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Abstract
The industrialization and application of bacterial cellulose (BC) are restricted by high production cost and low productivity. 
In this paper, enzymatic hydrolysate of kitchen waste (KWH) was used as an alternative low-cost source to produce BC, 
aiming to facilitate its economic feasibility of industrial production. When KWH containing 13.11% total sugar and 1.27% 
total protein was used as medium of kombucha, BC yield was rapidly increased to 6.05 ± 0.17 g  L−1 at 7 days of fermenta-
tion. As the extra nutrients, adding 5% glucose and 0.5% ammonium sulfate would significantly decrease the BC yield, while 
0.5% peptone could promote the production of BC. Furthermore, the optimal KWH medium was determined through the 
Box-Behnken design as diluting KWH with distilled water at ratio of 1:0.8, adding 0.6% peptone, and adjusting initial pH to 
5.5. The BC yield of 7.21 ± 0.25 g  L−1 was obtained when kombucha was cultivated using this medium at 28 °C for 7 days, 
which was higher than many reported BC yield also taking organic waste as alternative source. Property characterization 
indicated that the obtained BC film had typical microfiber network; its Young’s modulus and tensile strength values were 
3314.7 ± 193.5 MPa and 106.9 ± 25.6 MPa, respectively, and the water holding capacity value was 98.8%. In conclusion, this 
paper realized the high efficient conversion of kitchen waste to high-performance BC film, which will provide a technical 
reference for decreasing the producing cost of BC and a strategy for realizing the green and high-value utilization of KW.
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YBC  Yield of bacterial cellulose
BC-KW  Bacterial cellulose obtained 

by fermentation with hydro-
lysate of kitchen waste as 
medium

1 Introduction

Bacterial cellulose (BC) is a kind of porous network biopoly-
mer material produced by microbial fermentation. Compared 
with plant cellulose, BC has obvious advantages including 
high purity degree (≥ 99%), high crystallinity, high poros-
ity and water holding capacity, high tensile strength, and 
excellent biocompatibility and fermentability [1]. Therefore, 
BC is recognized as an excellent alternative to be used in 
many fields including medicine, textiles, food, and packag-
ing [2, 3]. However, the industrialization and application 
of BC were restricted by the high producing cost and low 
productivity. Currently, strategies to solve these dilemmas 
are mainly focused on screening strains with high BC pro-
ductivity and developing cost-effective alternative source as 
the culture medium [4].

Traditionally, many types of carbon sources, such as 
glucose, sucrose, fructose, glycerol, mannitol, and ara-
bitol, can be employed for BC production. However, 
these carbon sources are not economical to be used in 
industrial scale production of BC. Therefore, searching 
alternative and cost-effective sources as the fermenta-
tion substrate to produce BC aroused worldwide atten-
tions [5]. Currently, various natural carbon sources from 
organic biomass have been used for BC production, such 
as fruit processing waste, beverage industrial waste, and 
fermentation waste [6–8]. In addition, the hydrolysate 
of lignocellulose biomass and starchy biomass, such as 
sweet sorghum, corn stalk, and kitchen waste/food waste, 
has also been successfully used as the source to produce 
BC [9–11]. Kitchen waste (KW) is considered as a kind 
of excellent organic biomass for the production of high-
value products owing to the enrichment of cellulosic 
and starchy compositions [12, 13]. On the other hand, 
the annual increasing of KW has caused various seri-
ous pollution, which makes its environmental-friendly 
and effective disposal the urgent problem of the world 
[13, 14]. Considering that KW is rich in carbohydrates 
(starch, cellulose, and hemicellulose), proteins, and other 
nutrients of microbes, the BC production using KW as 
alternative source was reported [11, 15].

Finding BC-producing strain with high productivity 
is another significant issue for achieving the economi-
cally feasible production of BC. Kombucha is a kind of 
functional beverage containing a floating film composed 
of bacterial cellulose. The microbes in the kombucha, 

including the genera of Gluconobacter, Acetobacter, 
Zygosaccharomyces, Saccharomyces, and Schizosaccha-
romyces, are present in a symbiotic relationship and bene-
fit for producing cellulose fibrils extracellularly forming a 
biofilm at the air–liquid interface [16, 17]. Several strains 
have been isolated from kombucha and applied for BC 
production, such as Komagataeibacter rhaeticus [11, 18], 
Gluconacetobacter xylinus [19], and K. hansenii [20]. In 
addition, studies have shown that the BC produced using 
the symbiotic community of bacteria and yeast (SCOBY) 
of kombucha was higher than that produced by individ-
ual strains isolated from kombucha. It was because of 
the strong symbiotic relationship between the yeast and 
bacteria in the kombucha and their complex metabolic 
pathway [17, 21].

