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Whey proteins can formdifferent gel structures ranging from fine-stranded to particulatewhen appropriate con-
ditions are applied. By incorporating polysaccharides, the gelation ofWPI can be influenced.We investigated the
heat-induced gelation of whey protein isolate (WPI) in the presence of bacterial cellulose (BC) microfibrils at
pH 7 at different concentrations of NaCl. Our results showed that WPI and BC microfibrils form a homogeneous
dispersion at pH 7. Uponheating, theWPI gel was formed independently in the presence of the BCmicrofibril gel,
resulting in the formation of a composite gel. The gel structure and gelation dynamics ofWPI was not influenced
by the presence of BCmicrofibrils. However, the presence of BCmicrofibrils increased the storagemodulus of the
WPI gel, with an increase being negligible when the strength of theWPI gel is above a certain value. With an in-
crease of NaCl concentration, theWPI gel structure changes from fine-stranded to a particulate gel, while the BC
microfibril gel structure remains unchanged. No macroscopic phase separation could be observed in theWPI-BC
microfibril gels. Our results showed that the rheological properties andwater holding capacity of theWPI-BCmi-
crofibril mixed gels are mainly dominated by the WPI.

© 2018 Published by Elsevier B.V.
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1. Introduction

Proteins and polysaccharides are common structuring components
in foods. They are often present together due to their different function-
alities like providing nutrition, gelling, thickening and stabilizing foods.
The functionalities are dependent on the protein-polysaccharide inter-
actions, which vary as a function of concentration, pH, temperature
and ionic strength. Interactions between proteins and polysaccharides
have been studied and reviewed extensively in literature [1–13].
When mixing a protein with a polysaccharide, there might be co-
solubility, incompatibility or complex formation. Incompatibility is
often observed as macroscopic phase separation [1,6,7,9,10,12].

A common food protein is whey protein which has received much
interest in literature due to its variouswell-known functional and nutri-
tional properties [14]. In particular, gelation, an important functional
property of whey proteins, has received extensive attention. WPI has
the ability to form different gel structures ranging from fine-stranded
to particulate, under appropriate conditions [15]. By incorporating poly-
saccharides, the gelation of WPI can be influenced, allowing to tune
structure of the gel. This also leads to a wide range of opportunities for
designing novel structures and various functionalities for specific
applications. In view of protein-polysaccharidemixtures,many polysac-
charides have been added to WPI to influence the microstructures and
the functionalities. Examples are xanthan [16–18], pectin [19], κ-
carrageenan [20], carboxymethyl cellulose [21], galactomannan [22],
and konjac glucomannan [23,24].

As one of themost abundant polysaccharides in nature, i.e. cellulose,
cellulose microfibrils have gained attention as a key source for sustain-
able and natural materials [25]. In particular, microfibrils from bacterial
cellulose (BC), has received increased attention in food fields due to its
multi-functional potential uses, such as a thickening, gelling, emulsify-
ing, stabilizing, texturizer and water-binding agent [26–32]. BC already
finds its presence in food, such as the well-known dessert in the
Philippines, namedNata de Coco [33], which has gained increasing pop-
ularity worldwide [26]. BC is a dietary fibre and therefore is interesting
to be used in products from a health point of view, and it can be used as
a structuring agent [34–36]. The BC microfibrils are of high purity com-
pared to that of plant cellulose and contain only hydroxyl groups as
functional groups [37]. The microfibrils in BC have a ribbon-like struc-
ture, having a width in the order of nanometers and a length in the
order of micrometres. The microfibrils tend to agglomerate into space-
filling networks inwater, leading to a gel-like structure. Recently, colloi-
dal dispersions of BC microfibrils were prepared from commercial nata
de coco through an high-energy deagglomeration process [38]. More-
over, addition of carboxymethyl cellulose (CMC) in the BC microfibril
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dispersions during high-energy de-agglomeration treatment was re-
ported to be able to form a more homogeneous dispersion, presumably
due to the adsorption of CMC on the surface of BC microfibrils [39,40].

Despite numerous studies in literature on cellulose and BC microfi-
brils [37,41,42] and its broad potential applications in foods [43], only
limited amount of research have focused on the interaction between
WPI and BC microfibrils. In the current study, we investigated heat-
induced biopolymer gels prepared from WPI and BC microfibrils at
pH 7, at different NaCl concentrations. The rheological properties of
the resulting gels were studied under small and large deformation,
and the microstructure and water holding capacity were characterized,
as a function of composition of the composite gel and its preparation.

2. Materials and methods

2.1. Preparation of whey protein isolate (WPI) solution

A 25 wt% WPI stock solution was prepared by dissolving the WPI
(Bipro, Davisco, lot # JE 198-1-420, USA) powder in MilliQ water. The
protein content of the WPI is 97.5% on a dry basis and 92.7% per 100 g
powder. The mineral content per 100 g powder is: 750 mg sodium,
60 mg potassium, 130 mg calcium, 75 mg phosphorus and 25 mgmag-
nesium. The concentration ofWPI used throughout the study is the con-
centration of the WPI powder used for preparation. The solution was
stirred at 4 °C for two days to ensure complete hydration. The pH of
theWPI stock solutionwas adjusted to pH 7 using a 3MNaOH solution.
To remove undissolved protein, the solutionwasfiltered using a syringe
filter (Hydrophilic PES 0.45 μm, Millipore Millex-HP). An UV spectro-
photometer (Cary 50 Bio, Varian) was used to determine the protein
concentration of the solution at a wavelength of 280 nm, and a calibra-
tion curve determined fromWPI solutions at known concentrations.We
determine the WPI concentration of the final stock solution by diluting
to concentrations low enough to allow for UV absorbance measure-
ments. The stock solutionwas stored at 4 °C in the fridge for further use.

