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Abstract 

Bacterial cellulose (BC) is a high-strong cellulose with high-purity produced by bacteria. The aim of this study 
was to explore the feasibility of using tofu soy whey as a novel and cheap culture medium to produce bacterial cel-
lulose (BC) through the fermentation of kombucha. In this study, the statistical optimization of the culture medium 
for producing BC from kombucha was carried out by selecting different parameters. A three-level, three-factor 
Box-Behnken design (BBD) was used to determine the optimal levels for three significant variables (sucrose addition, 
kombucha inoculation amount and fermentation temperature). According to the results, the optimal fermentation 
conditions were found as follows: sucrose addition 8.5%, kombucha inoculation amount 10%, fermentation tempera-
ture 32℃, the BC yield can be up to 4.20 g/100 mL (D.W) under 11d fermentation. Besides, the BC was determined 
with strong tensile strength and water absorption capacity. By scanning electron microscopy (SEM) observation, Fou-
rier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and differential scanning calorimetry (DSC) deter-
mination, BC produced by soy whey and Hestrin-Schramm (HS) medium were compared. The results showed that BC 
produced from soy whey has a typical cellulose structure, characteristic peaks of typical functional groups of cellulose, 
and crystal diffraction peaks of type I natural cellulose. In conclusion, this study utilized the nutrients in the soy whey 
to obtain a high yield of bacterial cellulose, make full use of industrial waste water, which was more environmentally 
friendly and cheaper.

Highlights 

• Open a novel way for the recycling and upgrading of soy whey.

• Provide a new environment-friendly,high-yielding culture medium for the production of BC.

• SW-BC presents good tensile strength and water absorption capacity.

• SW-BC shows high thermal stability and high crystallinity
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Graphical Abstract

Introduction
Tofu is made from soymilk, which is the liquid filtered 
from soybean slurry after the beans are soaked in water 
and blended. After heating the soy milk to boil, the pre-
cipitating agent is added to form curd and pressed into 
tofu cake. During the progress of pressing into tofu cake, 
a lot of water was squeezed out, and the pressed water 
is soy whey (Chua & Liu 2019; Han et al. 2004). But the 
BOD (biochemical oxygen demand) and COD (chemi-
cal oxygen demand) of this industrial wastewater are 100 
times higher than the discharge standard. Under the tra-
ditional process, 1 kg of soybeans were produced to 2.5 kg 
of tofu and released 8.95 kg of soy whey (Tu et al. 2019). 
So the treatment of a large amount of this wastewater 
has long puzzled the soybean products industry (Chua 
et  al.  2017). However, the soy whey from tofu still con-
tains a significant amount of the nutrients found in soy 
milk, including carbohydrates, protein, and isoflavones 
(Dai et al. 2021; Undhad Trupti et al. 2021). According to 
our previous analysis, the soy whey purchased at the mar-
ket is valuable in nutrients: 11 g/L carbohydrate, includ-
ing 8.8  g/L reducing sugar; 5.45  g/L protein; 0.13  g/L 
isoflavone. These compounds can provide nutrients to 
the microorganisms. And some of them can confer cer-
tain health benefits, such as reduced cholesterol Mia, 
reduced risk of atherosclerosis, cancer, hypertension, and 

osteoporosis, and relief of postmenopausal symptoms 
(Chua & Liu 2019; Makwana et al. 2023).

