss 174.64 + 8.49¢
Se 111.73 £ 0.85¢
S 380.23 + 11.66°
Sia 212.94 £ 2.14°
Si3 133.41 + 0.634¢

*Different inline letters in each column indicate significant difference (P < 0.05). Errors
are represented as standard deviations.

HMP containing continuous phase predominated the transverse
relaxation. Particle size and rheology results also supported the
T, findings. Lower span values of S¢ samples, substantial increase
in the viscosity and shear-thinning behavior of Sq formulations
with respect to S5 were also attributed to better SFO dispersion in
the emulsions at 10% (w/w) HMP concentration (Huang et al.,
2001). Compensation of T lowering effect of SFO at 10% (w/w)
HMP may have also indicated that HMP has demonstrated some
surface activity. Slight hydrophobic character of HMP which was
mainly originated from the high number of methyl esterified
carboxyl groups could be responsible for this activity (Dickinson,
2003). Methyl esterified carboxyl groups of HMP have affinity
for oil droplet surfaces and can weakly adsorb onto the oil droplet
surfaces (Huang et al., 2001). Galacturonic acids and nonesterified
carboxyl groups of HMP has affinity for water due to their hy-
drophilic characters (Mohnen, 2008). After applying high shears,
rigid galacturonic acid backbone of HMP may migrate slowly to
oil-water interface and contribute to the layer formation around
the droplets (Garti & Reichman, 1993). These properties of HMP
may have also contributed to the stabilization of the S¢ emulsions.

Table 4 also shows the effect of SFW addition to HMP solutions.
When 5% (w/w) SFW was added to only HMP containing (Sg to
Si0) solutions, T, values decreased significantly (S; to S3; P < 0.05).
Shorter T, was due to the solidified form of SFW in the emulsions
and low interaction of SFW with bulk water (Marigheto et al.,
2007). Very low T, of pure SFW (S;5 around 37 ms) also verified
the T, results of wax containing emulsion. Effect of SFW addi-
tion on T, was also compared in Table 5 prepared to compare the
T5 values of HMP—SFO and HMP-SFO-SFW emulsions. T> of
HMP and SFO containing samples (S11 to S13) decreased after the
addition of 5% (w/w) SFW (S, to S¢; P < 0.05). Despite the afore-
mentioned characteristics of SFW, HMP was also able to disperse
wax particles since S and Sy3 attained similar T, values as in the
case of SFO containing samples (P > 0.05; Table 5). Particle size
measurements were also consistent with this result. As previously
explained, 10% (w/w) HMP concentration reduced the mean par-
ticle size of only HMP-SFW containing emulsions (P < 0.05).
Minor amphiphilic character of SFW and slight hydrophobicity of
HMP may have contributed to the SFW dispersion in the sam-
ples in addition to the increased emulsion viscosity, which was the
main factor for SFW dispersion (Batimler et al., 2013; Pancheyv,
Nikolova, & Pashova, 2009).

3.3.2 Transverse relaxation spectrum analysis. Detailed
analysis of transverse relaxations was performed by inverse Laplace
transformation to obtain one dimensional relaxation distribution
for each decay. Relaxation spectra of the samples represent distinct
proton populations contributing to the magnetization decay (Ma-
riette, 2009). Table 6 shows the relative peak time and area values of
the samples (S; to Sg). These emulsions revealed three peaks with
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distinct peak time and area values meaning that emulsions had
three distinct proton populations with varying transverse relax-
ation rates. First peak with the lowest relaxation time and area was
attributed to the exchangeable solid signal mainly coming from the
SFW particles in the emulsions (Marigheto et al.,2007). Increasing
HMP concentration did not affect the peak time and area values of
Si to S3 in this case (Table 6). Peak 1 times of Sy and S5 were not af-
fected by SFO addition and maintained similar trend with S; to Ss.
Unlike other SFO containing emulsions, S¢ had a lower peak time
at 4.6 ms (P < 0.05). Better emulsion characteristics at 10% (w/w)
HMP reduced the average size of the SFW particles as previously
shown in Figure 2. In this way, SFW particles may have attained a
higher surface to volume ratio increasing the contact area between
the SFW particles and water. This may have promoted a more
efficient and faster energy exchange between the solid (SFW) and
liquid (water) phases (Kirtil & Oztop, 2016). Namely, the energy
generated due to the relaxation of the excited SFW protons was
exchanged faster with the surrounding environment (Marigheto
et al., 2007). Thus, peak 1 time of S decreased (P < 0.05).

