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Abstract The advances in bioprocess design, 
genetic engineering, and media optimization have 
enabled enhanced bacterial cellulose (BC) produc-
tion and its application for diverse purposes. Fol-
lowing the requirements of a bioeconomy, numerous 
approaches were conducted to investigate alterna-
tive carbon or nitrogen sources from industrial by-
products for BC biosynthesis. They can, however, not 
only affect the BC production but also its properties. 
Beet molasses, vinasse, and waste beer fermentation 
broth (WBFB) have thus been investigated in single 
and combined approaches for their BC production 
potential and effects on structural properties using 
Komagataeibacter xylinus DSM 2325. Therefore, the 
composition of each complex component was initially 
analyzed for total organic carbon (TOC), total bound 
nitrogen  (TNb), sugars, organic acids, and alcohols. 

The polymer properties were characterized via gel 
permeation chromatography and X-ray diffraction. 
In dynamic shake flask cultivations, the exchange 
of Hestrin-Schramm (HS) medium components for 
a combination of all three complex substrates on a 
TOC- or  TNb-based quantity resulted in the highest 
BC concentration (8.2  g   L−1). Comparable concen-
trations were achieved when combining molasses 
and WBFB (8.1  g   L−1). Each investigated complex 
component led to differing degrees of polymerization 
 (DPn:  2751−4601) and BC crystallinities (26−58%) 
in comparison to HS medium. Beet molasses and 
vinasse were found to decrease the polymer crystal-
linity but induce higher  DPn whereas the opposite 
occurred for WBFB. This study thus highlights ben-
eficial effects of food industry by-products for BC 
biosynthesis and elucidates concomitantly occurring 
structural polymer alterations to enable further stud-
ies dealing with alternative substrates for structurally 
tailored BC production.

Keywords Bacterial cellulose · Beet molasses · 
Vinasse · Waste beer fermentation broth (WBFB) · 
Molecular weight · X-ray diffraction (XRD)

Introduction

The production of cellulose with bacterial origin 
is long known and its advantages over plant cel-
lulose in terms of purity, crystallinity, or degree of 
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polymerization are acknowledged by its extensive 
research during the past two decades (Klemm et  al. 
2018). Hence, bacterial cellulose (BC) has evolved 
as high-tech biopolymer that finds wide applications 
such as in electrochemistry, medicine, or sustain-
able textile development, whereas especially the lat-
ter two reflect its biocompatibility and environmental 
friendliness (Lei et al. 2020; Provin et al. 2021; Choi 
et  al. 2022). At least for comparison, the biosyn-
thesis of BC is frequently conducted in the majorly 
glucose, yeast extract, and peptone containing Hes-
trin-Schramm medium (HS medium) to investigate 
new BC producing strains or cultivation conditions 
although further minimal and complex media were 
found suitable for this purpose (Hestrin and Schramm 
1954; Sperotto et  al. 2021). Following bioeconomic 
attempts to obtain a holistically sustainable material, 
numerous by-product streams primary from the food 
industry have been investigated as substrate for BC 
production since they are generally low-cost, readily 
available, and can thus provide the requirements for 
a commercially competitive biopolymer product—an 
ambition that dates back to the first scientific studies 
of Teodula  K.  Africa (1949) who replaced seasonal 
pineapple juice for year-round available coconut 
water as substrate for the nowadays popular BC-based 
Philippine delicacy nata de coco.

During the past three decades, molasses and corn 
steep liquor (CSL) represent some of the most often 
investigated alternative complex carbon and nitrogen 
sources, respectively, and have since then been part 
of several studies related to BC production (Toyosaki 
et al. 1995; Bae and Shoda 2004). The former can be 
derived from sugar cane or beets and both were suc-
cessfully applied as carbon sources throughout dif-
ferent investigations leading to often increased BC 
production when pre-treated or diluted sufficiently 
(Sperotto et al. 2021). However, due to differing pre-
treatments of the molasses and non-uniform charac-
terization of the BC, it is not clear from the available 
studies, how and to which extent molasses as carbon 
source has an impact on the cellulose structure.

The investigations dealing with vinasse as complex 
medium component, another sugar industry-related 
but molasses fermentation-derived by-product, are 
only scarce and ambiguous for BC bioprocesses 
(Sperotto et al. 2021). Velásquez-Riaño et al. (2013) 
found an improved BC production under static but 
worsened under dynamic cultivation conditions 

which was attributed to the induced formation of 
non-producing strains due to the applied shear force 
during shaking. The obtained BC was not further 
characterized. Barshan et  al. (2019) determined a 
decreased crystallinity and less BC in vinasse-based 
media which was explained by an unfavorable car-
bon/nitrogen ratio. This accentuates the importance 
of a sufficient complex component analysis prior to 
its application followed by systematic pre-treatments 
or supplementation with lacking components. This 
was, for example, thoroughly investigated by Ha et al. 
(2008) and Lin et al. (2014) for waste beer fermenta-
tion broth (WBFB) where the lack of carbon source 
was compensated by glucose addition or more intense 
pre-treatment methods to obtain sufficient amount of 
reducing sugars. Both studies demonstrated enhanced 
BC production and the structural analysis of Shezad 
et  al. (2010) additionally suggested a positive effect 
of WBFB on cellulose crystallinity in fed-batch culti-
vation mode. Based on the promising results towards 
BC production of these previous studies and due to 
the local availability of certain types of by-product 
streams, we selected beet molasses, vinasse, and 
WBFB as carbon or nitrogen source for the following 
investigations.

However, the natural variability of complex 
sources from food industry between differing bio-
logical origins and the often scarcely characterized 
components make it difficult to directly compare 
the obtained results from previous studies. Thus, a 
more standardized approach was chosen to obtain 
comparable results between cultivations and to pro-
vide a basis for future studies. Total organic carbon 
(TOC) and total bound nitrogen  (TNb) were selected 
as a measure to adjust the share of complex sources 
added to the cultivation medium. Hence, the amount 
of added complex organic carbon or bound nitrogen 
replaced the amount of carbonaceous or nitrogenous 
media components that would originally occur in HS 
medium. This allows, for instance, for the consid-
eration of different organic acids in molasses which 
are known to positively effect BC production but are 
usually not considered when investigating molasses 
in terms of a sugar equivalent level. Since the struc-
tural properties of BC are also partially dependent 
on the production process and medium composition, 
the influential parameters need to be known precisely 
to obtain the desired product (Campano et al. 2016). 
For that reason, product characterization in terms of 
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gel permeation chromatography (GPC) and X-ray dif-
fraction (XRD) was carried out to survey the product 
properties derived from different complex resources. 
The crystallinity index determined according to 
Segal et  al. (1959) via XRD measurement has often 
been regarded as a BC quality indicator although this 
method is known to overestimate the crystallinity of 
BC samples (Park et  al. 2010a; French 2020). For 
that reason, the Segal and peak deconvolution method 
using a previously modelled amorphous cellulose dif-
fraction pattern were applied for crystallinity deter-
mination of HS-type and by-product stream media-
derived BC to give more reasonable and comparable 
results beyond this study (Yao et  al. 2020). Differ-
ences in the degree of polymerization (DP) were addi-
tionally quantified via GPC measurement with multi 
angle laser light scattering (MALLS) which allowed a 
more detailed view in the BC formation process using 
state-of-the art protocols for molecular weight distri-
bution (MWD) determination.

Hence, the objective of this study was to ini-
tially characterize the composition of beet molasses, 
vinasse, and WBFB and prepare comparable media 
for BC biosynthesis. Effects on the production pro-
cess such as the formation of BC or accumulation of 
catabolic degradation products by Komagataeibacter 
xylinus DSM 2325 were determined. The structural 
product properties were then evaluated by GPC and 
XRD analysis and comprehensively discussed to 
obtain more detailed information on the biopolymer 
formation process and its influencing parameters.

