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Abstract

Phase behavior of aqueous amylopectin and B-lactoglobulin system was studied using Fourier transform infrared spectroscopy. Poly-
saccharide—protein mixtures were prepared at different concentrations and left for equilibration; afterwards their spectra were recorded
and correlated using Partial Least Square analysis. Tertiary phase diagrams were built for the system at different equilibration times (2
and 6 weeks); the binodals were asymmetric and displayed toward the protein concentration. In the two-phase region of the phase dia-
grams the mixtures showed an upper layer rich in B-lactoglobulin and a lower layer rich in retrograded amylopectin, and in some cases an

intermediate layer was seen which was a metastable phase.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Phase segregation; Phase diagram; Polymer incompatibility; Fourier transform infrared spectroscopy; Amylopectin; -Lactoglobulin

1. Introduction

Polysaccharides and proteins are present together in
almost all food systems, therefore, the knowledge of their
interactions is of great importance not only because it will
help us understand their stability and how they contribute
to the structural and textural characteristics of many food
systems, but also how we can control these characteristics.

The compatibility between macromolecules depends on
macromolecule-macromolecule and macromolecule—sol-
vent interaction forces relative to the entropy of mixing.
Polysaccharide—protein mixtures have a limited miscibility
due to their high molecular weights and thus the mixing
entropy becomes comparably small, therefore, phase sepa-
ration is a phenomenon which is quite likely to be encoun-
tered (Grinberg & Tolstoguzov, 1997; Tolstoguzov, 1986:
chap. 9, 1993). Phase separation can be associative or seg-
regative (Piculell, Bergfeldt, & Nilsson, 1995, chap. 2); in
an associative phase separation both macromolecules are
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enriched in one of the separate phases mainly due to inter-
molecular interactions, most commonly electrostatic
attraction, that leads to polysaccharide—protein complex
formation, whereas in a segregative phase separation, the
two polymers are enriched in separate phases.

A phase separation could be desirable, but it could also
be considered an unwanted side-effect. However, regardless
of whether a phase separation is wanted to be achieved or
avoided, it is essential to know something about the poly-
saccharide—protein mechanisms that gives rise to phase
behavior.

Amylopectin (AP) and B-lactoglobulin (Blg) are widely
used in the food industry, yet few studies have been done
on this polysaccharide—protein system, and its mechanism
of interaction has not yet been fully explained in spite of
its industrial significance. Available studies have focused
on the relationship between structural parameters and rhe-
ological behavior in the AP—BIg particulate gel system (Ols-
son, Frigaard, Andersson, & Hermansson, 2003; Olsson,
Langton, & Hermansson, 2002). However, there is no
phase diagram describing the phase behavior of AP—plg,
and only a few AP-protein and polysaccharide—Blg phase
diagrams are available, e.g. AP-Casein (Antonov, Grin-
berg, & Tolstoguzov, 1977), AP-Gelatin (Durrani, Pry-
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stupa, Donald, & Clark, 1993; Grinberg & Tolstoguzov,
1972) guar/dextran—Blg (Simonet, Garnier, & Doublier,
2000), and dextran/carrageenan/dextran sulfate—flg
(Zhang & Foegeding, 2003).

Phase separation phenomena have been studied using
many techniques, including cloud-point determination,
light scattering, thermal analysis, differential scanning cal-
orimetry, microcalorimetry, rheology, fluorescence, nuclear
magnetic resonance, and microscopy. Donald, Durrani,
Jones, Rennie, and Tromp (1995, chap. 6) have developed
an interesting technique, FT-IR spectroscopy, for studying
phase behavior. This technique does not require specific
staining, it is non-destructive and it is suitable over a wide
range of water contents. The only proviso is that the mol-
ecules which are studied must show sufficient spectral dif-
ference. It can also be used to investigate the effect of
temperature, pH, and ionic strength on the phase diagram,
and water partitioning as well.