Kombucha is a probiotic beverage, which is produced 
through the fermentation of sugared tea with an inocu-
lum of SCOBY (symbiotic community of bacteria and 
yeast) (Abuduaibifu & Tamer 2019). In the past decade, 
significant progress has been made in research on kom-
bucha, and it has been reported that drinking it can 
prevent various cancers and cardiovascular diseases, 
promote liver function, and stimulate the immune sys-
tem (Jayabalan et al. 2014). Bacterial cellulose (BC) is an 
extremely pure and robust cellulose produced by some 
bacterial strains, such as Acetobacter (Yang et  al.  2020). 
It is well known that kombucha bacterial cellulose is the 
bacterial cellulose on the surface of the medium by the 
acetic acid bacteria after the yeast in the kombucha con-
sortium metabolizes the carbon source in the medium 
(Haghighi et al. 2021; Nguyen et al. 2015). Although bac-
terial cellulose and plant cellulose share the same struc-
tural type, their distinct nanofibrous structures give them 
different physical, mechanical, and chemical proper-
ties than plant cellulose (Abdelraof et  al.  2019a, 2019b; 
Abdelraof et  al.  2019a, 2019b; Carreira et  al.  2011). It 
can be applied in medicine, such as skin dressing (Lem-
naru et al. 2020), and can also be applied to food, such as 
Nata de coco, jelly (Ul-Islam et al. 2012). Stirred culture 
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and static culture are two basic methods to produce 
BC. In general, the technical characteristics required for 
special food and biomedical applications are obtained 
under static culture, which can obtain smoother and 
thicker BC, but the yield is lower than that of stirred 
culture (Gao et  al.  2020; Kojima et  al.  1997; Watanabe 
et al. 1998). Therefore, it is necessary to increase the pro-
duction of BC under static culture to meet the industrial 
requirements.

Presently, some research works on BC production 
with unconventional medium mainly focuses on pro-
duction performance related aspects. The main goal of 
these researches is to optimize culture conditions, and 
this way, reduce the costs by improving the efficiency of 
process. Kumbhar et al. (2015) used pineapple and water-
melon rinds to produce BC, they compared the result-
ing BC to those produced in Hestrin-Schramm (HS) 
media and showed that varying the medium component 
resulted in different BC structures and properties. Qiu 
et al. (2022) used the enzymatic solution of kitchen waste 
as a low-cost alternative source to produce BC, and the 
prepared BC film had a typical microfiber network, real-
izing the efficient conversion of kitchen waste into high-
performance BC. To the best of our knowledge, there is 
no report on using soy whey as the culture medium to 
produce BC with kombucha consortium. Taken together, 
this study provides a new environment-friendly culture 
medium to produce BC, and achieved a considerable 
yield. This study also opens a novel way for the recycling 
and upgrading of soy whey.

Materials and methods
Materials
Black tea was purchased from Chengdu Mingxiangtang 
Tea Co., Ltd. Soy whey was purchased from Gaochun 
Tofu Shop at Zijincheng Vegetable Market in Nanjing, 
Jiangsu, China. PI propidium iodide and green cyanine 
SYT0 dye solutions were obtained from Biosharp Co., 
Ltd. All other reagents were in analytical grade, and pur-
chased from Shanghai Macley Biochemical Technology 
Co., Ltd. and Beijing Aoboxing Biotechnology Co., Ltd.

Microorganism and inoculum preparation
The native culture of Kombucha was obtained from a 
household at Zhanjiang, Guangdong, and was used as 
the starter culture. The stock culture based on black tea 
medium was prepared and maintained at static condi-
tions at 30℃ and subcultured periodically (14–20 days) in 
the same liquid medium. The kombucha to be inoculated 
can be stored in a 4℃ refrigerator (no more than 7d).

Black tea medium (Jayabalan et  al.  2007): The 0.5% 
(w/v) black tea and 10% (w/v) sucrose was weighted 
and added to water, stirred while heating until sucrose 

was completely dissolved, and kept in a boiling state for 
1 min, filtered with 400 mesh gauze.

Hestrin-Schramm (HS) medium (g/L) (Schramm & 
Hestrin  1954): The 1L of the culture medium contains 
glucose 30  g, peptone 5  g, yeast extract 5  g, citric acid 
1  g,and  Na2HPO4·12H2O 7.5  g. The pH of the culture 
medium was adjusted to 6 using 1.0 M HCl.

The 10% (v/v) inoculation concentration, 30℃ culture 
temperature and 6-8d of culture time was required for 
bacterial cellulose production (Ben Taheur et al. 2020).

Pretreatment of soy whey
The soy whey from the market was centrifuged at 6500xg, 
4℃ for 10 min in centrifuge (CT15RT, Hitachi Corpora-
tion, Japan), then the precipitation was discarded, and 
the supernatant was taken and placed in 4℃ refrigerators 
for use (no more than 1 day).

Optimization test design of fermentation conditions
There were five independent variables that may affect BC 
yield was selected: a) carbon source added to soy whey; 
b) concentration of added carbon source; c) kombucha 
inoculation amount; d) fermentation temperature; e) 
days of fermentation.