2.2. Preparation of bacterial cellulose (BC) microfibril dispersion

The dispersion of BC microfibrils was kindly provided by Unilever
R&DVlaardingen, the Netherlands. Details of the preparation procedure
were described previously [38,39]. In short, the BCmicrofibrils were ex-
tracted from a commercially available source, Nata de Coco (Kara
Santan Pertama, Indonesia) which consists of cubes of BC in syrup.
Here several washing steps were applied to remove the flavours and
colorants. Finally, the BC microfibrils were mechanically disrupted by
passing them once through a Microfluidizer (M110S, Microfluidics) at
a pressure of 1200 bar. The concentration of the stock dispersion used
for sample preparation is 1 wt%.

2.3. Preparation of WPI-BC microfibril gels

The 25 wt% WPI stock solution and 1 wt% BC microfibril dispersion
were used to prepare the mixtures. The mixtures were prepared by
adding BC microfibrils to the WPI solution using a plastic pipette with
a cut-off tip. All mixtures had the same final WPI concentration of
13 wt% and the BC concentrations varied from 0, 0.05, 0.1, 0.2, and 0.3
to 0.4 wt%. The pH of the mixtures was adjusted to pH 7 using a 3 M
NaOH solution. Themixtures were stirred for 30min to ensure a homo-
geneous mixing. Subsequently, the mixtures were heated in a water
bath (Haake Phoenix II C25P) for gel preparation. The heatingprocedure
consisted of first increasing temperature from 20 to 80 °Cwithin 30min
(heating rate of 2 °C/min), holding at 80 °C for 30 min and then cooling
from 80 to 20 °C within 30 min. The gels were stored at room tempera-
ture (20 °C) for further analysis.

Mixtures containing 13 wt% WPI and 0, 0.1 or 0.3 wt% BC microfi-
brils, were chosen to study the effect of NaCl on the gels. The NaCl solu-
tion was added after mixingWPI and BCmicrofibrils together. The final
NaCl concentrations in themixtures were 20, 50, 100, 200 and 250mM,
adjusted by using a stock NaCl solution of 3 M. All samples were mildly
stirred for at least 30min to provide homogeneous samples. The proce-
dure for gel preparation is the same as described above.
2.4. Differential scanning calorimetry (DSC)

Prior to the measurement, about 50 mg sample was weighted in a
sealed stainless-steel pan. Subsequently, the samples placed in the pan
were transferred into the equipment (Diamond series DSC, Perkin
Elmer, Pyris, USA). Measurements started with an equilibration at 20
°C for 2 min. The samples were then heated from 20 °C to 100 °C at a
heating rate of 10 °C/min, held at 100 °C for 1 min, and cooled from
100 °C to 20 °C at a cooling rate of 10 °C/min. A second heating step
from 20 °C to 100 °C at a heating rate of 10 °C/min was applied after
an equilibration at 20 °C for 2 min. Measurements were performed in
duplicate. We used the software of Pyris (Perkin Elmer) for data
analysis.
2.5. Small deformation rheology

Small deformation rheological properties of the WPI-BC microfibril
mixtures during gel formation were monitored on a stress-controlled
rheometer (MCR 302, Anton Paar) using a sandblasted concentric cylin-
der geometry (CC17/TI/S-SN38492). Sample transfer to the rheometer
was performed using a plastic pipette with a cut-off tip to minimize
the BC microfibril alignment. A solvent trap was used and the sample
was covered with a thin layer of paraffin oil to prevent evaporation.
Storage modulus G′ and loss modulus G″were measured at a frequency
of 1 Hz and a strain of 0.1% during gel formation by increasing temper-
ature from20 to 80 °C at a heating rate of 2 °C/min, holding temperature
at 80 °C for 30min, cooling from 80 to 20 °C at a cooling rate of 2 °C/min
and then holding the temperature at 20 °C for 30 min. Subsequently, a
frequency sweep was carried out at a strain of 0.1% and the frequency
being increased from 0.01 to 100 Hzwithin 30min at 20 °C. In addition,
a strain sweep at a frequency of 1 Hz was performed by increasing the
strain from 0.01 to 1000%within 30min at 20 °C to determine the linear
visco-elastic region. The ratio of G″/G′ is indicated as tangent δ. In rheol-
ogy measurement, at least duplicates were made for samples of 13 wt%
WPI, 13 wt% WPI + 0.4 wt% BC, 13 wt% WPI + 0.3 wt% BC + 250 mM
NaCl in order to check the consistency. The typical error is about 3% to
11%.
2.6. Scanning electron microscopy (SEM)

