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Kombucha is a traditional beverage obtained by the fermentation of sugared tea by a symbiotic culture of
bacteria and yeast which has recently re-emerged as a popular lifestyle product with potential health
benefits. The characteristic feature of kombucha is the formation of a cellulosic biofilm due to the
excretion of bacterial cellulose with high purity and crystallinity. Despite the growing industrial and tech-
nological interest in kombucha, current characterization techniques rely on the periodic sampling of tea
broth or biofilm and ex situ analysis of its biochemical or microbial composition. Here, we use interfacial
shear rheology (ISR) for the transient in situ determination of kombucha biofilm growth directly at the
interface. ISR revealed that kombucha biofilm formation is a two step process with clearly distinguishable
growth phases. The first phase can be attributed to the initial adsorption of bacteria at the air—water inter-
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face and shows great variability, probably due to varying bacteria content and composition. The second
phase is initiated by bacterial cellulose excretion and shows astonishing reproducibility regarding onset
and final mechanical properties. Hence, ISR qualifies as a new in situ characterization technique for kom-

rsc.li/food-function bucha biofilm growth and bacterial cellulose production.

acid. The most prominent bacterium is Acetobacter xylinum,
which was reclassified as Komagataeibacter xylinus in 2012,

1. Introduction

Kombucha is a mildly alcoholic and effervescent beverage
obtained by the fermentation of sugared tea by a symbiotic
culture of bacteria and yeast (SCOBY). The yeasts metabolize
sucrose to ethanol and CO,. Acetic acid bacteria further metab-
olize ethanol to acetic acid and excrete bacterial cellulose,
forming the characteristic floating cellulose biofilm of kombu-
cha shown in Fig. 1. Originally a preservation method, kombu-
cha has re-emerged since the 2000s as a popular lifestyle
product with potential health benefits which is produced
industrially and homebrewed globally.">

The yeast and bacteria composition of kombucha can
differ significantly depending on the starter culture and growth
conditions. The most commonly reported yeasts include
Saccharomyces,  Schizosaccharomyces,  Brettanomyces, and
zygosaccharomyces.> ® The yeasts cleave sucrose into glucose
and fructose, and subsequently metabolize it to ethanol and
CO,. The yeast ecology changes during the fermentation
from osmotolerant species in early stages to acid tolerant
species in later stages.” The majority of bacteria in kombucha
are acetic acid bacteria, i.e. Acetobacter, Gluconobacter, and
Komagataeibacter, which metabolize glucose or ethanol to acetic
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K. xylinus is best known for its ability to produce bacterial cell-
ulose. The bacteria excrete 2-4 nm thick cellulose nanofibrils
from their membrane which assemble into larger macrofibrils,
and ultimately form the 3D cellulosic biofilm typical for
kombucha.® " Bacterial cellulose is valued in material sciences
due to its high purity and degree of crystallinity, and kombucha
biofilms are thus increasingly considered as renewable raw
material for bioadsorbents, packaging materials, or biomedical
applications."?
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Fig. 1 Kombucha after four weeks of fermentation with characteristic
cellulosic biofilm.
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The biochemical composition of kombucha continuously
changes during fermentation. The sucrose concentration
decreases due to ethanol fermentation, which is in turn the
educt for acetic acid fermentation.>"* With ongoing fermen-
tation time, the concentration of amino acids, vitamins, min-
erals, and organic acids with potential health benefits

increases."*” Due to tea polyphenols and vitamin C pro-
duction kombucha exhibits pronounced antioxidant
activity.'”'®*  Furthermore, probiotic effects have been

reported.'® There is a nearly endless list of proclaimed health
benefits associated with kombucha consumption, however,
there is very limited empirical evidence for health benefits in
humans.*® Hence, although kombucha certainly contains valu-
able nutrients and potential bioactives, most of the alleged
health benefits remain to be confirmed in clinical studies.>"**
Current kombucha characterization techniques mostly rely
on the periodic sampling of the broth or biofilm and analysis
of their biochemical (sucrose, ethanol, organic acids, pH) or
microbial composition. Here, we demonstrate that interfacial
shear rheology (ISR) allows for the transient in situ measure-
ment of kombucha biofilm growth, revealing new aspects of
kombucha biofilm dynamics and mechanical properties.

