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Emulsions stabilised with pectin-based microgels:
investigations into the effect of pH and ionic

strength on emulsion stability+
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Pectin-based microgel particles (MGPs) are encouraging sustainable emulsifying agents for food-appli-

cations. Based on polyelectrolytes, pectin-based MGPs are assumed to be pH and ionic strength sensitive,

in a similar manner to MGPs of synthetic polymers. Besides building a barrier around oil droplets, charged

MGPs repulse each other. Thus the stabilisation mechanisms of pectin-based MGPs should be both steric

and electrostatic. To investigate this, emulsions were homogenised with MGP concentrations ranging

from 0.5 to 2 wt% MGPs. After emulsification, the pH of the emulsions was adjusted to 4, 3, or 2; and the

resulting droplet sizes were measured. We found out that the droplet size and the appearance of agglom-

erates increased with decreasing pH values. This was caused by the loss of the MGP surface charge, as

stated by their {-potential, showing an increase from —33.71 + 4.1 mV for samples with pH 4 to -17 +

Received 23rd March 2021,
Accepted 1st June 2021

DOI: 10.1039/d1fo00891a

rsc.li/food-function

1. Introduction

Emulsion-based food products such as, drinks, salad dres-
sings, desserts, and sauces, are part of our daily lives. These
products are composed of two immiscible liquids (oil and
water), and are thermodynamically unstable, thus, they require
the use of emulsifying agents, and often thickening agents in
order to guarantee stability, and avoid phase separation.' In
addition, most of these products have acidic pH values and
high to moderate ion concentrations in order to preserve them
and enhance flavour.” There is a wide range of emulsifying
agents useful for this purpose, such as proteins and hydrocol-
loids, but also particles and low molecular surfactants.® This
article draws focus to a relatively new kind of emulsifying
agent: microgel particles (MGPs) based on biopolymers for
food applications. Microgel particles are lyophilic, particulate
polymer networks, whose properties are more complex than
those of single polymer chains and particles.>* Due to their
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0.6 mV, and =3.4 + 0.6 mV for pH 3 and 2, respectively. However, the degree of coalescence was depen-
dent on the MGP concentration, as samples with 0.5 wt% coalesced more readily than samples with
2 wt% MGP. These results help understand the emulsion stabilisation mechanisms of pectin-based MGPs
and what effect formulation parameters have on the long-term stability of MGP-stabilised emulsions.

polymer-colloid duality, MGPs possess properties such as
thermal and pH responsiveness, reversible swelling, deform-
ability, and interfacial activity among other characteristics.>>”

MGPs based on food biopolymers have been successfully
produced.® Similar to their synthetic counterparts, the bio-
polymer used for MGP formation can determine or influence
the functionality and characteristics of the obtained microgel
particle: aggregation, self-assembly, complexation or denatura-
tion, and the long-term integrity of microgel particles.® A
variety of charged polysaccharides or proteins can form micro-
gel particles. MGPs produced from proteins, such as whey,
have great potential for foam’ and emulsion™ stabilisation.
Researchers have investigated the pH-responsiveness of pea
protein MGPs and whey protein MGPs.'”'" However, few have
investigated the pH responsiveness of polysaccharide-based
MGPs. There are two studies that focus on the release of
encapsulated substances from polysaccharide beads as a
response to pH changes.'>'® However, the influence of
changes in pH and ionic strength on the emulsifying and
interfacial properties of polysaccharide particles has been
investigated scarcely. Many polysaccharides used for MGP for-
mation, such as pectins or alginate, are polyelectrolytes.
Hence, they are affected by the pH and ionic strength in a
similar manner to protein-based MGPs. Therefore, a thorough
understanding of the emulsion stabilisation mechanisms of
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complex charged polysaccharide-based MGPs is required in
order to use such particles in food applications, where low pH
values and high ionic strengths are dominant.

The pH sensitivity and response to the presence of counter-
ions have been thoroughly investigated for poly(N-isopropyl-
acrylamide) (PNIPAM) and PNIPAM-co-MAA (methylacryl acid)
MGPs.>"*"” Thus, we take these findings as the basis for our
work on polysaccharide-based MGPs. Depending on the
polymer used, the sensitivity of MGPs towards alterations in
pH or ionic strength may vary. The presence of ionisable
groups on the polymer can determine the MGP’s surface or
inner charge, depending on their location within the
particle.'®'® Besides affecting MGP’s charge, ionisable groups
determine MGP interactions with the solvent, which are key
for the swelling capability of MGPs.>®

The swelling capability of MGPs is not only determined by
the mere presence of ionisable groups. It also makes a differ-
ence whether these groups are basic or acidic,>" as they deter-
mine the pH-sensitivity of the MGPs, thus affecting MGP
volume, charge, and stability.* Since both MGP’s volume and
charge are affected by pH or ionic strength, one cannot
assume that the stabilisation of droplets by MGPs is based
solely on electrostatic repulsion.? The presence of counterions
and the deprotonation of acidic groups cause the deswelling of
charged MGPs. This can reduce the oil surface coverage by
MGPs, or even cause MGP detachment, rendering the oil dro-
plets prone to coalescence.”>* Liu et al>® showed that
swollen and charged poly(N-isopropylacrylamide-co-
methacrylic acid) and poly(N-isopropylacrylamide-co-2-amino-
ethyl methacrylate) MGPs stabilise oil droplets better than in
their uncharged state. The long-term stability of the investi-
gated emulsions was prolonged when both MGPs were electro-
statically charged. However, emulsions were also successfully
prepared with uncharged MGPs as demonstrated by Schmidt
et al.”® for core-shell microgels. Even at almost zero charge,
MGPs in their swollen state could stabilise droplets in the
presence of counterions, indicating that the volume/confor-
mation of MGPs is as important as the electrostatic repulsion
for droplet stabilisation. The literature suggests that the
deformability and interpenetration capability of MGPs are key
for droplet stabilisation.”* Therefore, it is assumed that the
stabilisation mechanisms of MGPs are based on electrostatic
and steric barriers. Although much has been published on
MGPs based on synthetic polymers, their use in food appli-
cations is unthinkable. Hence, research focuses on bio-
polymer-based MGPs, which can be used in the food, pharma,
and cosmetic industries, without losing consumer acceptance.

