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Abstract Stability of whey protein-pectin complexes is an
essential criterion for their application in different food
matrices. The impact of process parameters on micro-
and macro-structural characteristics of thermally stabilised
whey protein-pectin complexes was investigated using fluo-
rescence spectroscopy, ζ -potential measurements, dynamic
light scattering and phase separation. Complexes prepared
from whey protein isolate (WPI) and pectins with dif-
ferent degrees of esterification (HMP, LMP) were gener-
ated at different biopolymer concentrations (WPI + pectin:
5.0 % + 1.0 %, chigh; 2.75 % + 0.55 %, cmed ; 0.5 %
+ 0.1 %, clow), heating temperatures (80-90 ◦C) and pH
levels (6.1-4.0). Micro- and macro-structural characteris-
tics of the complexes depended on concentration level and
degree of esterification, with complexes being more sen-
sitive towards environmental changes at clow than at cmed

and chigh. WPI-LMP complexes exhibited sizes <1μm
suitable for micro-encapsulation, whereas WPI-HMP
complexes at cmed achieved sizes from 1-10μm and at chigh

from 10-200μm underlining their potential as fat-replacers
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52531 Übach-Palenberg, Germany
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and structuring agents, respectively. Slopes and intercepts
derived from intensity ratios of fluorescence spectra gave
insights into the state of unfolding of β-lactoglobulin within
the complexes and thus about the protective effect of pectin
addition.
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Abbreviation

b-Lg β-lactoglobulin
DE Degree of esterification
HMP High methoxyl pectin
IR Intensity Ratio
LMP Low methoxyl pectin
Trp Tryptophan
WPI Whey protein isolate

Introduction

In the last years, a lot of work has been done on calorie
reduced food [1, 2] due to an increasing incidence of over-
weight and obesity [3]. Special attention was drawn to the
generation of new fat replacers as fat is very high in calo-
ries and plays a major role in sensory and textural properties
[4, 5].

Fat replacer mimic or substitute the properties of fat
in food systems. Based on their chemical composition,
they can be subdivided into three categories: protein-
based, carbohydrate-based and fat-based [6]. However,
most research focused on protein-based fat replacers owing
to their complementary nutritional benefits [7] such as
found for microparticulated whey proteins [8–10]. In this
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context, special attention has been drawn to whey protein-
pectin complexes due to their high nutritional [7, 11] and
functional properties, e.g structuration, emulsification and
hydration [12–16] and, as recently shown, as fat replacers
[17]. The complexation of whey proteins with pectin limits
the heat-induced aggregation of the proteins without suffer-
ing losses in structuring abilities [13, 17]. In order to add
these complexes in different food systems, it is necessary
to establish a manufacturing process for concentration or
drying.

A common device for the generation of concen-
trated, thermally treated systems is a surface scraped heat
exchanger (SSHE). The processing includes several pro-
cesses, prominently heating and shearing [18, 19]. Typical
parameters influencing thermally induced complex forma-
tion to a high extent are biopolymer concentration and heat-
ing temperature. However, very few information on higher
concentration levels combined with low temperature-short
time heating, is available as mainly low concentration lev-
els and high temperature-long time heating conditions were
studied [20–22]. In terms of modulating the interactions
between the biopolymers, degree of esterification of pectins
and post-heating acidification are important aspects [23–25]
on which, especially in combination with varied concentra-
tion levels and heating conditions, very few information is
available.

This work presents the study of whey protein-pectin
complex structures as affected by degree of esterification
of pectins, biopolymer concentrations, heating tempera-
tures and post-heating pH levels. Resulting structures were
studied using common methods such as ζ -potential and
dynamic light scattering [20, 26–28] as well as fluorescence
spectroscopy.

This method relies on the fluorescence of inherent aro-
matic residues or of fluorescent dyes and probes attached
to the protein. It is applied in various fields to study
inner structures and conformational changes of proteins.
The main application regarding whey proteins is the inves-
tigation of binding of hydrophobic components such as
nutraceuticals [21, 22, 29] and therapeutic drugs [30].
Fluorescence spectroscopy has already been applied on
whey proteins in combination with pectin to study com-
plex assembly at low pH [31] as well as the structural and
thermal stability of complexes composed of separately heat-
treated biopolymers [32, 33]. However, to our knowledge,
the inner structure of co-heat-treated whey protein pectin
complexes has not been investigated so far as multiple
interactions between the biopolymers can occur during heat-
treatment and subsequent acidification. First hints towards a
disentanglement of these interactions might be displayed by
fluorescence spectroscopy.

