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A multi-analytical study was performed to analyse the effect of bacterial cellulose (BCF) on the
self-association of starches with different amylose content (wheat, waxy-maize), assessing
macrostructural properties (rheology, gel strength) and some nano and sub-nano level features
(small and wide-angle X-ray scattering). Although pasting viscosities and G’ were significantly
increased by BCF in both starches, cellulose did not seem to promote the self-association of
amylose in short-range retrogradation. A less elastic structure was reflected by a 2-3-fold
increase in loss factor (G""/G’) at the highest BCF concentration tested. This behavior agreed
with the nano and sub-nano characterisation of the samples, which showed loss of starch
lamellarity and incomplete full recovery of an ordered structure after storage at 4° C for 24h. The
gel strength data could be explained by the contribution of BCF to the mechanical response of
the sample. The information gained in this work is relevant for tuning the structure of tailored

starch-cellulose composites.

Keywords: starch; bacterial cellulose; retrogradation; viscoelasticity; nanostructure; gel strength.

1. Introduction
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Starch and cellulose are the most available biopolymers in nature. Both have been extensively
used in the food industry due to them being the most important energy source for humans in the
case of starch, and as a low-calorie ingredient and structuring material in the case of cellulose
and its derivatives. However, during recent years starch, cellulose and their composites have
been studied for some other high-value applications in different technological fields such as the
development of edible films and thin coatings (Basiak, Lenart, & Debeaufort, 2017; Ilyas, Sapuan,
Ishak & Zainudin, 2018; Li, Xie, Hasjim, Witt, Halley & Gilbert, 2015), design of novel composites
and bio-plastics for packaging (Fazeli, Keley & Biazar, 2018; Hornung et al., 2018; Luchese, Spada
& Tessaro, 2018) or in the design of polymer scaffolds for wound healing and tissue engineering
(Sadashiv et al., 2018; Velasquez, Pavon-djavid, Chaunier, Meddahi-pellé & Lourdin, 2015), to
name a few. Since cellulose has been found to act as a filler in composite materials, cellulose
has been incorporated to starchy systems in order to enhance some of the poor physical
properties described in starch-based composites such as brittleness, low mechanical strength,
high gas permeability, a reduced water barrier and high hygroscopicity (Benito-Gonzalez, Lépez-
Rubio & Martinez-Sanz, 2019; llyas et al., 2018).

However, the rational design of advanced materials based on starch-cellulose composites is
based on the tailored manufacture of self-associated and self-assembled polysaccharides
(Valencia et al., 2019). Thus, the development of starch-cellulose composites requires a deep
understanding of the structural features of these composites, and how some of their physical
properties are defined by the self-association of starch polymers (amylose and amylopectin), and
what is the effect of cellulose on such self-association. In the case of starch-based composites,
the current literature focused on relating the structural and physical changes with the well-known
phenomenon of gelatinisation and retrogradation, and their corresponding granular disruption
and molecular self-association mechanism, respectively. For instance Benito-Gonzéalez et al.
(2019) reported a significant enhancement of the mechanical and water barrier performance of

corn starch films in the presence of cellulose fillers (from waste biomass), which is explained by
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a combination of incomplete gelatinisation allowed by reduced moisture content and a limited
degree of retrogradation (self-association) caused by cellulose. Zhang et al. (2018a) tested the
effect of pectin with different molecular weights on gelatinisation and retrogradation of corn
starch, concluding that high molecular weight pectin hindered the gelatinisation and restricted
the swelling of starch granules, which significantly reduced the relative crystallinity of starch in
mixture with pectin during storage. Complementary to this, Qiu et al. (2014) suggested that
reducing amylose leaching during gelatinisation of corn starch by inclusion of corn fiber gum (an
arabinoxylan constituent of hemicellulose B) could be responsible for the decrease in starch
retrogradation during the cooling stage, which was well-reflected by the lowering of the final
viscosity assessed by Rapid Visco Analysis (RVA).

Similarly, over recent years the interest in exploring alternative sources of cellulose has
increased. In addition to plant sources, cellulose can also be produced by several Gram-negative
bacterial strains, with Gluconacetobacter xylinus being the most efficient producer of cellulose
(Ullah, Santos & Khan, 2016). These microorganisms are able to create in their extracellular
matrix a complex network of cellulose fibrils, each made up of (1—>4) B-glycosidic linked glucose
units, which form highly regular intra- and inter molecular hydrogen bonds resulting in a weak
gel structure of cellulose fibrils (Shi, Zhang, Phillips & Yang, 2014). In terms of molecular
structure and size, bacterial cellulose is predominantly left-hand twisted, with individual
nanofibrils having cross-sectional dimensions in the nanometer range, with an estimated
thickness of 3-8 nm and several microns in length, which can then aggregate to form microfibrils
with 25-100 nm in width (Lee, Buldum, Mantalaris & Bismarck, 2014; Shi et al., 2014). Bacterial
cellulose is characterized by its high purity (free of components such as lignin and hemicellulose),
high crystallinity and higher surface area than the cellulose obtained from plant sources, which
would explain its exceptional mechanical properties and stability. Along with the mechanical
stability, bacterial cellulose fibrillar composites have high-water absorption capacity in the wet