Materials and methods

Materials

The chemicals for media preparation were obtained 
from Carl Roth (Karlsruhe, Germany) or Thermo 
Fisher Scientific (Waltham, USA) with puri-
ties ≥ 99.0%. Nitrogen sources for cultivation media 
were yeast extract (Carl Roth) and bacto peptone 
(Life Technologies, Carlsbad, USA). Molasses and 
vinasse utilized during this study were provided by 
Nordzucker (Braunschweig, Germany) and origi-
nate from sugar beet processing with molasses rep-
resenting the remaining non-crystallizable sugar 
residue of the sucrose purification step and vinasse 
being the developing yeast fermentation broth during 

bioethanol production with molasses as main car-
bon source after the ethanol distillation. Waster beer 
fermentation broth was obtained from Hofbrauhaus 
Wolters (Braunschweig, Germany). The selected bac-
terial strain Komagataeibacter xylinus DSM 2325 
was purchased from the German Collection of Micro-
organisms and Cell Cultures (DSMZ, Braunschweig, 
Germany) as a freeze-dried sample and revitalized 
according to the enclosed protocol.

Pre-treatment and characterization of complex media

Prior to analysis and application in cultivation experi-
ments, all complex media solutions were diluted with 
an equal volume of distilled water and centrifuged 
at 5346 × g for 20  min to remove suspended solids. 
Molasses and vinasse were additionally autoclaved 
at 121  °C for 15  min. Autoclaving the WBFB was 
avoided as it was described that intense heating or 
autoclaving at acidic conditions lowers its applica-
bility for BC production (Ha et  al. 2008). Since no 
remaining microbial activity was detected after 7 
days incubation at 30  °C when WBFB was spread 
on HS medium agar plates, the WBFB was applied 
as obtained after its centrifugation. After the respec-
tive pre-treatment, all complex solutions were stored 
at 4 °C until further use. Total organic carbon (TOC, 
Spectroquant, TOC kit 50–800  mg  L−1, Merck, 
Darmstadt, Germany) and total bound nitrogen  (TNb, 
Nanocolor TNb 220 cuvette kit, Machery-Nagel, 
Düren, Germany) were quantified according to the 
cuvette test kit protocols. Finally, the pH of all com-
plex solutions was measured at 20  °C (CG 843 pH 
meter, Schott, Mainz, Germany with BlueLine  16 
electrode, Xylem Analytics Germany Sales, Weil-
heim, Germany).

Media composition

HS medium was prepared as described by Hestrin 
and Schramm (1954) with the main carbon source 
being autoclaved separately from the remaining 
components. The media composition of HS-type 
media solely differed in terms of the supplementa-
tion of ethanol (HS_EtOH) or exchange of glucose 
for sucrose (HS_S) from the original HS medium. 
The cultivation media with complex industrial by-
products were prepared by adding sufficient volumes 
of molasses (M), vinasse (V) or WBFB to meet equal 
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TOC or  TNb values as the carbon (C) or nitrogen (N) 
source would have in HS medium. Complex HS-type 
media with a single complex component (SCC) were 
termed HS_M(C), HS_V(N), and HS_WBFB(N), 
whereas the media with combined complex compo-
nents (CCC) were named HS_M(C)/V(N), HS_M(C)/
WBFB(N), and HS_M(C)/V(N)/WBFB(N). The 
HS_M(C)/V(N)/WBFB(N) medium, for example, 
consisted of the TOC-equal replacement of glucose 
for molasses and the  TNb-equal substitution of pep-
tone and yeast extract for vinasse and WBFB on a 
1:1-TNb-based ratio. The final compositions can 
be derived from Table  1. The pH of all media was 
adjusted to 5.0 with NaOH or HCl. Our previous 
investigations in HS medium revealed this pH with 
K. xylinus DSM 2325 under the chosen conditions as 
most suitable for BC production which is in agree-
ment with its utilization in other studies (Gwon et al. 
2019; Jang et al. 2019).

Preparation of stock cultures

Glycerol stock cultures of K. xylinus DSM 2325 were 
prepared from vital cells after 5  days of cultivation 
in 250 mL shake flasks without baffles at 30 °C and 
shaking frequency of 150   min−1 at a shaking ampli-
tude of 50  mm. Developed BC agglomerates were 
dissected with sterile spatulas and the leaking bacte-
rial suspension was thoroughly mixed with an equal 
volume of 60% v/v sterile glycerol solution. After an 
incubation time of 15  min, the resulting suspension 

was frozen in liquid nitrogen and stored at − 80  °C 
until further use.

Cultivation conditions and sampling procedure

Komagataeibacter xylinus DSM 2325 was revitalized 
by inoculating freshly thawed glycerol stock cultures 
in HS medium with an initial pH value of 5.0. After 
5 days of cultivation, the formed BC agglomerate was 
dissected to inoculate pre-cultures using 1  L shake 
flasks without baffles and with a filling volume of 
100 mL. Cultivation conditions were set as described 
for the preparation of glycerol stock cultures. After 
7  days, BC agglomerates were dissected, and the 
leaked bacterial suspension was pooled to equally 
inoculate main cultures to an initial optical density 
of 0.05 at 600  nm while simultaneously avoiding 
the transfer of BC pieces. The cultivation was car-
ried out in 250 mL shake flasks without baffles and 
10% filling volume at the same conditions described 
earlier. Entire biological triplicates were harvested 
at four defined cultivation times for BC determina-
tion and the supernatant of each shake flask was used 
for further analysis. The mean value with the uncor-
rected standard deviation was calculated from the 
determined results. The starting condition represents 
the freshly inoculated medium. In addition to the 
dynamic BC production, a static cultivation was addi-
tionally conducted for 7  days under otherwise equal 
conditions to obtain reference material for GPC and 
XRD analysis.

Table 1  Amount of carbon and nitrogen sources for HS-type 
and complex HS-type media with single (SCC) or combined 
complex components (CCC) for main cultures substituting HS 

media components based on TOC or  TNb equivalents (YE: 
yeast extract, WBFB: waste beer fermentation broth)

Abbreviation Carbon sources Nitrogen sources Additive

Glucose  
(g  L−1)

Sucrose  
(g  L−1)

Molasses 
(mL  L−1)

Peptone 
(g  L−1)

YE  
(g  L−1)

Vinasse 
(mL  L−1)

WBFB 
(mL  L−1)

EtOH  
(% v/v)

HS 20 – – 5 5 – – –
HS_EtOH 20 – – 5 5 – – 0.5
HS_S – 20 – 5 5 – – –
HS_M(C) – – 25.8 5 5 – – –
HS_V(N) 20 – – – – 75.4 – –
HS_WBFB(N) 20 – – – – – 114.9 –
HS_M(C)/V(N) – – 25.8 – – 75.4 – –
HS_M(C)/WBFB(N) – – 25.8 – – – 114.9 –
HS_M(C)/V(N)/WBFB(N) – – 25.8 – – 37.7 57.5 –
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Analysis of cultivation supernatants

Samples from main cultures were filtered using 
0.2  µm filters made of regenerated cellulose (RC) 
and subjected to further analysis. At first, the pH was 
determined which was followed by freezing of the 
supernatants at − 20 °C until HPLC analysis. Sucrose, 
fructose, and glycerol concentration were measured 
using a Chromaster HPLC System (Hitachi, Tokyo, 
Japan) with a MetaCarb 87C column and guard col-
umn (300 × 7.8 mm and 50 × 4.6 mm, Agilent Tech-
nologies, Santa Clara, USA) using ultrapure water 
(Milli-Q®, Merck, Darmstadt, Germany) as mobile 
phase at 85 °C and a flow rate of 0.6 mL  min−1. Elu-
ents were detected using a refractive index (RI) detec-
tor (5450, Hitachi, Tokyo, Japan) and self-prepared 
standards served as reference for quantification. Due 
to the co-elution of gluconic acid and glucose under 
these conditions, the latter was quantified enzymati-
cally (Biochemistry Analyzer YSI 2950D, YSI, Yel-
low Springs, USA) with appropriate sample dilution 
to at least 9 g   L−1. Organic acids and ethanol in the 
supernatant were separated by using a LaChrom 
Elite HPLC System with an Aminex HPX-87H col-
umn and a micro-guard column (300 × 7.8  mm 
and 30 × 4.6  mm, Bio-Rad, Hercules, USA) apply-
ing 12 mM  H2SO4 as mobile phase at a flow rate of 
0.5 mL   min−1 and 40  °C. The equipped RI detector 
(L-2490, Hitachi, Tokyo, Japan) served for quanti-
fication of citric acid, lactic acid, formic acid, ace-
tic acid, and ethanol whereas a diode array detector 
(L-2455, Hitachi, Tokyo, Japan) at 210  nm allowed 
for gluconic acid and pyruvic acid quantification 
using self-prepared standards as reference.