Gels for SEM analysis were prepared in 20ml syringes (BD plastipak,
Spain) following the same heating procedure as described above. Each
of the WPI-BC mirofibril gels was cut into 5 pieces of 1 cm in diameter
and 1.3 cm in height and then, these gel pieces were placed in 2.5% (v/
v) glutaraldehyde solution for 8 h to crosslink the proteins. After
crosslinking, the excess glutaraldehyde was removed by placing the
gel pieces in MilliQ water while stirring overnight. The water was re-
placed gradually by acetone in 5 steps: starting from 10, 30, 50, and,
70 to 100% acetone. During each step, the samples were stirred for
1 h. The sampleswere then left in 100% acetone. Subsequently, the sam-
ple pieces were dried by critical point drying (CPD 300, Leica, Vienna,
Austria). After drying, the samples were fractured and attached to a
SEM sample holder using Carbon Conductive Cement (Leit-C, Neubauer
Chemicalien, Germany). In order to remove all the solvent from the ad-
hesive, the samples were stored overnight under vacuum. After sputter
coating with a 10 nm thick layer of iridium (SCD 500, Leica, Vienna,
Austria) the fractured surfaces were analyzed at 2 kV in a field emission
scanning electron microscope (Magellan 400, FEI, Eindhoven, the
Netherlands).
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2.7. Confocal laser scanning microscopy (CLSM)

5 μl of 0.2% Rhodamine B and 10 μl of 0.05% Calcofluor White were
added to stain the WPI [44] and BC [45], respectively, in a total sample
volume of 1 ml. After adding the dye, the sample was mixed for 10 s
on a vortex. 125 μl of the sample was transferred into CLSM cuvettes
(Gene Frame 125 μl, Thermo Scientific), after which were sealed with
a cover glass (Menzel-glaser, Thermo Scientific, Germany). For gel for-
mation, the samples were heated in a water bath (Haake Phoenix II
C25P) with the temperature increasing from 20 to 80 °C within
30 min, holding at 80 °C for 30 min and decreasing from 80 to 20 °C
within 30 min. The samples were kept at room temperature for one
day prior to image analysis. CLSM images were taken using a Zeiss
LSM510METAmicroscope (Zeiss, Germany) equippedwith anAxiovert
200 M inverted microscope. The oil immersion objective (Plan-
Apochromat 63x/1.4 oil DIC) was used. The excitation and emission
wavelength of Rhodamine B are 543 nm and 560 nm. The excitation
and emission wavelength of Calcofluor White are 405 nm and 420 nm.
2.8. Large deformation rheology

Gels were prepared in pre-lubricated (paraffin oil) 20 ml syringes
(BD plastipak, Spain) and cut into cylinders of 20 mm in height and
20mm in diameter using a wire cutter. To measure their fracture prop-
erties, an uniaxial compression test was performed using a Texture
Analyser (TA-XT plus, Stable Micro Systems Itd., Godalming U.K)
mounted with a 50 kg load cell and a cylindrical plastic probe of
75mm in diameter. Paraffin oil was applied on both the top and bottom
of the gel to prevent friction during compression. The gels were com-
pressed to 80% of their initial height between two parallel plates at a
constant deformation rate of 1 mm/s and a post-test speed of
10 mm/s. Each sample was measured four times at room temperature.
We calculated the true stress, true strain and Young's modulus as de-
scribed elsewhere [46].
a
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b

Fig. 1. Images ofWPI-BCmicrofibril mixtures (a) and their corresponding heat-induced gels (b)
0.2, 0.3 or 0.4 wt%. The concentration of BC microfibrils (wt%) is indicated below each image.
2.9. Water holding capacity (WHC)

For theWHCmeasurement of the gels, we used a method described
previously [46]. A microcentrifuge filtration unit containing an inner
spin tube and a 2 ml Eppendorf tube (Axygen Biosciences, Inc., Union
City, USA)was used. The gels were cut into cylinders of 10mm in height
and 4.8 mm in diameter using a cork borer and placed carefully at the
bottom of the spin tube. Two pieces of filter paper (Macherey-Nagel
MN 85/70 BF, 100mm, Germany)with a diameter of 5mmwere placed
on the spin tube to reduce grid size and avoid the leakage of the gels in
the supernatant. Samples were centrifuged at 3350g for 15min at 20 °C.
The measurements were performed in duplicate. The water removed
from the gel was collected at the bottom of the Eppendorf tube. The
WHC of the gels is calculated as the remaining water (%) in the gel
after centrifugation according to:

WHC ¼ Wt− Wg þWfp
� �

Wt
� 100 %ð Þ ð1Þ

whereWHC is thewater holding capacity (%),Wt is the amount of water
present in the sample (g),Wg is the removedwater from the sample at a
given centrifugal force (g). Wfp is the water entrapped in the filter
papers.

