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Abstract 18 

 19 

Bacterial cellulose (BC) has several current and potential future uses in the food 20 

industry because of its ability to form hydrogels with distinctive properties. The texture of 21 

BC hydrogels is determined by both the cellulose fibre network and the internal dispersed 22 

water. In this study, mechanical properties of hydrated BC synthesised by six different strains 23 

of Komagataeibacter genus were investigated with regards to their extensibility, compressive 24 

strength, relaxation ability, viscoelasticity and poroelasticity. The stress/strain at failure and 25 

Young’s modulus were assessed by uniaxial tensile testing. The compressive strength, 26 

relaxation ability and viscoelasticity were measured via a series of compression and small 27 

amplitude oscillatory shear steps. A poroelastic constitutive modelling simulation was used to 28 

investigate the mechanical effects of water movement. The morphology of the BC fibril 29 

network under compression was observed via scanning electron microscopy. Results showed 30 

that the mechanics of BC were highly dependent on the cellulose concentration, as well as the 31 

morphology of the fibril network. BC synthesised by ATCC 53524 was the most 32 

concentrated (0.71 wt%), and exhibited high tensile properties, stiffness and storage moduli; 33 

whereas the comparatively low mechanical properties were noted for BC produced by ATCC 34 

700178 and ATCC 10245, which contained the lowest cellulose concentration (0.18 wt%). 35 

Small deformation responses (normal stress, G’) scaled with cellulose concentration for all 36 

samples, whereas larger deformation responses (Young’s modulus, poroelasticity) depended 37 

on both cellulose concentration and additional factors, presumably related to network 38 

morphology. Increasing concentration and compressive coalescence of fibres in the integrated 39 

BC network reduced both the relaxation of the normal stress and the movement of water. This 40 

research aids the selection of bacterial strains to modulate the texture and mechanical 41 

properties of hydrated BC-based food systems. 42 

 43 

 44 

 45 

Keywords bacterial cellulose hydrogel; tensile test; compression test; small amplitude 46 

oscillatory rheology; poroelasticity  47 
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1. Introduction 48 

The interest in cellulose as an important source of food structuring and insoluble 49 

dietary fibre has increased for both the food industry and consumers over the past decade. 50 

Food gels based on cellulose, like Nata-de-coco, are valued for their juicy mouthfeel and 51 

chewable texture (Zhang et al., 2017). The Nata-de-coco is derived from fermentation of 52 

certain bacterial strains which produces ultra-fine fibres of bacterial cellulose (BC) in the 53 

form of a hydrogel. BC hydrogels are characterised by a randomly oriented three-dimensional 54 

swollen fibril network (typically above 99 wt% water). The chemical structure of BC is 55 

identical to plant cellulose, i.e. β-1-4-linked glucan chains. These chains are arranged into 56 

relatively crystalline BC fibres (also called ribbons), containing a large amount of hydroxyl 57 

groups on their surfaces. Recent X-ray and neutron scattering analyses suggest that BC fibres 58 

have a core-shell structure built up from microfibril units of ca. 3.4 nm diameter (Martínez-59 

Sanz et al., 2016). The microfibrils coalesce with the inclusion of some water molecules to 60 

eventually become long fibres/ribbons with a diameter of 10-130 nm (Martínez-Sanz et al., 61 

2016), and these apparently randomly oriented ribbons form a highly hydrated gel in the 62 

aqueous fermentation conditions. 63 

This ultrastructure determines the unique mechanical properties of BC including high 64 

water-holding capacity, good extensibility, viscoelasticity and poroelasticity (Keshk & 65 

Sameshima, 2006; Martínez-Sanz et al., 2015). Generally, BC hydrogels are able to hold 100-66 

200 times their own weight of water (Lin et al., 2009). In a previous report, the hydrated BC 67 

exhibited an apparent Young's modulus as high as 14.2 MPa and a breaking strength up to 2.2 68 

MPa under uniaxial tensile testing (McKenna et al., 2009). In addition, BC hydrogels follow 69 

typical viscoelastic and poroelastic behaviour, determined by both the porous network itself 70 

and the dynamics of water within the hydrogel (Lopez-Sanchez et al., 2014); these factors are 71 

relevant for textural properties such as juiciness, chewiness and gumminess. Due to these 72 

characteristics, BC has been used in a range of food products and in other applications (Ullah 73 

et al., 2016). However, a deeper understanding of the mechanics of BC hydrogels is required 74 

to optimise textural properties and to explore novel applications of BC in the food industry. 75 

Generally, BC-producing bacteria include the genera Agrobacterium, Aerobacter, 76 

Achromobacter, Azotobacter, Komagataeibacter (formerly Gluconacetobacter), Rhizobium, 77 