2. Experimental

2.1. Kombucha preparation

Black tea was prepared by infusing 6 g L™" Lipton Yellow Label
in boiling deionized water for 7 minutes and dissolving 100 g
L™" sucrose (BioXtra, >99.5%, Sigma). As a starting culture 10
vol% kombucha broth that has been equally prepared and fer-
mented for 10 days was added to the sugared tea. Hence, the
initial sucrose concentration was in the range of 90 g L,
which has been reported to induce maximum cellulose pro-
duction.” The initial SCOBY was obtained from a home-
brewing setup.

2.2. Interfacial shear rheology (ISR)

An Anton Paar MCR 502 was equipped with a bicone custom-
made from polyamide PA12 by selective laser sintering with a
radius of 34.15 mm and cone angle of 13.2°. In contrast to
common biconical disk geometries, it had a considerable edge
thickness of 3 mm to account for the 3D structure of kombu-
cha biofilms. 150 mL of inoculated black tea were filled in a
glass cup with 40 mm radius. The surface area/depth ratio was
94 mm, which has been reported to affect cellulose production
as acetic acid bacteria are aerobic and accumulate at the inter-
face.'® The bicone was positioned with the upper edge at the
air/tea interface and the cup was capped with a cover housing
a wet sponge. The ISR setup is shown in Fig. 2.

The formation of kombucha biofilms was measured for 7
days by transient ISR time sweeps, i.e. sinusoidal oscillation of
the bicone at constant frequency of 1 rad s™* and strain ampli-
tude of 0.5%. In separate experiments, frequency sweeps of the
formed kombucha biofilms were performed every 24 h for 7
days by ranging the oscillation frequency from 0.1-100 rad s™*
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Fig. 2 Image of the used ISR setup with close-up of the custom made
bicone at the air/tea interface and attached biofilm after 9 days of kom-
bucha biofilm growth.

at constant strain amplitude of 0.5%. Amplitude sweeps were
performed to confirm that the measurements were performed
in the linear viscoelastic regime (<1% at day 7). The obtained
raw data was corrected with respect to the subphase (kombu-
cha broth) viscosity,>® which was determined before and after
ISR experiments with a double gap geometry DG 26.7 and
remained constant at 0.01 Pa s. The room temperature was
controlled to 22 °C.

3. Results and discussion

Kombucha fermentation has been well characterized regarding
microbial»*"® or biochemical®**™"” dynamics. However, most
analyses rely on periodic sampling and ex situ analysis.
Particularly the cellulosic biofilm is limited to harvesting and
ex situ determination of its weight, height, structure, and
composition.” " ISR on the other hand allows the transient
in situ determination of kombucha biofilm growth kinetics
and mechanical properties. Fig. 3A shows the first 48 hours of
four representative biofilm growth curves of equally prepared
kombucha. The interfacial shear storage G'; and loss moduli
G"; increase over time and reach a plateau value which denotes
the first step of biofilm formation. The formation kinetics and
interfacial viscoelasticity of early kombucha biofilms are in
good agreement with those reported for pure K. xylinus** and
other bacteria biofilms investigated by ISR.***** This initial
increase is generally attributed to the adsorption of bacteria
and surface active substances in the growth medium at the
interface. In case of kombucha, the presence of proteins in the
inoculum can be presumed,'® which indeed adsorb at similar
time-scales and network strength at low concentrations.®* It is
apparent from Fig. 3A that the initial kombucha biofilm for-
mation showed significant variability within experiments, with
plateau values ranging within one decade from 107> to 107> Pa
m and time scales ranging from 3 to 24 hours to attain the
plateau. Also, both the interfacial storage G'; or loss modulus

This journal is © The Royal Society of Chemistry 2021
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Fig. 3

7 days of biofilm growth. The dotted line indicates the onset of cellulose excretion by K. xylinus. Determined by ISR at constant frequency 1 rad s~

Interfacial shear storage G'; and loss G"; moduli of four representative kombucha biofilms as a function of time for (A) the initial 48 h and (B)

1

and amplitude 0.5% at 22 °C. (C) Images of kombucha biofilms over time in the ISR setup. All samples were prepared equally with 100 g L™* sucrose

and inoculated with 10 vol% starter culture.

G"; may dominate in this phase. It is likely that the bacteria
and protein concentration in the inoculum varied within
experiments, leading to variations in initial biofilm formation.
Another potential explanation is the competition between
different bacteria at the interface. It is known that different
bacteria show specific patterns in ISR depending on bacteria
hydrophobicity, metabolic activity, and potential release of
biosurfactants.>*>%3° In presence of multiple bacteria species
the growth pattern depends on which bacteria dominates the
interface, and accordingly, the initial density ratio of
31,32 We therefore assume that the variability in initial
kombucha biofilm formation derives from variations in bac-
teria density and composition in the inoculum.