In this study, an AP-Blg-D,0O system was investigated
in terms of phase behavior and phase composition and
liquid-liquid phase separation kinetics using FT-IR spec-
troscopy. The main objectives were (i) to build a phase dia-
gram, (ii) to describe the solvent partitioning in the phases,
(iii) to find the threshold for phase separation, and (iv) to
find out the structure of the phases.

Amylopectin is present in all starches. It is a very large
and highly branched polymer with linear chains of
(1 = 4)-linked a-p-glucopyranosyl units and o-p-(1 — 6)
branches every 24-30 glucose units, constituting 4-5% of
the total linkages. The branches of amylopectin molecules
are clustered as double helices. Its molecular weight is
between 107 and 5 - 10® Da (Manners, 1989).

B-Lactoglobulin is one of the main components of whey
protein with a molecular weight of 18,300 Da and an iso-
electric point of 5.2, and each monomer consists of 162
amino acid residues. B-Lactoglobulin conformation is
strongly dependent on pH, temperature, ionic strength,
and concentration (Sawyer, 2003, chap. 7).

2. Materials and methods
2.1. Materials

Amylopectin was bought from Sigma (No. A-7780, an
unmodified, waxy maize starch extracted from a hybrid
corn grain with a molecular weight of 20 millon) and deu-
terium oxide (D,0) from Aldrich (CAS 7789-20, 99.9 atom
% D of purity). B-Lactoglobulin was kindly supplied by
Arla Foods (PSDI 2400).

2.2. Sample preparation

A solution of 15% AP was made by dissolving the poly-
saccharide in D,O at 120 °C for 1 h and a solution of 30%
Blg was prepared by dissolving the protein in D,0O at room
temperature. These solutions (“stock solutions’) were cen-
trifuged at 20,000 r.p.m. for 1 h in order to get rid of the

insoluble or contaminant material present in the solutions,
the dry matter content after centrifugation was recalculated
by gravimetric analysis (a fixed amount of sample was
weighed and dried at 105 °C until constant weight was
obtained); the final AP and Blg concentration were around
14% and 28%, respectively.

The stock solutions were used for preparing AP, Blg,
and AP-flg mixture samples at different concentrations.
All samples were calculated on a weight percentage basis
(Wt%). Sodium azide (0.01 wt%) was added to the samples
as an antimicrobial agent.

Three sample sets were prepared: a calibration set, a
time set, and a prediction set.

The calibration set was used to obtain a model that can
predict AP and Blg concentration of unknown samples
from FT-IR absorbance spectra. The samples were pre-
pared by weighing material from the stock solutions fol-
lowed by rapid mixing. A volume of ~3-4 ul. was taken
immediately after mixing and placed into a liquid cell in
order to avoid any possible phase segregation. The FT-
IR spectrum was taken after 10 min.

The time set was used for finding out the time needed for
reaching equilibrium and how the phase segregation evolves
with time. Samples of more or less the same concentration
were prepared, 5.4% AP and 16.8% Blg, and their spectra
were taken at different periods of time (0 h to 6 weeks).

The prediction set was used for the construction of the
AP-Blg-D,0 phase diagram. AP—Blg mixture samples were
left for a period of time to phase segregate and afterwards
were centrifuged at 40,000 r.p.m. for 3 h. After centrifuga-
tion most samples appeared to be separated into different
layers. A sample of each layer was collected and its spec-
trum was taken.

D,O was used as a solvent instead of H,O because the
water has strong absorption bands that, by overlapping,
mask the bands of AP and Blg.

2.3. Fourier transform-infrared spectroscpy (FT-IR)

FT-IR spectrum measurements of the AP-Blg-D,O
samples were performed with a Bruker IFS 66 spectrometer
(Bruker Optics GmbH, Ettlingen, Germany). A spectrum
of the vacuum-tight empty liquid cell, supplied with CaF,
windows (19 mm diameter) and spacer (12 um thickness),
was recorded and used as a background. Each spectrum
was recorded between 600 and 4000 cm™' (even though
the spectral range used for further analysis was only
between 980 and 2000 cm ') at a resolution of 4 cm ™!, with
100 accumulative scans. The spectrometer was purged with
dry nitrogen for 10 min prior to measurement.