Sarcina, and Salmonella (Shoda & Sugano, 2005). Compared with other genera, the 78 

Komagataeibacter genus generally has higher BC yield and purity, and therefore is usually 79 

selected for research purposes and food production (Ruka et al., 2012). Screening for high 80 
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BC yield Komagataeibacter mutants is the objective of many investigations (Castro et al., 81 

2012; Ha & Park, 2012; Ishikawa et al., 2014; Son et al., 2003; Watanabe et al., 1998). 82 

However, the mechanical property differences between BC hydrogels produced by many 83 

different strains of the Komagataeibacter genus have not previously been reported. 84 

In this study, five commonly used commercial Komagataeibacter strains and one 85 

experimental strain were selected. Komagataeibacter xylinus ATCC 10245 and 86 

Komagataeibacter xylinus ATCC 53524 have been widely used to prepare BC/hemicellulose 87 

and BC/pectin composites as cell wall analogues (Astley et al., 2001; Astley et al., 2003; 88 

Chanliaud et al., 2002; Mikkelsen et al., 2015; Tokoh et al., 2002; Whitney et al., 1999). 89 

Komagataeibacter xylinus ATCC 700178 (formerly Acetobacter xylinum subsp. 90 

sucrofermentas BPR2001) is able to synthesise spherical shaped BC in an agitating 91 

environment (Hiroshi et al., 1995). The tensile properties of dehydrated BC and BC/Poly (L-92 

lactic) acid composites produced by Komagataeibacter xylinus NBRC 13693 have been 93 

previously studied (Quero et al., 2010). Komagataeibacter hansenii ATCC 23769 is also a 94 

commonly used cellulose-producing strain in research on the physical properties of BC 95 

(Brown et al., 2011). Additionally, an experimental strain, Komagataeibacter xylinus KTH 96 

5655, was also included. We have recently reported that KTH 5655 can produce more 97 

ordered crystalline BC (Chen et al., 2017), which may influence its mechanical properties. 98 

The extensibility, stiffness and viscoelasticity of BC produced by these six microbial 99 

strains were compared using uniaxial tensile testing, compression-relaxation and small 100 

amplitude oscillatory shear (SAOS). The experimental data obtained from compression-101 

relaxation was used to fit a theoretical model to derive parameters determining poroelastic 102 

behaviour, i.e. how the mechanical properties of the network are coupled with fluid flow 103 

within it. In addition, the structural changes of BC at different stages of compression were 104 

observed via scanning electron microscopy (SEM) to investigate the relation between fibre 105 

morphology and mechanics. Mechanical and rheological properties were analysed in terms of 106 

cellulose concentrations and microstructure of the BC hydrogels. 107 

2. Materials and methods 108 

2.1. Preparation of BC hydrogels 109 

Bacterial strains Komagataeibacter xylinus ATCC 53524, Komagataeibacter xylinus 110 

ATCC 10245, Komagataeibacter hansenii ATCC 23769 and Komagataeibacter xylinus 111 

ATCC 700178 were sourced from the American Type Culture Collection (Manassas, VA, 112 
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USA). Komagataeibacter xylinus NBRC 13693 was from the Biological Resource Centre 113 

(Kisarazu-shi, Chiba, JAP). Komagataeibacter xylinus KTH 5655 was kindly provided by the 114 

Division of Glycoscience, School of Biotechnology, Royal Institute of Technology 115 

(Stockholm, Sweden). 116 

The fermentation process followed the method previously described (Chen et al., 117 

2017). All bacterial strains were grown at 30 °C, pH 5.0, in Hestrin and Schramm (HS) agar 118 

medium (20 g/l glucose, 5 g/l peptone, 5 g/l yeast extract, 2.7 g/l Na2HPO4, 1.15 g/l critic 119 

acid) for 3 days. The colonies were then transferred into HS broth medium for a further 3 120 

days, before being shaken at 150 rpm for 5 minutes to release attached cells from the gels. 121 

The released cells were then transferred to a scaled-up incubation broth, making up a 10 wt% 122 

inoculation, and fermented for 3 days in a 40 mm diameter cylinder shape container. Post-123 

fermentation, the harvested hydrogels were washed in ice-cold autoclaved milliQ water under 124 

gentle agitation. 125 

2.2 Cellulose concentration, density and water holding capacity (WHC) of BC 126 

The weight of harvested BC hydrogels was measured before and after being air-dried 127 

in an oven at 105 °C for 48 hours. The BC concentration (wt%) was calculated as dry weight 128 

divided by weight of the hydrated gel. The density was defined as the dry weight divided by 129 

the volume of the hydrogel. The WHC was defined as the total water content divided by the 130 

dry weight. Three replicates were measured. 131 

2.3 Scanning electron microscopy (SEM) 132 

BC samples for SEM were prepared by using freeze substitution followed by critical 133 

point drying (Autosamdri-815, Tousimis, Rockville, Maryland 20852, USA) to replace the 134 

water following a series of dehydration steps (Lopez-Sanchez et al., 2015). After drying, 135 

samples were coated with 10 nm of iridium (Bal-tec coater, Leica microsystems, Wetzlar, 136 