Firstly, the ability of kombucha to convert different car-
bon sources into BC was explored. The pretreated soy 
whey was split in bottles and 10% (w/v) sucrose, glucose, 
glycerol, starch, and stachyose were added separately. 
Then 10% kombucha liquid was inoculated, and cultured 
at 30℃ for 8 d, comparing with the soy whey without 
additional carbon source. After identifying the carbon 
source, the effect of its added concentration on the BC 
yield was explored. The identified carbon sources of 4, 
6, 8, 10, 12, and 14% (w/v) were added, 10% kombucha 
liquid were inoculated, then cultured at 30℃ for 14d, to 
make sure the fermentation was over. The final BC yield 
was recorded. Then, the proper kombucha inoculation 
amount was explored. 10% (w/v) of sucrose was added to 
the soy whey, inoculated with 4, 6, 8, 10, 12 and 14% of 
kombucha liquid, and cultured at 30℃ for 14d to record 
the yield of the final BC. After determining the amount 
of kombucha inoculation, the effect of temperature on 
fermentation was explored. 10% (w/v) of sucrose was 
added in soy whey, 10% kombucha liquid was inocu-
lated, cultured at 24, 26, 28, 30, 32 and 34℃ for 14d and 
the final BC yield was incubated. In order to explore the 
appropriate fermentation days, 10% (w/v) of sucrose was 
added and 10% kombucha liquid was inoculated, the fer-
mentation temperature was 30℃, cultured for 6, 7, 8, 9, 
10, 11, 12 and 13d, the daily synthesis amount of BC was 
recorded.

Using the method of Design-Expert V8.0.6 response 
surface optimization design software design of a 



Page 4 of 14Feng et al. Food Production, Processing and Nutrition            (2024) 6:20 

three-factor three-level experiment, the Box Behnken 
Design (BBD) is used to determine the optimal level of 
each parameter and its interaction in the production of 
BC (Zhuang et  al.  2021). A total of 17 all-factorial BBD 
trials were used to study the separate and synergis-
tic effects of the three selected significant parameters. 
The selected parameters were sucrose addition, kom-
bucha inoculation amount, and fermentation tempera-
ture. And the fermentation time was 11d. Each variable 
was studied at three different levels (− 1, 0, + 1), where 0 
represented the central value for each variable, while + 1 
and − 1 represented the high and low values for each 
variable, respectively. Test factors and parameter levels 
were shown in Table  1. BC yield (dry weight) was used 
as a response (Y) and culture conditions as an independ-
ent variable (X). The experimental results were fitted by 
regression (non-linear optimization algorithm) to a pre-
dictive quadratic polynomial. The 3D plots were plotted 
to show the interactions between significant variables 
and their best values.

The above cellulose production was recorded as the 
dry weight after freeze-drying. The drying method was 
to wipe the surface of the obtained wet cellulose film 
clean, put it at -20℃ for pre-freezing, and then vacuumed 
freeze-drying for 48  h (Biosafer-10D, Biosafer Biotech-
nology Co., Ltd, Nanjing, Jiangsu, China).

Purification of BC
The BC film was heated in 0.5% NaOH solution at 90 °C 
for 30  min to remove residual bacteria, medium, and 
other impurities in BC, and then washed with distilled 
water until the pH of the wash solution was neutral. It is 
worth noting that the solution is stirred slowly during the 
heating. The reason of stirring slowly is to prevent the BC 
structure being destroyed.

Water content and rehydration degree of BC
The purified sample was placed in a natural environment 
for 1 min to let the surface water drip naturally, and then 
the weight of initial sample was recorded as  W1. The sam-
ple was freeze-dried for 48 h and recorded weight of dry 
sample as  W2. Then the dry sample was mixed with water 
and incubated for 48  h at room temperature, weighed 
again, and recorded as  W0.

Water content and rehydration degree are calculated by 
the following formula:

Scanning electron microscope (SEM) observation
The BC were characterized using scanning electron 
microscope (EVO-LS10, Zeiss Technology Co. Ltd, Ger-
many). Dry BC was fixed and coated with a thin layer of 
gold nanoparticles during the preparation of the SEM 
imaging, and the SEM experiments were imaged at a 
10,000 × magnification at an accelerating voltage of 10 kV.