Peak 2 signal was mainly associated with the hydration layer
around the SFW particles (Liu et al., 2016). More HMP addition
did not change the times and areas belonging to Sy to S3 samples
with no dispersed oil phase. However, adding 10% (w/w) SFO
to the HMP-SFW emulsions suddenly increased the peak time
and area values of S; (P < 0.05). T of Sy4 (SFW—SFO mixture)
was found as 142 ms close to T, of S; (pure SFO) indicating that
transverse relaxation of SFO protons suppressed the SFW con-
tribution in the mixture. Accordingly, at 5% (w/w) HMP, SFO
formed some layer thickness around the SFW particles and pre-
dominated the relaxation process. With increasing HMP concen-
trations, this T5 increasing effect of SFO for peak 2 diminished
and T5 returned to its range observed for S; to S3. Main reason
for this trend was the more homogenous distribution of the oil
droplets within the emulsion especially at 10% (w/w) HMP (Ver-
meir, Balcaen, Sabatino, Dewettinck, & Van der Meeren, 2014).
Higher areas of peak 2 for S4 to S with respect to Sy to S areas
could be attributed to the intensity of interactions in this proton
population mainly driven by HMP activity on SFO droplet sur-
faces (Marigheto et al.,2007). Results of peak 2 unveiled the effect
of HMP concentration on SFO dispersion in the emulsions. The
more homogeneous distribution of oil droplets at high HMP con-
centration was also in agreement with the lower span values of S3
and S¢ suggesting a similar size distribution for the dispersed oil
droplets (P < 0.05; Riquelme et al., 2019). Additionally, enhanced
pseudoplastic behaviors, for example higher consistency and lower
flow behavior index values of S3 and S4 also supported the more
homogeneous oil droplet distribution claim after the investigation
of peak 2. This is because a better o/w emulsion characteristic is
associated with the increased pseudoplastic behavior (Pal, 1996).

The highest peak T, values and relative areas were observed
for peak 3, which represented the continuous water phase mainly
interacting with HMP (Table 6; Vermeir et al., 2014). T, decreas-
ing effect of HMP addition was ideally observed in peak 3. Both
emulsion types having SFO or not attained lower T5%s in peak
3 at higher HMP concentrations similar to mono-exponential
T, results (P < 0.05). Starting from 7% (w/w) HMP, more ho-
mogeneous distribution of SFO droplets (e.g., lower span values,
higher pseudoplastic character and viscosity) revealed peak times
in the same range for S; to Ss and S; to S¢ samples. This was
also in agreement with the compensation of mono-exponential
T lowering effect of SFO with increasing HMP concentration.
Peak 3 areas were by far the highest compared to previous peaks
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since the interactions in this proton population were dominant
in determining the overall transverse relaxations of the emulsions
(Ozel, Uguz, Kilercioglu, Grunin, & Oztop, 2017).

Contrary to HMP-SFW emulsions and their SFO including
correspondents, multiexponential relaxation analysis of only HMP
containing solutions (Sg to Syp) produced one peak which was due
to the dominant hydrophilic character of HMP (Yoo et al., 2009).
Polymer—water interactions predominated the relaxation process
of Sg to Sy in the absence of SFW or SFO. All in all, relaxation
spectrum analysis of the emulsion samples showed that multiex-
ponential transverse relaxation results of the emulsions were in
correlation with the previous particle size, rheology, and mono-
exponential transverse relaxation analyses.

4. CONCLUSION

Emulsions showed distinct physical characteristics depending on
the HMP concentration and presence of SFO and SFW. HMP was
able to disperse SFW and SFO in the emulsions mainly by mod-
ifying the viscosity of the continuous phase. At 10% (w/w) con-
centration, HMP was more effective in forming emulsions with
desired properties since particle span values decreased whereas
viscosity and pseudoplastic character of the emulsions increased
(P < 0.05). Mono-exponential T, relaxations and decomposition
of the relaxation spectra provided detailed information regarding
physico-chemical interactions taking place within the emulsions.
Mono and multiexponential transverse relaxation results were in
correlation with the particle size and rheology results. T> decreas-
ing effect of SFO was compensated at 10% (w/w) HMP concen-
tration which was attributed to better dispersion of SFO in the
emulsions. Results indicated that SFW which is an essential mate-
rial for the formation of edible films with reduced water perme-
ability characteristics, could be integrated to film forming emul-
sions to some extent. Finally, this study showed that NMR relax-
ometry could be used as a nondestructive tool to analyze complex
emulsion systems. Transverse relaxation parameters could be ap-
plied for the analysis of new HMP-SFW formulation protocols
that could later be utilized to produce HMP-SFW based products
such as edible films and coatings.
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