The application of a statistical design of experiments
allows to identify critical parameters and parameter ranges

within a limited amount of experiments by an appropriate
choice of varied parameters. With respect to an aspired up-
scaling, this experimental set-up can, if proved well, serve
as basis for future research.

Thereby, the first objective was to get an idea of pos-
sible parameters derived from fluorescence spectroscopy
that might help to make first approaches to describe inner
structural properties of complexes. The second objective
was to investigate application possibilities in food sys-
tems with special emphasis on fat replacers, based on the
impacts of process parameters on thermally stabilised whey
protein-pectin complexes.

Materials and Methods

Materials

Native whey protein isolate (WPI895), obtained from sweet
whey, was purchased by Fonterra co-operative Group Ltd.
(Auckland, New Zealand). As stated by the manufac-
turer, the protein fractions were as follows: 69.2 % β-
lactoglobulin, 14.2 % α-lactalbumin, 3.3 % bovine serum
albumin, 2.1 % immunoglobulin G, 1.6 % glycomacropep-
tide and 1.2 % proteose peptone 5. The protein content of
the samples was calculated according to the nitrogen con-
tent as determined by a nitrogen analyser (Dumatherm, C.
Gerhardt GmbH & Co. KG, Königswinter, Germany) fol-
lowing the Dumas method (International Dairy Federation
(IDF) 185:2002). The conversion factor 6.38 was used. The
total protein content determined was 93.9 ± 0.2 %, which
was used for further calculations.

Two unstandardised citrus pectins with different degree
of esterification (DE) were kindly provided by Herbstre-
ith & Fox (Neuenbürg, Germany) and used without further
purification. According to the DE, pectins are subdivided
into low-methoxyl (LMP, DE < 50 %) and high-methoxyl
(HMP, DE > 50 %) classes. As stated by the manufacturer,
the DE and the apparent molecular weight (MW, determined
by capillary viscosimetry) of the citrus pectins were as fol-
lows: 36 % DE, 55 kDa (CU-L 057/11) and 71 % DE,
85 kDa (CU 201), respectively.

Preparation of Thermally Stabilised WPI-Pectin
Complexes

Stock suspensions of WPI and pectins were prepared in per-
cent weight per weight by suspending specified amounts of
biopolymers in distilled water. WPI was suspended at room
temperature and 450 rpm for 1 h, resulting in final protein
concentrations of 10.0, 5.5 and 1.0 %, respectively. Pectin
was suspended in distilled water at 70 ◦C and 550 rpm for at
least 1.5 h. Pectin stock suspensions had concentrations of
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2.0, 1.1 and 0.2 %, respectively. All stock suspensions were
stored overnight at 10 ◦C to ensure complete hydration.

Stock suspensions of WPI and pectin were mixed by
dropwise addition of pectin suspensions toWPI suspensions
during stirring at 450 rpm. The ratio of protein to pectin was
kept at a level of 5:1 [23]. Thereby, suspensions with pro-
tein and pectin concentrations of 5.0 % + 1.0 % (chigh),
2.75 % + 0.55 % (cmed ), 0.5 % + 0.1 %(clow), respectively,
and pH 6.10 ± 0.05 were obtained. 250 mL of unheated
WPI-pectin suspensions were heated in a water bath at 80,
85 and 90 ◦C ± 1.5 K, respectively, for 250s (denaturation
≥ 90 %) [34, 35] while being unstirred. The resulting sus-
pensions of thermally stabilised complexes were cooled to
room temperature using running tap water.

In order to simulate application in different food matri-
ces, complex suspensions were adjusted to pH values from
pH 6.1 - 4.0, using lactic acid (analytical grade; Applichem
GmbH, Darmstadt, Germany) and NaOH. The adjusted
complex suspensions were stored over night at 10 ◦C and
readjusted to the desired pH value, if necessary. Sodium
azide was added to the complex suspensions as a preser-
vative at a final concentration of 0.02 % [23]. NaOH and
NaN3 were of analytical grade and purchased from Carl
Roth GmbH & Co. KG (Karlsruhe, Germany).