In this work, we focus on pectin-based MGPs. Pectin as a
charged polysaccharide serves as a model for various food
grade hydrophilic biopolymers. Furthermore, pectin-based
MGPs have already been successfully used as emulsifying
agents.”” Pectin is found in higher plants, where it gives firm-
ness and structure to plant tissues. Pectin is gained from side
streams of the food industry, e.g. from juice or sugar pro-
duction. This makes pectin a sustainable plant polysaccharide
from natural sources*® and a food ingredient well-accepted by
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consumers.> Pectin is a hetero block-copolymer, composed of
three different polysaccharide structures forming a single
pectin molecule: homogalacturonan (HG), rhamnogalacturo-
nan I (RGI), and rhamnogalacturonan II (RGII). Low methyl-
esterified pectin chains form physical gels in the presences of
divalent cations.”®*° Pectin’s charge can fluctuate depending
on its degree of methyl-esterification, amidation, acetylation,
and protein content, thus making pectin a polyelectrolyte,
whose charge depends on the extraction source and environ-
mental conditions. All of these parameters impact pectin’s
emulsifying properties as a single polymer chain,*" that
is the droplet size that can be obtained when various pectin
polymers are used for emulsion stabilisation at equal
concentrations.

In contrast to pectin polymers, pectin-based MGPs uphold
the same emulsifying properties regardless of possible vari-
abilities in pectin origin and molecular structures.”’
Therefore, pectin-based MGPs have the potential to overcome
variations in the polymer raw material. Previous work has
focused on the choice of pectin type for MGP formation, the
impact of the process parameter on the MGP integrity, and the
effect of MGP concentration on the resulting emulsion
properties.”’?***  However, the underlying mechanisms
responsible for pectin MGP emulsifying properties are still
unclear. As they are made from a polyelectrolyte, pectin-based
MGPs are assumed to be pH and ionic strength sensitive, as
reported for MGPs from synthetic polyelectrolytes. Thus, our
underlying hypothesis states that the stabilisation mechanism
of pectin-based MGP is of both steric and electrostatic in
nature. Changes in pH and ion concentration might affect the
MGP charge and size, possibly leading to droplet or MGP floc-
culation. Nevertheless, we assume that if the oil droplet cover-
age is sufficient, droplet coalescence might be hindered.

2. Materials and methods

2.1. Materials

Amidated apple pomace pectin was gifted by Herbstreith & Fox
(Neuenbiirg, Germany). The pectin had a molecular weight of
63 kDa, a degree of esterification of 24%, a degree of amida-
tion of 24%, and a galacturonic acid content of 91% according
to supplier information. Calcium chloride di-hydrate was
obtained from Merck KGaA (Darmstadt, Germany). CaCOs;
powder (98.5% purity) was purchased from Carl Roth GmbH &
Co. KG (Karlsruhe, Germany). p-(+)-Glucono-1,5-lacton (GDL)
with 99% purity was acquired from Alfa Aesar GmbH & Co. KG
(Karlsruhe, Germany). Medium chain triglyceride (MCT) oil
with C8 and C10 chains with a 60:40 ratio was purchased
from IOI Oleo GmbH (Hamburg, Germany). In order to
increase the density of the MCT oil and delay the creaming of
emulsions, 8 wt% of ester gum provided by Symrise AG
(Holzminden, Germany) was added to the oil. The mixture was
heated to 50 °C under constant stirring until dissolution. The
MCT oil then had a density of 0.96 kg L' at room
temperature.

This journal is © The Royal Society of Chemistry 2021
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2.2. Preparations of pectin solution

Amidated pectin solutions, with a pectin mass concentration
of 2 wt%, were prepared by dissolving 4 g of pectin in 196 g of
demineralised water in a 600 mL beaker at 60 °C, using a high-
shear mixer Ultraturrax T-25 digital (IKA® Werke GmbH & Co.
KG, Staufen, Germany) at a rotational speed of 10.000 rpm for
30 s.
temperature.

Then solutions were left to cool down to room

2.3. Preparation of pectin MGP suspensions

The pectin solutions prepared as described above were used
for the preparation of MGP suspensions with a 50 wt% MGP
concentration according to the method described by Saavedra
Isusi et al.*’ Gelation was achieved by adding a 40 mM CacCl,
solution to the pectin solution under constant shearing, fol-
lowed by a homogenising step using a high-pressure homogen-
iser (HPH) at 400 bar. The HPH used was a Microfluidizer MF
110 EH (Microfluidics Corporation, Newton, MA, USA). It pos-
sesses a Y-type interaction chamber with a microchannel dia-
meter of 75 pm and an auxiliary processing module (APM)
with a diameter of 200 pm. The MGP suspension was then was
diluted with demineralised water to obtain MGP suspensions
with 0.5; 1 or 2 wt% MGP concentration. These MGP suspen-
sions were used as the continuous phase of the investigated
emulsions. The pH of the MGP suspensions was not adjusted
prior to the emulsification step, and was equal to 4.2 at room
temperature.