Fourier Transform infrared spectrum (FT‑IR)
A dry thin film of BC was taken and analyzed by FT-IR 
spectroscopy in the transmission mode by using a Fourier 
transform infrared spectrometer (Nicolet iS50, Thermo 
Technology Co., Ltd., USA), Each sample was scanned for 
46 times, and the scan range was from 4000 to 500  cm−1.

X‑ray diffraction (XRD)
Dry BC was ground into powder for X-ray diffraction 
analysis, and the sample was analyzed with ni-filtered 
Cu-Kα (α = 0.15418 nm). Diffraction maps were recorded 
at room temperature using an X-ray diffrtometer (D2 
PHASER, Bruker Technology Co. Ltd, Germany). Oper-
ating voltage and current were 40 kV and 40 mA, respec-
tively. The 2θ range was 5–60° and was scanned at 5°/min 
with a step length of 0.02° (2θ). The crystallinity was cal-
culated according to the Segal formula (Segal et al. 1959), 
as follows:

Among  I200 is the maximum diffraction intensity of 
the crystallization peak around 2θ = 22°, and  Iam is the 
minimum diffraction intensity of the crystallization peak 
around 2θ = 18°.

Thermo gravimetric analysis (TGA)
Dry BC was ground with a mortar and pestle, and then 
dumped through a 100-mesh sieve (0.149 mm). Thermo 
weight analysis was performed with a thermal weight 
analyzer (TG/DTA7200, Hitachi Technology Co. Ltd, 
Japan). The temperature range, ranging between 30 and 
800℃, has a warming rate of 10℃/min.

Water content (%) =
W1 g − W2 (g)

W1 (g)
× 100%

Rehydration degree (%) =
W0 (g)

W1 (g)
× 100%

CrI = (I200 − Iam)/(I200)× 100

Table 1 Variables and design levels for the BBD independent 
variables

Level of 
coded factors

X1:Sucrose 
addition (%)

X2:Inoculum 
concentration (%)

X3:Temperature 
(℃)

− 1 6 8 30

0 8 10 32

1 10 12 34
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Confocal laser scanning microscope (CLSM)
BC before and after purification were stained with PI 
propidium iodide and green cyanine SYT0 dye solu-
tions (Zou et  al.  2020), and the samples were soaked 
in both dyes and placed in a 37℃ incubator for 15 min. 
The treated samples were cut into thin sheets on glass 
slides, and the distribution of cells in BC was observed 
using a rotary-table laser confocal microscope (Ultra 
View VOX, PerkinElmer  Co., Ltd, USA) before and 
after purification.

Tensile properties
Referring to the research method of Wang et al. (2021), 
the mechanical characterization of BC was carried out 
by using a texture meter (TA.XT Plus, Stable Micro 
Systems Technology Co., Ltd, UK) with a mechani-
cal probe of 150 N. The tensile properties of BC were 
tested by TA-TGA stretching fixture, and the thickness 
of BC was controlled at 1.5 ± 0.05  mm, the width was 
10  mm, and the length was 20  mm. The sample was 
clamped with an initial force of 0.15N and a speed of 
60  mm/min. A force sensing unit was used to record 
the variation of tension with stretching distance. The 
hardness and elasticity of BC were determined by the 
Texture Profile Analysis (TPA) program of the texture 
analyzer. A 25  mm cylindrical probe was used, the 
deformation depth of BC was 60%, the probe was low-
ered at a speed of 60 mm/min, and the time interval of 
two presses was 30 s.

Statistical analysis
All single-factor tests were repeated three times and 
the mean values were taken. Statistical analysis of data 
was performed using the SAS system software. Duncan 
test confirmed significant difference (P < 0.05). Origin 
2022b was used to graph. The response surface test 
was analyzed by Design-Expert V8.0.6. The analysis of 
variance (ANOVA) was applied to establish the linear, 
quadratic, and interaction effects of the independent 
variables on the response (BC yield). Various statisti-
cal parameters such as coefficient of determination 
 (R2), adjusted coefficient of determination (adjusted 
 R2), and adequate precision were used to evaluate the 
adequacy and precision of the developed models.