Fluorescence Spectroscopy

Fluorescence measurements were performed using a LS 50B
fluorescence spectrometer (Perkin Elmer Inc., Waltham,
USA). Tryptophan (Trp) fluorescence determinations were
performed at an excitation wavelength of 287nm since this
resulted in maximum fluorescence emission intensities for
the complexes (data not shown). Emission spectra were
recorded at 300-500nm. Slit widths were set to 5nm, both
for excitation and emission. Samples were diluted using dis-
tilled water to a final protein content of 0.025 % (w/w). All
measurements were performed in triplicate at 24.4 ◦C.

The intensity ratio (IR) was calculated from the spectra
by dividing the fluorescence intensity I350 nm at λ350 nm by
the fluorescence intensity I330 nm at λ330 nm. Thereby, pre-
dictions on the degree of unfolding of β-lactoglobulin are
possible [36]. The IR of samples at the same concentration
level and heat treatment were plotted against the pH. Slope
(m) and intercept (b) of the resulting lines were used for
further evaluation.

Electrophoretic Mobility and ζ -Potential Determination

The electrophoretic mobility was measured as described in
Krzeminski et al. [23]. WPI-pectin complex suspensions
were placed into the measurement chamber of the particle
electrophoresis instrument (Zetasizer Nanoseries Nano-ZS,
Malvern Instruments, Worcestershire, UK). Samples with

cmed or chigh were diluted with distilled water 1:5 or 1:10,
respectively, to reach an optimal attenuation of 7. Changes
in pH-values due to dilution were considered in further
evaluations. As a refractive index, 1.42 was used [23]. All
measurements were performed in triplicate at 20 ◦C.

Particle Size Determination

Particle size distributions of WPI-pectin complexes were
determined using a LS-230 laser scattering particle size
analyzer (BeckmanCoulter, Brea, USA). The calculations
are based on the Mie theory allowing a particle detection
within a range of 0.01 - 3000 μm. Datasets were evalu-
ated based on a logarithmic density distribution [37, 38]. A
refractive index of 1.42 was used for the measurements [23].
All measurements were performed in triplicate at 23 ◦C.

Visual Observation

WPI-pectin complex suspensions (10 mL) were placed in
test tubes and stored at room temperature (23 ◦C) for
30min. Digital images were taken and phase separation was
recorded.

Statistical Analysis

The effects of the variables concentration level C, heating
temperature ϑ and pH on the micro- and macro-structural
properties of WPI-pectin complex suspensions were stud-
ied using a 3-factorial experimental design with two blocks.
Experiments were performed in randomised order. The
entire experimental design was used for suspensions of
WPI-HMP and WPI-LMP complexes separately.

Results were analysed statistically using SAS software
(version 9.4, SAS Institute Inc., Cary, USA). Significant
differences in micro- and macro-structural properties (p <

0.05) and significant parameter interactions (p < 0.05) were
evaluated.

Results and Discussion

Fluorescence Spectroscopy

β-Lg is a globular protein consisting of 162 amino acids.
It has two Trp residues, Trp19 and Trp61. Whereas the
first one is located at the bottom of a hydrophobic calyx
formed by beta-sheets, the second one is located close to
the exposed disulfide bond between Cys66 and Cys160
which is assumed to quench Trp61 fluorescence. There-
fore mainly Trp19 contributes to fluorescence emission [39].
Trp19 is very susceptible towards changes in its local envi-
ronment, so that conformational changes can be monitored
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by changes in fluorescence intensities and shifts in emis-
sion maxima. It was shown that the fluorescence intensity
of β-Lg is greater than of α-lactalbumin [40] so that the
following assumptions will focus on b-LG even though the
WPI contained small amounts of α-lactalbumin.

Addition of pectin to WPI, exemplarily shown for HMP
(Fig. 1), resulted in an increase in maximum fluorescence
intensity, whereas just a small red shift in the emission
maximum occurred. Increases in intensity are associated
with unfolding of tertiary protein structure [41, 42]. Hence
it can be assumed that pectin induces an opening of the
β-Lg molecule. Complete unfolding of β-Lg is charac-
terized by a large red shift [43], such as for pure heat
treated WPI (Fig. 1). The small red shift due to pectin addi-
tion indicates that the local environment became slightly
more hydrophilic, suggesting that β-Lg did not unfold
completely.