Germany) and examined using a JSM 7100F SEM (JEOL, Tokyo, Japan) at 5kV and 10 mm 137 

working distance. Images were taken from at least three different positions for each sample at 138 

increasing magnifications (from ×1000, ×5000, ×10000, and × 25000 to × 50000). 139 

2.4 Uniaxial tensile testing 140 

Tensile tests of BC hydrogels were conducted by using an Instron 5543 machine 141 

(Instron, Melbourne, Australia). Each pellicle was cut into three dumbbell shaped strips (end 142 
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dimensions: 6×35 mm; narrow section dimensions: 2×10 mm) using a dumbbell press (ISO 143 

37-4) (Fig. 1). The thickness of the strip was measured using a digital calliper. The two ends 144 

of the strip were placed between the vice grips, and were moved apart at a constant speed of 145 

10 mm/min. A 5 N load cell was used and the force required for extension as a function of 146 

time was recorded. The tensile stress (MPa) and strain at the breaking point of the strip were 147 

recorded. The apparent Young's modulus (MPa) was defined by the slope of the linear region 148 

of the strain-stress curve during the stretching stage. At least twelve replicates were 149 

conducted for each sample. 150 

 151 

a)      b) 152 

   153 

Fig. 1 Schematic representation of (a) the tensile testing of a dumbbell shaped sample 154 

cut parallel to the surface of a BC pellicle and (b) the compression and oscillation of a 155 

BC pellicle. 156 

 157 

2.5 Small amplitude oscillatory shear (SAOS) 158 

Frequency sweep tests were conducted at frequencies ranging from 0.1 rad/s to 100 159 

rad/s. Before the test, BC hydrogels were compressed to 0.8 mm to have the same initial 160 

thickness, and the diameter was measured by using a digital calliper. The shear stress was set 161 

at 1 Pa following a previously published method (Lopez-Sanchez et al., 2015). The test was 162 

carried out on a rotational rheometer (HAAKE Mars III Rheometer, Thermo Fisher Scientific, 163 

Karlsruhe, Germany) at 25 °C controlled by a Peltier device. Emery paper (P240/S85, 58 µm 164 

roughness) coated parallel titanium plates (60 mm diameter) were used (Davies & Stokes, 165 

2005). 166 

2.6 Cycle test: compression and SAOS 167 
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The cycle test used in this study has been previously described (Lopez-Sanchez et al., 168 

2014). The combination of compression and oscillation steps in a single test gives the 169 

possibility to follow viscoelastic properties as a function of concentration in the same sample. 170 

In addition, during the oscillatory test the recovery of the normal force was recorded making 171 

it possible to study sample relaxation. In the compression test, the initial gap between the two 172 

plates was set to be the same as the height of the gels, measured with a calliper. The BC 173 

hydrogels were compressed by moving the upper plate at a 1 µm/s constant speed downwards 174 

(Fig. 1). The normal force of the hydrogel was recorded by a normal force transducer (50 N). 175 

The normal stress at each compression stage was divided by the initial value for 176 

normalisation. Every 100 µm, the compressing force was removed and the sample was 177 

allowed to relax and the normal force recovery recorded during 180 s. Samples were 178 

eventually compressed to a thickness of 0.5 mm after a series of compression-oscillation 179 

cycles. At least three replicates were tested. 180 

The SAOS test was conducted on the same samples after each compression step. The 181 

storage (G’) and loss moduli (G’’) were recorded. Frequency was set to 1 Hz with a shear 182 

stress of 1Pa. 183 

The Poisson’s ratio (υ) was calculated for each hydrogel from 184 

υ= - dε_radial/dε_axial 185 

where ε_radial and ε_axial represent the radial and axial strain after compression. 186 

2.7 Poroelastic behaviour and linear transversely poroelastic model 187 

Experimental data for BC hydrogels from the compression/relaxation test was used to 188 

fit a transversely isotropic biphasic model (Cohen et al., 1998; Lopez-Sanchez et al., 2014). 189 