state, showing hydrophilicity, flexibility and full /n vivo biocompatibility, making this material
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feasible to be used in a wide variety of applications in healthcare, artificial skin, /n vivoimplants,
artificial blood vessels and wound healing scaffolds (Chang & Chen, 2016; Fadel et al., 2017;
Rajwade, Paknikar & Kumbhar, 2015; Ullah et al., 2016; Yang et al., 2014; Zang et al., 2015). In
addition, bacterial cellulose has been extensively used as a reinforcement material for polymeric
networks, which explains its utilisation in packaging technology, which is also supported by its
biodegradability (He et al., 2009; Miao & Hamad, 2013; Miiller, Laurindo & Yamashita, 2009; Shah,
Ul-Islam, Khattak & Park, 2013). The use of bacterial cellulose as a multifunctional food
ingredient to control the properties of food and beverages as a thickener, stabiliser and texture
modifier has also been investigated (Paximada, Tsouko, Kopsahelis, Koutinas & Madala, 2016;
Shi et al., 2014; Ullah et al., 2016).

Interestingly, information on the role of bacterial cellulose fibrils (BCF) in the tailored design of
starch-cellulose composites, and more specifically the effect of BCF on the self-association of
the starch polymers (amylose and amylopectin) is scant. A recent study carried out by Diaz-
Calderdn, MacNaughtan, Hill, Foster, Enrione & Mltchell (2018) reported how the gelatinisation
of starch from different sources (wheat, maize and waxy-maize) was modified by the addition of
BCF. This work showed a marked change in pasting properties specially in both final viscosity
and setback viscosity, which were significantly increased by the addition of BCF in a
concentration range between 0.5-10% (w/w). The literature has explained the significant
increase in both setback and final viscosity in starchy systems during the cooling stage in RVA
testing, by the tendency of the amylose present in the hot paste to self-associate upon the
decrease in temperature (Balet et al., 2019; Belitz et al., 2009; BeMiller & Huber, 2008). However,
the literature lacks studies reporting the effect of BCF on the self-association of starch polymers
at both the macroscale and nanostructural level. What is currently missing is a detailed study on
how cellulose from alternative sources (such as bacterial cellulose) modifies the self-association
of starch polymers. Such knowledge can be used for the design of novel, sustainable materials

with tunable physical properties (e.g. transport, mechanical, optical among others). In fact,



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

starch-bacterial cellulose composites can find numerous used in applications for bioengineering
as well as in the pharmaceutical and food industry.

In this work we focused on the study of self-association in starch-BCF mixtures, through multi-
analytical testing oriented to evaluate structural changes taking place at a macrostructural scale
(viscosity, viscoelasticity and gel strength) and at nano and sub-nano structural scale (lamellar
structure of starch by SAXS and crystallographic structure by WAXS). Possible differences
attributed to the amylose content among starch samples were also included as a part of this

study to test the hypothesis that cellulose, in some way, promotes self-association of amylose.

2. Materials and Methods

2.1. Materials

Native wheat starch (~25-29% amylose) and native waxy maize starch (essentially pure
amylopectin, containing only trace amounts of amylose) were purchased from Sigma Aldrich
(Germany) in powder form. Dried sheets of bacterial cellulose were kindly provided by Vuelo
Pharma (Brazil). Starch and bacterial cellulose were used as received without further purification

and stored at room temperature until further use.

2.2. Preparation of hydrated paste of BCF

Hydrated paste of BCF was prepared to be blended with native starch to have starch suspension
with BCF concentration of 0, 0.5, 2, 6 and 10% w/weight dry cellulose (Equation 1). For this
purpose, well-defined amounts of bacterial cellulose dried sheets were weighed and processed
prior to mixing, following the protocol reported by Quero et al. (2015). Briefly, weighed amounts
of cellulose were held overnight in excess of distilled water in order to promote full hydration.
Then, the bacterial cellulose in excess of water was homogenized using a high-power kitchen
blender (Osterizer, USA. 300 W) for 20 min, and vacuum filtered by using 8 mm diameter filter

paper (Whatman 541, USA). Finally, the filtered BCF was used to obtain hydrated paste with well-
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defined concentration (0-10% w /weight) and stirred for 15 min at room temperature (20 = 2° C)
to provide homogeneous paste. Figure SF-1 (Supplementary file) shows how the visual

appearance of hydrated paste of BCF.

BCF weight

. w
BCF Concentration (%,—) = ( _ _
w BCF weight+Starch Weight

)x100 Fquation 1

2.3. Pasting properties during cooling stage by Rapid-Visco-Analysis in starch-BCF blends

Pasting properties of starch-BCF blends were assessed by Rapid-Visco-Analysis (RVA 4500,
Perten Instruments, Australia) in accordance with the methodology proposed by Sullo and Foster
(2010) with minor modifications. 2 g of native starch was weighed in aluminum canisters and 25
mL of hydrated paste of BCF with different cellulose concentrations (Section 2.2.) were
transferred using a micropipette. The canister was then inserted into the instrument and pasting
profiles were obtained as a function of temperature: holding at 25°C during 2 min, heating
between 25 and 95°C at 13.5°C/min, holding at 95°C for 5 min, cooling to 25 °C at 13.5°C/min
and holding at 25°C for 5 min. The analysis was performed under constant stirring (160 rpm). As
the goal of this work was focused to understand the self-association of starch after the complete
gelatinisation of native granules, the pasting parameters evaluated were hold viscosity (minimum
paste viscosity achieved after holding at the maximum temperature) and final viscosity (viscosity
at the end of the RVA test). Hence, only final viscosity and setback viscosity (difference between
final viscosity and hold viscosity) were further discussed. All measurements were carried out at

least in triplicate.

