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a  b  s  t  r  a  c  t

The  objectives  of  this  study  were  to understand  the  interactions  between  three  anionic  polysaccharides
(gum  arabic,  xanthan  gum  and  �-carrageenan)  and  egg  yolk  at pH  3, 5,  6, 8, 10  and  possible  phase  sep-
aration  behavior.  Zeta  potential  of  egg  yolk  was not  affected  by  gum arabic  addition  while  it  became
more  negative  at pH 5  after  xanthan  gum  and  �-carrageenan  addition.  The  particle  size  of  �-carrageenan
yolk  suspension  was  considerably  higher  than  the  other  polysaccharide  yolk  suspensions  at  pH  below
6  but  was  dramatically  decreased  at alkaline  pH.  Most  polysaccharide  yolk  suspensions  formed  either  a
biphasic  or  a monophasic  system,  whereas  three  distinct  phases  were  observed  for  xanthan  gum  yolk  sus-
pension  at  pH  6. Protein  profile  analysis  of the  lipid-rich  cream  phase  obtained  from  xanthan  gum  added
yolk  showed  similarities  to apoproteins  from  low  density  lipoproteins  (LDL)  of  egg yolk.  Microscopy  anal-
anthan gum
nteraction
hase separation

ysis indicated  the  co-presence  of xanthan  gum  and  LDL  in  the  creamy  phase,  within  a  network  formed
by  xanthan  gum.  It was  suggested  that electrostatic  and  hydrophobic  interactions  between  the  egg  yolk
and xanthan  gum  as well  as  xanthan  gum’s  rheological  properties  could  be responsible  for the  unique
phase  separation  observed  in the study.  The  findings  of this  study  can form  the  basis  for  future  studies
to  develop  a new  method  to separate  LDL  from  egg  yolk.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Low density lipoproteins (LDL), accounting for about 70% of egg
olk dry matter and containing about 90% of egg yolk lipids, are
mall spherical particles of 16–70 nm diameter (Martinet, Saulnier,
eaumal, Courthaudon, & Anton, 2003). Due to their high content
f phospholipids (PL) and unique nanostructure, LDL from egg yolk
ave great potential as a source for the extraction of PL or as deliv-
ry systems. A tedious ultracentrifugation method was  reported
or LDL separation, but the LDL yield is low (Moussa, Martinet,
rimeche, Tainturier, & Anton, 2002). Another method, consisting
f egg yolk fractionation by dilution, ammonium sulfate precipita-
ion and dialysis was also developed to isolate LDL by Moussa et al.
2002). Although the LDL yield was improved in this method up
o 67%, a dialysis step was required, which may  not be suitable for

arge scale preparation of LDL.

Polysaccharides, abundantly available natural macromolecules,
re used commonly to improve emulsion stability. In addition,

∗ Corresponding authors. Tel.: +1 780 492 3829/1 780 492 6885;
ax: +1 780 492 8914/1 780 492 4265.

E-mail addresses: navidgha@ualberta.ca (S. Navidghasemizad),
eral.temelli@ualberta.ca (F. Temelli), jwu3@ales.ualberta.ca (J. Wu).

ttp://dx.doi.org/10.1016/j.carbpol.2014.08.117
144-8617/© 2014 Elsevier Ltd. All rights reserved.
polysaccharides have shown potential for selective separation of
proteins and lipids from complex systems such as dairy waste and
egg yolk to obtain high value bioactive components and improve
nutritional properties (Casal, Montilla, Moreno, Olano, & Corzo,
2006; Hatta, Kim, & Yamamoto, 1990; Hatta, Sim, & Nakai, 1988;
Shah & Singh, 1992). The use of slightly anionic polysaccharides for
the removal of cholesterol and PL from egg yolk has been reported
previously. Hatta et al. (1988) used sodium alginate to precipi-
tate lipoproteins from 6-fold diluted egg yolk to obtain a lipid-free
supernatant fraction for further immunoglublin Y (IgY) purifica-
tion. Rojas, dos Reis Coimbra, Minim, & Freitas (2007) examined
the impact of several factors such as dilution and ionic strength
on cholesterol removal from egg yolk using high-methoxyl pectin.
They reported 6-fold egg yolk dilution at lower ionic strengths and
pH of 9.2 to be the optimum condition for the precipitation of
cholesterol from egg yolk. Hatta et al. (1990) studied the effects
of �-carrageenan and xanthan gum on the purification of IgY from
6-fold diluted egg yolk. Both polysaccharides could precipitate LDL;
however, �-carrageenan gave better results regarding the removal
of LDL and improvement of overall IgY extraction yield compared