2.4. Determination of MGP size and zeta-potential

The hydrodynamic diameter (z-average) of MGPs in suspension
was determined by dynamic light scattering with a particle
size analyser Horiba Nanopartica SZ-100 (Horiba Scientific,
Kyoto, Japan). Samples were measured at least 10 times.
Measurements were conducted at a scattering angle of 173°
and at 22.0 + 1 °C. The particle had a z-average of 77.0 +
12.8 nm and a polydispersity index of 2.64 + 0.59.

The zeta-potential of MGP suspensions containing 1 wt%
MGPs was determined using the particle size analyser Horiba
Nanopartica SZ-100 (Horiba Scientific, Kyoto, Japan), at pH-
values 4, 3, and 2 without adjusting the electric conductivity
(EC) of the water phase. Additionally, the EC MGP suspensions
at pH 4 were adjusted to 0.65 mS cm™" and 6.5 mS cm™" with a
saturated NaCl solution prior to the zeta-potential measure-
ments. The zeta-potential of MGP suspensions at pH 3 and EC
6.5 mS cm™" was also determined. Three measurements of 10
runs were conducted at 25 °C for each solution.

2.5. Determination of gel’s volume change depending on the
pH-value

Cylindrical shaped gels with a radius of 40 mm and a height
of 20 mm were synthesised according to the method described
in ref. 34. Pectin solutions, prepared as previously described,
were mixed with GDL and CaCO;. The CaCO; concentration
was chosen depending on the molar ratio R = 2 x [Ca®")/
[COO7] = 1.*>*® The GDL amount was chosen to fit the stoi-

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

chiometric ratio [GDL] = 2 x [Ca>"], as described by Strom et al.
(2003).*° After mixing, the solution was poured into silicon
forms and was left to gel for a minimum of 20 h at room
temperature.

After gelation, the cylindrical shaped gels were submersed
in demineralised water. The pH of the water was adjusted to
PH 2 and pH 3 using a 1 M HCI solution, respectively. The gels
remained submersed in the water phase for 72 h and at 5 °C.
After this time, their volume V5, , was determined by submer-
sing the gel blocks in oil and measuring the displaced oil
volume. The relative volume change AV was then calculated
using eqn (1).

Van—W

0

AV X 100 (1)

2.6. Preparation of pectin MGP-stabilised emulsions

Emulsions, containing 5 vol% MCT oil (disperse phase), were
prepared by dispersing oil into either a 0.5, 1 or 2 wt% MGP
suspension (continuous phase). The MCT oil was dispersed
into the continuous phase under constant mixing with a high-
shear mixer Ultraturrax T-25 digital (IKA® Werke GmbH & Co.
KG, Staufen, Germany) at a rotational speed of 15.000 rpm
over 30 s in a 600 mL beaker. Afterwards, the emulsion pre-
mixes were dispersed for another minute at the same
rotational speed. Fine emulsions were obtained by homogenis-
ing the coarse emulsions twice at 400 bar using a HPH
Microfluidizer MF 110 EH (Microfluidics Corporation, Newton,
MA, USA). The pH of the emulsions after their preparation was
equal to 4.4 + 0.2 at room temperature.

The fine emulsions were then separated into three samples
of equal volume. The pH of the samples was adjusted to a pH-
value of 4 (reference value), 3 or 2, respectively. The reference
value was chosen as emulsions without any pH-adjustment
had pH-values ranging from 4.2 to 4.4. The pH adjustment was
performed using less than 0.5 vol% of 1 mol HCI to avoid
pectin degradations.

The EC of the investigated samples was determined after
pH adjustment. In order to investigate the effect of ionic
strength and pH separately, emulsion samples with adjusted
electric conductivity were prepared. The emulsification process
was kept constant. The electric conductivity (EC) of emulsions
with pH 3 was measured and was equal to 0.65 mS cm™'. A
sample with reference pH (pH 4) was then prepared with the
same EC (0.65 mS cm™"). For this, a saturated NaCl solution
was used. Furthermore, samples with pH 3 and pH 4 and an
increased EC equal to 6.5 mS cm™" were also produced. Each
emulsion type was prepared in triplicate if not stated
otherwise.

2.7. Measurement of oil droplet size distribution

The droplet size distribution (DSD) of the prepared emulsions
was determined by static laser light scattering using a HORIBA
LA-950 Particle analyser (Retsch Technology, Haan, Germany).
The results are shown as the cumulative volume distribution
Qs. The characteristic mean droplet diameter x5, ; was selected

Food Funct., 2021,12, 7227-7238 | 7229
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for comparison of the changes in droplet size caused by pH or
EC. The refractive indices were set at n = 1.4494 for MCT oil
and n = 1.333 for water for all emulsions. The determination of
the droplet sizes was made following the Fraunhofer theory.
All measurements were conducted in triplicate at room
temperature.

All emulsion samples were observed under an Eclipse
LV100ND microscope (Nikon GmbH, Diisseldorf, Germany),
equipped with a DS-Filc camera. Micrographs of the samples
were taken with 10 or 20-fold magnification lenses.