The equipment was checked by contrasting the peak of
the CO,-specific peak at 2349 cm ™', and sample spectra
were normalized by setting the lowest absorbance in the
range between 980 and 2000 cm ™' and finally scaling the
D,O peak at 1210 cm ™' to an absorbance of unity.

Partial Least Square (PLS) analysis was applied to the
spectra data to find a model that explained the relationship
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between the spectra and the concentration of AP, Blg, and
DO in the samples and this model, which was cross-vali-
dated, was used to predict the composition of the phases
of the phase-segregated samples. PLS was performed with
The Unscrambler software (version 9.0, CAMO Process
AS, Oslo, Norway).

The quality of the model, fully cross-validated, was
assessed by looking at the score plot, loading plot, residual
variance plot, regression coefficients plots, and predicted
vs. measured plots and statistics such as RMSEP (Root
Mean Square Error of Prediction), Bias, SEP (Standard
Error of Performance), RMSEC (Root Mean Square Error
of Calibration), SEC (Standard Error of Calibration),
defined as:

n ~ 2
Ym0 =)

n

i =)

n

_— \/Z?_l(y,-

RMSEP? ~ SEP’ + Bias’ (4)

RMSEP =

Bias =

— y, — Bias)?

n—1

where y; is the predicted concentration, y; the original
concentration and n the number of samples for RMSEP
and SEP, but j; is the modeled concentration for RMSEC
and SEC.

2.4. X-ray powder diffraction (XR-PD)

A synchrotron (Beamline 1911-5 Segin, from MAX-lab,
Lund University, Lund, Sweden) was used for checking the
retrogradation of AP in the phase-segregated samples rich
in AP. The wavelength of the synchrotron was fixed at
0.907 A and the beam was first monochromatized and hor-
izontally focused by a bent silicon crystal working in Bragg
geometry and then focused vertically by a 400 mm, curved
multi-layer mirror. The high-flux photon beam was pro-
duced by a super-conducting multi-pole wiggler.

The synchrotron was checked with lanthanum hexabo-
ride crystal (LaBg).

By scooping, the sample was placed on a loop sample
holder with a diameter between 0.5 and 0.7 mm and set
at 35.2 mm from the MARCCD detector (Mar Research
GmbH, Norderstedt, Germany). Data were collected for
30 s at room temperature.

The powder images were analyzed with Fit2D software
(version 12.077, Andy Hammersley, ESRF), and the inten-
sities in the 20 range (0° and 72.9°) were integrated. The
synchrotron data were collected at 2=0.907 A, but for
comparison reasons the data were changed to A =1.54 A
(Cu-K,) by using the following equation:
Ay * sin 0;,1}

0,, = arcsin {
4

0, and 0,, are the diffraction angle at 4; =0.907 and
Ay = 1.54, respectively.

2.5. Differential scanning calorimetry (DSC)

DSC 6200 from Seiko Instruments Inc., Minato, Tokyo,
Japan, was used for the evaluation of the retrogradation of
AP in the phase-segregated samples rich in AP. The DSC
was calibrated using indium, and an empty pan was used
as a reference. The sample was placed in a weighed coated
aluminum pan which was sealed and reweighed and heated
from 20 to 150 °C at 10 °C/min. The dry matter content
was determined by leaving the sample at 105 °C for 16 h.
The data were evaluated using the EXSTAR 6000 Thermal
Analysis System software provided by the manufacturer of
the instrument.