to those of xanthan gum. These studies focused on the removal
of lipids from egg yolk in order to separate IgY, where LDL were
co-precipitated along with other proteins such as high density lipo-
proteins (HDL) and phosvitin. Despite all the above developments,

dx.doi.org/10.1016/j.carbpol.2014.08.117
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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he complex interactions between egg yolk and polysaccharides are
ot well understood.

In this study, three anionic polysaccharides, xanthan gum, �-
arrageenan and gum arabic, with distinctive chemical backbone
nd rheological properties, were used to better understand the pos-
ible interactions between yolk and these polysaccharides, which
ay  result in the separation of LDL as a distinct fraction. Xan-

han gum is an exo-polysaccharide produced by the microorganism
anthamonas campestris. Xanthan gum can be dissolved in cold
ater and its solution exhibits pseudoplastic behavior (Phillips &
illiams, 2009). Its structure consists of a linear (� 1 → 4) linked d-

lucose backbone with trisaccharide side chains of glucuronic acid
nd mannose attached to the C-3 position of every other glucose
nit. About 50% of all terminal mannose residues are pyruvated
Phillips & Williams, 2009). Gum arabic, originating from plant
eeds, is a complex polysaccharide consisting of sugars such as
hamnose, glucuronic acid and arabinose as well as some pro-
ortion of nitrogenous compounds, including amino acids. Gum
rabic is easily soluble in water, and its solution shows Newtonian
ehavior (Phillips & Williams, 2009). Carrageenans are comprised
f a galactose backbone with different proportions and locations
f ester sulfate groups. Carrageenans are classified as �-, �- and
-carrageenans, based on their structural differences in terms of
nhydrogalactose and ester sulfate contents (Phillips & Williams,
009).

The objectives of this study were to evaluate possible interac-
ions and resultant phase separation behavior after mixing egg yolk
omponents with the polysaccharides. Treatments that showed
otential for LDL isolation were selected for further structural and
hemical analyses.

. Experimental

.1. Sample preparation

White shell eggs (Grade A), produced by Sparks egg farm-
rs of Lucerne Inc. (Calgary, AB, Canada) were obtained from a
ocal supermarket (Safeway Inc., Edmonton, AB, Canada). Xanthan
um and �-carrageenan (Commercial grade, Type II) were pur-
hased from Sigma-Aldrich (St. Louis, MO,  USA). Gum arabic was
btained from Fluka Analytical (Saint Quentin-Fallavier, France).
gg yolks were separated manually from white and gently rolled
n Whatman paper to remove albumen. The vitelline membrane
as punctured with a sharp blade and egg yolk content was  col-

ected in a beaker placed in an ice bath. Polysaccharide solutions
ere prepared by adding 80 mg  of each polysaccharide into 20 g of
illi-Q  water in beakers covered with paraffin film, while stirring

t ambient temperature (20 ◦C) until the polysaccharides became
ompletely solvated and homogenous. Yolk/polysaccharide sus-
ensions were prepared by mixing 20 g of fresh yolk with the
olysaccharide solutions to achieve final polysaccharide concen-
rations of 0.4% (w/w, weight of polysaccharide/weight of fresh egg
olk). To study the effect of pH on egg yolk/polysaccharide interac-
ions, pH values were adjusted to 3, 5, 6, 8 and 10 by adding 0.5 or

 M NaOH or HCl while stirring the sample. After pH adjustment,
gg yolk/polysaccharide suspensions were mixed for 1 h at room
emperature using a magnetic stirrer at 500 rpm.