Purification and determination of BC concentration

Harvested cellulose agglomerates were first disrupted 
and centrifuged at 7500 × g to separate the superna-
tant from the solids. This was followed by a washing 
step with distilled water and pelleting of the con-
tained solids. The resulting pellets were suspended 
in 0.1 M NaOH solution and incubated at 90 °C for 
70 min to lyse and detach the biomass from the cel-
lulose (Mohite et  al. 2012). After at least two more 
washing and centrifugation steps with distilled water, 
the bacterial cellulose was dried at 105 °C for at least 
48 h and cooled in a desiccator for 30 min to gravi-
metrically determine its dry weight.

GPC analysis

Sample preparation for GPC analysis started with 
several washing and activation steps prior to the 
final dissolution in N,N-dimethylacetamide/lithium 
chloride (DMAc/LiCl) (9% w/v) and was realized 
according to the direct dissolution protocol proposed 
by Potthast et  al. (2015) with some minor changes. 
Briefly, 20  mg dried and cut cellulose pieces were 
washed with distilled water multiple times and fil-
tered off through a 0.45 µm RC filter. Subsequently, 
several solvent exchange steps were performed at 
about 22  °C starting with the incubation in acetone 
for 2 min which was then filtered off. This step was 
repeated and then equally performed with dimethyl 
sulfoxide (DMSO) followed by overnight incuba-
tion in DMSO at low agitation. Afterwards, solvent 
exchange with DMAc was carried out twice which 
was then once again followed by overnight incubation 
in DMAc at low agitation. After filtering off, the sam-
ple was kept for dissolution in DMAc/LiCl (9% w/v) 
at a final concentration of 10 mg cellulose per g sol-
vent which took 2–10 days until no solids or turbidity 
were visible. Deviating from the original protocol and 
embedding the additional DMSO activation step as 
recommended by Siller et al. (2014) for hardly solu-
ble rayon fibers was crucial for our BC to dissolve as 
otherwise the final dissolution step did not result clear 
cellulose solutions. For GPC measurements, the poly-
mer solutions were further diluted with pure DMAc 
to a final DMAc/LiCl concentration of 0.9%  w/v, 
equilibrated for one day at room temperature and fil-
tered through a 0.2  µm PTFE syringe filter prior to 
injection. Polymer separation was then achieved with 
a guard and a set of three separation columns (PSS 
GRAM, 8 × 300 mm, 10 µm particle size, porosities 
of 30 Å, 100 Å, and 3000 Å) at 70 °C and a flow rate 
of 1 mL  min−1. A PSS SLD 7100 served as MALLS 
detector (PSS, Mainz, Germany) using a refractive 
index increment of 0.136 mL  g−1 which was derived 
from Bohrn et al. (2006) and Potthast et al. (2015).

X-ray diffraction

Dried samples of BC were cut into small pieces and 
shortly mortared using a ceramic mortar and pistil 
for less than 2  min to avoid excessive amorphiza-
tion due to BC processing but reduce the effect of 
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preferred crystal orientation (Thygesen et al. 2005). 
The prepared samples were then kept dry and at 
room temperature until XRD analysis. The measure-
ments were carried out in reflection mode using a 
PANalytical Empyrean diffractometer series 2 (Mal-
vern Panalytical, Almelo, The Netherlands) with Cu 
 Kα radiation (λ = 1.5419 Å, Kα2: Kα1 = 0.5, Cu LFF 
HR goniometer) on a silicon sample holder. The 
intensity was recorded with a PIXcel-3D detector 
from 10 to 40° 2θ with a step size of 0.053°. Deter-
mination of cellulose crystallinity was realized in 
accordance with Yao et  al.  (2020) which included 
the pre-treatment of the raw data in terms of three 
steps: background subtraction of the empty silicon 
sample holder, polarization correction of the inten-
sities by multiplication with 2/(1 +  cos22θ) (Buerger 
1940), and data smoothing using the FFT filtering 
tool of PeakFit software (Version 4.12) (see SI Fig. 
S1). Voigt functions (Voigt Amp) were used for 
crystalline signal assignment according to the struc-
ture of cellulose  Iα determined by Nishiyama et al. 
(2003) and an 8th order real form Fourier series 
model proposed by Yao et  al. (2020) was selected 
for representation of the amorphous cellulose con-
tent. The automatic PeakFit scaling of crystalline 
and amorphous signals was done so to achieve high 
coefficients of determination  (R2)–although manual 
rescaling was necessary to prevent the software 
from unrealistic (amorphous) signal broadening 
due to apparently higher  R2 but lesser crystal struc-
ture validity. Finally, crystallinity was calculated as 
the share of the crystalline peak area from the total 
assigned area based on the crystalline and amor-
phous content multiplied by 100. The crystallinity 
determination according to Segal et  al. (1959) was 
conducted for comparison only since the major-
ity of available crystallinity values of BC in litera-
ture were evaluated this way due to the ease of the 
method. The calculation of the d-spacings  d1 and  d2, 
representing the hkl planes (100) and (010) of the 
cellulose phase  Iα, using Bragg’s law was applied to 
differentiate between the crystalline phases of the 
cellulose allomorph. This allows for estimating the 
phase content of the cellulose phases  Iα and  Iβ in the 
cellulose structure (Ruan et  al. 2016). Wada et  al. 
(2001) found the deviations of the experimental dif-
fraction angles from the  theoretical  Iα phase to be 

linked to the occurrence of the  Iβ phase with the dif-
fraction planes (1–10) and (110).

Results and discussion

Cellulose production in HS-type media

Three different types of HS media (HS, HS_EtOH, 
HS_S) were initially investigated with a focus on 
the media’s ability to facilitate BC production with  
K. xylinus DSM 2325. Additionally, the application 
of these basic media was conducted to provide insight 
into the dominating catabolic processes which might 
be affected upon the addition of complex industrial 
by-product components.

In HS medium, glucose was almost completely 
converted into organic acids in less than 40  h lead-
ing to a drastic pH decrease and a final BC concen-
tration of about 1.7 g  L−1 (Fig. 1a). This metaboliza-
tion of glucose to predominantly gluconic acid (see SI 
Table S1) represents one of the main difficulties in BC 
production as it reduces the yield and leads to pH val-
ues lower than 3.5 which reportedly lowers or stops 
cellulose synthesis (Masaoka et al. 1993; Embuscado 
et al. 1994; Gwon et al. 2019). Despite the initial dis-
advantageous production of gluconic acid in the HS 
medium, it is slowly consumed afterwards and par-
tially converted into BC (Fig. 1a). The extent of this 
by-product formation can be reduced by the selection 
of other main carbon sources (e.g., sucrose or glyc-
erol) or additives such as ethanol which was shown to 
act as an additional ATP source and regulator of the 
transcriptome towards BC production (Naritomi et al. 
1998; Yunoki et  al. 2004; Ryngajłło et  al. 2019a). 
Gwon et al. (2019) have demonstrated that this redi-
rection of glucose metabolization pathways can also 
be directed more actively towards BC synthesis by 
applying metabolic engineering methods.