2.8. Statistical analysis

Each sample preparation was made in triplicate. If not speci-
fied otherwise, all analyses were conducted at least three times
per independent test. All data was assessed by a multifactorial
analysis of variance (ANOVA) and a Tukey test as the post-hoc
test. Dissimilarities in samples were considered statistically
relevant at a level of p < 0.05. The software OriginPro 2019
(OriginLab Corp., Northampton, MA, USA) was used for the
statistical analysis, calculation of averages, and standard
deviations.

3. Results and discussion

3.1. Influence of pH and ionic strength on MGP charge
and size

Both pH and ionic strength affect the MGP charge and size, so
they can influence the emulsion stability. The pH adjustment
by adding HCI not only decreases the pH of the outer phase
but also increases the ion content, resulting in a higher ionic
strength. Thus, the influence of pH and ionic strength on the
emulsion stability cannot be decoupled from one another. In
order to still be able to differentiate between the effects of pH-
value and ionic strength, we determined the zeta-potential of
the MGP suspension (MGP in water) at pH 2, 3 and 4, and at
two different electric conductivities at pH 3 and 4. The ionic
strength of the dispersion (either MGP suspension or emul-
sion), can be determined indirectly by measuring the disper-
sion’s electric conductivity EC. The values chosen for the EC
were 0.65 and 6.50 mS cm™". The first value was determined in
preliminary experiments and corresponds to the EC of an
emulsion after pH adjustment to pH 3. The second value,
10-fold of the first value, was chosen so that possible effects
caused by high ionic strength could be magnified. The results
are shown in Table 1.

As seen from Table 1, the zeta-potential (ZP) of MGPs in
aqueous solutions is affected by changes in pH and ionic
strength (determined indirectly as the electric conductivity).
The reference samples show a negative charge, with a ZP of
—33.7 mV. Increasing the electric conductivity of the watery
phase at pH 4 leads to an increase in ZP (—12.6 + 2.2 mV), as
seen in Table 1. An increase in the ZP is also noticeable when
the pH decreases. Samples with pH 3 possess a higher ZP-
value as samples with the same EC at pH 4 (—17 = 0.6 mV for
0.65 mS cm™' and —-8.2 + 1.6 mV for 6.50 mS cm™'). Here
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Table 1 Zeta-potential of microgel particles (MGPs) in water at

different pH-values and electric conductivities. MGPs were prepared
with amidated pectin and were homogenised at 400 bar

Electric conductivity Zeta-potential

pH EC [mS cm™] [mV]

4 (reference) 0.28 —33.7 4.1
4 0.65 —-30.9£0.2
4 6.50 -12.6 £2.2
3 0.65 —-17 £ 0.6
3 6.50 —-8.2+1.6
2 4.83 -3.4+0.6

again, the addition of ions decreases the particle’s charge. At
PH 2, MGPs have a ZP closest to zero (—3.4 = 0.6 mV), which
translates to uncharged particles. Under these conditions a
very limited electrostatic repulsion among particles is
expected.

The changes in the MGP charge under acidic conditions, as
measured from their ZP, could be explained by the charge
state of the MGP’s functional groups. The functional groups
responsible for surface charge in pectin-based MGPs are prob-
ably carboxyl groups (due to pectin’s low degree of methyl-
esterification). Although these groups are also involved in
pectin gelation, not all carboxyl groups formed junction zones
with calcium ions. Free carboxyl groups could still remain in
the MGP providing them with a strongly negative surface
charge (—33 mV). A decrease in the pH-value of the suspension
decreases MGPs’ electrostatic surface charge, thus increasing
their zeta-potential.

The addition of ions also causes an increase of the poten-
tial, as seen in Table 1. The salt used for the adjustment of the
sample’s electric conductivity was NaCl. These ions do not
interact with pectin’s functional groups, and hence they do
not directly affect the particle’s surface charge. Nevertheless,
ions can alter the properties of the diffuse double layer, which
surrounds the particle (Debye-Hiickel-length). An increase in
the electrolyte concentration of the samples results in the com-
pression of the diffuse double layer, which reduces MGP’s
electrostatic barrier, thus increasing the particle’s zeta-poten-
tial and the chance of particle aggregation.

However, the effect of the pH value on the zeta-potential is
larger than that of the addition of ions. This is especially
noticeable on samples with pH 2. In this sample an EC of
4.83 mS cm™" was measured, which is lower than the highest
investigated EC of samples at pH 3 and 4. Yet, this sample pos-
sessed the highest zeta-potential of all formulations. This
means that the changes on the MGP’s surface charge affect the
electrostatic repulsion in a greater way than the compression
of the diffuse double layer does.

Not only is the zeta-potential of the particles affected by the
pH of the surrounding phase, as described above, but also the
gel undergoes volume changes if the environmental conditions
lead to changes in the osmotic pressure or in the charge of the
polymer’s functional groups. The determination of the volume
changes in microgel particles is however problematic, as they
might agglomerate. Thus, the determination of an increase/

This journal is © The Royal Society of Chemistry 2021
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decrease in the volume of a single gel particle is rather
difficult. For this reason, the volume changes caused by the
pH were examined on macroscopic pectin gels, prepared with
the same pectin type as the investigated MGPs. After 72 h, gels
prepared with amidated pectin showed a relative volume
decrease of —13% and —5% at pH 2 and pH 3, respectively.
The fact that at pH 2 the gels decreased more in volume than
at pH 3 concords with the zeta-potential measurements. At pH
2, the functional groups lose more charge than at pH 3, hence,
they do not repel each other as much. This could lead to a con-
traction of the gel network. Moreover, at the lower pH, more
HCI was added to the watery phase to reach the desired pH-
value. Therefore, the osmotic pressure and ionic strength of
water with pH 2 is higher than the one with pH 3. This can
also lead to greater gel deswelling.