.2. Phase separation behavior

Polysaccharide/yolk and yolk suspensions with no polysaccha-

ide addition were centrifuged at 6000 × g for 30 min  to observe
he phase separation behavior of polysaccharide yolk suspensions.
ccording to McBee and Cotterill (1979), egg yolk can be fraction-
ted into two distinct phases, a soluble phase called plasma and an
te Polymers 117 (2015) 297–303

insoluble fraction referred to as granules by 2-fold dilution of yolk
with water at pH 6, which is the natural pH of egg yolk. About 40 mL
of suspension was  transferred to 50 mL  tubes and centrifuged to
observe the phase separation. To study plasma/xanthan gum phase
separation behavior, 40 mL of plasma from 2-fold diluted egg yolk
was mixed with 80 mg  of xanthan gum for 1 h and then centrifuged.
All fractions obtained after centrifugation were carefully separated
and freeze dried (Labconco, model 7806020, Kansas, MO,  USA) for
further analyses. All experiments were performed in triplicates.

2.3. Lipid determination

To determine the total lipid content, samples were first freeze
dried (Labconco, USA). About 1 g of freeze-dried sample was added
into 10 mL  hexane/isopropanol (3/2, v/v) and 8 mL  of 0.73% NaCl,
mixed vigorously, and centrifuged at 2000 × g for 10 min  accord-
ing to Hara and Radin (1978). Supernatant was  collected and
dried under a gentle stream of nitrogen. Results were expressed
as g/100 g of dry weight. Lipid determination was performed in
duplicate using samples obtained from two different experiments.

2.4. Zeta potential (�)

Zeta potential of egg yolk/polysaccharide suspensions at dif-
ferent pH levels was  measured using Zetasizer 2000 (Malvern
Instruments, Worc, UK) at 20 ◦C. About 0.2 g of sample was  diluted
to a final volume of 40 mL  using Milli-Q water and the pH was
re-adjusted to values of 3, 5, 6, 8 or 10 using 0.1 M HCl or NaOH solu-
tion while stirring the samples. Measurements were performed on
three individually prepared samples and each measurement was
an average of six readings.

2.5. Particle size distribution

Particle size distribution was measured using a Mastersizer
2000S (Malvern Instruments, Ltd., Chicago, IL, USA). Water was
used as dispersant and refractive index was  adjusted to 1.33.
Samples were dispersed in Milli-Q water at 1200 rpm until the
obscuration value reached 20–30%. Particle size was  measured
using three individually prepared samples. Each measurement was
an average of three readings for 15 s. Particle size was reported as
the volume weighted mean diameter (d4,3).

2.6. Confocal laser scanning electron microscopy (CLSM)

Microstructure of cream fractions obtained from yolk/xanthan
gum suspensions was studied using Leica TCS SP5 II confocal sys-
tem (Leica, Mannheim, Germany). Molecular probes Alexa Fluor®

488 Concanavalin A and Alexa Fluor® 555 C2 maleimide (Molecular
probes, Invitrogen, Eugen, OR, USA) were used for dying xanthan
gum and proteins, respectively. Alexa Fluor 488 was prepared at a
final concentration of 200 �g/mL in sodium bicarbonate buffer at
pH 8.3, while Alexa Fluor 555 was prepared in 100 �M in phos-
phate buffer at pH 7. About 10 mg  of cream fraction obtained from
yolk/xanthan gum suspension was mixed directly with 100 �L of
each solution and incubated overnight at 5 ◦C. The next day, sam-
ples were smeared on microscopy slides, covered with a cover slip
(no. 2), and examined using immersion oil × 100 objectives. The
CLSM was  operated at two  channels using the fluorescence mode
at the excitation wavelength of 495 nm and the emission wave-

length of 524 nm for xanthan gum visualization in green; and 555
and 565 nm excitation and emission wavelengths, respectively, for
protein visualization in red, while lipids fluoresced in bright yel-
low to yellow–orange at this range. All images were taken at a
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Fig. 1. Average zeta potential (�) of (a) control LDL and (b) suspensions prepared
from egg yolk: (-•-) egg yolk; (-�-) �-carrageenan/yolk; (-�-) xanthan gum/yolk;
S. Navidghasemizad et al. / Carbo

esolution of 512 × 512 pixel. Microscopy analysis was  conducted
n duplicates using two separately prepared samples.

