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The Influence of Culture Medium Components on the
Physical and Mechanical Properties of Cellulose
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Preliminary studies are presented showing to what extent nutrients
available in the growth environment of Kombucha microorganisms affect
the physical and mechanical properties of synthesized cellulose. With an
increase in the amount of sucrose in the growth medium and with the
presence of additional nutrients, peptone and tea extract, the thickness
and strength of the biopolymer increased, while elongation was reduced.
The best physical and mechanical parameters were obtained for
bacterial cellulose from cultures with the addition of 10% sucrose and
0.25% peptone content. The increase in elongation correlated with the
decrease in the degree of polymerization, which means that in media rich
in nutrients, the number of molecules building the polymer decreases.
The presented data is important in order to select ingredients that will
help synthesize bacterial cellulose with the desired physio-mechanical
properties.
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INTRODUCTION

Bacterial cellulose (BC) is an exopolymer composed of glucopyranose B 1-4
units. It differs from plant cellulose due to its greater crystallinity (60 to 90%),
mechanical strength, greater purity, lack of lignin and hemicelluloses, high water
absorption and retention capacity, higher degree of polymerization, and biocompatibility
(da Silva et al. 2015; Fan et al. 2016; Zhao et al. 2018). These features have made
bacterial cellulose attractive for potential applications in various industries, such as paper,
electronics, cosmetics, and even in the medical and pharmaceutical fields (Khan et al.
2018; Lazarini et al. 2018). The indicated properties of bacterial cellulose make it a
favorable raw material for numerous technical materials, thereby improving their
mechanical properties. The prospect of such use could be the addition of bacterial
cellulose to cellulose fibers or lignocellulosic fibers in wood-based materials in order to
strengthen them. An attempt to modify boards by reducing the content of lignin and
hemicelluloses through the introduction of bacterial cellulose, would not only create
materials with useful physical and mechanical properties, but also reduce the share and
consumption of the basic raw material, which is wood. This could be an important
direction of research in the aspect of natural resources protection.

Bacterial cellulose is produced by acetic fermentation bacteria, especially by
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Gluconacetobacter xylinus (Huang et al. 2019). A number of other bacteria and yeast
fungi also produce cellulose by fermenting sugars contained in the medium under aerobic
conditions. These cellulose-producing microorganisms include the bacteria
Komagataeibacter  xylinus, Acetobacter  xylinoides, Gluconobacter oxydans,
Gluconacetobacter hansenii, Oenococcus oeni, Komagataeibacter europaeus, and yeast
fungi such as Saccharomyces sp., Schizosaccharomyces pombe, Zygosaccharomyces
kombuchaensis, or Torulaspora delbrueckii (Teoh et al. 2004; Jayabalan et al. 2010;
Marsh et al. 2014; Coton et al. 2017; Villarreal-Soto et al. 2019). Acetobacter xylinum
produces two types of cellulose that differ in structure: cellulose I, in which B 1-4 glucan
chains are linearly arranged, and cellulose 11, in which the chains are randomly arranged
(Yu and Atalla 1996; Skocaj 2019).

Cellulose synthesis in experimental conditions can be carried out in static and
dynamic cultures. The cellulose produced by microorganisms in static cultures is
synthesized in the form of a film on the surface of the medium solution. The thickness of
the film varies depending on the nutrients and breeding time (Torgbo and Sukyai 2018).
Under dynamic culture conditions, cellulose is produced in the form of granules.
Cellulose synthesis in dynamic culture conditions is faster; however, the properties of
such cellulose differ from those of cellulose produced in stationary conditions (Shah et al.
2013). The cellulose synthesized by bacteria in its molecular structure has the form of a
mesh swollen with water, with a fiber length of approximately 100 um and a microfibril
that does not exceed 2 to 4 nm (Klemm et al. 2006; Nogi and Yano 2009; Stanistawska
2016). The biopolymer's mesh structure allows it to be a good matrix for absorbing
various chemical compounds, both organic polymers, and inorganic nanocompounds
(Khan et al. 2015; Khan et al. 2018; Patwa et al. 2019).

Both wet and dried biocellulose have advantageous mechanical properties
(Béackdahl et al. 2006). The tensions at break are analogous to steel, and the tensile
strength is approximately 100 times higher than that of polypropylene (Yano et al. 2005;
Gatenholm and Klemm 2010). These properties of bacterial cellulose make it a suitable
reinforcement for improving mechanical properties in numerous technical materials.
Related studies have been conducted on the use of bacterial cellulose to strengthen paper
produced from waste paper (Campano et al. 2018) and other types of paper made of low
quality fiber (Skocaj 2019). Therefore, bacterial cellulose could also be used to
strengthen cellulose or lignocellulosic fibers in wood-based materials, although scientific
literature does not yet indicate any attempts to study such use.