Results and discussion
Univariate experimental results
Only a small amount of sugar in industrial soy whey 
so as to require additional carbon sources to serve as a 
medium for fermenting bacterial cellulose. As shown in 
Table  2, similar to the results of Ramana et  al. (2000), 
sucrose was the most efficient cellulose carbon source 
in the selected carbon sources for this experiment, and 
BC produced by sucrose had a smooth surface and bet-
ter thickness. The complete BC film with smooth surface 
cannot be formed with glycerol as carbon (c) source or 
no added carbon source (f ). Although the BC obtained by 
using starch as carbon (d) source is whiter, the surface is 
not smooth. Therefore, sucrose was selected as the car-
bon source for subsequent research. The reason for this 
result is kombucha consortium includes acetic acid bac-
teria, yeast and lactic acid bacteria, there isa complex 
relationship between these microorganisms. The yeast 
in kombucha bacteria convert sucrose into glucose and 
fructose for use, and the product of which can stimulate 
the metabolism of yeast, this relationship makes sucrose 
more suitable as the carbon source of kombucha produc-
ing bacterial cellulose (Chakravorty et al. 2016).

The results of the univariate experiment were shown in 
Fig. 1. In summary, in the experimental group, when the 
amount of sucrose added was 8%, the inoculum amount 
was 10%, and the fermentation temperature was 32℃, the 
maximum BC was produced. After fermentation for 11d, 
the cellulose yield did not increase with the increase of 
fermentation days, and it could be basically judged that 
the fermentation was complete at 11d.

Optimization of fermentation conditions based 
on Box‑Behnken design
Before the design of Box-Behnken, this study analyzed 
the correlation between five variables and BC yield 
through statistical literature data. The results showed 
that carbon source with soy and fermentation days had 
low correlation with BC output. Therefore, in the subse-
quent design of Box-Behnken, only three other variables 
were retained in this study.

To determine the optimal level for each fermentation 
condition, three-factor three-levels were performed 
according to the BBD to achieve the maximum yield of 
BC production, from the initial 2.56  g/100  mL (D.W) 
to 4.20 g/100 mL (D.W), an improvement of 64%.In the 

Table 2 The yield of BC from different carbon sources

The letters a-c after the value indicate the significant difference between the data

Different carbon sources Sucrose Glucose Glycerol starch Stachyose Contrast

Yield of BC (g/100 mL) 2.57 ± 0.057a 1.11 ± 0.042b 0.75 ± 0.009c 0.76 ± 0.007c 1.18 ± 0.006b 0.74 ± 0.004c
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univariate experiment, the three factors on the bacte-
rial cellulose yield were: sucrose addition  (X1), kom-
bucha inoculation amount  (X2), and the fermentation 
temperature  (X3). As shown in Table 3, these variables 

were all studied at three different levels (− 1, 0, + 1), 
with design matrices for 17 different test combinations 
and experimental results for BC production.

The effect of the interaction on the BC production 
was shown visually, by drawing the 3D response surface 
curve for any two independent variables, while keeping 

the others at the intermediate level (Fig. 2). Polynomial 
regression analysis was performed using BC yield as the 
response value and fitted to obtain a multiple regres-
sion model as:

where Y value represented BC yield (g/100 mL),  X1,  X2, 
and  X3 represented sucrose addition, kombucha inocula-
tion amount, and fermentation temperature, respectively. 
The statistical analysis of the ANOVA for the whole 
quadratic model of the response surface was shown in 
Table 4. The regression model of BC yield was significant 

YBC = 4.17+0.12X1+0.08X2−0.93X3−0.18X1X2+0.093X1X3−0.005X2X3−0.23X1
2
−0.27X2

2
−1.79X3

2

Fig. 1 Results of the univariate experiments
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(P < 0.0001), the lack of fit (P = 0.2572) was insignificant 
and high  R2 (0.9808), and the adjusted  R2 was 0.9562. It 
showed that the regression model fits the data very well. 
The fermentation time  (X3) and its quadratic term  (X3

2) 
have a significant impact on the yield of BC (P < 0.001). 
(Kumari et al. 2022; Saleh et al. 2020).