.7. Scanning electron microscopy (SEM)

Egg yolk, cream fractions from yolk/xanthan gum suspensions
nd LDL, all prepared in duplicate were picked up with a wooden
tick, released into 2.5% glutaraldehyde in cacodylate buffer at pH
.5 and left standing for 2 h at ambient temperature (20 ◦C). Sam-
les were rinsed with the same buffer for 15 min  each for three
imes, and then post fixed in 1% osmium in the same buffer as above
or 2 h at room temperature. After this, samples were dehydrated in

 series of ethanol baths of increasing concentration from 50%, 70%,
0% to 100%, each for 10 min. Then, they were dried with a critical
oint dryer, sputter coated with gold and then mounted onto a stub.
he samples were examined using a scanning electron microscope
Hitachi S-2500, Tokyo, Japan).

.8. Protein profile

Protein profiles of selected samples were analyzed at least in
uplicates using sodium dodecyl sulfate polyacrylamide gel elec-
rophoresis (SDS-PAGE) in 4–12% CriterionTM XT Bis-Tris precast
olyacrylamide gels in a Criterion Cell attached to PowerPac Basic
ower (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Protein mark-
rs of high range molecular weight were obtained from Bio-Rad
aboratories, Inc. (Hercules, CA, USA). The details of the proto-
ol were similar to those reported previously (Navidghasemizad,
emelli, & Wu,  2014), except that 1× MOP  buffer (Biorad) was
pplied as a running buffer for this study.

.9. LDL preparation

LDL, used as a control in this study, was prepared according
o Moussa et al. (2002). Briefly, ammonium sulfate was added to
lasma obtained from 2-fold diluted egg yolk and stirred for 1 h
t 4 ◦C. Then, it was centrifuged at 10,000 × g, the supernatant was
ollected and dialyzed against distilled water at least for 6 h. Aggre-
ated LDL were collected for the experiments.

. Results and discussion

.1. Effect of pH on zeta potential (�) of egg yolk polysaccharide
uspensions

The nature of interactions between two biopolymers such as
roteins and polysaccharides can be electrostatic, hydrogen bond-

ng, hydrophobic attractions or steric repulsion. The types of
nteraction are dependent on structure but can be modified dras-
ically by environmental factors such as pH and ionic strength
McClements, 2006). Other interactions are van der Waals inter-
ctions, which are weaker forces compared to the interactions
isted above but can be important for self-association and there-
ore aggregation of biopolymers such as proteins (Hokins, Rob, &

illiams, 1998). Electrostatic interaction has been suggested as the
ost common force for the complex formation or phase formation

f biopolymer mixtures (Samant, Singhal, Kulkarni, & Rege, 1993).
The charge of a biopolymer such as protein is affected by pH.

herefore, the effect of pH on particle charge of LDL, yolk and
olk/polysaccharide suspensions was examined. First, zeta poten-
ial of LDL was examined at different pH values because LDL makes
p over 70% of egg yolk dry matter. LDL extracted from egg yolk

howed a slightly positive charge at pH 6 and its isoelectric point
� = 0) was between pH 6 and 7 (Fig. 1a). Zeta potential of egg yolk
as positive at pH values of 3 and 5 (35.5 and 10.4 mV,  respectively),
hile it was negative at pH 6 (−9.58 mV)  and above (Fig. 1b). Thus,
and (-�-) gum arabic/yolk as a function of pH (n = 3), at a concentration of 0.4% of
polysaccharides.

isoelectric point of the yolk was between pH 5–6. The presence of
other components such as soluble proteins and highly negatively
charged proteins like phosvitin with a broad range of isoelectric
points reduced the isoelectric point of the intact yolk compared to
that of LDL.

Zeta potential of yolk dispersion was  not affected by gum ara-
bic addition at all applied pH conditions while it started to become
more negative at pH 5 after �-carrageenan or xanthan gum addi-
tion (Fig. 1b). At pH 8, zeta potential of these dispersions was less
negative than that of yolk and it increased further for the xanthan
gum addition at pH 10. The yolk/�-carrageenan suspension was the
most negatively charged suspension (−60 mV)  at pH 10. It was
reported that sulfated polysaccharides such as carrageenan, but
not carboxylated polysaccharides such as xanthan gum and pectin,
may have some interactions with proteins above their isoelectric
points (Samant et al., 1993). Sulfated polysaccharides such as car-
rageenan interact more strongly with proteins than carboxylated
polysaccharides like xanthan gum or pectin, because the electro-
static interactions between amino group ( NH3

+) of proteins and
sulfate group ( OSO3

−) of carrageenan are stronger than those with
carboxylic group ( COO−) in xanthan gum and pectin (Doublier,
Garnier, Renard, & Sanchez, 2000).