The unique properties of bacterial cellulose depend not only on the strain of
microorganisms, but primarily on the culture conditions, including the composition of the
culture medium (Illa et al. 2019). Chen et al. (2019) studied the effect of mono- and
disaccharides on the efficiency of cellulose synthesis by Komagataeibacter xylinus, while
Illa et al. (2019) assessed the effect of drying conditions on the physical, chemical, and
morphological properties of cellulose.

The effect of nutrients contained in the growth medium of microorganisms
belonging to Gluconacetobacter on the physio-mechanical properties of the cellulose
produced has been the subject of numerous studies, but there is little data in the literature
regarding the influence of substrate components on the quality and properties of cellulose
synthesized by Kombucha biofilm microorganisms. Kombucha is a set of
microorganisms used in beverage fermentation processes, particularly in tea, fruit juice,
and herbal drinks fermentation. The impact of sucrose on the cellulose synthesis
efficiency of Kombucha microorganisms was assessed by Al-Kalifawi (2014), while
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Domskiene et al. (2019) analyzed the mechanical properties of cellulose synthesized by
Kombucha in terms of its use in the textile industry.

This paper presents preliminary results of the assessment of the effect of nutrient
composition, in particular various sucrose concentrations, and addition of tea and peptone
extract on the physical and mechanical properties of cellulose synthesized by Kombucha
microorganisms. Peptone is the main component of organic nitrogen, while tea extract
contains numerous organic compounds such as vitamins, alkaloids, essential oils, amino
acids, and dyes as well as inorganic compounds including salts of magnesium, iron,
silicon, and potassium. Tea extract and peptone concentrations were selected based on a
preliminary analysis of the literature on the content of nutrients in cultures of Kombucha
microorganisms (Joshi and Kumar 2017; Sharma and Bhardwaj 2019). The adopted
assumptions could help in determining the medium composition for growing Kombucha
microorganisms in order to synthesize cellulose with the best properties. The obtained
cellulose could be used as a filler in lignocellulosic composites.

EXPERIMENTAL

Materials

The effect of nutrients on select physical and mechanical characteristics of
cellulose synthesized by Kombucha, acetic fermentation microorganisms, was assessed in
three types of media (Table 1). Each type of media contained sucrose in various
proportions: 2.5%, 5%, and 10%. In addition, one variant of the medium was enriched
with 0.25% peptone content (Biomaxima, Lublin, Poland), while the other contained
0.1% Camellia sinensis tea extract (Sigma-Aldrich, Taufkirchen, Germany). The
reference media were samples containing only sucrose at various concentrations. The
incubation of microorganisms was carried out in stationary culture at temperature and
humidity conditions of 24 °C and 68 + 2%, respectively. The cultivation time of the
cellulose synthesizing microorganisms was 14 days. After the planned cultivation time,
the cellulose produced was collected and prepared for further research. The obtained
cellulose sample was rinsed thoroughly in detergent, rinsed twice in distilled water,
rinsed in 0.1% NaOH (POCH, Gliwice, Poland), and rinsed in distilled water. Next,
cellulose was washed in 0.1% citric acid (POCH, Gliwice, Poland) and again, twice in
distilled water. This treatment reduced cellulose microorganisms and adjusted the pH of
the cellulose to neutral. The samples were dried for 12 h at 60 °C down to 5 + 1%
moisture content. Dried cellulose samples were stored in a desiccator until testing.

Table 1. Culture Media Used in the Research

Variant Sucrose (%) Peptone (%) Tea extract (%)
A2.5 25
A5 5.0 0 0
Al10 10.0
B2.5 25
B5 5.0 0 0.1
B10 10.0
C2.5 25
C5 5.0 0.25 0
C10 10.0
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Methods
Tensile strength tests

Tensile tests on the bacterial cellulose were carried out using an Instron 5544
testing machine (Instron, High Wycombe, UK). The tensile strength, expressed in
N/mm?, and elongation at break, expressed in mm, were determined. Test samples were
prepared in accordance with the guidelines of ISO 527-3 (2018). Tensile tests of bacterial
cellulose were conducted based on I1SO 527-1 (2019). Samples of bacterial cellulose
dried to a constant weight had the shape of rectangles measuring 80 x 25 mm. At an equal
distance from the narrower edges, a measuring section with a length of 50 mm was
determined. Tensile tests were carried out at a head speed of 10 mm/min. Before
measuring the tensile strength, the thickness of the bacterial cellulose samples was
measured using an Extramess 2000 thickness gauge (Mahr, Goéttingen, Germany). The
mechanical properties given correspond to the mean values of at least five measurements.