3. Results and discussion

3.1. Macroscopic images

The images of theWPI-BCmicrofibril mixtures both before and after
gel formation (Fig. 1) showed that all samples were macroscopically a
one phase system, and that the addition of BC microfibrils increased
the turbidity of the mixture. Previous studies reported that dispersion
of BC microfibrils prepared by high-energy mechanical de-
agglomeration showed a highly heterogeneous network consisting of fi-
bril bundles, flocs, and voids (from ten to hundreds of micrometres)
0.2 0.3 0.4

ion (wt%)
at pH 7, prepared from 13wt%WPI and BCmicrofibrils with concentrations of 0, 0.05, 0.1,



Fig. 2. DSC thermograms for pure WPI, pure BC microfibrils and the mixed WPI-BC microfibrils at NaCl concentrations of 0 (a) and 250 mM (b). The concentration of the samples is
indicated in the Fig.
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induced by their attractive interactions [38]. For BC microfibril disper-
sions, the minimal gel concentration was found to be 0.01 wt% at 1 cm
sample height [38]. The formation of a gel by BC microfibrils was also
confirmed by rheology [38]. Increasing the BCmicrofibril concentration
was reported to lead to an increase in size of the flocs and decrease of
the size of voids, however, the size of the bundles remained constant
[38].

3.2. Differential scanning calorimetry (DSC)

DSCwas used to determine the denaturation temperature change of
theWPI-BC microfibril mixtures in comparison to that of the pureWPI.

For pure BC microfibrils, no distinct endothermic peaks were ob-
served at pH 7 (Fig. 2a), confirming that BC is stable upon heating up
to 100 °C [47]. For pure WPI, the endothermic peak around 75 °C is in
accordance with the denaturation temperature of WPI found in
Fig. 3.Rheological properties ofWPI-BCmicrofibril gels containing a constant 13wt%WPI and B
modulus G′ and the lossmodulus G″ as a function of time during gel formation are shown in (a)
frequency sweep on the final gels and show the storage modulus G′ and loss modulus G″ as a
literature [48]. In the mixture of WPI and BC microfibrils at concentra-
tions of 0.1 and 0.3 wt%, the endothermic peak was similar to that of
the pureWPI sample. The denaturation temperature was also not influ-
enced by the presence of BC microfibrils. This is further shown in sam-
ples with NaCl concentration of 250 mM (Fig. 2b), where the mixture
showed a similar endotherm peak to that of pure WPI sample. The in-
crease in denaturation temperature of WPI at 250 mM NaCl is in agree-
ment with literature [49]. As BC microfibrils do not show any
endothermic peak during heating, and the denaturation temperature
of theWPI-BCmicrofibril mixtures is independent of BCmicrofibril con-
centration, no specific interactions exist between WPI and BC microfi-
brils. This is in accordance with earlier findings by others [50].

3.3. Rheological properties

The results of the rheological experiments are shown below.
Cmicrofibril concentrations at 0, 0.05, 0.1, 0.2, 0.3, and 0.4wt%. The development of storage
and (b). The temperature profile is indicated by the purple line. Fig. (c) and (d) concerns a
function of frequency at the strain of 0.1%.



Fig. 4. Rheological properties of 13 wt% WPI gel containing 0, 0.1 and 0.3 wt% BC microfibrils with NaCl concentrations of 20, 100, and 250 mM. The storage modulus G′ (a) and loss
modulus G″ (b) during gel formation are plotted as a function of time at a strain of 0.1% and frequency of 1 Hz. The purple line represents the temperature profile. Fig. (c) and
(d) show the storage modulus G′ (c) and loss modulus G″ (d) of the gels as a function of frequency at strain of 0.1% at 20 °C.
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Fig. 3 summarises the findings on the rheological properties of the
WPI-BC microfibril gels. The G′ and G″ of the unheated samples are
depicted at time= 0. Here one observes the effect of the BCmicrofibril-
lar dispersion since the proteins are not gelled yet. The BCmicrofibrillar
dispersion indeed has a G′ larger than G″. The storage modulus G′ and
lossmodulusG″ ofWPI-BCmicrofibril gels as a function of BCmicrofibril
concentration (Fig. 3a and b) showed a comparable trend to that for the
pureWPI. BothG′ andG″ of the samples increased uponheating at 80 °C
and reached a plateau with time. Upon cooling from 80 to 20 °C, the G′
and G″ of gels with BCmicrofibrils showed an abrupt decrease, followed
by a further increase of the G′ and G″ upon further cooling. The abrupt
decrease in G′ and G″ is possibly caused by the creep of the paraffin oil
between the gel surface and rheometer cup [51]. When holding at 20
°C, the G′ and G″ of all samples remained constant. The G″ development
of all samples showed a similar trend to that of the G′ development
Fig. 5. Storage modulus G′ (filled symbols) and loss modulus G″ (open symbols) (a) and Tange
concentration of 0, 0.1, and 0.3 wt%. The values of G′ and G″ were taken from the last point of
(Fig. 3b). Plotting the G′ and G″ value as a function of BCmicrofibril con-
centration inWPI gels (Appendix 1), we observed a gradual increase of
G′, reaching approximately 2 times higher (0.4 wt% BC) than the WPI
sample without BC microfibrils. This implies that the addition of BCmi-
crofibrils toWPI resulted in higher firmness of the gel. In contrast to G′,
the increase of G″with increasing BC microfibril concentration is only a
small effect for concentrations above 0.1 wt% BCmicrofibril. The G′ and
G″ of all WPI gels with BC microfibrils showed the same linear depen-
dency on frequency as that of the pure WPI gel (Fig. 3c and d), giving
the same slope of the curve. The above findings suggest that the WPI
gel dominates the rheological properties in theWPI-BC microfibril gels.