In addition, using the Design-Expert V8.0.6 to estimate 
the optimal level of the three variables obtained from the 
maximum point of the polynomial model, and showed 
that the relative values of sucrose addition, kombucha 
inoculation amount, and fermentation temperature were 
8.36% (w/v), 10.18% (v/v), and 31.5℃, respectively. For 
production convenience, the optimized fermentation 
conditions were: 8.5% of sucrose addition, 10% of kom-
bucha inoculation amount, fermentation temperature of 
32℃, and incubation time of 11d.

To determine the accuracy of the quadratic poly-
nomial, three experiments were repeated under this 
fermentation condition yielded a bacterial cellulose 
production of 4.20  g/100  mL (D.W), being close to 
the predicted value of 4.30  g/100  mL (D.W). The BC 
yield of 4.20  g/100  mL (D.W) equal to 42  g/L (D.W), 
was higher than that of single strain k2G30 cultivated 

in black tea (23  g/L) (La China et  al.  2021) and Ace-
tobacter xylinum cultivated in coconut milk (35  g/L) 
(Liu et  al.  2019). The result indicated that the capac-
ity of kombucha to produce BC may be higher than 
that of single strains, and soy whey contains nutrients 
that allow microbes to thrive, which can be consid-
ered as a potential low-cost, high-yield medium for BC 
preparation..

Water content and rehydration degree of BC
The moisture content of BC from different batches was 
calculated, and it was found that the moisture content of 
BC from the fermentation of soy whey was between 83 
and 92%. It indicated the membrane structure of BC has 
strong water retention ability, which is suitable for water 
bonded food additives and biological materials. Moreo-
ver, the larger the volume of BC, the higher the water 
content, which can be explained by the loose network 
structure of BC, the larger the volume of bacterial cel-
lulose membrane, the looser the structure, the larger the 
void.

The rehydration degree of the BC was close to 100%, 
it is consistent with the results of Fan et  al. (2011). The 
network structure of BC obtained by vacuum freeze-dry-
ing is the most complete, and the dehydrated BC could 
almost re-hydrate to its initial state.

SEM analysis
BC produced by HS (HS-BC) was milky white, and BC 
produced by soy whey (SW-BC) was yellow. This was 
related to the medium containing part of the pigment. 
These pigments bind to BC in situ during fermentation, 
giving BC different colors, but can be removed by the 
purification process (Supplementary Fig. 1).

The morphological structure of purified bacterial cel-
lulose was studied by SEM imaging (Fig. 3). BC obtained 
from different media all had uniform three-dimensional 
networks of cellulose nanofibers and microfibers, which 
were similar to that from modified Hestrin Schramm 
medium (Mikkelsen et  al.  2009) and oat hulls (Skiba 
et  al.  2020). The purification method of BC treated 
with NaOH and then washed with water can remove 
all impurities and bacterial cells (Iguchi et  al.  2000). 
The SEM image of purified bacterial cellulose sample 
(Fig. 3B2) showed that the culture medium and bacteria 
in BC were almost completely removed by purification 
(Lee et al. 2015).

As shown in the Fig. 3A2, B2, SW-BC has a more com-
pact structure than that of HS-BC. To further distin-
guish the morphological differences of BC synthesized by 

Table 3 Box-Behnken experiment design matrix and results

Variable a:  X1-X3 (variable to be optimized) are sucrose addition (%), kombucha 
inoculation amount(%), fermentation temperature (℃), respectively; the coded 
low, middle and high level are presented as − 1, 0 and 1, respectively

Trial Variablea Response

X1 X2 X3 Resulted BC dry 
wt (g/100 mL)

Predicted 
BC dry wt 
(g/100 mL)

1 0 -1 1 1.02 1.10

2 0 0 0 4.48 4.17

3 0 0 0 4.00 4.17

4 0 1 -1 3.20 3.12

5 0 0 0 4.20 4.17

6 -1 0 1 1.24 1.00

7 -1 1 0 3.63 3.80

8 -1 0 -1 3.13 3.04

9 1 1 0 3.84 3.68

10 -1 -1 0 3.12 3.28

11 1 0 -1 2.87 3.11

12 0 0 0 3.96 4.17

13 1 -1 0 4.05 3.88

14 0 1 1 1.18 1.25

15 0 0 0 4.19 4.17

16 1 0 1 1.35 1.44

17 0 -1 -1 3.02 2.95
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Fig. 2 The effect of sucrose addition, kombucha inoculum, and fermentation temperature on the BC yield (g/100 mL) of kombucha fermented soy 
whey in 3D surface diagrams
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different media, 100 random fiber widths were manually 
calculated from SEM images according to the scale to deter-
mine the diameter distribution and average diameter of BC 
(Fig.  3A3, B3). The diameter of the fiber band of HS-BC 
ranged from 20 to 100  nm, with an average diameter of 