Statistical analysis

Statistical analyses were developed using Statistica version 13.3 software
(StatSoft, Inc., Tulsa, OK, USA). The statistical analysis of the results was based on a
two-factor ANOVA analysis of variance. The significance of the hypothesis was tested
by Tukey's test. The relationship between variables was determined in a correlation test.

RESULTS AND DISCUSSION

The thickness of cellulose produced by Kombucha microorganisms increased
with increases in the amounts of sucrose, peptone, and tea extract in the medium. The
thickness of the obtained cellulose samples ranged from 0.04 to 0.46 mm and depended
on the type of ingredients present in the medium (Fig. 1).
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Fig. 1. Thickness of bacterial cellulose, produced by Kombucha microorganisms, growing on a
substrate with different sucrose content and the presence of peptone and tea extract

Films obtained from the cellulose produced in the media containing only sucrose
(samples A) had the lowest thickness, while increased amount of carbon in sucrose (from
2.5 to 10%), increased the thickness of the film. The presence of peptone and tea extract
in the media (samples B and C) increased the thickness of the samples. The thickness of
the samples produced under these conditions was greater than in the media with sucrose
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alone. Samples obtained from cellulose produced in media containing 0.25% peptone in
addition to the sucrose (samples C) were characterized by the greatest thickness (Fig. 1).
The obtained results are partly consistent with the research of other authors (Sharma and
Bhardwaj 2019), who pointed out that the efficiency of cellulose synthesis increases with
the content of sugar in the growth medium. They stated however, that there is some sugar
concentration (above 5%) at which the efficiency of polymer synthesis begins to
decrease, which was not observed in this experiment.

The content of sucrose in the growth medium of microorganisms had a significant
impact on the tensile strength of bacterial cellulose films. More sugar in the medium
resulted in better strength of the polymer (Fig. 2). Cellulose samples obtained from media
containing 10% sucrose were almost 20 times as strong as samples obtained from media
containing 2.5% and 5% sucrose. Although the values of tensile strength of the
synthesized cellulose was not very high, it was noticed that the presence of additional
components in the growth medium of Kombucha microorganisms had a significant
impact on the strength of cellulose films. Statistical analysis showed a high correlation
between the medium composition and the tensile strength (Table 3). Numerous authors
have obtained results of bacterial cellulose strength at the level of several dozen MPa;
however, many factors influence these properties (Krystynowicz et al. 2002; Illa et al.
2019). Statistically significant differences were found in tests for cellulose tensile
strength between different culture media used in the study. Individual nutrient
components had a significant impact on the values of the examined characteristic (Tab.
2). Cellulose obtained from media containing 2.5% peptone was up to 400% more
durable compared to cellulose obtained from media containing the same amount of
sucrose only, and 60% more durable compared to samples obtained from media
containing the same sucrose content and 0.1% tea extract content (Fig. 2).
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Fig. 2. Tensile strength of bacterial cellulose, produced by Kombucha microorganisms, growing
on a substrate with different sucrose content and the presence of peptone and tea extract

When analyzing the elongation of bacterial cellulose samples, a large variation in
the measured values of the tested samples was observed (Fig. 3). The elongation of the
tested cellulose film samples ranged from 2.9 mm to approximately 19.2 mm and
depended on the sucrose content as well as the content of other additives in the medium.
It should be added that the obtained values of elongation are typical for cellulosic
materials, which are characterized by a low elongation. The presence of substances such
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as peptone or tea extract in a culture medium may, however, affect the chemical structure
and degree of cellulose polymerization. With increased sucrose content in the medium,
the average elongation values of cellulose samples decreased, and the lowest value was
obtained for cellulose samples prepared on media containing 10% sucrose (without
additives). The presence of additives (peptone, tea extract) in the medium increased the
elongation value of the film samples (Fig. 3).
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Fig. 3. The average result of the elongation of bacterial cellulose, produced by Kombucha
microorganisms, growing on a substrate with different content of carbon and nitrogen sources

Table 2. Assessment of the Interaction between Different Types of Culture Media
in Relation to the Examined Characteristics of the Bacterial Cellulose