Although the macroscopic gels are not MGPs, we assume
that MGPs can follow the same trend, as the polymer type
used for the preparation of both gel types was the same. The
difference would then lie on the kinetics in which the volume
changes would occur and on the determined absolute values.
However, the obtained data is only a qualitative approach and
can help clarify the behaviour of MGPs. Hence, it can be said
that MGPs would also shrink under acidic conditions and that
the shrinkage percentage would be pH dependent, as well.

3.2. Assessment of the influence MGP concentration on
emulsion stability

MGPs from charged polymers react to changes in the environ-
ment such as increase/decrease in the pH-value, osmotic
pressure, and the presence of ions. This can result in MGP des-
welling and/or changes in MGP surface charge. MGP deswel-
ling can consequently result in insufficient surface coverage
and droplet coalescence. In order to avoid this, one would
intuitively use higher particle concentrations for emulsion
preparation to guarantee that enough particles cover the inter-
face, even in the case of particle shrinkage. However, the lack
of electrostatic repulsion might lead to MGP agglomeration. In
this case, a high MGP concentration could be contra-pro-
ductive, as the agglomeration probability increases with the
amount of particles.’® Higher agglomeration probability could
accelerate the oil droplet coalesce process and render the
emulsion unstable.

To test the assumption that an increasing amount of MGP
might provide better steric stabilisation to emulsions, and
could promote droplet agglomeration depending on their
surface charge, emulsions with three different MGP concen-
trations were prepared. However, before evaluating the effect
of charge on droplet size and/or aggregation, it was important
that all investigated emulsions possessed the same initial
droplet size distribution. In this manner, one could trace back
any observed differences solely to the pH or ionic strength.

The DSD of emulsions with the reference pH value (pH 4),
prepared with 0.5; 1 and 2 wt% MGP particles is found in
Fig. 1. As seen in the diagram, all formulations have similar oil
droplet size distributions (xs03 equal to 1.28 + 0.02 pm for
0.5 wt%, 1.25 + 0.18 pm for 1 wt%, and 1.65 + 0.21 pm for

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Volumetric droplet size distribution of o/w emulsions (5 vol%
MCT oil in water, pH 4), stabilised with amidated pectin microgel par-
ticles at varying concentrations (0.5 wt%, 1 wt%, 2 wt%). Emulsions were
prepared with a HPH at Ap = 400 bar. Xs503-values equal to 1.28 +
0.02 pm for 0.5 wt%, 1.25 + 0.18 pm for 1 wt%, and 1.65 + 0.21 ym for
2 wt% MGP, respectively.

2 wt%). Therefore, these formulations are regarded as suitable
for further investigation. Even though the 2 wt% MGP formu-
lation is significantly different to the other two, the difference
is only of 0.1 pm. An explanation why the MGP concentration
does not strongly influence the resulting droplet size was dis-
cussed in previous publications:** our own experiments had
already demonstrated that the MGP concentration used for
emulsion stabilisation does not affect the resulting oil droplet
size, if the MGP content is kept below 5 wt%. Below this value,
the ternary system composed of pectin-based MGP particles,
oil, and water forms emulsions. Moreover, these previously
investigated emulsions possessed identical viscosity curves
and Newtonian flow behaviour. We have demonstrated that
the key parameter to control droplet sizes in pectin-based
MGP-stabilised emulsions is the mechanical energy input, i.e.
process conditions.*® Hence, as the emulsification conditions
in this study were kept constant, the particle concentration has
little effect on the droplet size and viscosity prior to pH
adjustment.

Coalescence and other emulsion instabilities are time-
dependent and can occur over a period of minutes to hours,
and even weeks."" However, as we planned to assess the stabi-
lity of the investigated emulsions and the effect of environ-
mental conditions on emulsion stability (pH and I), the refer-
ence formulations should be stable at least over a period of
three weeks. Therefore, we measured the droplet size distri-
bution of each sample weekly, for a period of four weeks. The
DSD of emulsions prepared with 1 wt% MGP and pH 4 is
depicted in Fig. 2. The shown distributions do not change sig-
nificantly from day 1 to day 14 (x50 = 1.39 + 0.02 um after 14
days). The curve measured after 21 days displays smaller
droplet sizes (x503 = 0.98 £ 0.01 pm) than the initial emulsion.
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Fig. 2 Volumetric droplet size distribution of o/w emulsions (5 vol%
MCT oil in water, pH 4), stabilised with 1 wt% amidated pectin microgel
particles. Emulsions were prepared with a HPH at Ap = 400 bar and
were measured 1, 7, 14, and 21 days after emulsification.

This could be attributed to the creaming of the largest droplets
found in the emulsion. These droplets are then no longer
detected by the static light scattering method, which translates
into seemingly smaller droplet sizes.

Emulsions stabilised with 0.5 and 2 wt% MGP concen-
tration at pH 4 showed a similar trend as the results presented
in Fig. 2. The DSD of these formulations are found in the ESI
S1.1 After the evaluation of the long-term stability of the emul-
sions and the effect of MGP on the initial droplet size at the
reference pH-value, these formulations were deemed represen-
tative for further investigation.