53 nm. While SW-BC ranged from 20 to 160 nm, resulting 
in a higher average fiber diameter (70 nm) than that from 
HS medium and beverage industrial waste of citrus peel 
and pomace (50 nm) (Fan et al. 2016).

XRD analysis
BC is a homogeneous polycrystalline macromolecular 
compound composed of ordered crystal region and dis-
ordered amorphous region (French, 2014). In the ordered 
crystal region, different BCS have strong broad peaks 
at 2θ = 14.5° and 22.7°, which is almost the same as the 
results of Tyagi and Suresh  et al. (2016). The XRD pat-
terns (Fig.  4) show three reflections at 14.76,16.79 and 
22.75, respectively. These are typical diffraction peaks of 
type I cellulose, which reflected the crystal and amor-
phous structure of BC components, and also proved that 
kombucha can produce natural cellulose. According to 
the Segal formula, the crystallinity of BC produced by soy 
whey was 82.7%, which was higher than that of BC pro-
duced by HS medium (79.8%). In contrast to the litera-
ture (Fan et al. 2016), BC from SW medium was higher 
than that produced by citrus peel and pomace enzymoly-
sis medium(63%).

FT‑IR analysis
The FT-IR spectra can be used to determine the chemi-
cal structures, such as the functional groups of the 

Table 4 ANOVA for response surface quadratic models

Source Sum of Squares DF F value P value

Model 21.76 9 39.82 < 0.0001

X1 0.12 1 2.02 0.1985

X2 0.051 1 0.84 0.3890

X3 6.90 1 113.65 < 0.0001

X1X2 0.13 1 2.13 0.1874

X1X3 0.034 1 0.56 0.4773

X2X3 1 ×  10–4 1 1.647 ×  10–3 0.9688

X1
2 0.23 1 3.72 0.0949

X2
2 0.32 1 5.22 0.0563

X3
2 13.44 1 221.37 < 0.0001

Residual 0.43 7

Lack of fit 0.25 3 1.99 0.2572

Pure error 0.17 4

C Total 22.19 16

R2 0.9808

R2
adj 0.9562

Adep Precision 16.739

Fig. 3 Physical diagram (A1, B1), microscopic network structure (A2, B2), fiber diameter distribution (A3, B3) of HS-BC (A) and SW-BC (B)



Page 10 of 14Feng et al. Food Production, Processing and Nutrition            (2024) 6:20 

substances, and to use the bond vibration frequen-
cies to characterize the bonding properties of the 
molecules (Lin et  al.  2016). The FT-IR spectra of the 
SW-BC were recorded at the wave number range 
of 500 to 4000   cm−1 as shown in Fig.  5. The strong 
absorption band at 3345.6   cm−1 in the BC spectrum 
was due to the presence of the hydroxyl group (-OH) 
in BC, which was consistent with the literature. The 
strong absorption band at 2896.9   cm−1was attrib-
uted to the presence of  CH2 telescopic vibration. The 
absorption band at 1650.5   cm−1was attributed to the 

presence of carboxyl(C = O) functional group. Bands 
were also observed at 1422.6   cm−1 (bending vibra-
tion of C-H), 1316.5   cm−1 (bending vibration of C-H 
bonds), 1155.9   cm−1 (asymmetric expansion vibra-
tion of C–O–C glycosidic bonds), 1105.9   cm−1 and 
1033.1   cm−1 (expansion vibration of C–OH and C–C-
OH bonds in secondary alcohol and primary alcohol). 
These FT-IR band data analysis is largely consistent with 
the literature (Chang & Chen 2016). The presence of the 
crystal region and the purity of the BC were illustrated 
(Fan et al. 2016; Halib et al. 2012).