The effects of ethanol supplementation on the 
cultivation course were investigated by adding 0.5% 
v/v ethanol to the HS medium. Preliminary experi-
ments have indicated that this concentration of etha-
nol is the most favorable one for BC synthesis in 
HS medium under the chosen cultivation conditions 
(see SI Fig. S2). Figure  1b highlights the increased 
amount of BC up to ~ 4 g  L−1 after 168 h in compari-
son to the HS medium reference. Glucose consump-
tion (0.2 g   L−1   h−1) and organic acid formation rate 
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were slowed down during the initial phase when etha-
nol was available which was also reported for several 
other strains and medium compositions (Park et  al. 
2003; Hyun et  al. 2014; Souza et  al. 2021). Analyt-
ics further confirmed a switch in the type of pro-
duced organic acids: Instead of an accumulation of 
citric acid up to 5.5  g   L−1 in the HS medium after 
42  h, acetic acid was formed in HS_EtOH media 
up to 2.6  g   L−1 whereas the citric acid concentra-
tion was only 1.5-fold higher than the initial level 
of 1.3 g  L−1 (see SI Table S1). This switch is due to 

the membrane-bound or intracellular ethanol oxida-
tion to acetic acid which was previously confirmed 
by transcriptome analysis (Ryngajłło et  al. 2019a). 
Interestingly, the following uptake rate of the initially 
produced organic acids is twice as high in the ethanol 
supplemented cultures as in the reference. In detail, 
acetic acid and gluconic acid are consumed in paral-
lel whereas in HS medium gluconic acid is the only 
consumed organic acid of significance. The concomi-
tant availability of gluconic acid for cellulose build-
up and acetate as ATP generator via the tricarboxylic 
cycle (TCA) in HS_EtOH medium seem to allow for 
an improved BC synthesis despite a consistently low 
pH around 3.2 which proves the beneficial effects of 
ethanol as supplement in glucose-based cultivation 
media (Naritomi et  al. 1998; Son et  al. 2001; Liu 
et al. 2018; Ryngajłło et al. 2019a).

The exchange of the main carbon source glucose 
for sucrose in Fig. 1c resulted in a 1.2-fold increase 
in BC after 168  h compared to HS medium and an 
overall higher pH during the cultivation. This is 
most likely due to the 5.1-fold lower gluconic acid 
formation when comparing its peak concentration 
(2.8 g  L−1) to the HS medium (see SI Table S1). The 
pH change and improved BC synthesis with sucrose 
is thereby in accordance with other cellulose pro-
ducing strains (Embuscado et  al. 1994; Jung et  al. 
2010b). The findings from these HS-type media 
experiments suggest that food-industry by-product 
streams like molasses as sucrose containing carbon 
source and waste beer fermentation (WBFB) as eth-
anol-containing complex media sources could have 
especially high potential for enhanced BC produc-
tion media because they would combine the positive 
aspects of sucrose and ethanol.

Analysis of raw complex media components

Prior to its application, molasses, vinasse, and WBFB 
were investigated for their TOC and  TNb content and 
a more detailed composition of the raw complex com-
ponents was obtained from sugar, organic acid, and 
alcohol analysis. Molasses from sugar beets showed 
the highest TOC concentration with sucrose repre-
senting the greatest share of it (Table  2). Addition-
ally, sucrose hydrolysis products like glucose and 
fructose or organic acids such as lactic acid and acetic 
acid are accumulated therein which is in agreement 
with previous reports. This high, sugar-based TOC 

Fig. 1  Cellulose concentration, pH, and carbon sources over 
the time course of dynamic shake flask cultivations in triplicate 
using a HS, b HS-type with 0.5% v/v ethanol supplementation 
(HS_EtOH), and c HS-type medium with sucrose (HS_S)
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content makes molasses a suitable carbon source for 
BC production whereas nitrogenous components such 
as amino acids, betaine, small amounts of nitrates 
and proteins contribute to an considerable  TNb of 
the undiluted beet molasses (Stark 1961; Parnaudeau 
et al. 2008; Palmonari et al. 2020; Volova et al. 2022).

Beet vinasse was selected as potential nitrogen 
source as it contained the highest  TNb of the inves-
tigated complex substrates. Although the  TNb assay 
detects organically bound nitrogen in parallel with 
nitrate and ammonium ions, the share of the latter two 
was assumed to be low since previous studies deter-
mined that the majority of nitrogen is derived from 
proteins, betaine and a small share of free amino 
acids (Parnaudeau et  al. 2008; Deutsche Melasse 
Handelsgesellschaft 2015; Hernández et  al. 2019). 
Glycerol and lactic acid were found to constitute the 
major carbonaceous components of vinasse and could 
thereby add additional value to cultivation media 
(Table  2). The resolved analytes and concentrations 
confirm analyses from other researchers within the 
expectable variability due to already differing beet 
molasses as starting material for ethanol production 
(Parnaudeau et  al. 2008; Harirchi et  al. 2020; Ber-
nardes et al. 2021).

WBFB was selected as second nitrogen source 
which reportedly contains proteins (e.  g., plant stor-
age proteins such as hordein, enzymes, peptides) 
and amino acids as nitrogenous components result-
ing from the malting, hopping, and brewing process 
(Gribkova et  al. 2021). Small peptides and amino 
acids were, however, found to constitute the greatest 
share of the organically bound nitrogen (Khan et  al. 

2007; Abernathy et  al. 2009). In addition, utiliza-
tion of WBFB allows ethanol supplementation to the 
production medium which was found to be benefi-
cial for BC synthesis in terms of yield and especially 
genetic stability of the organism as it can slow down 
the occurrence of cellulose deficient cells (Liu et al. 
2018; Ryngajłło et al. 2019a). Besides from ethanol, 
lactic acid, and acetic acid, no further carbon sources 
were detected within the range of selected analytes.

Cellulose production in HS-type media with SCC

The next experimental approach was designed to 
investigate the BC production while applying single 
complex components (SCC) from industrial by-prod-
uct streams in exchange for HS medium components 
on a TOC- or  TNb-based quantity. The replacement 
of glucose by the addition of an equal TOC amount 
of molasses to the cultivation media resulted in an 
initial sugar concentration of about 17.3  g   L−1 with 
citric and acetic acid covering for some of the lack-
ing sugar-based carbon content (Fig.  2a and SI 
Table  1). The following sugar consumption rate 
(0.15 g  L−1  h−1) until 84 h after inoculation is reduced 
in comparison to the HS-type media (0.24 g  L−1  h−1) 
but resembles the initially reserved sucrose degrada-
tion in HS_S (Fig. 1b). This delay might be a result of 
the required time of the glucose adapted pre-culture 
for the biosynthesis of sucrose degrading enzymes 
which were found to be an intracellular sucrose 
phosphorylase and extracellular invertase for Aceto-
bacter xylinum (Balasubramaniam and Kannangara 
1982). Additionally, a delay could be due to residual 

Table 2  Results of the 
compositional analysis of 
crude and solids-free beet 
molasses, vinasse, and 
waste beer fermentation 
broth (WBFB)

*n.d. = not detected

Analyte HS medium Molasses Vinasse WBFB

Total organic carbon (TOC) (g  L−1) 14.4 319.5 210.6 62.1
Total bound nitrogen  (TNb) (g  L−1) 1.1 13 15 9.8
pH (-) 5.0 7.4 4.7 5.1
Carbohydrates (g  L−1) Sucrose n.d.* 625 n.d.* n.d.*