The axial modulus, radial modulus and permeability (k) were obtained and compared for the 190 

different BC hydrogels. The fitting process of experimental data with the poroelastic model 191 

was conducted in Matlab (version: R2015a) (Bonilla et al., 2016). 192 

2.8 Statistical analysis 193 

One-way ANOVA (p=0.05) was used to determine the statistical differences of 194 

concentration, density, WHC, breaking stress/strain and Young’s modulus for BC hydrogels 195 

synthesised by different Komagataeibacter strains. All the statistical analyses were conducted 196 

by using R scripts (version 3.2.3) in RStudio. 197 
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 198 

3. Results and discussion 199 

3.1. Cellulose concentration, density and WHC of BC hydrogels 200 

Table 1 summarises the water content and cellulose concentrations of BC synthesised 201 

by the six Komagataeibacter strains. The concentrations of BC in the hydrogels produced by 202 

NBRC 13693, ATCC 53524 and KTH 5655 (0.60%, 0.72% and 0.42% respectively) were 203 

higher than BC produced by ATCC 700178, ATCC 10245 and ATCC 23769 (0.19%, 0.18% 204 

and 0.22% respectively). The density was consistent with the cellulose concentration. This 205 

result is in line with the BC yields data previously reported (Chen et al., 2017). The variation 206 

of concentration and density was also reflected in the appearance of the hydrogels 207 

(supplementary material Fig. 1). BC hydrogels produced by NBRC 13693, ATCC 53524 and 208 

KTH 5655 appeared homogenously opaque, whilst gels synthesised by ATCC 700178, 209 

ATCC 10245 and ATCC 23769 were more heterogeneous and contained transparent sections. 210 

Previous reports have correlated transparency of dehydrated BC films with their cellulose 211 

concentration (Quero et al., 2010). 212 

 213 

Table 1 Cellulose concentration, density and WHC of BC hydrogels produced by 214 

different strains. 215 

Bacterial strain Cellulose concentration (wt%) Density (g/cm3) WHC (%) 

ATCC 700178 0.19 ± 0.1e 0.0024 ± 0.001e (5.26 ± 0.35)×104 a 

ATCC 10245 0.18 ± 0.1e 0.0024 ± 0.001e (5.44 ± 0.27)×104 a 

ATCC 23769 0.22 ± 0.1d 0.0031 ± 0.001d (4.50 ± 0.20)×104 b 

NBRC 13693 0.6 ± 0.1b 0.0069 ± 0.001b (1.65 ± 0.15)×104 d 

ATCC 53524 0.72 ± 0.1a 0.01 ± 0.002a (1.37 ± 0.11)×104 e  

KTH 5655 0.42 ± 0.1c 0.0045 ± 0.001c (2.35 ± 0.18)×104 c 

 216 
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Additionally, the WHC for the hydrogels was associated with the cellulose 217 

concentration. For less concentrated gels, each gram of cellulose was able to hold more water 218 

than the highly-concentrated gels. The amount of liquid in cellulosic hydrogels contributes to 219 

the aroma and flavour release of jelly desert products like Nata-de-coco (Budhiono et al., 220 

1999). However, the concentration of cellulose also influences the texture of BC hydrogels 221 

(Jagannath et al., 2011). Hence, selecting an appropriate Komagataeibacter strain could be 222 

used to achieve a desired balance between liquid release and texture for BC hydrogel 223 

products. 224 

3.2 Tensile properties of BC hydrogels 225 

 Uniaxial tensile testing (Fig. 2a) showed that BC hydrogels produced by different 226 

Komagataeibacter strains displayed overall viscoelastic behaviour during stretching. In the 227 

low strain region (0 to 0.025), applied stress was less dependent on the tensile strain. This 228 

was followed by a near linear plastic region (0.025 to 0.15) until the stress was sufficient to 229 

break the sample when the strain was above approximately 0.15. The linear plastic region 230 

was used to calculate the apparent Young’s modulus (Drury et al., 2004). 231 

In general, the BC hydrogels produced by NBRC 13693, ATCC 53524 and KTH 5655 232 

had significantly higher breaking stress (0.62 MPa, 0.68 MPa and 0.62 MPa respectively) 233 

than the gels from ATCC 700178, ATCC 10245 and ATCC 23769 (0.15 MPa, 0.36 MPa and 234 

0.12 MPa respectively) in line with their relative cellulose concentrations (Table 1 & 2). Also, 235 

the apparent Young’s modulus was dependent on the concentration, with the values for BC 236 

from NBRC 13693, ATCC 53524 and KTH 5655 (3.08 MPa, 5.56 MPa and 3.83 MPa 237 

respectively) being higher than for BC from ATCC 700178, ATCC 10245 and ATCC 23769 238 

(1.10 MPa, 2.87 MPa and 1.26 MPa respectively). Stress to break also correlated with the 239 

cellulose concentration, with more concentrated samples exhibiting higher breaking stress. 240 