Notably, bacterial cellulose (BC) produced by soy whey 
(SW) medium and Hestrin Schramm (HS) medium 
showed a significant leftwards shift near 1650  cm−1, indi-
cating that -C = O produced by SW medium was slightly 
different from that produced by HS medium.

Thermal‑weight analysis
The TGA degradation curves of dry BC membranes indi-
cated three phases of mass loss during the thermal analy-
sis of the test samples (Fig. 6). The first stage, from room 
temperature to 150℃, was attributed to evaporation of 
residual water in BC resulting in a small weight loss. The 
second stage, which occurred in the 250,400  °C range, 
was associated with a series of reactions associated with 
cellulose degradation, including dehydration, depolym-
erization of glycoside units, and breakdown of glucose 
units, followed by the formation of carbon residues. The 
second mass loss phase was associated with a high mass 
loss of BC, characterized by the starting temperature 
 (TOnset). The third stage occurs between 450 and 650 °C, 
and was associated with the oxidation and decomposition 
of the carbon-containing residues (El-Saied et  al.  2008; 
Vasconcelos et al. 2017).

The  TOnset of SW-BC was 343.37℃. These results were 
consistent with those reported in the literature, and the 
 TOnset of SW-BC was slightly higher than that reported in 
the literature (335℃) (Vasconcelos et al. 2017), indicating 
that SW-BC had high thermal stability.

Mechanical properties
Mechanical properties are an important factor when 
evaluating the applicability of BC as wound dressings, 
tissue engineering, and other biomedical fields(Chen 
et al. 2019). As shown in Fig. 7, SW-BC had better ten-
sile resistance. It has been proved that the arrangement 
of fibrils is positively correlated with the tensile strength 
(Khattak et  al.  2015). This is the same as the result of 
SEM. The hardness of SW-BC film was 4.32 ± 0.27N, 
which was significantly higher than that of HS-BC film 

Fig. 4 XRD patterns of BC produced in HS medium and SW medium 
under static culture conditions

Fig. 5 The FT-IR spectra of BC produced in HS medium and SW 
medium
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(3.43 ± 0.14N). The elasticity of HS-BC (0.68 ± 0.08) was 
higher than that of SW-BC (0.62 ± 0.12).

The CLSM analysis performed
SYTO green cyanine live cell nucleic acid dye is a 
nucleic acid dye with cell membrane permeability, and 

the fluorescence intensity is significantly enhanced after 
nucleic acid binding, and can be used to dye RNA and 
DNA from dead or alive eukaryotic cells. The PI dye solu-
tion cannot penetrate the cell membrane and is excluded 
from the living cells, but it can cross the damaged cell 
membrane and stain the nuclei, and so it can be used to 
dye the dead cells. As shown in Fig.  8, a large number 
of bacteria were present in the bacterial cellulose mem-
brane before purification (Fig. 8A) and were more evenly 
distributed within the membrane. After purification 
(Fig. 8B), the bacterial cellulose membrane was not basi-
cally detected, indicating that the purification process 
can remove impurities and bacteria in the membrane.

Conclusion
In this study, only carbon sources were added to the soy 
whey, and no other medium components were added. 
Through the optimization of fermentation conditions, 
sucrose addition 8.5%, kombucha inoculation amount 
10%, fermentation temperature 32℃ are the optimal 
levels, and the fermentation time is 11d, the yield of 
SW-BC was increased from 2.57  g/100  mL (D.W) to 
4.20 g/100 mL (D.W). The SEM observation showed that 
BC from soy whey medium had the same structure as BC 
from HS medium and other fermentation medium. The 
average diameters of BC produced from soy whey and 

Fig. 6 Thermal weight analysis curve of BC produced in SW medium

Fig. 7 Tensile properties of BC produced in HS medium and SW 
medium



Page 12 of 14Feng et al. Food Production, Processing and Nutrition            (2024) 6:20 

HS media were 72 nm and 53 nm. Furthermore, SW-BC 
had characteristic peaks of typical cellulose functional 
groups using FTIR analysis. Additionally, the XRD pat-
terns indicated SW-BC had crystal diffraction peak of 
type I natural cellulose. Overall, this study provided a 
new, high-yielding and environmentally friendly medium 
for BC production.
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