In this paper, the BC production of kombucha taking the 
enzymatic hydrolysate of KW (KWH) as low-cost alternative 
resource was investigated. First, based on the chemical com-
position analysis of KWH, the fermentation process of kom-
bucha in KWH was investigated, as well as the effect of the 
content of nutrients in KWH medium on the BC production. 
Then, the optimal parameters for kombucha to produce BC 
using KWH as substrate were determined by Box-Behnken 
design (BBD). Finally, the physicochemical properties of 
the BC obtained from KW were studied, including morpho-
logical structure, mechanical properties, and water holding 
capacity (WHC). From the literature survey, it appears that 
fermentation with the SCOBY of kombucha using KW as 
alternative source was the first comprehensive report on the 
BC production.

2  Materials and methods

2.1  Kitchen waste

Kitchen waste was collected from the dining room located 
in the Institute of Process Engineering, Chinese Academy 
of Sciences, and was majorly composed of vegetables, meat, 
and rice. The kitchen waste was mixed with boiled water 
at a weight (wet basis) to volume ratio of 1:1. After been 
soaked for 5 min, the solid kitchen waste was collected by 
filter. Then, the wet solid KW was crushed with a blender 
(MJ-WBL2501B, Media, China) and stored at 4 °C for use. 
The major characteristics of the KW are shown in Table 1.

Table 1  Major characteristics of the used KW

Total solid 
content (TS, 
%)

pH value Violate solid 
content 
(VST, %)

Total starch 
content 
(TS%)

Total lipid 
content 
(TS%)

23.03 ± 0.09 6.74 ± 0.13 98.90 ± 0.19 71.59 ± 3.37 5.13 ± 0.17
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2.2  Enzymes and the enzymatic hydrolysis of KW

Glucoamylase (GLA) and α-amylase (AAM) were purchased 
from Sunson Industry Group Co., Ltd (Beijing, China). The 
activities of these enzymes were assayed and defined by the 
manufacturer. The enzymatic hydrolysis of KW was conducted 
as follows. Distilled water was added into the KW slurry with a 
solid-to-liquid ratio of 1:1 (w/v). The mixture was sequentially 
hydrolyzed with 50 U  g−1 KW of AAM at 90 °C for 60 min 
and 400 U  g−1 KW of GLA at 50 °C for 60 min. Then, the 
residues were centrifuged at 6000 rpm; the collected super-
natant was KWH.

2.3  Preparation of kombucha inoculum

The black tea and kombucha were purchased from local stores 
(Beijing, China). The black tea media were obtained by soak-
ing 5 g of black tea in 500 mL boiling deionized water for 
20 min and then 100 g  L−1 of sucrose was added after remov-
ing the solid leaves. The purchased kombucha starter was inoc-
ulated into the black tea infusion and fermented at 25–28 °C 
for 3–5 days. The fermentation broth was used as pre-culture 
for the BC production using KWH as medium.

2.4  Bacterial cellulose fermentation of kombucha 
in KWH

A total of 100 mL media was loaded into 250 mL Erlen-
meyer flask and autoclaved at 115 °C for 30 min. Inoculated 
10 mL of pre-cultured kombucha inoculum into the cooled 
KWH medium, and statically cultivated at 28 °C for 14 days. 
The variation of sugar concentration, pH value, and BC yield 
during the fermentation process was monitored.

Then, the KWH was diluted with distilled water at ratio 
of 1:0.3 (v/v, KWH-D0.3), 1:1 (v/v, KWH-D1), and 1:2 (v/v, 
KWH-D2), respectively. Then the diluted KWH was used as 
medium for kombucha to investigate the effect of the nutrient 
content in KWH on BC production.

The effects of additional nutrients of 3% glucose, 5% 
glucose, 0.5% ammonium sulfate (AS), and 0.5% peptone 
(PT) on the production of bacterial cellulose from kombu-
cha fermented KWH were also investigated respectively. 
Then, 10 mL of pre-cultured kombucha solutions were 
inoculated into the cooled media and statically conducted 
at 28 °C for 7 days.