3.2. Effect of pH on particle size of egg yolk polysaccharide
suspensions

The pH changes may  also prompt electrostatic interactions,
which can cause aggregation or complex formation between similar
or different biopolymers. The average particle size of �-carrageenan
yolk suspension was considerably higher than those of the other
polysaccharide yolk suspensions at pH below 6 (Fig. 2); it was the

highest at pH 3, with an average particle size of about 540 �m,
but decreased at increasing pH and reached its minimum size of
−35 �m at pH 8. The occurrence of autohydrolysis of carrageenan
in solution at acidic conditions may  promote its electrostatic
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Fig. 3. Phase separation for egg yolk dilution at 0.4% polysaccharide concentration
and pH 6, (a) triphasic separation for xanthan gum/yolk suspension, (b) biphasic
entration of gum arabic, �-carrageenan and xanthan gum at different pH levels
n  = 3).

nteractions with proteins due to the release of active groups, lead-
ng to the formation of aggregates (Phillips & Williams, 2009).
article size of xanthan gum/yolk suspension increased from 38 �m
t pH 3 to 115 �m at pH 5 but decreased at higher pH levels.
hile at pH 8, the particle size of yolk/carrageenan suspensions

eached to its least (50 �m),  a slight re-increase in average particle
ize (86 �m)  was  observed at pH 10. The effect of pH on the par-
icle size of gum arabic/yolk suspensions was negligible; but the
article size was  somewhat smaller at pH 6 (16 �m),  a pH close
o egg yolk and LDL isoelectric points, where electrostatic inter-
ctions were minimal. The decreased particle size at alkali pHs
as due mainly to disassociation of HDL and phosvitin complexes

Causeret, Matringe, & Lorient, 1991), as well as possible changes
n polysaccharide–egg yolk interactions.

.3. Phase separation behavior

Two-fold diluted egg yolk as expected formed two distinct
hases: an insoluble phase called granules and a liquid phase
eferred to as plasma. After centrifugation of polysaccharide/yolk
uspensions prepared at different pH levels, most formed either a
iphasic or a monophasic system, with the exception of xanthan
um yolk suspension at pH 6 where three distinct phases were
ormed (a cream on top, aqueous phase in the middle and a pellet at
he bottom; Fig. 3). The cream phase contained approximately 72%
ipids on dry basis. Shah and Singh (1992) also obtained a cream
raction rich in lipids after mixing carboxymethyl cellulose (CMC)
ith plasma fraction obtained from 2-fold diluted egg yolk. How-

ver, mixing CMC  directly with yolk suspension at its natural pH
o-precipitated LDL particles along with other proteins into a pel-
et fraction but no semi-solid cream was formed. Phase separation
ehavior was affected by the type of polysaccharide used and the
H applied during preparation.

.4. Characterization of cream phase of xanthan gum/yolk
uspension

Protein profile of the cream phase formed by the addition of
anthan gum was examined by SDS-PAGE and compared to those
f LDL isolated from yolk, as well as the plasma fraction of egg yolk
Fig. 4). As expected, SDS-PAGE results showed a high level of sim-
larity among the protein profiles of the cream from xanthan gum,

he plasma and the LDL. This similarity may  arise from the fact that
ver 85% of plasma dry matter is composed of LDL. LDL apopro-
eins were reported to have a molecular weight distribution ranging
rom 11 to 240 kDa (Aluko, Keeratiurai, & Mine, 1998; Guilmineau,
separation for gum arabic/yolk or �-carrageenan/yolk.

Krause, & Kulozik, 2005). A major band over 250 kDa, an apopro-
tein from LDL, was observed in all three samples. In addition to
LDL, some livetins, most probably �-livetin, were also present in
the cream phase. A comparison between the cream and the LDL
showed that three more bands with molecular weights of 110, 78
and 29 kDa were present for the cream phase obtained from xan-
than gum/yolk suspension (Fig. 4, Lane C1). Livetins are soluble
proteins present in the plasma fraction along with LDL. Livetins
in plasma are comprised of �-, �- and �-livetins. �-Livetin sub-
units have been reported to have molecular weights of 130, 104, 78
and 29 kDa based on SDS-PAGE analyses, while �- and �-livetins
have molecular weights of 78, 40 and 38 kDa (Guilmineau et al.,
2005). Therefore, the proteins in the cream are composed of LDL
apoproteins and some livetins.