2.4. Viscoelasticity of starch-BCF blends by rheology
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The changes in viscoelasticity of starch-BCF blends were carried out by rheology (Discovery HR-
2, TA Instrument, USA). Once the RVA test was completed, the RVA canister was held for 5 min
at ambient temperature and then a sample was collected from the canister and transferred to
the rheometer. A flat plate geometry (5 cm diameter) was used for analysis and a 300 um gap
was selected for testing. Changes in storage modulus (G’, Pa) and loss modulus (G, Pa) were
obtained through a frequency sweep carried out to analyse the behavior of G’, G” and loss factor
(G”/G’) as a function of angular frequency from 0.01 to 648 rad/s, at 0.05% strain which was
within the linear viscoelastic range (LVR) previously defined by a small deformation test (0.01-

100%) at 25°C. The analysis considered at least five replicates per experimental condition.

2.5. Small and Wide Angle X-ray Scattering (SAXS-WAXS) of starch-BCF blends

For these analysis samples processed by RVA were also used. After the RVA testing was finished,
the samples were stored at 4 + 1°C for 24 + 2 h. The samples were then snap frozen by immersion
in liquid nitrogen and immediately freeze dried. Once the samples were completely dried, they
were ground using a small mortar and stored at -20°C until further use. Samples prepared by this
protocol were used for analysis by small and wide-angle X-ray scattering (SAXS and WAXS,
respectively).

X-ray experiments on freeze dried solid powders of starch-BCF samples were carried out at
Diamond Light Source (DLS, Didcot, UK) on beamline 122. The synchrotron X-ray beam was tuned
to a wavelength of 0.069 nm. The distance between the sample and detector was set at 8.7 m
and the 2D powder diffraction patterns were recorded on a Pilatus 2M (Dectris Ltd) and Pilatus
P3-2M-DLS-L (Silicon hybrid pixel detector, Dectris Ltd) detectors for the SAXS and WAXS
patterns, respectively. Samples were inserted in 2 mm diameter glass capillaries and measured
at ambient temperature. Diffraction images were analysed using the DAWN software (Filik et
al., 2017). The obtained two-dimensional SAXS and WAXS patterns were radially integrated to

give one-dimensional scattering intensity profiles. For the WAXS data, a background correction
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was performed by subtracting the minimum value for each measurement to all the points of the
pattern (in this way all samples have their minimum value at zero).

Pure bacterial cellulose, freeze dried mixtures of native starch-BCF samples and freeze-dried
gelatinised mixtures of starch and BCF were instead characterized using an X-ray scattering
camera setup (SAXSpace, Anton Paar, Austria) that uses a line-shaped beam of Cu K a radiation
with a wavelength A = 0.154 nm. Dried BCF sheets and fibrillar samples were inserted into a
vacuum-tight paste cell and measured at 25° C (exposure time of 30 min). Gelatinised samples
were measured using the same conditions. A Mythen X-Ray detector system (Dectris Ltd., Baden,
Switzerland) was used to record the 1D scattering patterns and the SAXStreat and SAXSQuant
software (Anton Paar, Graz, Austria) were used to pre and post process the data. Origin 2019b

was used to analyse all X-ray scattering data.

2.6. Scanning Electron Microscopy (SEM)

Starch and BCF blends previously analysed by RVA testing, stored at 4 + 1°C for 24 + 2°C h and
freeze-dried were imaged using a Carl Zeiss EVO MA15 scanning electron microscope at
magnifications from 250X to 10.000X. Freeze dried and powered blends of starch and BCF were
arranged on Leit tabs attached to SEM specimen stubs and a 20 nm thick iridium coating was

applied before measurement.

2.7. Gel strength in retrograded starch-BCF blends

Measurements of gel strength were carried out on starch-BCF blends obtained after the
complete gelatinisation of starch. For these experiments, 400 mL of hydrated paste of BCF
prepared following the protocol previously explained (Section 2.2.) were prepared and 32 g of
native starch were added to each hydrated paste of BCF. Thus, starch suspension with BCF
concentration of 0, 0.5, 2, 6 and 10% w/weight dry cellulose were obtained. The blend was heated

to 90°C and held at that temperature for 30 min, using a hot plate under mechanical constant
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stirring (~160 rpm). Then, the complete gelatinised starch-BCF blend was transferred to
aluminum pans (5 cm height, 7 cm diameter), which were stored at 4 + 1°C during 24 + 2°C hours.
Each pan was covered by aluminum foil to avoid the loss of moisture during the storage. The gel
strength was measured using a texture analyser TAXTplus (Stable Micro Systems, UK) with a
load cell of 5 kg and equipped with a 25 mm cylinder aluminum probe (P/25). Gel strength was
determined as the maximum force when the probe penetrated a distance of 4 mm into the starch-
BCF gels at 1 mm/s. The measurement was performed three times with five replications for each

starch-BCF gel.

2.8. Statistical analysis
Where appropriate, the statistical significance was assessed by a paired t-test (same variances)

and ANOVA using the Solver tool in Excel (Office 2016, Microsoft Corp.).