The impact of specific parameters on the inner complex
structure can be studied by plotting the IR against the pH
as shown exemplary in Fig. 2 for WPI-HMP complex sus-
pensions heated at 90 ◦C at clow, cmed and chigh. The slope
can serve as a measure for the sensitivity of complexes
towards changes in their environment such as post-heating
acidification. A positive slope indicates a higher sensitiv-
ity, associated with unfolding of β-Lg, whereas a slope near
zero indicates stability against environmental changes asso-
ciated with very little conformational changes. The intercept
can be used as a measure for tendencies of the whole com-
plex suspension regarding unfolding of β-Lg. The equation
parameters of all suspensions are summarised in Table 1
and were evaluated with respect to the impact of heating
temperature, concentration level and DE.
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Fig. 1 Fluorescence spectra of WPI suspension (2.75 %w/w; solid
line), unheated WPI-pectin suspension (2.75 % WPI + 0.55 % HMP;
dashed line) and heat-treated WPI suspension (2.75 % w/w; 80 ◦C,
250s; dot-dashed line)

Fig. 2 Course of intensity ratios, derived from fluorescence spectra,
depending on the pH after heating for WPI-HMP complex suspen-
sions after heating at 90 ◦C for 250 s at • clow , ◦ cmed and � chigh.
Dotted line: intensity ratio of native β-lactoglobulin. I350 nm: Fluores-
cence intensity at 350 nm, I330 nm: Fluorescence intensity at 330 nm,
IR: Intensity ratio

Post-heating acidification of pure β-Lg suspensions
under similar conditions leads to distinct changes in parti-
cle size and structure [23] implying conformational changes
in β-Lg. All complex suspensions, however exhibited very
small slopes and intercepts close to 1.00 indicating that post-
heating acidification had a low impact on unfolding of b-LG
in the complexes (s. Table 1). Thus, we deduced that pectin
addition had a protective effect on β-Lg against environ-
mental changes. This is in good accordance with literature,
as a protective effect on complex components has already
been shown for Trp in β-Lg [44] and polyunsaturated fatty
acids [45] using pectins of other origins.

Systems with LMP exhibited an increase in slope with
increasing concentration level indicating a higher sensitivity
towards acidification. Two groups could thereby be defined:
the magnitudes of slopes at cmed and chigh were similar,
whereas the slope at clow was always smaller. Complex
structures formed at clow were possibly different from those
formed at cmed and chigh causing different responses to
acidification. A decrease in unfolding with increasing con-
centration level, indicated by decreasing intercepts, implies
different concentration related structuring behaviour as
well. Thus, the degree of unfolding decreased with increas-
ing concentration level, pointing towards a looser structure
similar as found for pure WPI particles [46].

In contrast to LMP, complex suspensions with HMP
exhibited no clear trends for slopes. However, the slope at
clow was always higher than for suspensions with LMP, no
classification according to concentration level was possible.
Moreover, a positive correlation between intercept and con-
centration level was found for the same heating temperature.
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Table 1 Slope m and intercept b of IR-equations which were received
by plotting the intensity ratio of samples at the same concentration
level and heat treatment against the pH (6.1 - 4.0) clow: 0.5 % WPI +

0.1 % pectin; cmed : 2.75 %WPI + 0.55 % pectin; chigh: 5.0 % WPI +
1.0 % pectin; heat treatment at 80, 85, 90 ◦C for 250s

Suspension 80 ◦C 85 ◦C 90 ◦C

clow cmed chigh clow cmed chigh clow cmed chigh

WPI+ b 1.04 1.02 1.01 1.05 1.03 1.02 1.06 1.05 1.03

LMP m (·10−3) −0.7 12.7 13.7 1.31 11.8 12.1 2.4 10.4 11.3

WPI+ b 0.91 1.00 1.05 0.97 1.03 1.05 0.97 1.04 1.08

HMP m (·10−3) 10.9 7.9 14.3 9.9 10.3 14.3 14.4 10.6 8.2

This implies a higher degree of unfolding with increasing
concentration level, contrary as seen for complex suspen-
sions with LMP. Thus we assumed that complexes with
LMP possibly have a looser structure at clow and a more
compact structure at cmed and chigh. Complexes with HMP
are assumed to exhibit different structures independent of
concentration level.

ζ -Potential of Complexes in WPI-Pectin Suspensions

The influence of process parameter variation on the ζ -
potential of WPI-pectin suspensions is shown in Fig. 3.
All complex suspensions showed an increase in ζ -potential
with decreasing pH which is characteristic for complexes
between WPI and anionic polysaccharides [13]. The aver-
age ζ -potential for complex suspensions with LMP was
approximately -20 mV lower than for suspensions with
HMP, independent of concentration level and heating tem-
perature. This is attributed to the differences in negative
charge between LMP and HMP, as LMP has a lower DE
than HMP and thus possesses more carboxylic groups [27].