3. Results

FT-IR spectra of AP, Blg, and AP-Blg solutions were
collected. Typical spectra are shown in Fig. 1. An FT-IR
spectrum is composed of specific bands that correspond
to the skeletal structure (fingerprint) and functional groups
(e.g. C=0, N-H, C=N) of the sample. AP displays specific
bands in regions I and III of the spectrum; most pro-
nounced are the saccharide bands (953-1180cm™') in
region I (Pavia, Lampman, & Kriz, 2001, chap. 2). The
strong band in region II corresponds to D,O. Blg displays
bands in regions II, III, and IV of the spectrum that corre-
spond to features in the secondary structure of the protein
(o-helix, B-sheet, B-bend, B-turn, and random coil) usually
known as Amide I (1600-1700 cm™"), Amide II (1600
1400 cm '), and Amide IIT (1200-1400 cm™'). These sig-
nals correspond to the stretching and bending vibration
of C=0, C-N, C-C-N, N-H, C-O, C-C, and the signal
of the Amide III is weak (Barth & Zscherp, 2002). The
bands in region III are a result of the contribution of AP
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Fig. 1. Fourier transform infrared spectra of three samples of the
calibration set: (A) Plg-D,O sample (14.19% Blg); (B) AP-Blg-D,O
sample (7.58% AP and 13.61% Blg); and (C) AP-D,0 sample (6.68% AP).
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and Blg bands, therefore demonstrating the importance of
having AP—Blg-D,0O mixture samples in the calibration set.

H,O content in the samples was less than 2% and, as
impurity, did not disturb the bands within the selected
wave number range below ~2%.

3.1. PLS model for AP-Plg—D>0 system

A calibration set of AP—Blg-D,O samples was measured
and analyzed using PLS analysis to establish the relation-
ship between the FT-IR spectra and the composition.
The concentration of polysaccharide and protein in the cal-
ibration-set samples covered almost the complete concen-
tration range expected for AP and pBlg in the phase-
segregated samples (see Fig. 2).

AP and Blg concentration as a function of the FT-IR
spectra were modeled simultaneously using a PLS analysis
(Esbensen, 2002, chaps. 6, 7, and 11). The concentrations
of both macromolecules were obtained as the responses,
and the spectra were used as the predictors.

The PLS model suited our system well. The regression
coefficients agreed well with the spectral information from
AP, Blg, and D,O (see Figs. 3 and 4).

No outliers or systematic errors were identified and the
residuals were randomly scattered. The prediction was
optimized using three components (three PCs). The PLS
model has more or less the same response for the prediction
of AP and Blg, though the correlation between the mea-
sured and predicted values for Blg is little bite better than
for AP, see Figs. 3 and 4B. The error (RMSEC/RMSEP),
precision (SEC/SEP), and accuracy (Bias) for modeling
and prediction of the polysaccharide and protein were
more or less in the same order of magnitude, see Table 1.

3.2. Evolution of the phase segregation of AP—flg—D,0
system

Samples of AP—-Blg-D,O were prepared according to the
methodology section. Care was taken to ensure that the AP

% D,0
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Fig. 2. Calibration set: (A) AP-D,0 samples; (&) Plg-D,O samples; and
(@) AP-Blg-D,0 samples.
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Fig. 3. (A) AP regression coefficient plot, numerical coefficients that
express the link between variation in the spectrum and AP concentration
and (B) AP concentration predicted vs. measured plot.
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Fig. 4. (A) Plg regression coefficient plot, numerical coefficients that
express the link between variation in the spectrum and Blg concentration
and (B) Blg concentration predicted vs. measured plot.

Table 1
PLS model fit measures

Calibration Prediction

AP Blg AP Blg
RMSEC/RMSEP 0.43 0.55 0.39 0.50
SEC/SEP 0.43 0.56 0.40 0.51
Bias 3-107° —4-1073 2-1077 —6-107%

was fully dissolved and that all immediate precipitates as
well as eventual insoluble fragments from both the AP
and the Plg solutions were removed before the samples
were made. The samples were then weighed together, mixed
and allowed to equilibrate for 24 h. No signs of spontane-
ous segregation in layers were seen (Fig. 5A). At low mac-
romolecular concentration, samples appeared clear;
however, at increasing macromolecular concentration they



C.C. Quiroga, B. Bergenstdhl | Carbohydrate Polymers 72 (2008) 151-159 155

Fig. 5. AP-Blg-D,O photos: (A) before phase segregation and centrifu-
gation, 5.64% AP and 16.44% Blg; (B) after phase segregation and before
centrifugation, 5.90% AP and 17.43% Blg; (C), (D), and (E) after phase
segregation and centrifugation at 40,000 r.p.m. for 3h, 5.90% AP and
17.43% Blg, 2.79% AP and 22.29% Blg, and 10.80% AP and 5.80% plg,
respectively. The braces (}) indicate the boundaries between the layers.

appeared thick and turbid. The turbidity as well as the
thickness increased with increasing AP content.