The pure WPI gels show a linear viscoelastic region (LVR) up to a
strain of 10% (Appendix 2). With addition of 0.4 wt% BC, the LVR of
the gels decreased to approximately 1% strain, suggesting gel break-
down at lower strain. In other words, the gels become more brittle
nt δ (b) as a function of NaCl concentration for 13 wt% WPI gels containing BC microfibril
holding samples at 20 °C for 30 min after gel formation. Lines are used to guide the eye.
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when BC microfibrils are added to the WPI gel. This graph shows that
the strains applied (0.1%) in the different rheological tests are all in
the linear regime for all BC concentrations.

At low ionic strength, WPI forms a fine-stranded gel structure upon
heating. Increasing the ionic strength in theWPI solutions results in the
formation of a more particulate gel structure [52,53]. To investigate the
effect of NaCl concentration on heat-induced WPI-BC microfibril gela-
tion, 20, 100 and 250 mM NaCl were added to the WPI-BC microfibril
Fig. 6. CLSM images ofWPI-BCmicrofibril gels containing 13wt%WPI and BCmicrofibril concen
the images. For each sample, images from the BCmicrofibril channel, WPI channel and the ove
corresponds to 20 μm.
mixtures prior to heating. The rheological properties are shown below
in Fig. 4.

The G′ (Fig. 4a) and G″ (Fig. 4b) as a function of time forWPI-BCmi-
crofibril gels with 20mMNaCl are comparable to that of pureWPI with
20mMNaCl. The G′ and G″ showed a sharp increase when temperature
reaches 80 °C, followed by further increase upon cooling and holding
temperature at 20 °C. IncreasingNaCl to 100mM,we observed a sharper
increase in G′ and G″ upon temperature increasing to 80 °C supposedly
trations of 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt%. The concentrations (wt%) are indicated next to
rlay image were shown. WPI is shown in red and BCmicrofibril in turquoise. The scale bar
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due to the accelerated aggregation caused by the screened intermolec-
ular repulsion by NaCl. Upon further increase in NaCl concentration to
250 mM, the increase of G′ and G″ was comparable to the samples
with 100 mM NaCl. We conclude that the addition of 100 mM NaCl
leads to a stronger gel. Higher NaCl concentrations do not lead to a fur-
ther gel strengthening. Comparing Fig. 3c and d and Fig. 4c and d yields
that the G′ shows a stronger frequency dependence at zero salt concen-
tration than at 100mMNaCl. Plotting the G′ and G″ values as a function
of NaCl concentration as shown in Fig. 5a, one can observe that the in-
crease of G′ and G″ is mainly dominated byNaCl concentration, the con-
centration of BCmicrofibrils showed only a small effect on G′ and G″. In
addition, the tangent δ (Fig. 5b) of theWPI-BCmicrofibril gels showed a
comparable trend and value to that of pure WPI gels upon increasing
NaCl concentration, suggesting that the WPI gel structure in the WPI-
BC microfibril gel is structured in the same way as the pure WPI gel
[54]. Interestingly, tangent δ decreased upon addition of NaCl concen-
tration up to 25 mM, and remained constant afterwards. The G′ and G
″ of all WPI-BC microfibril gels were independent of frequency as
shown in Fig. 4c and d. The strain sweep (Appendix 3) showed that
the linear visco-elastic regime of the WPI gel with 0.4 wt% BC microfi-
brils is the same as the pure WPI gel (at NaCl concentration of
250 mM). This graph shows that that the strains applied (0.1%) in the
different rheological tests are all in the linear regime for all salt
concentrations.

In Appendix 4, the gel storage modulus G′ and loss modulus G″ of
pure WPI, pure BC microfibrils, and the WPI-BC microfibril mixtures at
both 0 and 250 mM NaCl are presented. The G′ and G″ of 0.3 wt% pure
BC microfibril dispersion remained constant upon heating and cooling,
both at 0 and 250 mM. This again shows that BC does not gel upon
heating (both at 0 and 250 mM NaCl), an observation in line with our
DSC data and literature [28,29]. In the mixture containing 13 wt% WPI
and 0.3 wt% BC microfibrils, the development curve of G′ and G″ during
heating over time at both 0 and 250mMwas comparable to that of pure
13 wt% WPI gel. However, the value of the G′ and G″ in the mixture is
higher than that of the pureWPI gel at 0mMNaCl, indicating a synergis-
tic effect upon addition of BCmicrofibrils. At 250mMNaCl, the values of
the G′ and G″ of the mixture are close to that of the pure WPI gel, sug-
gesting that WPI gel dominates the rheological properties of the
Fig. 7. CLSM images of WPI-BC microfibril gels with NaCl of 0, 20, 100 and 250 mM. The N
concentrations (wt%) are indicated below the images. Images from the BC microfibril chan
turquoise and the WPI is shown in red. The scale bar corresponds to 20 μm. The black dashed
BC microfibrils from the samples containing 13 wt% WPI and 0.3 wt% BC microfibrils.
mixed gel and the synergistic effect caused by BC microfibrils was too
small in comparison to the strength of the WPI gel. In addition, the G′
and G″ of BC microfibrils were independent of frequency at both
0 mM and 250 mM NaCl. The G′ and G″ of the WPI-BC microfibril gels
at both 0 and 250 mM NaCl showed similar dependency on frequency
as the pure WPI gels at the same WPI concentration, indicating that
WPI gel is the dominant one in the mixture. We note that the G′ and
G″ for the 0.3% BC unheated gels without WPI are slightly higher than
0.3% BC unheated gels with 13% WPI. This is possibly caused by WPI
slightly weakening the BC network.