3. Results and Discussion

3.1. Pasting properties during cooling stage in RVA in starch-BCF blends

In order to evaluate the effect of BCF on the self-association of starch during cooling, the final
viscosity and setback viscosity assessed during the controlled cooling stage by RVA testing are
shown in Table | (the whole RVA profile for wheat-BCF and waxy maize-BCF samples and pasting
properties are shown in Figure SF-2 and Table SF-1, respectively, Supplementary File). For both
wheat and waxy-maize starch, the presence of BCF produced a significant increase (p < 0.05) in
both final viscosity and setback viscosity. The literature has explained the increase in final and
setback viscosity during the cooling stage on RVA testing, with the tendency of the amylose and
amylopectin present in the starchy paste to retrograde, where chains realign themselves to form
a more ordered structure with the decrease in temperature (Balet et al., 2019; Belitz et al., 2009;
BeMiller & Huber, 2008; Juhasz & Salgd, 2008; Yildiz et al., 2013). However, the retrogradation is

a complex process that starts with the self-association of amylose in double-helical structures
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during early stages followed by the re-association of branched polymers (amylopectin) after
longer times of storage (Cui et al., 2018; Wang, Copeland, Niu & Wang, 2015). Hence, considering
the time frame of the cooling stage on RVA, the increase in viscosity upon cooling could be
explained by the formation of helical structures formed by amylose strands with only partial
reassociation of amylopectin, which in the literature has been related with a short-range
retrogradation (Cui et al., 2018; Wang, Copeland, Niu & Wang, 2015).

Our results showed that BCF produced higher values of setback viscosity in starch samples,
which would suggest a higher capacity of starch polymers to reassociate. On the other hand,
significant differences were observed in both final and setback viscosity values among all starch-
BCF samples. Thus, all wheat starch samples showed significant higher values (p < 0.05) of final
viscosity and setback viscosity compared to values obtained in waxy-maize starch at the same
BCF concentration. This behavior highlights the contribution of amylose to the viscosity of starchy
paste and could be explained by the capacity of amylose to self-associate during the final cooling
stage of RVA testing. Likewise, the relative increase in viscosity during the cooling stage showed
to be higher in wheat starch samples compared to the ratio obtained in waxy maize starch at the
same BCF concentration. However, in wheat starch samples the increase in BCF concentration
produced a diminishing in values of relative increase in viscosity (from 3.3 to 2.1, Table I), even
approaching to those values of relative increase assessed in waxy-maize starch samples.
Interestingly, our results showed than addition of 10%BCF produced an increase ~2X in setback
viscosity of wheat starch (versus the control sample), whereas in waxy-maize starch the increase
in setback viscosity was ~bX. Therefore, these contradictory results would not support the
hypothesis that the presence of BCF promote the self-association of amylose. Moreover, previous
studies have reported how complex is the BCF structure which does not allow a homogeneous
distribution in the bulk when it is blended with starch or with gelatin (Diaz-Calderon et al., 2018;
Quero et al., 2015). In that sense, the protocol to produce fibrils of bacterial cellulose is a crucial

step to ensure a homogeneous mixing with starch; in particular the amount of energy supplied to

11



286

the cellulose to obtain individual fibrils into the bulk suspension or into the hydrated paste of

287 bacterial cellulose is a critical parameter to control.
288
289 Table I: Pasting properties (Final Viscosity and Setback Viscosity) assessed by RVA in starch-
290 bacterial cellulose fibrils (BCF) blends. Values in brackets correspond to standard deviation.
291 Different upper letters in the same column represent significant differences (p-value < 0.05).
292 The relative increase was defined as the ratio of final viscosity over hold viscosity in starch
293 samples containing the same amount of BCF.
Final Viscosity (cP) Setback Viscosity (cP) Relative Increase
BCF (%, db) Wheat Waxy-maize Wheat Waxy-maize Wheat Waxy-maize
0 1710.3 (45.5) 589.7 (4.7) 1193.0 (43.9)2 308.6 (3.7) 3.3 2.1
0.5 1891.5 (30.3)° 716.3 (5.1)° 1272.5 (31.6)° 374.0 (3.5)° 3.1 2.1
2 2310.0 (18.9)° 1015.3 (6.4)°  1403. 3 (17.0)° 498.7 (5.1)° 2.5 2.0
6 3827.5(124.9¢  1951.3(28.9)¢  2130.8 (73.6)¢ 978.0 (62.1)¢ 2.3 2.0
10 4689.3 (98.6)° 2819.3 (17.0)° 24255 (48.5)°  1475.3 (108.1)° 2.1 2.1
294
295
296  Therefore, the next sections of this work were focused on the analysis of the viscoelasticity, nano
297 and sub-nano characterisation of BCF-starch composites and gel strength testing, in order to
298 elucidate the effect of BCF on the re-association of starch occurring at least during early stages
299  of the retrogradation.
300
301 3.2. Viscoelasticity of starch-BCF blends
302 Viscoelastic characterisation of wheat and waxy-maize starch in blend with BCF were studied in
303 samples previously tested by RVA. The amplitude sweep carried out in both starch-BCF systems
304 helped to define the viscoelastic linear range (VLR), along with giving information about the
305  structural stability (Mezger, 2019) of starch-BCF blends (Figure 1). In wheat starch, a significant
306 increase in G’ only in the samples containing BCF in concentration of 10% (w/w) was observed.
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However, G’ was slightly lower in samples containing BCF at 0.5% and 2%. The structural stability
of wheat starch blends was slightly modified by BCF, as the critical strain at which the drop of G’
took place was slightly decreased by BCF. The critical strain was observed around a value of
oscillation strain of 50-70% (Figure 1). On the other hand, in waxy-maize starch, the presence of
BCF increased the value of G’ in samples with BCF concentration of 2% (w/w) or higher (Figure
1), and BCF did not affect the structural stability upon deformation. The critical strain was around
30% in all waxy-maize blends. These results suggest that BCF does not affect the structural
stability of partly retrograded starch gels produced by starches with different amylose contents.
Recently Chen, Fang, Federici, Campanella & Griffith Jones (2020) have explained the
strengthening effect (increase in G') of potato starch gels and decreasing critical strain by the
addition of protein fibrils being tested by amplitude sweep, caused by the aggregation and