After 24 h of equilibration time, the samples started to
seem phase-segregated (Fig. 5B) and the phase boundaries
were enhanced when they were centrifuged (3 h at 40,000
r.p.m.). After centrifugation most samples separated into
either two layers, one upper layer and one lower layer
(Fig. 5D and E), or three layers (Fig. 5C). The third layer
appeared (from its turbidity and consistency) to be a sepa-
ration of the lower layer into two different layers.

The upper layer was yellowish and clear. The boundary
between the upper layer and the lower layer or the interme-
diate layer appeared distinct, indicating a clear difference in
refractive index. The intermediate layer appeared more or
less transparent, see Fig. 5C, while the lower phase had a
pronounced turbidity. The boundary between the interme-
diate layer and the lower layer was more gradual.

Typical FT-IR spectra of a sample with three layers can
be seen in the Fig. 6, showing an upper layer rich in protein
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Fig. 6. Fourier transform infrared spectra of AP-Blg-D,O sample (5.64%
AP and 16.44% Blg): (A) lower layer; (B) medium layer, and (C) upper
layer.

with low polysaccharide content, a lower layer rich in poly-
saccharide with low protein content and an intermediate
layer with both macromolecules.

Although signs of segregation appeared after 24 h, there
remained uncertainty about the time needed for reaching
complete equilibrium. The time set sample of 5.4% AP
and 16.8% PBlg was monitored during 6 weeks to establish
the equilibration time needed. AP and Blg concentration
in the sample before as well as after equilibration and cen-
trifugation can be seen in Figs. 7 and 8.

From the results, we may conclude that AP was already
expelled from the upper layer after 24 h. At that moment,
the AP content was around 2% and the Blg content around
21%. The intermediate layer was rich in both macromole-
cules, about 15% of Blg and about 6% of AP. There was
a dramatic change in the AP and Blg content in the lower
layer, changing from about 6% to 28% for AP and from
about 17% to 3% for Blg.
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Fig. 7. AP concentration vs. time: (O) AP concentration in the original
mixture sample, prior equilibration; (M) AP concentration in the upper
layer; (A) AP concentration in the intermediate layer; and (@) AP
concentration in the lower layer.
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Fig. 8. Blg concentration vs. time: (O) Blg concentration in the original
mixture sample, prior equilibration; (M) Plg concentration in the upper
layer; (A) Blg concentration in the intermediate layer; and (@) Plg
concentration in the lower layer.
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The concentration of the intermediate layer at 21 days of
equilibration shows a discrepancy with the concentration
of the samples at shorter (2-14 days) and longer (42 days)
equilibration times, therefore this point has not been taken
into consideration when the graphs were analyzed. Besides
the concentration of the sample after 42 days of equilibra-
tion follows the general pattern presented in Fig. 11 relative
to the composition of the metastable phase.

Fluctuations in the AP and Plg concentration have
approximately the same order of magnitude as the expected
error.

Due to gradual changes in the AP and Blg concentration in
the lower layer, it was decided to divide the prediction set into
two groups. The spectra of the first group were taken after 2
weeks and the spectra of the second group after 6 weeks.

3.3. Phase diagram of AP-flg—D>0O

A phase diagram of AP-Blg-D,O was constructed by
equilibrating samples of different compositions followed
by centrifugal separation and compositional quantification
of the layers using FT-IR.

At low concentrations (below 10% of both AP and lg)
the system appeared homogeneous even after centrifuga-
tion. The phase became clear and yellowish at higher Blg
concentrations and lower AP concentrations. However, a
small amount of precipitated material from the sample
was settled at the bottom, looking like a whitish solid gel.
As it seemed to increase when Plg concentration was
increased, we interpreted it as aggregated Blg.