3.3. Influence of pH on emulsion stability

It is proposed in the literature that zeta-potentials over
—30 mV or under +30 mV are insufficient to stabilise disper-
sions electrostatically as the repulsion among particles is not
enough to avoid interactions.*”> As seen from results depicted
in Table 1, the investigated MGPs had potentials well over
—30 mV. This means, in terms of droplet stabilisation, that at
pH values under 4, most formulations are expected to be
prone to aggregation. However, the zeta-potential measure-
ments were conducted only on MGP dispersions in water. In
order to test the influence of pH on droplet stability, the pH of
the emulsions described above was reduced to 3 after emulsifi-
cation. The DSD of emulsions prepared with 0.5; 1, and 2 wt%
MGPs at pH 3 is depicted in Fig. 4. For a better comparison,
the distribution of an emulsion with 1 wt% MGP at the refer-
ence pH value (pH 4) is also shown in the diagram.

As seen in Fig. 3, the decrease of pH in the emulsions after
the emulsification process increased the droplet sizes. The
investigated samples had thereafter mean x5,; diameters
equal to 2.19 + 0.02 pm, 6.02 + 1.79 um, and 5.65 + 1.30 pum,
for emulsions prepared with 0.5, 1, and 2 wt% MGPs, respect-
ively. This could indicate that the loss of the electrostatic repul-

7232 | Food Funct, 2021,12, 7227-7238

View Article Online

Food & Function

1.00 L oo - L
5 vol% oil ‘ *
Ap = 400 bar T * g
t=1d T 5 % bl
< 075 ‘ w L
O
o IR ‘L
pet | :
Ke]
= (e
2 %
‘S 0.50 -
(2}
5 &
9 =4
- =
g 0.25 4 e L
L ¥ ‘Fr ™ Reference: pH 4; 1 wt% MGP|
Y¢ pH 3; 0.5 wt% MGP
g # pH 3. 1wt% MGP
= ok * pH 3;2wt%M(|3P
0.00 T T 1
0.1 1 10 100 1000

Oil droplet diameter x / ym

Fig. 3 Volumetric droplet size distribution of o/w emulsions (5 vol%
MCT oil in water, pH 4 and pH 3), stabilised with varying microgel par-
ticle (MGP) concentrations: 0.5, 1, and 2 wt% MGPs. Emulsions were pre-
pared with a HPH at Ap = 400 bar and were measured 1 day after emul-
sification. MGPs were prepared with amidated pectin.

sion of the MGP triggered the coalescence of oil droplets.
However, the detection of larger droplet sizes can also result
from agglomeration: agglomerates can be detected as single
droplets by the laser scattering method, shifting the droplet
size distribution towards larger particles. This could also
explain the appearance of larger droplets in the measurements.
Therefore, microscope images of all samples were taken to
allow for the differentiation between agglomerates and large oil
droplets. The obtained micrographs are found in Fig. 4.

Fig. 4A (1 wt% MGP, pH4) shows evenly distributed
uniform small emulsion droplets. Fig. 4B (0.5 wt% MGP, pH3)
also shows evenly distributed emulsion droplets. However,
several larger droplets can be observed, indicating coalescence.
In Fig. 4C and D (1 wt% and 2 wt% MGP, pH 3) large agglom-
erates are depicted. In Fig. 4C, large droplets can be observed
as well, whereas in Fig. 4D (the highest MGP concentration),
there are no large oil droplets present.

Comparing Fig. 4A (pH 4, 1 wt% MGP) and 4B (pH 3,
0.5 wt% MGP) one can see that at pH 3 droplet sizes are larger
than at the reference pH. This supports the measurements dis-
cussed in Fig. 3. As soon as the pH-value decreases, MGP’s
charge and size can change, which could cause changes in the
oil droplet surface coverage, leaving the droplet surface free of
MGPs.”? This could lead to the immediate droplet coalescence
after an initial droplet encounter. Additionally, MGP deswel-
ling will allow oil droplets to approach each other closer
further, facilitating droplet coalescence.****

Micrographs of samples with higher microgel concen-
trations (1 wt% MGP and 2 wt% MGP, Fig. 4C and D) show
that these samples are prone towards agglomeration. Although
MGPs should have the same charge at a constant pH-value, the
degree of droplet agglomeration increases with the MGP con-
centration. This could be due to the amount of particles avail-
able for agglomeration. In our studies, the MGPs are found to
be adsorbed onto the surface of droplets. Therefore, we

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 O/w emulsions (5 vol% MCT in water) prepared with an HPH at 400 bar homogenising pressure difference. Emulsions stabilised with varying
microgel particle (MGP) concentrations (amidated pectin) and pH-values. A: Reference. pH 4; 1 wt% MGP. B: pH 3; 0.5 wt% MGP. C: pH 3;1 wt%. D:

pH 3, 2 wt% MGP. Scale bar equals 50 pm.

assume that the particle interactions translate to droplet inter-
actions, and consequently to droplet agglomeration. Moreover,
Fig. 4D (2 wt% MGP) displays larger agglomerates than 4B
(1 wt% MGP), supporting the fact that the agglomerate size
depends on the initial particle concentration.

The agglomerates (both particle and droplet agglomerates)
appear to be larger in the micrographs than in the depicted
DSD. Thus, we can conclude that they are easily broken up
during the static laser scattering measurement by the recircu-
lation of the measuring device. For this reason, the shown
DSD curves of formulations with 1 or 2 wt% MGPs at pH 3
appear to be the identical. Nevertheless, the actual mean
droplet size of single oil droplets is smaller than the measure-
ment results suggest, as seen in Fig. 4C and D. This indicates
that the steric stabilisation mechanism of MGP was able to
prevent total droplet coalescence.