network formation of fibrils taking place at higher concentration of protein fibrils.
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Figure 1. Amplitude sweep for starch-bacterial cellulose fibrils (BCF) blends tested at 25°C: (a)

wheat starch, (b) waxy-maize starch
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The results obtained from the frequency sweep test carried out on starch-BCF blends are
presented in Figure 2. Following a similar trend previously observed in the amplitude sweep test,
partly retrograded wheat starch blends (Figure 2a) showed a complex behavior whereby BCF at
concentration of 0.5% significantly reduced the G’ (p-value < 0.05), whereas an increase in G’
was only observed in samples with BCF concentrations of 6% and 10% (w/w). All wheat-BCF
blends showed a slight positive slope with respect to the angular frequency tested, and all blends
tested showed G’ > G’ in the whole frequency range demonstrating a gel-like behavior. As for
the waxy-maize starch (Figure 2c), BCF produced a significant increase in G’ (p-value < 0.05)
proportional to the increase of BCF concentration in a similar way to what was previously

observed in RVA testing regarding with final and setback viscosities. Following the same trend
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Figure 2. Frequency sweep in starch-bacterial cellulose fibrils (BCF) blends at 25°C: (a, b) wheat

starch, (c, d) waxy-maize starch
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observed in wheat starch blends, all samples also showed a slight positive slope in respect to the
angular frequency tested, as well as gel-like behavior (G’ > G'"). Wheat-BCF blends with BCF
concentration of 0% and 0.5% showed higher values of G’ than waxy-BCF blends, which could be
related to differences in amylose content. Interestingly, at BCF concentration of 2% and higher,
there were not significant differences (p-value > 0.05) in G’ between wheat and waxy-maize
blends containing the same BCF concentration, as also observed in the amplitude sweep data
(Figure 1). Further details about G’ values are presented in Table SF-2 (Supplementary File).

In agreement with the increase of final viscosity and setback viscosity previously shown by RVA,
partly retrograded starch blends containing higher concentrations of BCF were stiffer than the
control sample, suggesting that the mechanism of self-association of starch is altered by the
presence of BCF. However, changes in the loss factor (G”/G’) as a function of BCF concentration
should also be considered. Figure 3 shows the behaviour of the loss factor parameter for both
starch-BCF blends. The trend of both control samples (0%BCF) is basically the same: a loss
factor with values higher than 0.1 at high angular frequency and decreasing to values lower than
0.1 as the angular frequency is decreased. A loss factor value of 0.1 has been defined as the

|17

critical value to define a gel-like system as a “weak gel” in terms of viscoelasticity (lkeda &

Nishinari, 2001).

10 10
(a) -©-Wheat 0%BCF (b) -©-Waxy 0%BCF
-o-Wheat 0.5%BCF -©Waxy 0.5%BCF
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— \:
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[8) |8}
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(] [2]
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Angular Frequency (rad/s) Angular Frequency (rad/s)

Figure 3. Loss factor (G”/G’) of frequency sweep in starch-bacterial cellulose fibrils (BCF)

blends at 25°C: (a) wheat starch, (b) waxy-maize starch
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Therefore, this result shows the time-dependent characteristic of the starch retrogradation, by
which the starch structure is becoming stiffer over time because of the self-association of the
starch polymers during the retrogradation process.

Interestingly, from Figure 3 it is clear that BCF produced a significant increase in loss factor at
lower values of angular frequency, and the effect was proportional to BCF concentration. In wheat
starch, this behaviour was observed across all the angular frequency range tested (e.g. 0.5%BCF
sample), but being more evident at lower values of frequency (< 1 rad/s). In waxy-maize this
effect was more clearly observed at angular frequency values lower than 10 rad/s, although
6%BCF and 10%BCF decreased the loss factor at high angular frequency values. Since this effect
was observed mainly at lower values of angular frequency it might suggest that viscoelastic
behaviour would be characterised by a progressively less elastic system during the storage. In
the literature, a decrease in loss factor has been correlated with a reduction of the amorphous
fraction present in a starch based system explained by possible molecular reordering and re-
crystallisation (Lionetto, Maffezzoli, Ottenhof, Farhat & Mitchell, 2005; Romdhane, Price, Miller,
Benson & Wang, 2001). Thus, our results suggest that the starch-BCF blends do not regain an
organized structure, with amylose and amylopectin only partly self-associated. Additionally, the
viscoelastic behavior showed by our starch-BCF blends could be governed by the aggregation of
cellulose fibrils taking place at higher concentration as has been suggested by Chen et al. (2020),
which produced a weaker or less elastic structure compared to pure starch sample. Indeed, the
condition of weak gel has been previously observed for pure bacterial cellulose gel systems (Diaz-
Calderon et al., 2018). This fact could be also supported by how the bacterial cellulose was
prepared before blending with starch. Presumably, the protocol used in this study did not allow
a complete fibrillation of the cellulose, with complex cellulose aggregates forming, rather than
individual fibrils. Complementary, Diaz-Calderon et al. (2018) showed a strong effect of BCF on
starch paste viscosity arguing that the modulus-viscosity correlation could be explained by the