Glucose 20.0 25.7 n.d.* n.d.*
Fructose n.d.* 18.6 n.d.* 0.45

Alcohols (g  L−1) Glycerol n.d.* n.d.* 84.9 0.4
Ethanol n.d.* n.d.* n.d.* 64.0

Organic acids (g  L−1) Citric acid 1.2 2.1 5.0 n.d.*
Lactic acid n.d.* 37.5 55.7 14.9
Acetic acid n.d.* 10.1 3.8 3.1
Formic acid n.d.* 2.3 n.d.* n.d.*
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(poly-)phenolic compounds from molasses. These 
by-products can have inhibitory impacts on bacterial 
growth (Palla 1983; Chen et al. 2017a) although their 
role in the metabolism of cellulose producing bac-
teria is ambiguous and might be compound-specific 
because lignosulfonates were previously found to 
increase BC production (Premjet et  al. 1996; Keshk 
and Sameshima 2006). Interestingly, the organic acid 

formation was clearly reduced and citric and gluconic 
acid consumption was initiated after 42 and 84  h, 
respectively, which resulted in a pH increase. Poten-
tially, the metabolization of amino acids from molas-
ses such as aspartic acid or threonine could lead to 
ammonia release by putative aspartate or threonine 
ammonia lyases and thus concomitantly cause a pH 
increase (McMurry and Begley 2006; Jang et  al. 
2019). A catabolic pathway for betaine (trimethylgly-
cine), a major nitrogenous compound in beet molas-
ses, via dimethylglycine was not found in the KEGG 
database for related strains (K. xylinus E25, K. natai-
cola RZS01, K.  europaeus SRCM101446) nor as 
putative gene annotation for K.  xylinus DSM  2325 
(Stark 1961; Parnaudeau et al. 2008; Zou et al. 2016; 
Jang et  al. 2019). Overall, the utilization of molas-
ses as carbon source led to a slightly lower BC con-
centration (1.8 g   L−1) than in the sucrose containing 
HS-type medium which could be attributed to an 
unfavorable pH switch (pH > 6.5) at the later stage of 
cultivation or a diverging protein and energy metabo-
lism since most of the initially available sugars were 
not converted in any of the quantified analytes and 
might have dominantly promoted biomass growth 
as described in previous studies (Park et  al. 2010b; 
Çakar et  al. 2014; Salari et  al. 2019). However, the 
HS_M(C) resulted in a slightly higher (1.1-fold) BC 
concentration than HS medium which agrees with 
other studies where beet molasses was applied in 
terms of equal amounts of sugars in static cultivations 
which additionally caused a lower pH drop (Salari 
et  al. 2019; Volova et  al. 2022). Further investiga-
tions even determined enhanced biomass formation 
than in HS medium which was ascribed to molasses-
derived beneficial nutrients such as vitamins (Park 
et al. 2010b; Çakar et al. 2014) which were found to 
improve cultivations under specific conditions (Prem-
jet et al. 2007).

The exchange of peptone and yeast extract for 
vinasse as nitrogen source based on an equal  TNb 
value resulted in a considerable (4.6-fold) increase of 
the final BC concentration to 7.8 g   L−1 (Fig. 2b). In 
contrary to all previous cultivations, the BC synthesis 
followed an exponential instead of a linear produc-
tion behavior. This is of high similarity to the static 
and dynamic cultivations by Velásquez-Riaño et  al. 
(2013) with Gluconacetobacter kakiaceti GM5 as 
organism using pure vinasse as production medium. 
Since glucose served as main carbon source in 

Fig. 2  Cellulose concentration, pH, and carbon sources over 
the time course of dynamic shake flask cultivations in tripli-
cate using a HS-type medium with a TOC equivalent amount 
of molasses as carbon source (HS_M(C)), b HS-type medium 
with  TNb equivalent amount of vinasse as nitrogen source 
(HS_V(N)), and c HS-type medium with  TNb equivalent 
amount of waste beer fermentation broth (WBFB) as nitrogen 
source (HS_WBFB(N))
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HS_V(N) medium, the accumulation of gluconic acid 
up to 9.6 g   L−1 after 42 h and 4.4 g   L−1 citric acid 
after 84  h is not surprising but considerably lower 
(1.5-fold, each) than in HS medium (see SI Table S1). 
The overall reduced organic acid formation in com-
parison to the reference medium is most likely related 
to the additional glycerol which originates from the 
vinasse solution and can serve as a parallel energy 
source which does not necessitate complete glucose 
oxidation to gluconic acid for energy supply. Glycerol 
is often regarded as an applicable carbon source like 
glucose or sucrose for BC production although the 
grade of suitability differs between cellulose produc-
ing strains (Masaoka et al. 1993; Mohite et al. 2013; 
Zhong et  al. 2013; Tsouko et  al. 2015; Wang et  al. 
2018). Recent investigations have shown differences 
in the genetic repertoire regarding glycerol metabo-
lization and its cellular uptake mechanisms between 
strains although the lacking adaption during pre-cul-
tures might have placed glycerol in disadvantage to 
sugar-based carbon sources in terms of space–time-
yield in some studies (Ryngajłło et al. 2019b). Appar-
ently, K. xylinus DSM 2325 shows a large pH range 
tolerance for BC synthesis since high cellulose con-
centrations occurred between pH  3.2 (HS_EtOH) 
and 7.5. Overall, vinasse exhibits high potential for 
enhancing BC production, but it seems essential to 
dilute and add other components to vinasse-based 
media since previous studies using pure or diluted 
forms of vinasse only resulted in small increases or 
even lower cellulose concentrations compared to the 
HS medium-like reference (Velásquez-Riaño and 
Lombana-Sánchez 2009; Velásquez-Riaño et  al. 
2013; Barshan et al. 2019).

The third complex by-product WBFB was also 
investigated as nitrogen-replacement in HS medium 
resulting in a final BC concentration of 4.2  g   L−1 
(Fig.  2c). As in HS_EtOH, a great increase of glu-
conic acid formation up to 11.1  g   L−1 was detected 
within 42 h although it was still 1.3-fold less than in 
HS medium (see SI Table S1). The initial accumula-
tion of organic acids also explains the drop of the pH 
value to about 3.5 during cultivation which increases 
slowly afterwards due to the metabolization of glu-
conic and acetic acid. However, citric acid is continu-
ously secreted until the end of the cultivation and has 
only been found to be considerably reduced in sucrose 
containing cultivations. The applicability of WBFB 
as supplement agrees well with previous findings in 

shaken or static conditions were similar or slightly 
increased BC concentration have been achieved when 
glucose was added to WBFB (Ha et al. 2008; Shezad 
et  al. 2009; Fleury et  al. 2020). Moreover, the ben-
eficial effect of ethanolic and nitrogen rich by-prod-
ucts on BC production has also been pointed out for 
makgeolli sludge filtrate that was supplemented to HS 
medium which highlights the potential of this type of 
food wastes (Hyun et  al. 2014). The overall results 
of these experiments using HS-type media as base 
for the TOC or  TNb  equivalent addition of molas-
ses, vinasse, or WBFB prove the high potential of the 
supplementation of different food-industry by-prod-
uct streams to increase BC production in dynamic 
cultivations.

Cellulose production in HS-type media with CCC 

The improvements due to the applications of SCCs 
encouraged us for an approach with combined com-
plex components (CCC) using a carbon and nitro-
gen source from food industry by-products. Herein, 
the TOC content was covered by molasses whereas 
vinasse, WBFB, or a combination of both served 
solely as nitrogen source. At first, molasses was 
combined with vinasse giving high initial concen-
trations of lactic and citric acid resulting from both 
complex components (Fig. 3a). Sucrose as main car-
bon source was hydrolyzed more slowly in compari-
son to HS_S and HS_M(C) which might be a result 
of the availability of organic acids from the vinasse. 
Citric acid and lactic acid were consumed until 84 h, 
whereas the concentration of the latter increased 
slightly afterwards together with gluconic acid. Espe-
cially the consumption of citric acid could have led 
to a reduced buffering capacity of the cultivation 
medium which might explain the strong increase 
of the pH > 8.0 due to amino acid catabolism and 
despite the gluconic acid formation. Overall, the BC 
production (4.3  g   L−1) is worsened in comparison 
to the HS_V(N) medium (7.8  g   L−1) but improved 
comparing it with the HS_M(C) medium (1.8 g  L−1). 
The unfavorable pH increase could have lowered bio-
mass formation and BC production at the end of the 
experiment and thus might show the pH limit of this 
organism.