Complex suspensions at clow exhibited a gradual increase
in ζ -potential, whereas suspensions at cmed and chigh, exem-
plary shown for chigh in Fig. 3b, remained almost constant
until pH 5.0. The critical range between ±15 mV favour-
ing particle aggregation, was reached at higher pH values
for WPI-HMP complex suspensions at clow than at the other
two levels. This indicates that complex suspensions at clow

were more sensitive against acidification than the other two
suspensions. Complex suspensions with LMP showed the
same pH-induced behaviour, however due to the overall
more negative ζ -potential, these suspensions did not reach
the critical range.

An increase in heating temperature from 80 to 90 ◦C
caused a significant decrease in ζ -potential in all com-
plex suspensions (p<0.01). Still, the impact of heating
temperatures on the overall ζ -potential was minor, as the
concentration level showed a higher significance (p<0.001)
and the magnitude of its overall impact was more distinct.

Based on our results, we concluded that the protective effect
of pectin addition against acidification depended on the DE
of pectin and on the concentration level.

a

b

Fig. 3 Influence of pH on the ζ -potential of WPI-pectin complex sus-
pensions at (a) clow (0.5 % WPI+0.1 % pectin) and (b) chigh (5.0 %
WPI+1.0 % pectin), after heating at different temperatures (◦/• 80 ◦C,
�/� 85 ◦C, �/� 90 ◦C) for 250 s. Empty symbols: complexes with
LMP, filled symbols: complexes with HMP
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Particle Size Distribution

As our experiments on ζ -potential measurements revealed
a correlation of concentration levels, acidification and DE
with favoured complex aggregation, we further investigated
their impact on particle size distributions of complexes
(s. Table 2).

Complex suspensions with LMP were characterised by
complex sizes <1μm, only the suspension at cmed and
pH 4.0 revealed a d90,3 >1μm. Complex suspensions with
HMP exhibited complex sizes ranging from 0.25 - 197μm.
These results are in good accordance with the ζ -potential
measurements (s. Fig. 3), implying that the DE determines
the overall dimension of complex sizes. Differences in com-
plex sizes due to different DE have been reported in similar
contexts and are attributed to the amount of esterified
groups, enabling a more compact structure at low concen-
trations and a more loose structure at high concentrations of
esterified groups [23, 47, 48].

Despite the different size ranges, both suspension types
exhibited an increase in complex size due to post-heating
acidification, indicating a secondary aggregation. This phe-
nomenon is attributed to reduced electrostatic repulsion
between complexes, typically found for negatively charged
biopolymer complexes [13]. Complex suspensions with
LMP showed secondary aggregation at pH< 4.5, whereas
suspensions with HMP exhibited this behaviour already
below pH 5.0 (except the suspension at chigh) (s. Table 2).
This indicates that LMP had a more distinct protective effect
against acid-induced aggregation than HMP. The differ-
ences in pH stability can be ascribed to the more negative
ζ -potential of WPI-LMP complexes [27]. The protective
effect of pectin addition seems to be related to the specific
conditions of complex formation, as a more rigid thermal

treatment combined with an initial pH of 4.75 showed little
impact of the DE on secondary aggregation [49]. Com-
plex formation under conditions similar to ours resulted in
a higher stability of complexes with LMP than with HMP
[23].

Complex suspensions with HMP exhibited an increase
in complex size with increasing concentration level. Sim-
ilar results have been found for pure WPI and WPI and
other polysaccharides [50, 51] indicating that WPI-HMP
complexes are subjected to the same concentration-size cor-
relation as the other polymers. The increase in complex size
went along with an increase in standard deviations. Shear
forces, here occurring during measurements of static light
scattering, are suspected to disrupt large, loose aggregates
causing an increase in standard deviation. Thus, we deduced
that the structure of WPI-HMP secondary aggregates was
more loose than of WPI-LMP aggregates as no increase was
observed for complexes with LMP. A more loose structure
in secondary aggregates with HMP has been found in other
contexts and is ascribed to the higher amount of esterified
groups causing steric hindrance [23, 47, 48].