volume fraction occupied by BCF and the structural domains of starch-cellulose in the blend. As
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the volume occupied by BCF increases with concentration, this would provoke an increase in
concentration of starch in its own domain, and therefore the increase in concentration in both
domains would increase the overall modulus and the viscosity (Diaz-Calderon et al., 2018). On
the other hand, the effect of self-association of amylose would slow the effect of phase
rearrangement and dominance of the cellulose phase. Therefore, these results also suggest that
the self-association of amylose significantly affects the effectiveness of the cellulose fibrils to
begin to dominate the composite structure and subsequent rheological properties. For the waxy-
maize starch, which is essentially devoid of amylose, the gelatinisation of the granule allows the
cellulose ‘phase’ to create effective structures within the composite, but the leaching of amylose
from the wheat starch granules, and their subsequent self-association delay the effectiveness of
the BCF until much higher levels of BCF inclusion. That could be the reason why loss factor
observed in waxy-maize-BCF blends are lower than those observed in wheat-BCF at angular
frequency < 10 rad/s (Figure 2).

The effect of different hydrocolloids on viscoelastic properties of retrograded starches has been
extensively studied in the literature. For instance, Kim & Bemiller (2012) studied the effect of
some hydrocolloids such as xanthan, alginate, carrageenan, guar gum and modified cellulose
(methylcellulose, carboxymethylcellulose and  hydroxypropylmethylcellulose) on the
viscoelasticity of retrograded pea starch, reporting a significant increase in loss factor (tan §) in
all starch-hydrocolloid composites, which suggest a less structured system probably due to
interactions between amylose and hydrocolloids that inhibit network formation by amylose
molecules. Similar findings were reported by Leite et al. (2012) whom reported higher values of
G’ in cassava starch by the addition of sodium carboxymethyl cellulose at low concentrations (up
to 0.45% w/v), but with corresponding higher values of loss factor reflecting a weaker and less
gel-like structure compared to pure starch. Complementary, Sun, Sheng, Xu, Chen & Chen (2016)
found that hydroxypropylmethylcellulose produced a small increase in G’ and G of retrograded

rice starch but resulting in higher loss factor, despite the opposite effect being observed when
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carboxymethylcellulose was added to rice starch. Most recently Ma, Zhu, Wang, Wang & Wang
(2019) reported that konjac glucomannan also weakened the structure of corn starch during
retrogradation which was correlated with the molecular weight of konjac glucomannan and

explained by possibly phase separation behaviour and polysaccharide interactions.

3.3. Small and Wide Angle X-Ray Scattering (SAXS/WAXS) of starch-BCF blends

The structure of freeze-dried samples of starch-BCF blends previously obtained by RVA and
stored at 4°C for 24 h were studied using X-ray scattering. Small angle X-ray scattering (SAXS)
patterns of native wheat, native waxy-maize starch and BCF are shown in Figure SF-3
(Supplementary File). Figure 4 (a and b) shows the SAXS patterns of native starch-BCF blends
before being processed by RVA. In both types of native starch, a peak was visible at around
q=0.073 A, which corresponds to the lamellar arrangement of semi-crystalline layers (growth
rings) in native starch granules (Doutch & Gilbert, 2013). The lamellar peak was still visible for a
BCF concentration of 0.5% w/w in the wheat starch blend and for concentrations up to 6% w/w
BCF for the waxy-maize starch samples. At high concentrations of BCF, a broad featureless peak
associated to this polymer (g > 0.15 A, clearly visible for pure BCF in the SAXS region as shown
in Figure SF-3, Supplementary File), overlaps with the lamellar peak of both waxy and wheat
starch. SAXS patterns of freeze-dried starch-BCF samples processed by RVA and stored at 4°C
for 24 hours did not present the characteristic starch lamellar peak at q=0.073 A (Figure 4, ¢
and d), which confirms that the lamellar arrangement of starch was lost after the complete
gelatinization and hence there is loss of long range order. Interestingly, any other semi-crystalline
structure of starch was not recovered or developed during the storage time, and therefore the
starch-BCF blends were mainly amorphous. This behavior was observed for both starches and
at all concentrations of BCF, suggesting that cellulose fibrils did not promote the formation of a

more organised structure even in the presence of amylose, during our storage conditions.
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Figure 4. SAXS patterns of starch-bacterial cellulose fibrils (BCF) blends: (a) native wheat-BCF
(synchrotron), and (b) native waxy-BCF. Samples processed by RVA and freeze-dried: (c)
wheat-BCF, and (d) waxy-BCF.