In the next step, WBFB was added instead of 
vinasse as nitrogen source resulting in a final BC 
concentration of 8.1  g   L−1 (Fig.  3b). This increase 
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is partly a result of the piling effects of sucrose as 
carbon source and ethanol supplementation via the 
WBFB. However, gluconic acid is produced up to 
5.6 g  L−1 which was contradictory as it was half this 
amount in HS_S and even less with molasses as main 

carbon source (HS_M(C)). Lower gluconic acid for-
mation when using sucrose instead of glucose as car-
bon source in an equimolar amount is mostly due to 
the lower molarity, slower release, and thus slower 
conversion of glucose as it only becomes enzymati-
cally accessible during the cultivation course. The 
latter advantage was eliminated using thermally 
untreated WBFB as it contains remaining enzymes 
from the previous brewing process from where the 
complex by-product originates. These enzymes are 
mainly maltases, invertases, or other enzymes that are 
capable of hydrolyzing the molasses-derived sucrose 
into glucose and fructose (Marques et al. 2016). The 
initial availability of higher glucose concentrations 
thus led to the gluconic acid accumulation which was 
consumed quickly thereafter together with all other 
organic acids. The fructose concentration decreased 
much slower until the end of the cultivation course 
which is typical when glucose and fructose are avail-
able in parallel (Zhong et al. 2013). From 126 h on, 
the effects of a carbon limitation became visible 
since most of all carbon sources were exhausted and 
BC production clearly slowed down. The organic 
acid consumption was accompanied by a drastic pH 
increase up to 7.6 which could have additionally 
reduced the BC synthesis. The combination of these 
two substrates proves to the best of our knowledge for 
the first time the beneficial effects of the combination 
of molasses and WBFB leading to the highest BC 
concentration of our investigated media.

In a final step, molasses was used as TOC equiv-
alent carbon source whereas vinasse and WBFB 
served as  TNb equivalent nitrogen source in a 1:1 
ratio (Fig. 3c). The cultivation course is very similar 
to the HS_M(C)/WBFB(N) medium with the initial 
ethanol availability causing a temporary acetic acid 
accumulation up to 2.1 g  L−1 (see SI Table S1). The 
pH value reached up until 8.7 during the cultivation 
which is assumed to be one reason for the stagnat-
ing BC production after 126 h. The other is related 
to the exhaustion of the main carbon source and 
only small remaining amounts of lactic, gluconic, 
and citric acid. Interestingly, the shared applica-
tion of all three complex resources led to the high-
est space–time yield of 1.57 g   L−1   d−1 after 126 h 
which is a significant increase over 0.24 g   L−1   d−1 
in the HS medium. The successful combination 
of complex food industry by-products for BC pro-
duction has recently been reported by Souza et  al. 

Fig. 3  Cellulose concentration, pH, and carbon sources over 
the time course of dynamic shake flask cultivations in tripli-
cate using a HS-type medium with TOC equivalent amount 
of molasses as carbon and  TNb equivalent amount of vinasse 
as nitrogen source (HS_M(C)/V(N)), b HS-type medium with 
TOC equivalent amount of molasses as carbon and  TNb equiv-
alent amount of waste beer fermentation broth (WBFB) as 
nitrogen source (HS_M(C)/WBFB(N)), and c HS-type medium 
with TOC equivalent amount of molasses as carbon and  TNb 
equivalent amount of vinasse and WBFB as nitrogen source 
(HS_M(C)/V(N)/WBFB(N))
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(2021) who thereby reached their highest BC con-
centration of 11.1  g   L−1. Locally available by-
products such as sugar cane molasses and coffee 
grounds were combined with ethanol to a fruitful 
composition that reflects the potential of bioeco-
nomic approaches and equals our own findings for 
sugar beet molasses, vinasse, and WBFB as the 
ethanol containing fraction. In both cases, the com-
binations resulted in higher BC concentrations and 
proved the strategy to utilize complex by-products 
from an economic and ecologic point of view suc-
cessful. The overall results of the investigated BC 
production media are highlighted in Fig.  4 which 
concludes the improvements made based on the 
addition of complex by-products as replacement for 
HS medium components.

Molecular weight analysis

The MWDs of the produced BCs were investi-
gated using GPC analysis with a MALLS detec-
tor. The resulting weight-  (Mw) and number-average 
molecular weights  (Mn) with their respective degree 
of polymerization (DP) are shown in Table  3. The 
comparison of absolute values concerning these 
MWD indicators with other authors should always 
be conducted carefully as they strongly depend on 
the selected protocol for sample preparation and the 
overall metrological approach (Potthast et  al. 2015). 
Additionally, parameters such as the chosen bacte-
rial strain, medium, cultivation conditions, and dura-
tion have an impact on the final results (Einfeldt and 
Klemm 1997; Strobin et al. 2004; Moon et al. 2006). 
This is initially reflected by the calculated  DPw of 
3478 for the dynamic HS medium which is 2.1-fold 
lower than the value determined by Hur et al. (2020) 
for K. xylinus DSM 2325 using a GPC measurement 
with polystyrene standards. This discrepancy of the 
 DPw could be related to still slightly differing cultiva-
tion conditions such as a higher shaking frequency of 
230   min−1, for example, or due to the indirect GPC 
calibration method which we found to result in a 3.3-
fold overestimation of the  DPw compared to the direct 
measurement via MALLS detection.

As ambiguous as the absolute values is the ques-
tion of the effect of static or dynamic cultivation on 
the MWD or its indicative parameters. Some authors 
found a decrease of the  DPw for agitated and aerated 
or solely aerated cultivation conditions which was 
attributed to cellulose degrading enzymes, the inter-
ference of water-soluble polysaccharide by-products, 
or the hydrodynamic disturbance of the biosynthetic 

Fig. 4  Cellulose concentration after 7  days of dynamic cul-
tivation of K.  xylinus DSM 2325 in HS and HS-type media 
applying single complex components (SCC) or combined com-
plex components (CCC)

Table 3  Determined 
weight-average molecular 
weight  (Mw) and calculated 
number-average molecular 
weight  (Mn) with their 
respective degrees of 
polymerization  (DPw and 
 DPn) and polydispersity 
index (PDI) of produced BC 
from different cultivation 
media determined via GPC-
MALLS measurement

Sample Mw (g  mol−1) DPw (-) Mn (g  mol−1) DPn (-) PDI (-)

HS 564,000 3478 390,000 2405 1.45
HS_EtOH 841,000 5187 703,000 4336 1.2
HS_S 631,000 3892 471,000 2905 1.34
HS_static 1,300,000 8018 1,110,000 6846 1.17
HS_M(C) 649,000 4003 610,000 3762 1.06
HS_V(N) 857,000 5286 622,000 3836 1.38
HS_WFBF(N) 775,000 4780 629,000 3879 1.23
HS_M(C)/V(N) 850,000 5242 746,000 4601 1.14
HS_M(C)/WBFB(N) 616,000 3799 446,000 2751 1.38
HS_M(C)/V(N)/WBFB(N) 696,000 4293 542,000 3343 1.28
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procedure (Tahara et al. 1997; Watanabe et al. 1998; 
Moon et al. 2006; Shavyrkina et al. 2021). In contrast, 
Shi et  al. (2013) found a slightly increased, visco-
metrically determined  DPv and Hur et al. (2020) even 
distinctly greater  DPw for cells incubated in dynamic 
cultivations which is in contrary to our own findings 
of a 2.3-fold higher  DPw after 7 days of static culti-
vation and is included here for comparison. In terms 
of the course of the polymer molecular weight dur-
ing the cultivation process, most of the studies con-
cluded with a more or less continuous increase of the 
degree of polymerization  (DPw and  DPv) during static 
and dynamic cultivations which can be followed 
by decreases during the later stages of the cultiva-
tion (Husemann and Werner 1963; Marx-Figini and 
Pion 1974; Okajima et al. 1991; Einfeldt and Klemm 
1997; Strobin et  al. 2004; Skiba et  al. 2022). How-
ever, a few studies found a continuous decrease of the 
 DPw and  DPv for different strains during bioreactor 
or static cultivation from the early stages on which 
was explained by cellulose degrading enzymes but 
could especially in case of  DPv determinations also 
be biased by other viscosity inducing polymers such 
as acetan (Tahara et al. 1997; Fijałkowski et al. 2016; 
Ryngajłło et al. 2020).