Since BCmicrofibrils are not exhibiting gelation upon heating,WPI is
the only gelling agent during heating. Our results showed that adding
high enough BC microfibril concentration leads to a firmer overall gel.
This increase is not observed when NaCl is added. Instead, in that case
the WPI-BC microfibril gels show the same rheological properties as
the pure WPI gels. This is probably related to the fact that the increase
of gel firmness resulted from NaCl is much larger than the increase of
gel firmness resulted fromBCmicrofibrils addition up to 0.4wt%. Conse-
quently, the change of G′ and G″ of the gels are dominated by NaCl con-
centration, resulting in strongerWPI gels. Our results on firmerWPI gels
upon salt increase are in agreement with the literature [17].

In conclusion, we found that high enough BC microfibril concentra-
tion leads to increase in the firmness (synergistic effect) of the WPI
gels. With the information provided this far, the reasons can be three-
fold. The amount of the solvent entrapped in the BC phase could be in-
creased, thus, leading to the concentration of the protein phase, and in-
crease of the gel firmness [55]. On the other hand, the BC network itself
could lead to an increase in firmness by itself, and this could then add to
the overall gel strength. A third option is both phenomena to be relevant
for the increase.
3.4. Confocal laser scanning microscopy (CLSM)

To further investigate theWPI-BCmicrofibril gels at different BCmi-
crofibril and NaCl concentrations and possibly explain the synergy be-
tween WPI and BC microfirbils, we studied the microstructure of the
gels using CLSM.
aCl concentrations (mM) are indicated on the left side of the images. The WPI and BC
nel, WPI channel and the overlay image were shown. The BC microfibrils are shown in
line in the middle of the Fig. separates the samples containing 13 wt% WPI and 0.1 wt%
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In Fig. 6, we observed a homogeneous WPI network in pure 13 wt%
WPI gel. In WPI gels containing BC microfibrils, we also observed a ho-
mogeneous network for the WPI, independent of the concentration of
BC microfibrils. In addition, we observed clusters of BC microfibrils dis-
tributed over the system.Nomacroscopic phase separation could be ob-
served for the any of the BC microfibril concentrations. The distribution
of these clusters of BC microfibrils and corresponding voids (ranging
from tens to thousands ofmicrometres) varies depending on concentra-
tion of BCmicrofibrils, which has already been reported previously [38].
In the CLSM overlay images where both WPI and BC microfibril are
shown, we observed that WPI forms a homogeneous gel network (on
the length scale probed by CLSM), even when the BC microfibrils are
present. This suggests that the presence of BC microfibrils does not in-
fluence theWPI gel network structure on the length scale ofmicrometre
or larger. Similar results have also been reported inWPI gels with other
protein [56] or polysaccharide [19] systems.

We observed (Fig. 7) that increasing the concentration of NaCl did
not affect the distribution of BCmicrofibrils in themixed gels, however,
theWPI gels become coarser. The coarseness increased with increasing
NaCl concentration. The amount of BC microfibrils (0.1 wt% or 0.3 wt%)
Fig. 8. SEM images of 13 wt%WPI containing 0, 0.05, 0.1, 0.2, 0.3 and 0.4 wt% BCmicrofibrils. Th
WPI is present is shown in (b). An area where both WPI and BC microfibrils are present is sho
did not influence the structure of the mixed gels significantly. Previous
studies have shown that adding NaCl has a significant influence on the
gelation of WPI, where the gel network becomes coarser by changing
from a fine-stranded to a particulate gel [57,58]. BCmicrofibril gel struc-
ture was found to be unaffected by NaCl concentration, as observed in
the CLSM images (Appendix 5). Adding different concentrations of
NaCl to the WPI-BC microfibril gels showed that only the structure of
the WPI gels was influenced, to an extent that is similar to that of the
pure WPI gels.

3.5. Scanning electron microscopy (SEM)

SEMwas used to determine the morphology of the WPI-BC microfi-
bril gels at different BC microfibril and NaCl concentrations.