Figure 5 (e and f) shows the WAXS patterns of native waxy-maize and wheat starches compared
with samples processed by RVA and subsequently freeze dried. The diffraction peaks of the
processed samples are significantly lower in intensity and broader than that of the native
starches which indicates a loss in crystallinity, and supporting that processing created defects in
the regular packing and disruption of amylose and amylopectin helices. This also confirms that
processed samples, as expected from observation of the SAXS region, have not regained the
same level or order of native starches, and therefore they present a more disordered structure

after processing.
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The effect of BCF on the structure of BCF-starch samples can be deducted by comparison of
Figure 5 (a and b) and Figure 5 (c and d). The two graphs on Figure 5 (c, d) show WAXS patterns
of freeze dried BCF-starch samples processed by RVA and stored 24h at 4° C, while the former
two graphs show freeze dried physical mixtures of native starches and BCF (Figure 5, a and b)
collected by synchrotron radiation. The WAXS peaks at around 1.0, 1.2, 1.4 and 1.6 A, in both
processed starch samples at different concentration of BCF are of cellulose origin, as shown in
the WAXS pattern of pure BCF (Figure SF-3, Supplementary File). As might be expected their
intensity increased with the increase in concentration of BCF. On the other hand, there are no
significant differences in intensity in the characteristic peaks of waxy/wheat starches as a
function of BCF concentration. Thus, BCF did not seem to promote a more organised structure
of starch compared to the starch samples at 0% BCF. Interestingly, WAXS pattern of processed
wheat and waxy-maize starch did not show marked differences among each other (in a similar
way observed also in native starch samples), also supporting the fact that amylose should be
only partly self-associated in our samples. It is worth noticing that the tested solid samples had
considerably different size distributions but they were all measured in capillaries of the same,
fixed volume. This is the reason for the significant differences in absolute peak intensities among
samples.

Nano and sub-nano characterisation by SAXS/WAXS of partly retrograded BCF-starch blends
showed good correlation with the rheology data (Figures 1, 2 and 3), particularly with the
behaviour of the loss factor. Both techniques suggest that BCF did not promote the regain of
organized structure of blend during storage. Therefore, the observed increase in G’ (Figure 1 and
2) could be explained by the contribution of the cellulose itself to the whole stiffness of the partly
self-associated material, presumably acting as a filler, rather than promoting a more complex and
organised structure. However, at this point it is also necessary to consider the potential role of
water. Recently it has been reported that completely gelatinised starch blended with BCF is

organised in structural domains rich in either starch or cellulose (Diaz-Calderdn et al., 2018). In
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such phase separated microstructures cellulose would tend to hold water in its own structural
domain, and therefore water available to the starch in the starch phase could be insufficient for
amylose self-association, which under these conditions may occur at a much higher temperature.
It could be considered as a possible explanation of the behaviour showed by our results, and
worth to be investigated in future research.

Figure 6 (a and b) shows a comparison between the microstructure of wheat starch and waxy-
maize starch in the absence of BCF and with BCF via SEM imaging. It seems there is no
significant difference between the two structures. Indeed, in both starchy samples a honeycomb-
like structure is observed, which is typical of freeze-dried starch samples and where void spaces
were originally occupied by water (Figure 6). This porous structure was not modified by the
presence of bacterial cellulose, and a similar structure is observed among BCF-starches samples
showing a non-homogenous distribution of cellulose fibrils in the matrix and the presence of
cellulose fibrils embebbed into the starchy walls (Figure 7). Previous studies have reported the
non-homogeneous distribution of BCF in gelatin based films, and also in starchy blends (Diaz-
Calderon et al, 2018; Quero et al., 2015). Hence, BCF did not significantly affect the
microstructure of the two starch samples during the storage and partial retrogradation. For a
complete comparison, images of physical mixtures prior to RVA processing of starch and BCF as

well as pure BCF fibrils are shown in the Supplementary Information (Figures SF-4 and SF-5).
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Figure 5. Synchrotron WAXS pattern of starch-bacterial cellulose fibrils (BCF) blends: (a)
native wheat-BCF, (b) native waxy-maize-BCF. Benchtop WAXS pattern of processed by RVA
and freeze-dried: (c) wheat-BCF, (d) waxy-maize-BCF. Comparison of benchtop WAXS pattern

of native and freeze-dried processed: (e) wheat and (f) waxy-maize starch.

(b)

(d)

WD=95mm 2000 kV
Width =601.7 pm

Figure 6: SEM images of starch- bacterial cellulose fibrils (BCF) blends processed by RVA,
stored at 4°C for 24 hrs and freeze-dried used for SAXS/WAXS analysis: (a) wheat 0%BCF, (b)

waxy-maize 0%BCF, (c) wheat 10% BCF, and (d) waxy 10% BCF.
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Figure 7: SEM images of starch- bacterial cellulose fibrils (BCF) blends processed by RVA,
stored at 4°C for 24 hrs and freeze-dried used for SAXS/WAXS analysis: (a) wheat starch and

2%BCF; (b) wheat starch and 6%BCF. White arrows indicate the presence of BCF

3.4. Gel strength in partly retrograded starch-BCF blends

The results of gel strength measurements carried out on partly retrograded starch-BCF blends
after storage at 4°C for 24 h are presented in Figure 8 (a, b). The gel strength values observed in
our samples was strongly dependent on the starch type. Indeed, pure wheat starch showed a
higher gel strength value (~160g) compared to waxy-maize (~90g). This difference could be
related to the partial self-association of amylose in wheat starch, contributing to a stiffer network
within the matrix (Wang et al., 2015). When BCF was present with each starch, a complex
mechanical response was observed. In wheat starch, BCF at concentration of 0.5%, 2% and 6%
produced a significant decrease in gel strength. However, at 10%, there was an increase in gel
strength, but significantly lower (p<0.05) than the control sample. In waxy-maize starch the

addition of BCF also had a complex effect on the gel strength, showing the lowest value at
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Figure 8. Gel strength in partly retrograded starch- bacterial cellulose fibrils (BCF) samples
(24h, 4° C): (a) wheat, (b) waxy-maize. Different lowercase letters show significant differences

among samples (p-value < 0.05).