With respect to an application as fat replacer, WPI-pectin
complexes should be sensorial active, possessing complex
sizes in the target range of 1-10μm [24, 25, 52]. Complex
suspensions at cmed were able to meet this requirement, in
fact three suspensions based on WPI and HMP at pH 6.1
- 5.0 and one with LMP at pH 4.0. It seems as if a mini-
mum concentration of biopolymers is necessary to receive
complex sizes >1μm, whereas the biopolymer concentra-
tion at chigh is too high to obtain complex sizes <10μm.
The other prerequisite appears to be a ζ -potential in the
range between -55 and -30 mV, which corresponds to the
pH-values at pH 6.1 - 5.0 for WPI-HMP complex suspen-
sions and pH 4.0 for WPI-LMP, respectively. Other than

Table 2 Particle diameter of
WPI-pectin complex
suspensions at different pH
values (heat treatment: 90 ◦C,
250 s). HMP: high methoxyl
pectin, LMP: low methoxyl
pectin; Systems highlighted in
grey represent particle sizes in
the target range (1-10 μm)

∗ # † sign. differences regarding concentration levels (p < 0.05)
a b c sign. differences regarding pH (p < 0.05)
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for complexes between β-Lg and acacia gum which showed
a superposition of the impact of acidification on complex
size by the concentration level [53], here both prerequisites
have to be fulfilled to receive complexes within the target
range. However, even though the system at chigh and pH
4.0 fulfils both requirements, the resulting d90,3 was <1μm.
As the standard deviation of the d90,3 from three indepen-
dent experiments is low, it might be possible that there
are other superposing effects preventing the particles from
aggregation.

The complexes with sizes >10μm, such as in WPI-HMP
suspensions at chigh, might be utilised as structuring agents
or fat replacers, if subjected e. g. to a post-heating shear
treatment.

Visual Observation of Phase Separation

The particle-size distributions of WPI-pectin complex sus-
pensions revealed that certain suspensions were more suit-
able for the application as fat replacers than others. With
respect to an application in complex food systems, the phase
separation behaviour provides further information on the
interactions in multi-component food systems and gives a
broader impression of WPI-pectin complex characteristics.

At any parameter combination (data exemplary shown
for heating at 90 ◦C), all suspensions containing WPI-LMP
complexes showed no tendency towards phase separation
(Fig. 4a). This indicates a distinct stability against post-
heating acidification which is in good accordance with
ζ -potentials, particle size distributions and other studies [28,
54]. Even though WPI-LMP complexes did not meet the
size-requirements for fat replacers, the high stability against
post-heating acidification points to a potential application
as nano-delivery systems, for micro-encapsulation and in
emulsions [55–57].

All suspensions with WPI-HMP complexes showed
phase separation for pH-values < 4.5 (Fig. 4b). The reduced
electrostatic interactions seem to be independent of heating
temperature and concentration level, enabling a separation
of WPI-HMP complexes. This is in good accordance with
studies on phase separation of mixed protein-polymer sus-
pensions, showing precipitation at pH-values below the
isoelectric point of the protein [29, 51]. Apart from complex
suspensions at pH 4.0, only the suspension at clow and pH
4.5 exhibited phase separation. As the pH-value is a main
factor determining the phase separation behaviour [58], also
complex suspensions at cmed and chigh could have exhib-
ited phase separation. A possible explanation might be that
phase-separation via segregative depletion-flocculation took
place. This phenomenon occurs for suspensions with par-
ticle like proteins such as large aggregates of heat-treated
proteins and total biopolymer concentrations <1 % [29,
59] as given in this case. We concluded that the separation

pH (-)
0.5 5.4 0.40.6 5.5

c med

c high

c low

a

b

Fig. 4 Influence of concentration and pH on the phase separation
behaviour of WPI-pectin complex suspensions after heat treatment
(90 ◦C, 250 s); a WPI-LMP complexes, b WPI-HMP complexes;
chigh: 5.0 % WPI + 1.0 % pectin, cmed : 2.75 % WPI + 0.55 % pectin,
clow: 0.5 % + 0.1 % pectin; � no separation � phase separation

behaviour of WPI-HMP complexes was mainly influenced
by the pH value and to a lesser extend by the concentration
level. Chun et al. [29] found that the separation behaviour of
complexes between β-Lg and HMP was strongly influenced
by total biopolymer ratio and concentration and to a lesser
extend by the pH value. However, the complexes studied by
Chun et al. consisted of β-Lg which was heated at 80 ◦C
for 30min, resulting in a completely different response to
environmental impacts. This underlines the strong impact of
different heating conditions on complex characteristics.