The pure WPI gel showed a smooth and homogeneous structure, as
shown in Fig. 8a. Upon addition of BCmicrofibrils, we observed a homo-
geneous WPI gel with BC microfibrils distributing uniformly in theWPI
gel. Increasing the BCmicrofibril concentration from0.05wt% to 0.4wt%
in WPI gels, the heterogeneity of the gel also increased [38]. To have a
closer look at the morphology of the WPI gel with different
e overall structure of the gels at lowmagnification is shown in (a). An area where mainly
wn in (c). Scale bars correspond to 400 μm, 50 μm, 5 μm, 2 μm and 1 μm.
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concentrations of BC microfibrils, we imaged the sample area where
mainlyWPI is present, as shown in Fig. 8b. TheWPI gel structure formed
in samples containing BC microfibrils were similar to the structure of a
pure WPI gel, independent of BC microfibril concentration, suggesting
that the presence of BC microfibrils did not significantly influence the
WPI gel structure. When the area where both WPI and BC microfibrils
are presentwas imaged, we observed BCmicrofibril bundles and the di-
mensions of the bundles vary. In addition, we also observed the growth
of WPI protein structures along the BC microfibril bundles, presumably
either covering the surface of the BC microfibril bundles or being close
to the BCmicrofibril bundles. SEM images show that BC fibrils by them-
selves have a smooth surface while in the presence of WPI [59], as in
Fig. 8, the fibrils are decorated by proteins. It is not clear whether this
is due to specific adsorption ofWPI on the BCmicrofibril surface or sim-
ply due to the fact that the WPI proteins are close to the BC bundles.

When 20 mM NaCl is added, the WPI-BC microfibril gels become
translucent. Upon increasing NaCl concentration to 250 mM, the gels
become increasingly opaque (Fig. 9a). An increase in coarseness of the
Fig. 9. SEM images of 13wt%WPI containing 0, 0.1, and 0.3wt% BCmicrofibrils at NaCl concentr
structure of the gels at lowmagnification is shown in (b). An areawheremainlyWPI is present i
NaCl concentration (mM) is indicated on the top of the images. Scale bars correspond to 400 μm
samples containing 13 wt%WPI and 0.1 wt% BC microfibrils from the samples containing 13 w
WPI gel is also observed, as shown in Fig. 9b and c. Adding 0.1 or
0.3wt% BCmicrofibrils did not show a significant difference on themac-
roscopic appearance of the gels. At higher magnification, we observed a
gel structure changing from fine-stranded to particulate gel with in-
creasing NaCl concentration (Fig. 9b and c). This is related to reduced
electrostatic repulsion between proteins at higher NaCl concentration,
facilitating the protein aggregation into a particulate gel structure [60].
The influence of BC microfibrils on the WPI gel structure with added
NaCl was comparable to the gels without added NaCl. Interestingly,
with increase in NaCl concentration, we observe more BC microfibril
surface that seems to be not covered or hidden by protein (Fig. 9d).
This may be due to the stronger aggregation of the proteins among
themselves at larger NaCl concentration. The presence of BCmicrofibrils
did not show a distinct influence on the structure of the composite gel. It
can be concluded that the addition of NaCl in WPI-BC microfibril gels
only influenced the protein aggregation, leading to a coarser protein
gel, to a similar extent as to what is observed in pure WPI gels upon in-
creasing NaCl concentration. This is in-line with the DSC results,
ation of 20, 100, and 250mM. The visual appearance of the gels is shown in (a). The overall
s shown in (c). An areawhere bothWPI andBCmicrofibrils are present is shown in (d). The
, 50 μm, 5 μm, 2 μmand 1 μm. The green dashed line in themiddle of the Fig. separates the
t% WPI and 0.3 wt% BC microfibrils.
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rheological properties, and CLSM images,where also no specific interac-
tions between WPI and BC microfibrils could be concluded.

From the CLSMand SEM images,we can conclude that addingBCmi-
crofibrils did not influence the WPI gel structure. Overall, for any NaCl
concentration, in mixed gels of WPI and BC microfibrils, the WPI
forms a gel structure independent from the BC microfibril gel, and
with a structure similar to that in a pure WPI gel.

3.6. Large deformation response

To investigate how BC microfibrils affect the breakdown properties
of the WPI gels at different NaCl concentrations, large deformation rhe-
ology was performed. The macroscopic appearance of the gels is shown
in Appendix 6 and the true stress and true strain of gels under uniaxial
deformation are shown in Fig. 10. The Young's modulus and fracture
stress as a function of BCmicrofibril concentration are shown in Appen-
dix 7.

Both increasing BC microfibril and NaCl concentrations resulted in
more opaque gels, as shown above (Appendix 6). For pureWPI gelwith-
out NaCl (Fig. 10A), the gel was very weak and did not fracture
completely under compression. With addition of BC microfibrils, the
gels became stiffer, but were still weak and fractured only partially
(Fig. 10A). This is due to the high elastic properties of WPI gel. Adding
BC microfibrils decrease the elasticity of the gels, in line with the small
deformation rheological properties, but the gels were still not brittle
enough to fracture completely. With addition of 50 mM NaCl, all the
gels eventually fractured. Upon increase in NaCl concentration, the
gels fractured at larger stress but lower strain, corresponding to a firmer
but more brittle gel with a coarser gel structure [17,61]. We note that
the fracture properties of WPI-BC microfibril gels with 100 mM NaCl
are comparable to those of gels with 200 mM NaCl. This is related to
the balance between formation of larger aggregates and less connectiv-
ity between the aggregates [62,63]. Overall, the fracture behaviour of
the WPI gels with BC microfibrils under large deformation is compara-
ble to that of the pure WPI gels, independent of BC microfibril concen-
tration. The difference in fracture behaviour induced by the NaCl
addition was attributed to WPI gel structural changes, as confirmed by
CLSM and SEM images. In Appendix 7B, it also shows that the
Fig. 10. The True stress (KPa) over true strain (-) of WPI-BC microfibril gels containing 13 wt
corresponds to 0, 50, 100 and 200 mM.
concentration of BCmicrofibrils in theWPI-BCmirofibril gel did not sig-
nificantly alter the fracture stress of the gels in comparison to the pure
WPI gels at the same concentration. This is due to the strong gel formed
by WPI, which dominates the gel facture properties. Our results are in
agreement with literature in that for mixed gels with two independent
networks, the stronger gel of the two dominates the fracture behaviour
[56].