In the literature, the gel strength has been explained by the ability of soft materials to recover
stable helical structures during the storage after the complete thermal unfolding of native
structures (Wang et al, 2015). In starch based systems, the time-dependent process of
reassociation, under certain environmental conditions of temperature and moisture, can be
followed by changes in the gel strength (Lionetto et al., 2005; Ottenhof, Hill & Farhat, 2005). Thus,
gel strength has been considered as a way to follow the retrogradation of starch (Wang et al.,
2015; Xia et al., 2014), where amylose and amylopectin recover the helical structure lost during
the gelatinisation. The lower values of gel strength depicted in Figure 8 agree with rheology data
and with nano/sub-nano characterisation. Thus, the weakening effect of BCF on starch blends
(Figure 3) and the inability of starch to recover a semi-crystalline organisation (Figure 4 and

Figure 5) are well reflected by the gel strength data, which suggest a partial reassociation of
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starch during storage. The fact that polymer fibrils restrict the reassociation of starch has been
previously reported by the literature. For instance, Xia et al. (2014) reported from a mechanical
testing that cellulose, hemicellulose and lignin had a retarding effect on the retrogradation of rice
starch (reflecting an anti-staling effect), which was reflected by lower hardness in retrograded
gels in presence of these cellulose derivatives which was also correlated with a decrease in
crystallinity assessed by X-ray diffraction. Similar findings were reported by Zhang et al. (2018a)
in corn starch and pectin blends, where pectin restricted the rearrangement of starch producing
a reduction in gel strength and crystallinity (assessed by X-Ray diffraction) in 7 and 14 days
retrograded gels. Most recently, Ma et al. (2019) reported a retardation of retrogradation in corn
starch by effect of konjac glucomannan (KGM) with different molecular weights, reflected by a
significant decrease in retrogradation enthalpy and corresponding decrease in crystallinity. This
behavior was explained by the high-water absorption ability of KGM and its steric exclusion
associated with the leached amylose by intense hydrogen bonding. All of the above indicate that
when starch is gelatinised in the presence of another polymer, the leaching of amylose from the
granule is affected due to thermodynamic phase separation effects (Appelqvist & Debet, 1997).
Our results suggest that mechanical response of the retrograded starch-BCF gels could be
governed by the aggregation of cellulose fibrils taking place at higher BCF inclusion levels (Chen
et al., 2020) overriding the effect of self-association of amylose. For instance, it is noticeable that
there were not significant differences in terms of gel strength among wheat and waxy-maize
starch gels containing BCF in concentrations of 2% (w/w) or higher, as it was also previously
seen in the viscoelastic characterization (Figures 1 and 2, Table SF-2 in Supplementary File).
Indeed, recorded values of gel strength showed good correlation with values of G’ reported in the
frequency sweep test. However, the gel strength of pure wheat starch gels and those containing
0.5% BCF were significantly higher than those one observed in waxy-maize starch with the same
BCF content, presumably because amylose partly self-associated is addressing the mechanical

response in starchy gels with very low BCF concentration. This should be the reason why in

26



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

Figure 8, the highest gel strength was reached by wheat starch gel without BCF, although the
role of time, moisture content, temperature and even differences in structure attributed to the
sample preparation for gel strength assessment cannot be neglected. Likewise, the absence of
interaction between starch and BCF due to the cellulose structure could also be considered to
explain the weakness of starchy gels in presence of BCF. The complexity of the bacterial cellulose
structure would support the role played by volume fraction of BCF in defining the mechanical and
rheological effect on starchy based systems, as discussed previously in Section 3.1 and also
depicted by SEM images, and that the leaching of amylose from starch granules can delay the

effectiveness of cellulose in creating such structures.

4. Conclusions

The role of BCF on the self-association during early stages of starch retrogradation showed that
BCF produced a significant increase in final viscosity and setback viscosity in both starches, with
the relative increase, when compared with the control, being greater in the waxy maize sample.
However, the viscoelastic characterisation of starch-BCF blends showed that samples containing
BCF were less organised (because of the increase in loss factor values), despite of the higher
values of G’ in frequency sweep test observed in samples with higher BCF concentration (6% and
10% w/v), reflecting a system whose rheological properties are dominated by cellulose fibrils
within a cellulose-rich phase. This rheological behaviour showed good agreement with the
characterisation by SAXS/WAXS, which showed that our samples did not fully recover an ordered
starch structure. SEM images of these samples showed that BCF did not modify the
microstructure of partly retrograded samples. Mechanical response of partly retrograded samples
showed complex behaviour, reflecting the partly self-association of amylose at low values of BCF,
and the contribution of cellulose to the mechanical response at higher values of BCF, in
agreement with rheological and nano/sub-nano characterisation. Therefore, our results showed

that BCF did not promote the self-association of amylose at least during early stages of
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retrogradation. Further studies are necessary to elucidate the role of bacterial cellulose in terms
of holding water and its volume fraction in the bulk system, along with the role of available water
to allow the amylose self-association. These findings can be used as an input for the rational
design of starch-BCF composites as advanced materials with tunable physical properties and

tailored structures for specific industrial applications.
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