In regard of the investigated cultivation media 
in this study, the HS medium has induced the low-
est  DPw with the greatest polydispersity index (PDI) 
because of a greater share of low molecular weight 
BC fibers. Despite this, the weight-average MWD 
still indicates a clear unimodal distribution as for all 
other samples which agrees with detailed previous 
studies using static cultivation conditions (Einfeldt 
and Klemm 1997; Strobin et  al. 2004; Ono et  al. 
2016). The ethanol supplementation (HS_EtOH) 
and exchange of glucose for sucrose (HS_S) both 
increased  DPw which coincides with a higher BC pro-
duction than in the HS medium. Fructose instead of 
glucose as carbon source during static cultivations 
was shown to increase the fraction of low molecu-
lar weight cellulose which caused a reduced  DPw 
(Strobin et  al. 2004). This correlation could not be 
confirmed for our HS_S medium and might thus be 
specific for certain strains and cultivation conditions 
or only occur in complete glucose absence when there 
is no direct glucose precursor for cellulose biosynthe-
sis available.

The utilization of a single complex substrate 
overall increased the respective  DPw in relation to 

the HS medium. For instance, the selection of the 
HS_V(N) medium resulted in the highest  DPw of all 
dynamic cultivations which could be related to the 
remaining glycerol content that was found before to 
induce higher  DPv when exchanged for glucose in 
HS medium and to the overall higher TOC content 
that might have enabled prolonged usage of glucose 
for BC biosynthesis (Park et al. 2010b; Tsouko et al. 
2015). However, a reduced  DPv and thus the opposite 
has also been reported before and was explained by a 
lack of precursor supply for cellulose synthesis when 
glucose was replaced by glycerol (Shi et  al. 2013). 
This explanation is not applicable to HS_V(N) due 
to the availability of glucose until 82 h which might 
explain the increased  DPw here (Fig.  2b). Molas-
ses in HS_M(C) medium as single complex carbon 
source caused similar  DPw like HS_S although the 
share of low molecular weight cellulose fibers was 
higher in HS_S which is indicated by its respectively 
lower  DPn. The higher  DPw of HS_M(C)-derived 
BC thereby contradicts the results of four out of five 
investigated BC producing strains for which the  DPv 
in statically grown cultures decreased when using 
diluted sugar cane molasses in comparison to HS 
medium (Keshk and Sameshima 2006).

However, multiple factors affect the final DP 
as discussed before in this section and one of those 
could be related to substrate limitations. For exam-
ple, Fig. 1b shows a sugar exhaustion in HS_S after 
82  h whereas this occurred 44  h later in HS_M(C) 
(Fig.  3a). The production of new cellulose fibers in 
HS_S might have been interrupted more often due to 
a lower precursor supply as also suggested by Skiba 
et al. (2022) for static kombucha cultures. Concomi-
tant oxygen and glucose (diffusion) limitations have 
been pointed out by Hornung et al. (2006) to restrict 
the increase of the BC layer in static fermentations. 
Considering this and the previous findings by the 
aforementioned studies that the DP starts to decrease 
after a certain cultivation period, we assume that the 
DP reduction and PDI increase towards the end of 
a carbon limited BC production process is linked to 
lower precursor availability in the BC agglomerate 
due to e.g., low diffusion gradients and ending sugar 
supply (see SI Fig. 3a and 3b). Despite this proposed 
linkage, it cannot be clarified whether the occurrence 
of the rising low molecular weight fraction is caused 
by recently for K. xylinus DSM 2325 annotated cel-
lulases (cmcax, bglaX (Jang et al. 2019)) as indicated 
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by Tahara et  al. (1997) or solely due to a more fre-
quently interrupted BC synthesis process because of 
precursor-limitation as hypothesized by Skiba et  al. 
(2022).

The cultivation media with CCC overall confirm 
the findings for the SCC media: Vinasse as nitro-
gen source in combination with molasses lead to the 
highest  DPn within the investigated sample range and 
have had positive effects on the medium with all three 
complex substrates (HS_M(C)/V(N)/WBFB(N)). 
This effect is attributed to the additional glycerol and 
thus TOC which in these cases could have served as 
energy source in parallel to the sugar-based carbon 
sources. This allowed a more effective and prolonged 
conversion of the sugar-based carbon source in cellu-
lose precursors instead of gluconic acid.

XRD analysis

For further characterization of the produced BC, 
XRD analysis was conducted to investigate the effects 
of complex media components on the BC structure 
and crystallinity. All obtained diffractograms showed 
crystalline diffraction patterns that were assigned to 
the cellulose  Iα phase. However, slight shifts of the 
signal at 14.6°  (Iα = (100)) towards higher and the 
signal at 16.8°  (Iα = (010)) towards lower diffrac-
tion angles were regarded as a result of the under-
lying monoclinic  Iβ phase  (Iβ = (1 −10) and (110), 
respectively) that can coexist and is dealt with later 

(Atalla and VanderHart 1984; Wada et  al. 2001; 
French 2014). Two representative diffractograms 
from BC that were generated in HS and HS_V(N) 
medium with their assigned crystalline signals after 
peak deconvolution are shown in Fig.  5. The main 
diffraction signals correspond to the triclinic unit 
cell with the Miller indices (100), (010) and (110) 
(Nishiyama et al. 2003). The small diffraction signal 
at 20.5° could not be further discriminated and was 
assigned to multiple overlapping  Iα crystalline sig-
nals ((11−2), (01−2), (10−2)) as reported by others 
for BC samples (Iwata et  al. 1998; Fang and Catch-
mark 2014; Aleshina et al. 2019; Skiba et al. 2022). A 
similar proceeding was applied to the signals at 28.8° 
and 29.8° or 33.9° and 34.7° where no precise signal 
assignment but consideration for peak integration was 
found reasonable as these occurred throughout many 
BC publications (Czaja et al. 2004; Fang and Catch-
mark 2014; Ruan et  al. 2016; Aleshina et  al. 2019; 
Yao et al. 2020). It is clearly visible from Fig. 5 that 
the dynamic cultivation in HS medium resulted in 
much more crystalline BC than the HS_V(N) since 
the amorphous content is much more prevalent there.

The calculated crystallinities of all investigated 
BC samples are listed in Table 4. As for the  DPw in 
Table 3, the highest crystallinity of the HS-type media 
was achieved with the BC produced under static con-
ditions although the difference to the dynamic culti-
vation is rather small. A discrepancy is typical and 
described in many previous studies (Iwata et al. 1998; 

Fig. 5  X-ray diffraction patterns of BC produced in a HS and b HS_V(N) medium with their respective assigned crystalline and 
amorphous signals after peak deconvolution
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Watanabe et al. 1998; Czaja et al. 2004; Moon et al. 
2006; Cheng et al. 2009; Guo and Catchmark 2012). 
It has been deduced that occurring shear stress inter-
feres with the formation and crystallization process of 
the cellulose ribbon which is corroborated here by the 
higher  DPw of the statically produced BC (Table 3). 
The hampered BC production at shearing conditions 
was additionally assumed to induce smaller crystallite 
sizes that could induce the  Iβ phase of the cellulose 
allomorph (Watanabe et al. 1998). A severe decrease 
of the cellulose  Iα phase content compared to static 
conditions was found here, too (Table 4). The crystal-
linity determined via the Segal method in HS medium 
agrees well with previous studies where values from 
70.5 to 89.7% (Moon et  al. 2006; Choi et  al. 2009; 
Chen et al. 2011; Tsouko et al. 2015) or 78% (Zhou 
et  al. 2007; Jung et  al. 2010a) have been reported 
for static or shaken conditions, respectively. How-
ever, the Segal method has been shown to overesti-
mate the sample crystallinity of celluloses by about 
25% in total in comparison to the peak deconvolution 
or 13C-NMR C4 peak separation method (Park et al. 
2010a). This confirms our results obtained via the 
peak deconvolution method that are about 32% lower 
which is mainly attributed to a more reasonable con-
sideration of the amorphous content. Still, a crystal-
linity of 56% for a static cultivation is low in com-
parison to the little available BC data determined via 
deconvolution or Rietveld method which ranged from 
71.0 to 82.2% in HS medium (Watanabe et al. 1998; 
Park et  al. 2010a; Guo and Catchmark 2012; Ruan 
et  al. 2016; Chen et  al. 2017b). The herein applied 

deconvolution method proposed by Yao et al. (2020) 
resulted for them in 33.4% crystallinity for a presum-
ably static cultivation. This low value highlights that 
the therein performed XRD raw data correction for 
background (sample holder) and polarization effects, 
choice of peak function (Voigt-type), or applied 
amorphous background subtraction has incorporated 
effects that were not considered before. The Rietveld 
or 13C-NMR method was not applied there which 
would have allowed an even more comprehensive 
view on the available analysis methods.