At high AP and Blg concentration the samples did not
look clear before centrifugation and they separated into
two or three layers after centrifugation.

The lower layer of the samples with three layers was
quite thick and whitish. The volume of the lower layer
was very similar independent of AP and Blg concentration.
The volume of the intermediate layer varied in opposite
proportion to the volume of the upper layer.

At higher Blg concentration and lower AP concentration
the samples showed only two layers even after centrifuga-
tion (Fig. SD). The lower layer in the presence of two layers
appeared similar in character to the lower layer also when
three layers appeared in the sample. The appearance of a
third layer after centrifugation was an indication that AP
underwent some kind of molecular rearrangement with
consequent expulsion of D,O and Blg.

3.4. Retrogradation of AP in the lower layer

As retrogradation of starch is a well-known phenome-
non it was obvious to assume that the gradual transition
of the intermediate phase into a new structure was a pro-
cess caused by the retrogradation of starch. As retrograda-
tion involves re-crystallization processes, calorimetry and
X-ray diffraction techniques have been used to evaluate it.

Samples of the lower layer, with AP content higher than
30%, were analyzed. The X-ray diffraction diagrams

showed well-defined peaks indicating that the samples
had developed some degree of crystallinity (Fig. 9).

In starch granules, amylopectin is the main crystalline
component and is arranged in different crystalline struc-
tures with distinct X-ray-scattering peaks in the wide-angle
range. Three characteristic diffraction patterns have been
identified: A (cereal starches), B (tuber, high-amylose,
and waxy starches), and C (smooth-seeded pea and various
bean starches, this pattern is believed to be a superposition
of A and B) (Zobel, 1988a). During gelatinization and past-
ing crystallinity is lost, however it can be regained in ageing
gels and backed products through molecular reassociation
(Biliaderis, 1998, chap. 4).

The peaks were identified, diffraction angle (0) and d-
spacing, as the typical peaks for the A- and B-type patterns.
The weak intensity signals correspond to the A-type and the
strong intensity signals to the B-type (see Table 2), besides the
peaks of these structures other peaks were seen in the region
between 15° and 25° (A = 0.907 nm) but were not identified.

The retrogradation of AP in the AP-rich phases was also
confirmed by DSC. Endotherms were detected in the range
between 60 and 80 °C, for some samples the melting tem-
perature range was wide and for others narrow (see
Fig. 10). Even though in one of the thermograms a second
endotherm has been seen we can not explain its origin
because studies on amylopectin retrogradation showed
only one endotherm at lower temperatures than the tem-
perature of gelatinization (~70 °C) (Chang & Lin, 2007),
a second endotherm has been seen but during gelatiniza-
tion and at low water content (<50% of water) (Biliaderis,
1998, chap. 4; Liu, Yu, Xie, & Chen, 2006). The presence of
B-lactoglobulin in these samples (<3%) could influence on
the DSC results considering that during heating the protein
undergoes to conformational changes in its structure until
it denatures (~80 °C), at low heating rates a shoulder at
60 °C has been seen besides the denaturation endotherm
(Hoffmann, van Miltenburg, & van Mil, 1997).

Intensity

20071

Fig. 9. X-ray powder diffraction of AP-rich samples: (A) and (B) lower
layer, AP concentration around 30%, different degrees of crystallinity, and
(C) amorphous sample prepared as a reference, AP concentration around
20%.
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Table 2
XR-PD data of the lower phase of AP—Blg-D,0O system and starch crystal
forms A, and B as reference

Peak Lower phase Starch type-A*®  Starch type-B**
number ;0 907A i—154A i—154A J=154A

20 (%) 20 (°) 200 d(A) 200 d(A)
1 5.8 15.22
2 153 5.78 153 5.78
3 10.1 17.4 ¢ 17.4 5.09 17.3 5.12
4 10.5 18.0 w° 18.3 4.84
5 11.6 19.9 20.1 441
6 12.9 23s 22.7 3.91
7 13.6 235w 235 3.78
8 14.0 243's 24.5 3.63
9 15.0 26.1 26.4 3.37 26.9 3.31

Note: *Zobel (1988a,b); ®°Cheetham and Tao (1998); “Cleven, van der Berg,
and van der Plas (1978); Ystrong diffraction intensity signal; “weak dif-
fraction intensity signal.