In further investigation, cream and subnatant liquid fractions
obtained from plasma xanthan gum were carefully separated for
further protein profile analysis as shown in Fig. 4, lanes C2 (cream)
and S (liquid subnatant). Protein profiles showed that 10 major
bands were present in the subnatant, which could not be absorbed
into the cream. These bands had molecular weights of 78, 65, 43,
38, 33, 26, 24, 21, 13 and 10 kDa. Bands with molecular weights
of 78, 40 and 38 kDa could be from �- and �-livetins, while the
bands of 21 kDa as well as 78 kDa were from �-livetin (Guilmineau
et al., 2005; Jolivet, Boulard, Chardot, & Anton, 2008). Protein bands
with molecular weights of 104 and 24 kDa may  be related to �-
livetin, which remained in the cream fraction (Aluko et al., 1998).
Two bands with molecular weights of 26 and13 kDa present in
the subnatant fraction might come from LDL. Interestingly, three
bands of 110, 78 and 29 kDa, observed in the cream fraction from
xanthan gum/yolk suspension, were absent in the cream formed
by xanthan gum/plasma treatment, meaning the purity of LDL
obtained from the plasma fraction was higher than that from

whole egg yolk. Overall, the results of the SDS-PAGE analysis indi-
cated that LDL was separated into the cream phase; however,
some livetins such as �-livetin may  also be present in the cream
phase.
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lasma  and xanthan gum suspension; (S), subnatant-liquid from plasma and xanth

.5. Microscopic analyses of cream derived from yolk–xanthan
um

Further microscopy analysis was performed to localize and con-
rm the co-presence of xanthan and LDL in the cream as well
s to obtain additional information about the structural arrange-
ent in the cream. As shown in Fig. 5, egg yolk shows a hive like

tructure dispersed with several large clumps (Fig. 5a), while LDL
howed more homogenous and larger clumps (Fig. 5b). However,
he cream phase (Fig. 5c) obtained after xanthan gum addition
learly showed strands of a network-like structure, with aggre-
ated particles attached. SEM results demonstrated that egg yolk
omponents were trapped in the network formed by xanthan.

The presence of proteins and polysaccharide and their arrange-
ent in the cream were further examined by CLSM (Fig. 5d). In

he presence of dyes, xanthan gum was visualized in green while
roteins and lipids were in red and bright yellow, respectively; the
resence of bright orange spots corresponded to the co-localized
rotein-lipid complexes (Fig. 5e). CLSM micrographs confirmed the
o-presence of xanthan gum and LDL particles in the cream fraction.

.6. Proposed interactions between egg yolk and xanthan gum
When two biopolymers are mixed, they may  form monophasic
r biphasic systems. Monophasic systems can be formed for two
easons: (a) both are co-soluble in the solution but do not form
nthan gum suspension; (P), plasma from egg yolk 2-fold dilution; (C2), cream from
 suspension. Std, standard protein markers.

complexes; the biopolymers do not have any attractive inter-
actions; (b) the interactions between biopolymers result in the
formation of new complexes, which are still soluble in the solution.
Phase separation and biphasic system formation in a mixture of
biopolymers can happen due to associative or segregative interac-
tions (Polyakov, Grinberg, & Tolstoguzov, 1997). If two biopolymers
are not thermodynamically compatible, after mixing they form two
different phases in the solution. In this case, entropic contribu-
tion due to incompatibility between two polymers is more than
the enthalpic one. This may  happen if two  biopolymers contain the
same charge and repel each other. Incompatibility may  promote
self-association among biopolymers of the same type and cause
depletion flocculation and phase separation (Polyakov et al., 1997).
In the second case, if two  biopolymers contain opposite charges,
then attractive interactions result in the formation of complexes,
which are not soluble, and then phase separation will occur. Possi-
ble phase separation after mixing two  biopolymers is the outcome
of the several factors such as biopolymer interactions, pH, ionic
strength and dilution factor (McClements, 2006).