The crystallinities obtained in our study support 
the findings of previous investigations that the cul-
tivation medium and certain additives can affect the 
cellulose crystal formation (Iwata et  al. 1998; Khat-
tak et  al. 2015; Wang et  al. 2018). Our complex 
media with WBFB yielded higher crystallinities 
than those with molasses or vinasse which might be 
related to the additional ethanol content (Table  4). 
Slight enhancements of the BC crystallinity due to 
ethanol supplementation were also determined by 
Volova et  al. (2018) although this increase is most 
likely due to a more efficient BC biosynthesis from 
glucose since ethanol as sole carbon source did rather 
decrease the crystallinity (Wang et al. 2018). A static 
fed batch process involving WBFB yielded 1.07-
fold higher crystallinities in comparison to a HS-like 
medium (Shezad et  al. 2010) and thus supports our 
findings of only small positive effects. For differ-
ent media compositions based on ethanol-containing 
makgeolli sludge filtrate, the authors solely showed 
the respective diffraction patterns but lacked the 

Table 4  Calculated 
crystallinity according to 
the peak deconvolution and 
Segal method, d-spacings, 
and content of  Iα and  Iβ 
crystalline phases to the 
produced BC from different 
cultivation media

Sample Crystallinity  
(%)

d-spacing  
(nm)

Phase content 
(%)

Deconvolution Segal d1 d2 d3 Iα Iβ

HS 53 85 0.613 0.533 0.399 76 24
HS_EtOH 52 80 0.608 0.527 0.396 81 19
HS_S 46 82 0.611 0.529 0.398 86 14
HS_static 56 84 0.614 0.53 0.399 96 4
HS_M(C) 32 57 0.612 0.534 0.401 63 37
HS_V(N) 26 66 0.61 0.531 0.399 74 26
HS_WFBF(N) 46 84 0.614 0.531 0.399 91 9
HS_M(C)/V(N) 31 72 0.607 0.529 0.398 61 39
HS_M(C)/WBFB(N) 58 85 0.612 0.529 0.399 95 5
HS_M(C)/V(N)/WBFB(N) 58 84 0.611 0.53 0.400 87 13
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crystallinity calculations (Hyun et al. 2014). Nonethe-
less, the assigned cellulose  Iα diffraction signals were 
clearly more prevalent in all media containing ethanol 
which could indicate an increased structural order for 
ethanol supplemented cultivations.

The lower crystallinities for beet molasses and 
vinasse containing media are most likely linked to 
beet related compounds that interfered with the crys-
tal formation. Several studies have investigated the 
effects of plant-derived hemicelluloses on the forma-
tion of the BC structure and found e.g., glucomannan 
and xyloglucan to be incorporated in the cellulose 
structure whereas arabinoxylan seemed to interact 
differently and was majorly found surface associ-
ated (Uhlin et al. 1995; Iwata et al. 1998; Tokoh et al. 
2002; Martínez-Sanz et al. 2015). The incorporation 
of glucomannan and xyloglucan in the cellulose rib-
bon was accompanied by reduced crystallinities of the 
BC and a shift of the allomorph towards the  Iβ phase. 
Additionally, it has been pointed out that BC produc-
tion in presence of xyloglucans changed the cellu-
lose structure from twisted ribbons to bundled fibrils 
which had lower diameters than the control (Uhlin 
et al. 1995). These findings suggest that the reduced 
crystallinity and increased  Iβ phase content could be 
due to the interaction of remaining hemicelluloses 
in molasses and vinasse media with the cellulose 
polymer (Wohryzek 1928; Palmonari et al. 2020). A 
lower crystallinity and differing fibril arrangement 
has been reported before for BC produced in sugar 
cane molasses-based media and was referred to by 
Vazquez et  al. (2013) as a lacking self-assembly of 
the glucan chain by the hydroxyl groups (Keshk and 
Sameshima 2006; Khattak et  al. 2015). A reduction 
of the  Iα content was, however, not found despite 
a double-check via FTIR and 13C-NMR measure-
ment in one of these studies (Keshk and Sameshima 
2006). This coincides with a constant  Iα content and 
even slightly increased BC crystallinity with sugar 
cane molasses as HS medium supplement in another 
study (Tyagi and Suresh 2016). However, these seem-
ingly deviating results can be explained by a more 
intense sulfuric acid treatment of the raw molasses. 
The applied high temperature and longer incubation 
time of the molasses might have sufficiently acceler-
ated the degradation of remaining hemicelluloses and 
allowed the consumption of the released sugars by the 
microorganisms.

A reduced crystallinity in the HS_V(N) medium 
due to the glycerol component is less likely since 
glycerol as replacement for glucose in HS medium 
has yielded celluloses with similar or higher values 
(Jung et al. 2010a; Vazquez et al. 2013; Tsouko et al. 
2015; Wang et al. 2018). The effect of hemicelluloses 
or crystallinity-affecting sugar beet compounds is 
also supported by the greater amount of vinasse that 
was added to HS_V(N) to meet the  TNb requirement 
compared to HS_M(C). Hence, the crystallinity is the 
lowest in HS_V(N) which agrees with an investiga-
tion where vinasse-based media resulted in slightly 
lower crystallinities than HS medium under static 
conditions (Barshan et al. 2019).

In conclusion, our investigations, and comparisons 
with available data for BC crystallinities from com-
plex media and industrial by-products corroborate 
that the composition of media can distinctly affect the 
crystallinity of BC in a positive or negative manner. 
Since the high crystallinity of BC is often regarded as 
one of its most remarkable properties, complex media 
pre-treatments and additives should be selected accu-
rately before the production process to sustain this 
rare structural feature.

Conclusion

This study aimed at a deeper understanding of the 
applicability of beet molasses, vinasse, and WBFB 
for BC production and its effect on structural polymer 
properties in terms of DP, crystallinity, and dominat-
ing  Iα or  Iβ phase content of the cellulose allomorph. 
Therefore, the industrial by-products were initially 
characterized for their TOC,  TNb, sugar, organic acid, 
and alcohol content to enable a profound comparison 
of the single components as carbon or nitrogen source 
based on HS medium equivalents. It was shown that 
molasses as sole TOC equivalent glucose replacement 
yielded similar BC concentrations (1.8  g   L−1) com-
pared to the HS medium (1.7 g   L−1) but remarkably 
lowered its crystallinity along with an increase of the 
 DPn. The structural changes were even more prevalent 
when vinasse was supplemented to HS medium on a 
 TNb-based level. However, the BC production was 
increased 4.6-fold in HS_V(N) medium (7.8  g   L−1) 
which makes vinasse a suitable nitrogen source. This 
was most likely due to the remaining glycerol content 
and organic acids that can serve as ATP source and 
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allowed a more efficient utilization of the supplied 
carbon source. WBFB enhanced the BC production 
only 2.5-fold but sustained a high  DPn and crystal-
linity of the polymer. The latter properties should be 
considered to obtain high quality BC despite low-cost 
complex substrates. For that reason, molasses as main 
carbon source and a mixture of vinasse and WBFB 
as nitrogen source were combined which yielded the 
highest BC concentration (8.2 g   L−1) and one of the 
highest crystallinities (58%) obtained in this study 
while maintaining a moderate  DPn (3343). This com-
bination highlights the beneficial aspects of combined 
complex substrates for an upscaled BC production 
with the knowingly important ethanolic share within 
WBFB for genetic stability of the organism. Further-
more, the obtained results for DP and crystallinity of 
BC from different complex media will support to gain 
a deeper understanding of influential parameters on 
the BC formation process. Future studies might take 
a closer look at resolving remaining components in 
complex media such as the hemicelluloses and the 
contribution of amino acids or fed-batch processes on 
the DP and XRD analyses to increase the knowledge 
towards the BC biosynthesis. This could uncover the 
full potential of BC in terms of productivity, struc-
tural properties, and an environmentally more sus-
tainable production chain.
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