Evaluation of Parameter Interactions

By using a statistical design of experiments, we were able
to give a detailed overview on the effects of varied parame-
ters on micro- (IR) and macro-structural (ζ -potential, d90,3,
phase separation) characteristics of WPI-pectin complexes
(Table 3).
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Table 3 Summary of the
effects of parameter variation
on the response of complex
characteristics. C:
concentration level of
biopolymers, ϑ : denaturation
temperature; pH: pH after
heating; +: positive influence;
−: negative influence; 0: no
significant effect

Suspension Parameter IR ζ -potential ln (d90,3) Phase

separation

WPI+LMP C + + 0 0

ϑ 0 − 0 0

pH 0 − − 0

interactions

WPI+HMP C + + + 0

ϑ + − 0 0

pH − − − −
interactions C x pH C x pH C x pH

C x ϑ x pH C x ϑ

ϑ x pH

We found that the concentration level had a positive influ-
ence on intensity ratio and ζ -potential of the WPI-LMP
complexes, resulting in a stronger unfolding of β-Lg and
a higher stability against post-heating acidification, respec-
tively. However, the concentration level had no significant
impact on the macro-structural characteristics of the com-
plexes. The impact of the heating-temperature was limited
on the ζ -potential, but can be considered as minor (p <

0.01) compared with the impact of concentration level and
DE (p< 0.001). The pH-value, however had a strong impact
on ζ -potential (p < 0.001) and also on the macro-structural
parameter ln(d90,3) (p< 0.001) which is in good accordance
with literature [23, 47]. Any of the parameters caused phase
separation. With respect to an application in food formula-
tions, it appears that all parameters influence the ζ -potential
of the complexes, but only the post-heating acidification
significantly affects the particle size distribution. As no
parameter interactions were found, tailoring of WPI-LMP
complexes using the examined set of parameters seems to
be possible.

In contrast to WPI-LMP complexes, the impact of the
concentration level on suspensions with WPI-HMP com-
plexes comprised micro- and macro-structural characteris-
tics, indicating a higher sensitivity against environmental
influences. Similarly as found for LMP-complexes, the
impact of heating-temperatures on WPI-HMP complexes
was limited to micro-structural characteristics. The acidi-
fication, however affected all levels of complex character-
istics. This finding indicates the importance of control of
post-heating pH, especially for pH≤ 4.5, as distinct changes
in complex characteristics were observed below this value.
On tailoring WPI-HMP complexes, interactions of process
parameters have to be considered, as significant syner-
gisms were found affecting micro- and macro-structural
characteristics.

Conclusion

The impact of intrinsic (concentration level, DE) and
extrinsic (ϑ , pH) parameters on stability of thermally sta-
bilised whey protein-pectin complexes was investigated on
micro- and macro-structural levels using fluorescence spec-
troscopy, ζ -potential measurements, dynamic light scatter-
ing and phase separation behaviour. We established a set
of parameters by which whey protein-pectin complexes
with tailored properties can be generated. Complex suspen-
sions with LMP possessed high pH-stability and complex
sizes <1μm, predestining them for nano-scale applications
such as micro-encapsulation. Stable complexes with sizes
ranging from 1-10 μm were achieved by heating WPI-
HMP suspensions at a medium biopolymer concentration
level at 90 ◦C for 250s, demonstrating their potential as
fat-replacers in neutral and slightly acidic food systems.
At chigh, WPI-HMP complex aggregates exhibited sizes
from 20-200 μm suggesting an application as structuring
elements in neutral and acidic food systems. By using flu-
orescence spectroscopy, we got additional information on
the protective effect of pectin addition against unfolding
of β-Lg. Its magnitude depended on the DE, being more
pronounced for complex suspensions with LMP than with
HMP.

We were able to show that specific thermally stabilised
whey protein-pectin complexes have the potential to be
applied as a fat-replacers similar to microparticulated whey
proteins but with an additional carbohydrate component
bringing further nutritional benefits.

With respect to stability during processing, future
research will focus on the impact of shear stress and calcium
ions on micro- and macro-structural levels. In order to eluci-
date the improved stability due to heat-treatment, additional
studies on stabilising bonds are necessary.
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