Young's modulus was determined from the initial slope of the stress
over strain curve (strain 0.01–0.1). As shown in Appendix 7A, the
Young's modulus of the pure WPI gels increased significantly with in-
creasing NaCl concentration, due to the formation of thicker protein
strands. Upon BCmicrofibrils addition, the Young's modulus slightly in-
creased with increasing BC microfibril concentration in the mixed gels,
with the exception of the gels prepared at 200 mM NaCl where the
Young's modulus is comparable to that of the pure WPI gels with
200 mM NaCl.

3.7. Water holding capacity (WHC)

Water holding capacity of the WPI-BC microfibril gels was deter-
mined at varying concentrations of BC microfibrils and NaCl (Fig. 11).

In WPI-BC microfibril gels without NaCl, theWHC increased slightly
with increasing BC microfibril concentration. This is attributed to the
good water binding ability of BC [26], which has also been reported in
other studies [28,64,65]. Okiyama et al. [65] measured the water hold-
ing capacity of BC and found that as a filler, BC has the highest water
holding capacity among commercial cellulose products. Because of its
high water holding capacity, it was reported that BC can be used as a
thickening agent for reducing energy content of food products [28]
and fat replacement in foods [64]. Upon addition of NaCl, the WHC of
the gels decreased with increase in NaCl concentration. At a NaCl con-
centration of 50 mM, the WHC gradually decreased with increasing BC
concentration. At 100 mM NaCl, the decrease of the WHC is less pro-
nounced with increase of BC microfibril concentration. When 200 mM
NaCl is added, the WHC of the WPI-BC microfibril gels is comparable
to that of the pure WPI gels. In line with literature, the WHC of pure
WPI gels decreases with increasing NaCl concentration [17,61,63]. The
decreased WHC of WPI gels due to addition of NaCl is related to a
% WPI and BC microfibrils of 0, 0.1, 0.2 and 0.4 wt%. The NaCl concentration in A, B, C, D



Fig. 11. WHC of WPI-BC microfibril mixed gels containing 13 wt% WPI and BC
concentrations of 0, 0.1, 0.2 and 0.4 wt%. The NaCl concentrations in the mixed gels vary
from 0, 50, and 100 to 200 mM.
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coarser microstructure. Meanwhile, addition of NaCl was also found to
decrease the WHC of BC mcirofibrils [47]. Expectedly, mixed gels of
WPI and BC microfibrils exhibit a decrease of WHC upon addition of
NaCl at 100 and 200mMNaCl, theWHC is less influenced by the BCmi-
crofibrils; in fact theWHC of themixed gels is comparable to that of the
pure WPI. This is presumably due to the fact that the WHC of WPI is al-
ready rather low at higher salt concentrations due to the coarser struc-
ture. Previous results showed that the microstructure and stiffness of
gels show a correlation to their WHC [46,63]. We accordingly plotted
the Young's modulus as a function of WHC in Appendix 8.

For pure WPI gels, the Young's modulus showed a negative correla-
tion with the WHC. With increasing NaCl concentration, the stiffness
and coarseness of the gel increased, thereby facilitating the water re-
moval. This result is in line with earlier work on WPI gels by Urbonaite
et al. [63]. The addition of different concentrations of BC microfibrils to
the WPI did not change the relation between the Young's modulus
and WHC significantly. This again confirmed that the WHC of the
WPI-BC microfibril gels is dominated by the properties of the WPI gel,
i.e. the concentration of NaCl in this study.

4. Conclusions

We have shown that theWPI gel structure within aWPI-BCmicrofi-
bril gel is independent of the presence of BC microfibrils. The gel con-
sists of a WPI gel network and a BC microfibrillar network. In the
mixed gels, NaCl only influences the WPI gel structure. At lower NaCl
concentrations, the rheological properties of WPI gels can be altered
by the addition of BCmicrofibrils. At higher NaCl concentration, the rhe-
ological properties are dominated by the (much stronger) WPI gel. The
presence of BC microfibrils did not show a significant influence on the
WPI gelation dynamics and gel structure. The concentration of BC mi-
crofibrils did not significantly influence the large deformation rheology
nor theWHCof theWPI-BCmicrofibril mixed gels. Properties of the gels
are dominated by the properties of theWPI gel. The ability of the BCmi-
crofibril gel tomodify theWPI gel properties in themixed gel is the larg-
est for the weakest WPI gel structure and increases with increasing
concentration of BC microfibrils.
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