However, the breaking strains for different BC were similar, ranging from 16% to 20%. 241 

Similar results were found for BC harvested after long-term fermentation. A longer 242 

fermentation period (9 days) increased the cellulose concentration in the gel (supplementary 243 

material Fig. 2) compared with those harvested after a shorter fermentation period (3 days) 244 

(Fig. 2a). However, the BC from NBRC 13693, ATCC 53524 and KTH 5655 still contained 245 

more cellulose and showed higher tensile stress and Young’s modulus than BC produced by 246 

ATCC 700178, ATCC 10245 and ATCC 23769. 247 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

 248 

 249 

Fig. 2 Representative stress/strain curves (a) and apparent Young’s modulus as a 250 

function of cellulose concentration (b) generated during tensile testing of BC hydrogels 251 

synthesised by different Komagataeibacter strains. 252 
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Table 2 Tensile testing characteristics of BC produced by six different strains.  253 

Bacterial strain Breaking stress (MPa) Breaking strain (%) Apparent Young’s modulus (MPa) 

ATCC 700178 0.15 ± 0.08c 20.72 ± 8.32a 1.10 ± 0.38d 

ATCC 10245 0.36 ± 0.08b 18.60 ± 8.03a 2.87 ± 1.33c 

ATCC 23769 0.12 ± 0.04c 17.97 ± 5.04a 1.26 ± 0.66d 

NBRC 13693 0.62 ± 0.17a 18.69 ± 3.25a 3.08 ± 0.66c 

ATCC 53524 0.68 ± 0.13a 20.72 ± 6.03a 5.56 ± 2.29a 

KTH 5655 0.62 ± 0.16a 16.20 ± 2.91a 3.83 ± 1.08b 

Different superscripts in each column denote significant (p<0.05) value differences 254 

 255 

During tensile testing of hydrogels, the initial stretching process alters the polymer 256 

network configuration and polymer-water interactions (Drury et al., 2004). Previously we 257 

found that both the crystallisation and average diameters of the ribbons were similar for all 258 

these BC materials (Chen et al., 2017). It has also been shown that ordered alignment of 259 

fibres should reduce the resistance for deformation, but an isotropic fibril network would 260 

effectively enhance the stiffness of the gel (McKenna et al., 2009). Hence, cellulose 261 

concentration and fibre orientation are expected to be the most significant structural factors 262 

affecting tensile properties. Diverse bacterial strains producing different cellulose 263 

concentrations under the fermentation conditions used, result in different apparent Young’s 264 

modulus values for BC hydrogels (Fig, 2b). Although the greater density of ribbons present at 265 

higher concentrations contributed to the high Young’s modulus, it was not a strict linear 266 

correlation. This is probably due to network structural variations of the different BC materials. 267 

BC hydrogels contain anisotropic features due to their laminated architecture on the 10-100 268 

µm length scale, containing cellulose ribbon-rich layers and ribbon-depleted gaps between 269 

the layers (Buyanov et al., 2010; Lopez-Sanchez et al., 2015; Nakayama et al., 2004). During 270 

the fermentation process, it has been suggested that newly produced ribbons are added into 271 

the layer until it is completed (Hu et al., 2014), but it is not understood what determines the 272 
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size of layers. These layers would likely become aligned parallel to the direction of stretching 273 

under tension, and the constituent ribbons would straighten and eventually break (McKenna 274 

et al., 2009). Therefore, these structural variations can be regarded as a secondary factor 275 

which influence the tensile properties of BC from different strains and worthy of further 276 

investigation. 277 

3.3 Mechanical properties when BC hydrogels are under compression 278 

A recent report showed that the Poisson’s ratio of BC hydrogels synthesised by ATCC 279 

53524 was near zero, indicating insignificant radial expansion during normal compression 280 

(Lopez-Sanchez et al., 2014). Here, it was found that BC gels produced by the other five 281 

strains (NBRC 13693, ATCC 53524, KTH 5655, ATCC 23769 and ATCC 10245) also 282 

essentially maintained their original diameters after compression (final thickness = 0.5 mm), 283 

with Poisson ratio values all below 0.03 ±0.01. Generally, porous materials like cork can 284 

have zero values of Poisson’s ratio, which is determined by the foldable open-cell alveolar 285 

architecture (Greaves et al., 2011). The honeycomb-like structure bends and buckles under 286 

the external axial force, leading to a near zero radial extension (Fortes & Teresa Nogueira, 287 