(A)

Endothermic heat flow —>

40 50 60 70 80
Temperature °C

Fig. 10. DSC thermograms for AP-rich-lower layer, AP content higher
than 30%. (A) Two endotherms and wide melting temperature range and
(B) one endotherm and narrow melting temperature range.

4. Discussion

In the study of the phase segregation of a polysaccha-
ride—protein system, the FT-IR spectroscopy technique in
combination with PLS analysis worked well because the
spectral difference among AP, Plg, and D,O are clear and
a good correlation between concentration and spectral
response can be obtained.

4.1. AP-Plg—D,0 phase segregation

The layers after centrifugation in the results section are
interpreted as representing the equilibrium or semi-equilib-
rium concentrations of the respective phases. In phase-seg-
regated samples the upper layer is interpreted as a Blg-rich
phase and the lower phase is interpreted as an AP-rich
phase in a sample undergoing a binodal phase separation.
The phase behavior of AP-Blg-D,0 system observed after
two different equilibration times, 6 and 2 weeks, are illus-
trated in Figs. 11 and 12, respectively.

In most samples an intermediate layer is observed. We
interpret this layer as being a metastable phase that slowly
segregates into a stable protein-rich phase and a stable ret-
rograded polysaccharide phase. The lower layer is inter-
preted as the retrograded phase because: (i) it grows with
time, (ii) it has a low protein content, and (iii) it displays
crystalline order. The lower layer appears white. It is diffi-
cult to exclude that the layer also contains domains of the
metastable phase trapped in the retrograded network. Ret-
rogradation in starch solutions has been studied by many
scientists for instance, by Biliaderis (1998, chap. 4).

The metastable AP—Blg-D,O phase contains a high con-
centration of protein. The protein—polysaccharide ratio is
1.2 after 6 weeks and a bit closer to 1 after 2 weeks.

Both phase diagrams are very asymmetric; when looking
at the segregation between the metastable phase and the pro-
tein-rich phases, the two-phase region is strongly shifted
towards the protein-rich phase. The asymmetry and shifting
are consistent with the behavior predicted for a mixture con-
taining macromolecules of different molecular weight, the
binodal being displaced towards the macromolecule of lower
molecular weight, in this case Plg (Kalichevsky & Ring,
1987).

The retrograded phase contains only a small amount of
protein and the phase diagram appears much more symmet-
ric. The tie-lines (lines between co-existence phases) connect
a protein-rich phase with high water content and an AP-rich
phase with low water content; this can tentatively be inter-
preted as the retrograded phase having a stronger interpoly-
mer interaction. The slope of the tie-lines changes which has
been observed in other polysaccharide—protein systems as
well, e.g. amylopectin—gelatin (Grinberg & Tolstoguzov,
1972; Durrani et al., 1993), amylopectin—casein (Antonov
et al., 1977), and whey protein—dextran (Syrbe, Fernandes,
Dannenberg, Bauer, & Klostermeyer, 1995).

Increasing the equilibration time of the AP—Blg-D,0O
system, the binodal of the polysaccharide-rich phase

% D,0

30 35 40 45 50 55 60 65 70

Fig. 11. AP-Blg-D,0 phase diagram, equilibration time of 6 weeks: (@)
concentration of the Blg-rich phase; (A) concentration of the metastable
phase; (M) concentration of the retrogradated AP-rich phase; (O)
concentration of the original sample; (—) binodal and tie-lines; (--) line
of the metastable phase.
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% D,0

30 35 40 45 50 55 60 65 70
Fig. 12. AP-Blg-D,0 phase diagram, equilibration time of 2 weeks: (@)
concentration of the Blg-rich phase; (A) concentration of the metastable
phase; (M) concentration of the retrogradated AP-rich phase; (O)

concentration of the original sample; (—) binodal and tie-lines; (--) line
of the metastable phase.

shifted toward AP, increasing the area of the two-phase
region on the phase diagram.