Fig. 5 shows the DSD of emulsions at pH 2. As is evident
from Fig. 5, regardless of the MGP concentration used for
emulsion stabilisation, the droplet size distribution is affected
by the decrease of the pH. The mean droplet diameters of the
investigated emulsions were 112.46 + 0.05 pum, 60.77 +
14.30 um, and 25.48 + 10.02 pm for 0.5; 1 and 2 wt% MGPs at
pH 2, respectively. All diameters are significantly different
from one another. All samples displayed larger particle sizes
than the reference samples.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Volumetric droplet size distribution of o/w emulsions (5 vol%
MCT oil in water, pH 4 and pH 2), stabilised with varying microgel par-
ticle (MGP) concentrations: 0.5; 1; and 2 wt% MGPs. Emulsions were
prepared with a HPH at Ap = 400 bar and were measured 1 day after
emulsification. MGPs were prepared with amidated pectin.

As seen in Table 1, MGPs at pH 2 had a zeta-potential close
to 0 mV. Therefore, MGP-stabilised droplets were prone to
form agglomerates upon droplet collision. Then, these agglom-
erates may coalesce if the steric barrier formed by MGP is
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Fig. 6 O/w emulsions (5 vol% MCT in water) prepared with an HPH and 400 bar homogenising pressure difference. Emulsion stabilised with varying
microgel particle (MGP) concentrations (amidated pectin), at pH 2. A: 0.5 wt% MGP. B: 1 wt% MGP. C & D: 2 wt% MGP. Scale bar equals 50 pm.

insufficient. Fig. 5 shows that particle sizes at pH 2 are larger
in samples with a lower MGP concentration. This relationship
is opposite to the one determined at pH 3 where emulsions
stabilised with 0.5 wt% had the smallest droplet sizes. In order
to clarify whether the changes in droplet size are caused by
agglomerate formation or droplet coalescence, micrographs
were taken of all investigated samples at pH 2. These are
depicted in Fig. 6.

Fig. 6 clearly shows that there are agglomerates and large
coalesced droplets in all emulsions, regardless of the MGP
concentration used for droplet stabilisation. Nonetheless, the
aggregate size and droplet size do depend on the MGP con-
centration. Fig. 6A displays an emulsion stabilised with
0.5 wt% MGP. As seen from this micrograph, the agglomer-
ates are made up of large oil droplets, probably held together
by MGPs.'*?** In agreement with the data presented in
Fig. 5, this formulation possessed larger oil droplets than the
others. However, not only the oil droplets are measured in
the distribution, but also the agglomerates. This could
explain why diameters over 100 pm are detected. Here again,
it is possible that agglomerates are ruptured during the DSD
measurement.

Compared to Fig. 6A-D display smaller oil droplets, which
are bound into agglomerates. For both these formulations, the
quantity of MGPs used appears to have an influence on the
coalescence prevention. Even though there are some large

7234 | Food Funct, 2021,12, 7227-7238

droplets, the majority of them are smaller than those shown in
Fig. 6A. This indicates that higher MGP concentrations are
better suited to stabilise oil droplets at pH 2, supporting the
data shown in Fig. 5. Nevertheless, even the small droplets
shown in Fig. 5 are larger than the initial droplet size found in
the reference formulation (Fig. 1). This means that droplet
coalescence still takes place even though a MGP steric barrier
should prevent its occurrence. In summary, we can conclude
that the stabilisation mechanism of pectin-based MGPs is pre-
dominately electrostatic. The steric barrier acts as secondary
support, but is not able to stabilise oil droplets sufficiently on
its own.

3.4. Influence of ionic strength on emulsion stabilisation

Having seen that electrostatic repulsion is the main stabilis-
ation mechanism by which charged MGP particles stabilise
oil-in-water emulsions, it becomes obvious that also the influ-
ence of ionic strength on emulsion stabilisation requires
deeper investigation. In order to discriminate between the
effect of pH and ionic strength, emulsions were prepared with
1 wt% MGP, and their pH value and EC were adjusted after the
emulsification process. The investigated formulations at pH 3
and 4 were 0.65 mS cm ™' and 6.50 mS cm™". The DSD of these
formulations is shown in Fig. 7, alongside the DSD of the
reference sample. The droplet sizes were determined one day
after the samples’ preparation.

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Volumetric droplet size distribution of o/w emulsions (5 vol%
MCT oil in water, pH 4 and pH 3), stabilised with 1 wt% amidated pectin
microgel particles. Emulsions were prepared with a HPH at Ap = 400
bar and were measured 1 day after emulsification.

Fig. 7 shows the volumetric size distributions of the investi-
gated samples. It is clear that the increase in ionic strength
(indirectly measured as EC) leads to an additional shift in
droplet diameters. This is noticeable in the mean diameters,
as seen for x5 ; equals to 40.94 + 25.80 um for 6.5 mS cm™,
and 6.02 + 1.79 um for 0.65 mS cm™" at pH 3. The same trend
is observed for samples with pH 4: 1.25 + 0.18 pm for 0.28 mS
em™', 1.08 + 0.05 um for 0.65 mS em ™', and 2.48 + 0.37 um for
6.5 mS cm ™.