1989). This behaviour is likely to be explained by the previously described laminated 288 

microstructure of the BC, i.e. fluid is expressed from between layers on compression rather 289 

than requiring radial deformation of individual layers. 290 

Under compression, the normal stress was defined as the normal force from the BC 291 

hydrogels against the upper plates divided by its surface area (approximately 13 cm2). The 292 

apparent axial modulus was defined as the linear slope of the normal stress-strain curves at 293 

large strains. It was found that both the normal force and apparent axial modulus rose with 294 

the process of compression (Fig. 3a). The hydrogel produced by ATCC 53524 had the highest 295 

normal stress (4800 Pa) when it reached the maximum compression strain, compared with the 296 

BC from the other five strains. Comparatively, the gel produced by ATCC 700178 had the 297 

lowest normal stresses (120 Pa). Additionally, the axial modulus of the BC produced by 298 

ATCC 53524 was also the highest (10 kPa to 100 kPa) when the strain was above 0.4, which 299 

means it was approximately 10 times stiffer than the gel produced by ATCC 700178 at the 300 

same strain.  301 
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 302 

 303 

Fig. 3 Representative normal stress-strain curves (a) and representative normal stress-304 

cellulose concentration curves (b) generated during compression tests of BC hydrogels 305 

from diverse Komagataeibacter strains. 306 

 307 
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It is likely that the concentration of BC significantly contributed to the mechanical 308 

properties under compression. The dependence of cellulose concentration vs normal stress for 309 

BC produced by the six strains is shown in Fig.3b. Overall, all BC hydrogels followed a 310 

similar increasing tendency of normal stress with increasing cellulose concentration under 311 

compression, which included a marked increase of stress at low concentrations (<2%), with 312 

less dependence at higher concentrations with a tendency towards a plateau. 313 

 314 

Fig. 4 SEM images of BC network produced by KTH 5655 at different thickness of gels, 315 

before and after compression from an original thickness of 2.5 mm, with insert 316 

magnified images showing BC ribbons (scale bar = 1 µm). 317 

In general, the stiffness of BC depends on the cellulose concentration, as well as the 318 

structure of the fibril network. During compression, water was gradually squeezed out of the 319 

porous hydrogels, which increased contacts between the fibres and enhanced the stiffness. In 320 

addition, the structural alteration of the fibril network also contributed to its mechanical 321 

properties. The morphology of BC hydrogels produced by KTH 5655 at different thicknesses 322 
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during compression is shown in Fig. 4. For the uncompressed sample (h0 = 2.5 mm), the fibril 323 

network was spongy and porous, and the individual rod-shape ribbons can be observed. 324 

When the gel was compressed to a thickness of 1.4 mm, the fibres started to entangle with 325 

each other, and the density of the network was increased. After the gel was compressed to 0.6 326 

mm, more aggregated fibres were observed, and they lost their original features, appearing to 327 

have coalesced. This reinforcement of the network density increased the stiffness. 328 

3.4 Compression-relaxation and poroelastic characteristics of BC hydrogels 329 

The relaxation behaviours of BC hydrogels were determined from the recovery of 330 

normal stress when the external normal force was removed. Due to the limited initial 331 

thickness of BC produced by ATCC 700178, ATCC 10245 and ATCC 23769, only the 332 

samples of two different thicknesses produced by ATCC 53524, NBRC 13693 and KTH 333 

5655 were analysed. The recovery of normal stress in BC hydrogels after compression from 334 

1.4 to 1.3 mm was compared with that after compression at higher cellulose concentration 335 

(from 0.6 to 0.5 mm). 336 

Overall, BC hydrogels exhibited two distinct regions during the compression process 337 

including a viscoelastic region at low strain rate (< 0.25), followed by an apparently plastic 338 

deformation region at high strain rate (0.25 to 0.1). When the compression was stopped, all 339 

gels showed time-dependent relaxation behaviour, during which the normal force initially 340 

dropped rapidly and then reached a slow-decreasing plateau. Specifically, during the large 341 

gap (h=1.4 mm) compression (Fig. 5a), the hydrogel produced by ATCC 53524 reached the 342 

highest normal stress (1213 Pa) compared with NBRC 13693 (786 Pa) and KTH 5655 (573 343 

Pa), which correlated with the concentration of cellulose (2.4%, 1.6% and 1.3% respectively). 344 

Also, the axial modulus of gel from ATCC 53524 was approximately 2 times higher than the 345 

modulus of gels produced by NBRC 13693 and KTH 5655. When the gels were compressed 346 

to 0.6 mm of thickness, the concentrations of ATCC 53524, NBRC 13693 and KTH 5655 347 

were boosted to 6.8%, 3.8% and 2.9% respectively. The normal stress of BC produced by 348 

ATCC 53524 increased to 4357 Pa (Fig. 5b), which was almost twice that of NBRC 13693 349 