Fig. 3B shows the kombucha biofilm growth curves for 7
days of fermentation. After the plateau following initial
biofilm formation there is a secondary increase in interfacial
shear moduli which can be attributed to bacterial cellulose
excretion, primarily by K. xylinus. It has been reported that up
to 90% of bacteria in kombucha biofilms are acetic acid bac-
teria, and ~50% are Komagataeibacter.” Besides cellulose,
some acetic acid bacteria may further excrete fructan.’® The
onset of cellulose excretion was found after 48 hours under the
in agreement with previous findings."
Hence, kombucha biofilm formation is a two-step process
characterized by initial bacteria and protein adsorption fol-
lowed by cellulose excretion after ~2 days. The onset of cell-
ulose production was astonishingly reproducible within
different measurements and independent of the initial biofilm
formation which showed comparably high variations as dis-
cussed above. Also, G'; values after 7 days were very similar at 2
Pa m and G”"; values varied in a narrow range of 0.2-0.6 Pa m.
The good reproducibility of the onset and mechanical pro-

bacteria.

used conditions,

This journal is © The Royal Society of Chemistry 2021

perties could make ISR particularly useful to determine the
dynamics and quantity of bacterial cellulose production in
kombucha biofilms as a function of e.g. sucrose content, bac-
teria composition, or temperature.

The obtained ISR values are in good agreement with viscoe-
lasticity reported for pure K. xylinus biofilms,** and about 1-2
orders of magnitude higher than reported for other
biofilms.>>'** Such secondary increases in interfacial moduli
are well known from bacteria that secrete exopolysaccharides
or proteins once in the stationary phase.>**>?%3* A similar two
step evolution of ISR moduli was also reported for fluid inter-
faces with secondarily adsorbed polysaccharides.’” In a pre-
vious study investigating pure K. xylinus biofilms, Riihs et al.>*
found the onset of cellulose production already after 24 hours.
This may indicate a delay in cellulose production in kombucha
due to interfacial competition with other bacteria. However,
Riths et al** used an optimized culture medium containing
mannitol which is the most efficient carbon source for
K. xylinus cellulose production.”*® Further, significant differ-
ences may occur with K. xylinus strains.>®> The kombucha
biofilm is only apparent to the naked eye after 6-7 days of fer-
mentation, as visualized in Fig. 3C. Hence, ISR allows the
determination of kombucha biofilm properties before it is
visible and may be physically harvested.

The increase in interfacial viscoelasticity of kombucha bio-
films over 7 days is further visualized by frequency sweeps in
Fig. 4A, demonstrating the evolution from weakly viscoelastic
biofilms in early stages to gel-like biofilms with frequency
independent moduli after cellulose excretion. The kombucha
biofilm continues to grow into the characteristic 3D cellulose
film, which however cannot be assessed by ISR due to an
increasing brittleness, ie. decreasing linear viscoelastic

Food Funct., 2021, 12, 4015-4020 | 4017
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0.5% and frequency 1 rad s™%

, respectively, at 22 °C.

regime, as visualized by amplitude sweeps in Fig. 4B. For the
analysis of kombucha biofilms beyond 7 days of fermentation,
biofilm harvesting and ex situ bulk rheology or mechanical
testing may be more suitable, as previously employed for other
cellulosic biofilms.**™*?

4. Conclusions

The use of ISR allows the in situ determination of kombucha
biofilm growth and mechanical properties, and has revealed
new aspects of kombucha growth dynamics. Kombucha biofilm
formation was found to be a two step process. Initially, the
adsorption of bacteria and surface active proteins induces an
increase in interfacial rheological moduli which attain a first
plateau. Biofilm growth kinetics and plateau values exhibit sig-
nificant variability in this first phase, probably due to variations
in bacteria density and composition within experiments. In the
second phase, kombucha biofilm mechanical properties further
increase due to the onset of bacterial cellulose excretion by
K. xylinus. Both the onset of the secondary phase and final
biofilm mechanical properties were acutely reproducible and
independent of the first phase. Hence, ISR provides transient
in situ information on kombucha biofilm dynamics and
mechanical properties, and is particularly useful to investigate
early stages of biofilm formation or determine the onset, kine-
tics, and amount of bacterial cellulose production.
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