Type Statistical impact
s ificati Suc;os:t-:- Sucrose + Sucrose +
pectiication Co(r; 5” Sucrose 0.1% tea 0.25% P| R | PxR
extract peptone
25 xX0,00237 xX0,01561 xX0,02485
) +0,000222A +0,00590P +0,004658
xX0,00298 xX0,02364 ¥¥0,10035 Ll .
Strength 50 | 1000069 | +0,00220 | +0,02951%®
10.0 ¥¥0,05526 ¥¥0,13800 720,21927
) +0,002922A +0,02215b8 +0,01371¢C
o5 xX0,04055 0,13000 X0,36443
) +0,006142A +0,02066"8 +0,06717¢C
Thickness 50 *0,07190 0,14283 0,39033 N * NS
+0,010862A +0,00939b8 +0,04702¢C (P=0.85)
10.0 ¥¥0,10958 0,18683 ¥0,45743
) +0,040552A +0,073942A +0,066138
2.5 X9,63+3,272A x16,17+2,12 xX19,21+3,69B
Elongation 5.0 ¥3,92+1,71%A | XX15,34+3,09°8 | ¥¥Q,73+2,18°¢ * * *
10.0 ¥2,89+0,512 ¥Y8,47+1,86P y¥8,94+2 85b
Notes:

* statistically significant impact (P < 0.05); NS statistically insignificant impact (P > 0.05)

a, b, c - values in rows marked with different letters differ statistically significantly (P < 0.05);

A, B, C - the values in the lines marked with different letters differ statistically (P < 0.01);

X, Y, Z - values in columns for a given feature marked with different letters differ statistically
significantly (P < 0.05); X, Y, Z - values in columns for a given feature marked with different
letters differ statistically (P < 0.01); P - content % (2.5; 5; 10); R- (sucrose, sucrose + 0.1%;
sucrose + 0.25%)
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Table 3. Correlation Results between Individual Components of the Culture

Medium and the Examined Features of the Bacterial Cellulose

Specification Sucrose Sucrose + 0.1% tea Sucrose + 0.25%
extract peptone
Strength r(X,Y) = 0.887 r(x,Y) = 0.878 r(X,Y) = 0.967
Thickness r(X,Y) = 0.766 r(X,Y) = 0.451 ns r(X,Y) = 0.541
Elongation r(X,Y) =0.742 r(X,Y) =0.797 r(X,Y) =0.713

The marked correlation coefficients are significant with p <.05000

The composition of the medium has been found to have a large impact on the
physiochemical and mechanical properties of bacterial cellulose (Chen et al. 2019;
Gayathri and Srinikethan 2019). The properties of bacterial cellulose change depending
on the microbial culture conditions (Santos et al. 2013). The nitrogen content in the
substrate and its source determine the physio-mechanical properties of cellulose, which is
confirmed by studies by Santos et al. (2013) and Yim et al. (2017). The amount of carbon
source also determines characteristics such as tensile strength. With increased sucrose
content in the substrate, an increase in tensile strength of the synthesized cellulose was
observed, although some researchers observed a decrease in strength, with sugar content
above 5% (Yim et al. 2017). Bacterial cellulose is in fact synthesized with the
participation of enzymes, which can have their activity modified by the pH of the
environment, inhibitors, and chemical activators (Tahara et al. 2014). It can, therefore, be
concluded that the various concentrations of sucrose used may act as activators or
inhibitors of the enzymes responsible for cellulose synthesis, which requires confirmation
in further studies. Therefore, it seems that the influence of the substrate components may
be of significant importance in the quality of synthesized cellulose. The addition of
peptone or tea extract can be treated as a supplementation necessary to obtain better
polymer strength parameters. It is possible that the effects of the ingredients on changes
in strength parameters, degree of elongation or thickness of the polymer can be traced in
their impact on the metabolism of the studied microorganisms. It is known that various
components in the growth medium can trigger specific cellulose synthase operons in the
cellular genome, thereby causing polymer synthesis with different characteristics (Lu et
al. 2020). It seems, therefore, that this is how the phenomenon of the influence of
substrate components on the properties of synthesized cellulose should be interpreted.

CONCLUSIONS

1. The amount of synthesized bacterial cellulose and its physical and mechanical
properties strongly depend on the type of cellular medium on which they grow.

2. With the increase in amount of sucrose and ingredients in the medium, the thickness
of the cellulose films increase.

3. The addition of peptone and tea extract to the growth medium of Kombucha
microorganisms improves both the strength properties of the cellulose as well as the
elongation.
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