(1876 Pa) and KTH 5655 (1567 Pa). Additionally, the variation of axial modulus was also 350 

enlarged when the concentration increased. The BC produced by ATCC 53524 showed 351 

approximately 4 times higher modulus than that gel from NBRC 13693 and KTH 5655. 352 
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The relaxation ability of BC hydrogels was also associated with their cellulose 353 

concentration. When the thickness was 1.4 mm, even after the gel had been relaxed for a long 354 

period, the gel produced by ATCC 53524 did not recover its original stiffness, whereas gels  355 

 356 

 357 
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Fig. 5 Representative compression-relaxation for BC hydrogels produced by ATCC 358 

53524, NBRC 13693 and KTH 5655 for thicknesses of (a) 1.4 mm and (b) 0.6 mm. The 359 

compression stage occurs for t/t0 from 0 to 1, followed by relaxation. The experimental 360 

data is presented as open symbols, while the lines represent fitting of the data with the 361 

poroelastic model. 362 

from NBRC 13693 and KTH 5655 exhibited more complete relaxation. When the gels were 363 

compressed to 0.6 mm of thickness, the relaxation ability of the BC produced by these three 364 

different strains was decreased, especially for the gel produced by ATCC 53524 which had 365 

the highest BC concentration. For each hydrogel, the relaxation ability was dependent on the 366 

morphology of the fibril network. As shown in Fig. 4, the fibril network twisted and the 367 

ribbons lost their original rod-shape in the more compressed BC hydrogels, consistent with a 368 

reduction of mechanical relaxation ability. 369 

By fitting the experimental data with a linear transversely poroelastic model, further 370 

mechanical parameters were estimated including the axial modulus, radial modulus and 371 

permeability (Table 3). Essentially, the axial modulus obtained by the fitting with the model 372 

was consistent with the experimental results. Additionally, the modulus of BC produced by 373 

ATCC 53524 was higher than NBRC 13693 and KTH 5655, and this variation was enlarged 374 

for the more compressed samples, which subsequently cause variation in cellulose 375 

concentration. The model also provided information on the permeability of BC materials, 376 

which is a key factor for the mouthfeel of BC-based food products. The hydrogel produced 377 

by ATCC 53524, which also contained the highest amount of cellulose, showed the lowest 378 

permeability (2.9 × 10-14 m2) when it was compressed to 0.6 mm thickness. Comparatively, 379 

the BC of 1.4 mm thickness produced by KTH 5655 had the highest permeability (7.6 × 10-14 380 

m2). The relatively ‘open’ structure of the less concentrated gel was easier for water diffusion, 381 

especially for the uncompressed hydrogels. Based on the SEM images (Fig. 4), for the 382 

uncompressed samples, several large and clear pores between ribbons in the BC gel are 383 

observed. In the more compressed samples, both the sizes and numbers of pores were 384 

decreased. Due to the porous structure of BC hydrogels, it was assumed that the movement of 385 

water in the cellulose matrix would follow Darcy’s law, as is the case for some other 386 

poroelastic materials (Argoubi & Shirazi-Adl, 1996). With the increasing level of fibre 387 

aggregation and decreasing pore size during compression, the permeability should reduce 388 

accordingly. 389 
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 390 

 391 

 392 

Table 3 Mechanical parameters of different BC hydrogels of 1.4 mm and 0.6 mm 393 

thickness. The axial modulus, radial modulus and permeability were obtained through 394 

fitting of the experimental data with the poroelastic model. 395 

 
Concentration 

(%) 
 

Peak normal stress 

(Pa) 
 

Axial modulus  

(kPa) 
 

Permeability k × 10-14 

(m2) 

Strain 1.4 mm 0.6 mm  1.4 mm 0.6 mm  1.4 mm 0.6 mm  1.4 mm 0.6 mm 

ATCC 53524 2.4 6.8  1213 4357  5.1 12.5  3.9 2.9 

NBRC 13693 1.6 3.8  786 1876  2.4 5.3  6.7 5.9 

KTH 5655 1.3 2.9  573 1567  0.4 2.8  7.6 6.7 

 396 

3.5 Viscoelastic behaviours of BC hydrogels 397 

The viscoelasticity of BC hydrogels produced by different strains of the genus 398 

Komagataeibacter was investigated via a SAOS test. For all the BC hydrogels, moduli 399 

weakly depended on frequency in the test (supplementary material Fig. 3). In this frequency 400 

sweep test, all the hydrogels were compressed to an initial thickness of 0.8 mm, so their 401 

cellulose concentration varied. The BC produced by ATCC 53524, which had the highest 402 

cellulose concentration, showed the highest modulus compared with the BC produced by the 403 

other five strains. Moreover, the moduli kept on increasing during the compression 404 