As shown in Fig. 2, the net charge of egg yolk suspensions after
xanthan gum or carrageenan addition became slightly negative at
pH 6. This can be due to the interaction of the slightly positively

charged LDL at pH 6 with the anionic polysaccharide. However,
other interactions, such as hydrophobic and hydrogen bonding can
also be responsible for protein-polysaccharide interactions. Pre-
viously, Goodman and Shafrir (1959) reported that the presence
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Fig. 5. SEM micrographs of different egg yolk fractions: (a) intact fresh egg yolk, (b) control LDL, (c) cream fraction from xanthan gum yolk, bar = 1.5 �m and confocal
micrographs of cream fractions obtained from egg yolk/xanthan gum suspension at pH 6. Bar lengths (d) 50 �m and (e) 10 �m.

Fig. 6. Suggested mechanism for LDL separation from egg yolk after xanthan gum addition to egg yolk.
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f weak hydrophobic groups in human plasma lipoproteins could
romote hydrophobic interactions with polysaccharides. In egg
olk, over 40% of amino acids of LDL apoproteins are hydropho-
ic and some lipids on LDL surface may  also show hydrophobic
roperties (Anton et al., 2003; Tsutsui & Obara, 1982), which may

nteract with the hydrophobic cavities formed by the hydrophobic
yruvate chains of xanthan gum on its ordered double helix con-
ormation (Jouquand, Aguni, Malhiac, & Grisel, 2008). Since PL are
resent on the surface of LDL particles, there is always the possi-
ility of interactions between these amphipathic compounds and
ydrophilic sites of xanthan gum, which may  lead to the forma-
ion of insoluble complexes (Kozarac, Cosovic, Mobius, & Dobric,
000).

Electrostatic interactions between negatively charged xanthan
um and positively charged patches of LDL at pH 6 can be the initial
orce promoting the interaction between xanthan gum and LDL. As
DL itself contains a high percentage of hydrophobic apoproteins,
elf-aggregation among LDL particles is also possible. In fact, CLSM
f cream (Fig. 5d) showed some lipid-rich aggregates, attaching to
he xanthan gum strands. It has been reported that while electro-
tatic interactions can be the initial factor for interaction between
olysaccharides and biopolymers, hydrogen or hydrophobic inter-
ctions may  play a greater role in the next steps as the related
unctional groups get more chance for anchoring (Doublier et al.,
000).

Xanthan gum solutions have considerably higher viscosity at
imilar concentrations compared to the other polysaccharides
ested in this study. Below transitional temperature, its helix-like
tructure can be considered as a rigid rod, which also forms inter-
olecular bonds. The intermolecular associations form a complex

etwork of weakly bound molecules, which makes xanthan solu-
ions to become very viscous at rest. Xanthan gum solutions also
xhibit shear-thinning behavior, indicating that viscosity decreases
ith shear rate (Phillips & Williams, 2009). Upon mixing and

entrifugation, xanthan gum viscosity decreases, facilitating the
ossible interactions between yolk and xanthan gum. After the
emoval of external force, xanthan gum solution becomes vis-
ous again and re-forms a gel-like network. LDL trapped in the
anthan gum network will form a cream on top due to the den-
ity difference between cream and the other fractions, as major
omponents of LDL are lipids and LDL are lighter than water.
herefore, LDL entrapped in the xanthan gum network is sepa-
ated due to the density difference between cream and the rest
f the suspension. A schematic summary of the suggested mech-
nism for LDL separation as described above has been shown in
ig. 6.

. Conclusions

The nature of polysaccharide and pH play great roles in dictat-
ng the types of interactions between egg yolk and polysaccharides
nd therefore the resulting phase separation behavior. Inthis study,
mong the three polysaccharides investigated, i.e. gum arabic, �-
arrageenan and xanthan gum, only xanthan gum showed distinct
hase separation behavior when added to egg yolk. The protein
rofile of the semi-solid cream separated from 2-fold diluted egg
olk using xanthan gum at egg yolk natural pH 6 was very similar
o apoproteins of egg yolk LDL. A combination of electrostatic and
ydrophobic forces as well as the rheological properties of xanthan

um was suggested as possible reasons for the unique separation
f LDL with xanthan gum, but not with other two  polysaccha-
ides. However, further research is required to understand the exact
ature of interactions between LDL and xanthan gum as well as
te Polymers 117 (2015) 297–303 303

to develop possible approaches to separate intact LDL  from the
polysaccharides for further potential applications.
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