As shown in Fig. 7, the DSD generally correlates with the
data obtained from the zeta-potential measurements. The
reference sample and emulsions with pH 4 and an EC of
0.65 mS cm ™" have identical size distributions without any sig-
nificant variance. In both these samples, the MGP had a zeta-
potential of around —30 mV. However, the sample with pH 4
and an EC of 6.5 mS cm™" displayed smaller droplets than the
sample with pH 3 and EC 0.65 mS cm™', even though the
former had a greater ZP than the latter.

Despite having the same EC, emulsions display a larger
droplet at pH 3 than at pH 4 due to a reduced surface charge
at low pH. Moreover, at a constant pH-value, the effect of the
added electrolytes is noticeable. For both investigated pH-
values, the formulations with a higher electrolyte concen-
tration showed larger droplets/or agglomerates due to a
reduction of the Debye length. This is supported by the ZP-
value, —8.2 + 0.1 mV and —12.6 + 0.1 mV for pH 3 and pH 4 at
an EC of 6.5 mS cm ™", respectively.

In terms of particle size distribution, the effects on surface
charge and on the length of the diffuse double layer add up
and lead to large droplets or agglomerates. Emulsions with the
highest EC and the lowest pH value (pH 3, 6.5 mS cm™")
possess the largest droplets (xso3; of 40.94 + 25.80 um).
Nevertheless, the effect of pH dominates over the effect of
ionic strength on the increase of droplet size or aggregation.

This journal is © The Royal Society of Chemistry 2021
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These findings are not only valid for MGP from amidated
pectin but are independent of the pectin type as long as the
pectin used for MGP production bears significant charge. This
was shown by preparing and characterising comparable emul-
sions with MGPs from different pectin types. The results for
emulsions prepared with MGP from pectinic acid can be
found in the ESI S2.}

In summary, one can conclude that the addition of ions to
the emulsion lead to an increase in droplet size, as the length
diffuse double layer surrounding the droplet might decrease.
However this effect is not as predominant as the effect the pH
has on the charge of MGPs. Stronger coalescence is expected
under acidic conditions than in milieus of high ion concen-
tration. Nevertheless, both effects add up, rending emulsion
stabilised with pectin-based MGP bimodal and probably
unstable.

3.5. Effect of pH on emulsion’s long-term stability

The long-term stability of the investigated emulsions was
also monitored. The long-term stability of reference emul-
sions is depicted in Fig. 2. The emulsions did not change
their DSD or their appearance over a period of 3 weeks.
However, as portrayed by the results above, emulsions at pH
3 and 2 were not stable. The observed agglomerates formed
within minutes after pH adjustment. Immediately, strong
agglomerate formation and creaming occurred, as is shown
exemplarily in Fig. 8. The observations were comparable in
all samples at pH 3, and 2, with emulsions at pH 2 display-
ing complete phase separation within minutes. Therefore,
none of these samples were subjected to any further DSD
characterisation. Emulsions stabilised by charged MGP can
therefore be regarded as unstable at pH values lower than
their pK,.

Fig. 8 O/w emulsions (5 vol% MCT in water) prepared with an HPH and
400 bar homogenising pressure difference. Emulsion stabilised with
1 wt% microgel particles (amidated pectin). Left to right: pH 4, pH 3 and
pH 2.
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4. Conclusions

Due to the fact that pectin is a polyelectrolyte, pectin-based
MGPs were found to be pH and ionic strength sensitive in a
similar manner to MGPs of charged synthetic polymers. The
effect of the pH and ionic strength on the MGP charge was
noticeable on the zeta-potential of the investigated MGPs.
Under acidic conditions, MGPs approach a zero charge state.
This effect was enhanced by the addition of counterions, as
the MGP ZP decreased more pronouncedly at low pH-values
and high EC.

The sensitivity of pectin-based MGP towards changes in pH
and ionic strength was also expected to influence the stability
of emulsions. To investigate this, emulsions were homogen-
ised with MGP concentrations ranging from 0.5 to 2 wt% MGP.
After emulsification, the pH of the emulsions was adjusted
from pH 4.2 to 4, 3 or 2, and the resulting droplet sizes were
measured.

Directly after homogenisation, all emulsions had the same
droplet size distribution regardless of the employed MGP con-
centration. They remained stable for at least three weeks.
However, the droplet sizes changed upon pH-adjustment. All
formulations displayed larger droplets at pH 3 and even larger
at pH 2, but the degree of coalescence was dependent on the
MGP concentration. The emulsion with the lowest MGP con-
centration showed coalesced droplets. Increasing MGP concen-
tration did not prevent coalescence and agglomeration was
noticed. High MGP concentrations caused particle bridging
and even the formation of small particle networks with
entrapped oil droplets within.

Similar effects were found when the electrolyte concen-
tration was increased: at higher ionic strength droplet sizes
increased and agglomerates were observed. However, com-
pared to the effect of pH, the presence of counter ions did not
cause as pronounced changes in the droplet size distribution.
Therefore, one can conclude that the effect of reduced surface
charge by pH shifts dominates over the effect of reduced
Debye length by increasing ionic strength. Nevertheless, both
effects can also add up leading to extremely unstable emul-
sions with complete phase separation at pH < pK, and high
ionic strength. These findings were confirmed for other pectin
types, such as pectinic acid. These results deepen the under-
standing of emulsion stabilisation by pectin-based MGPs. This
knowledge can be used to control the stability of emulsions
prepared with charged MGPs by formulation parameters.
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