(supplementary materials Fig. 4), which also supported the importance of cellulose 405 

concentration as a determining factor. It has previously been proposed that in oscillation, the 406 

storage modulus depends on the density of fibre entanglements in BC hydrogels (Whitney et 407 

al., 1999). The cellulose fibres in highly-concentrated BC gels enlarged the number of 408 
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entanglements and led to a high G’ value. In addition, for the same sample, their storage 409 

modulus (G’) always remained higher than the loss modulus (G’’), which means all the BC 410 

hydrogels produced by different Komagataeibacter strains exhibited more elastic behaviour 411 

than viscous characteristics, even though all hydrogels contained more than 99% water. This 412 

was reflected in the tan δ values of the six types of BC hydrogels, which were all below 0.2 in 413 

the SAOS test (supplementary material Fig. 5). 414 

To further understand the relation between elasticity and cellulose concentration, the 415 

storage modulus (G’) was plotted as a function of cellulose concentration (Fig. 6). Overall, 416 

the storage moduli were enhanced when the concentration increased for all six types of BC. 417 

The number of fibre entanglements increased markedly at comparatively low cellulose 418 

concentration level, and reached a plateau presumably due to the limit where fibres were 419 

crushed into each other. At low concentrations there was a clear separation into two 420 

behaviour types, in line with the cellulose concentration in pellicles (Table 1). Cellulose from 421 

strains which produce low concentration pellicles (700178, 10245, 23769) had greater moduli 422 

at concentrations below about 0.8% than the other three higher concentration pellicles, but at 423 

concentrations above 1%, there was much less difference. In order to normalise the modulus 424 

data to take account of the different starting concentrations in pellicles, the experimental data 425 

were fitted with the cascade model, a method used to describe the dependence of the structure 426 

of the gel with its concentration (Clark et al., 1989; Clark & Ross-Murphy, 1985; Stokes, 427 

2012) relative to incipient gelling concentration (C0) for each strain – 0.16,0.17, 0.20, 0.34, 428 

0.40 and 0.45% for 700178, 10254, 23769, 5655, 13693 and 53524 respectively. The 429 

experimental data  430 
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 431 

 432 

Fig. 6 Elastic modulus G’ as a function of cellulose concentration (upper graph) and 433 

scaled elastic modulus G’/G’scale vs scaled concentration c/c0 (lower graph). Open 434 
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symbols represent experimental data. The solid line is the best fit of the data with the 435 

cascade model. 436 

followed the equation: G’/G’ scale =(c/c0 − 1)n. In this test, the G’scale was set arbitrarily as 437 

2900 Pa, and for BC material from the different strains, the best fitting exponent n ranged 438 

from 1.8 to 1.9. This exponent is similar to n = 2, which was found to be the optimum for 439 

other biopolymer networks such as agar and carrageenan (Stokes, 2012). Thus the same 440 

cross-linking model that is used for interpreting mechanical properties of polysaccharide gels 441 

can be applied to cellulose systems that are structured through entanglement of fibres. This 442 

analysis indicated that under small deformation oscillatory conditions, the BC hydrogels 443 

produced by different Komagataeibacter strains exhibit similar mechanical behaviours at the 444 

same cellulose concentration.  445 

 446 

 447 

4. Conclusions 448 

BC hydrogels produced by different strains of the genus Komagataeibacter showed 449 

diverse mechanical properties in terms of their tensile properties, stiffness, viscoelasticity, 450 

porosity and permeability, which depended on both the concentration of cellulose, as well as 451 

the structure of the fibril network. Those mechanical features that respond primarily to the 452 

number of effective cross-links in the network (normal stress, G’) scaled with cellulose 453 

concentration for all bacterial strains. Cellulose concentration was also important for larger 454 

deformation mechanical features related to network re-organisation (Young’s modulus, fluid 455 

flow), but additional factors were characteristic of bacterial strain origin, presumably 456 

reflecting different network architectures. Mechanical properties can also be tailored by post-457 

synthesis compression to control both stiffness and water movement. Ultimately, this 458 

research which has provided detailed structural and mechanical information on BC hydrogels 459 

produced by different Komagataeibacter strains, may allow the characteristic textural 460 

properties to be rationalised and subsequently aid selection of cellulose-producing bacterial 461 

strains for biotechnological and food industry application purposes. 462 
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1. Cellulose hydrogel mechanical properties differed with Komagataeibacter strain used. 

2. Hydrogel properties depended on both cellulose concentration and network structure. 

3. Compression caused fibre coalescence, reducing network relaxation and water movement. 

4. Textural variation in hydrogels achieved by strain selection and/or post-synthesis 

compression. 

 

 