The big difference in molecular weight and size between
AP and Blg drive toward phase segregation but the amount
of AP in the system controls the kinetics of phase segrega-
tion. At low AP concentrations, the molecules are well-sep-
arated and free to move independently, as such, the
solution viscosity is not high. However, with increasing
concentration, a stage is soon reached at which the mole-
cules begin to overlap and interpenetrate, and the viscosity
increases very sharply (Morris, 1995).

For an AP-Plg-D,O system the phase separation
threshold is above ~20% total macromolecular concentra-
tion, this value is quite high in comparison to the values for
rigid, linear polysaccharides (below 2%), globular protein—
polysaccharide mixtures (above 4%) and mixtures of glob-
ular proteins (exceeds 12%) (Tolstoguzov, 2000). However,
it is important to mention that the phase segregation of
these systems was mainly induced by heating, changing
pH, and increasing ionic strength, which is not our case.
In our system the native protein is considerable smaller
than the polymer, the size of Blg is 4 nm in diameter (dimer
form) (Sawyer, 2003, chap. 7) and the size of AP molecule
is about 100-150 A in diameter and 2000-4000 A long
(French, 1984, chap. VII), therefore the reduction of the
conformation entropy is small and phase segregation
occurs only at high concentrations, which is in accordance
with the theory developed de Gennes (1979) and Odijk
(1996, 1997) for these kind of systems where the size of
the polymer is considerable larger than the colloidal
particle.

4.2. Structural changes in the phases
During the equilibration time, structural changes

occurred in the system mainly in the metastable phase
where AP started to re-crystallize.

D,O and Plg are excluded from the metastable phase
during AP re-crystallization, the degree of exclusion
depends on the type of the crystal structure. The A-type
structure (the most thermodynamically stable form) has a
closely packed arrangement of double helices, whereas
the B-type structure (kinetically preferred form) consists
of a more open packing of helices with a correspondingly
greater amount of inter-helical water. Thus, the B- to A-
type transition could occur by a simple shifting of helices
following removal of water. The A- to B-type transition
is less favorable energetically (Gidley, 1987; Ring, 1985;
Zobel, 1988b).

The stronger signals of the B- over the A-type suggest
that AP with longer chain length started to retrograde
because AP with short chain length (<20 residues) exhibit
A-type crystallinity and AP with longer average chain
length show the B pattern (Biliaderis, 1998, chap. 4).

The broad range of melting temperatures and having
more than one endotherm are indicative of a wide range
in the size and perfection of the crystals in the lower phase.
The thermograms revealed the formation of a dispropor-
tionate number of poorer, less perfect crystals; the A-type
crystals melt at higher temperature than B-type crystals
do (Whittam, Noel, & Ring, 1990). The degree of crystal-
linity increases with time and AP concentration. The outer
branches of AP are responsible for crystallinity due to the
formation of double-helical junction zones, the crystalliza-
tion of amylopectin is slow and could take many weeks
(Miles, Morris, Orford, & Ring, 1985) even at sufficiently
high AP concentration can form physically cross-linked
thermoreversible gels upon cooling to below room temper-
ature (Durrani & Donald, 1995).

5. Conclusions

Amylopectin and B-lactoglobulin phase segregate in one
stable phase rich in protein and one metastable phase with
about equal ratios between polysaccharide and protein.
The metastable phase gradually separates into the pro-
tein-rich phase and the retrograded AP-rich phase.

Phase segregation is driven mainly by the difference in
molecular interactions of the polysaccharide and protein.
The difference in size makes the phase segregation very
asymmetrical when the separation between the metastable
phase and the protein-rich phase is considered. The differ-
ence in size is most likely also the cause as to why the phase
segregation threshold is high.

AP retrogrades slowly and gradually with time in the
polysaccharide-rich phase, and the degree of crystallinity
is low.
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