2.5  Optimize the KWH medium for kombucha 
to produce BC

The Box-Behnken design (BBD) is a nonlinear optimization 
method that uses multiple quadratic regression involving 
three-level incomplete factorial design to fit the functional 
relationship between each factor and the response value. 

Compared to other RSM designs, BBD method has the 
advantages of few trials, convenient application, and easier 
to arrange and interpret experiments [22, 23]. Three fac-
tors BBD was applied in this study in order to investigate 
the individual and the interactive effects of dilution ratio of 
KWH (A), peptone content (B), and initial pH (C) on the 
BC production of kombucha. The studied factors along with 
their experimental levels are presented in Table 2. A total of 
fifteen experiments were carried out (Table 4).

2.6  Analytic methods

2.6.1  Chemical composition analysis of KWH

The total reducing sugar content in the KWH was deter-
mined by using the standard method of 3,5-dinitrosalicyclic 
acid (DNS) method [24]. The composition of monosaccha-
rides in the KWH was analyzed with HPLC (Agilent HPLC 
1260, American) equipped with a refractive index detector 
and a PL Hi-Plex H column (300 × 7.7 mm, 8 µm). The col-
umn temperature was 65 °C and 5 mM  H2SO4 solution was 
used as elution at a flow rate of 0.6 mL  min−1 [25].

The total protein content in the KWH was measured using 
coomassie brilliant blue method with bovine serum albu-
min (BSA) as a standard. A total of 2 mL of appropriate 
diluted samples or standard BSA solutions were mixed with 
2.0 mL coomassie brilliant blue G250 solution evenly. Then, 
the absorbance was measured at 595 nm using the UV–Vis 
spectrophotometer (754 PC, Jinghua Technology Co., Ltd, 
Shanghai, China) [26].

2.6.2  Quantification analysis of BC

The BC pellicle was separated from the medium by filtration 
and washed with distilled water to remove the residual KWH 
medium and kombucha cells. The BC film was purified with 
0.3 M NaOH solution at 90 °C for 1 h, and then washed with 
distilled water until neutral [27]. The purified BC film was 

Table 2  Independent variables used in the BBD and their experimen-
tal levels

Note: * means the volume ratio of original KWH to the added dis-
tilled water; ** means the original KWH without dilution

Independent variables Unit Factor levels

Min value 
(− 1)

0 Max 
value 
(+ 1)

Dilution ratio of  KWH* (A) 0** 1 2
Peptone content (B) (%) 0 0.5 1.0
Initial pH (C) 5 6 7
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dried at 30 °C to constant weight. The BC yield was calcu-
lated according to Eq. (1).

where, WBC and WKW are the dry weight of BC film (g) and 
kitchen waste (g), respectively.

2.6.3  The characteristic of KW

The pH value was measured with a pH-meter (PHS-3E, 
INESA Scientific Instrument Co., Ltd, China). Total solid 
(TS) content of KW was measured by drying it at 105 °C 
to constant weight. The volatile total solids of KW were 
determined by heating at 550 °C for 4 h in a muffle fur-
nace (SRJX-4–13, Shanghai LiChen Instrument Tech-
nology Co., Ltd, China). Total starch and lipid content 
in KW were analyzed using the national standard meth-
ods GB/T5009.9–2016 [28] and GB/T5009.6–2016 [29], 
respectively.

2.7  Characterization of BC

The SU8020 field emission scanning electronic microscope 
(SEM) (Hitachi, Japan) was employed to observe the micro-
structure of the BC film at a room temperature of 5.0 kV. 
Prior to observation, BC sample was dried again and coated 
with a layer of gold.

The mechanical properties of the BC film were performed 
on the tensile tester (AGS-X, Shimadzu, Japan). The tested 
BC film was cut into rectangular strips with the length of 
30 mm and width of 5 mm and then the sample was stretched 
at a constant rate of 0.25% elongation per minute until the 
sample broke. The applied stress and the strain at break were 
calculated according to Eqs. (2) and (3), respectively. Then, 
the Young’s modulus, tensile strength, and strain at break 
were calculated according to the reference of [30].

where, F is the applied force (N ×  106); W and T are the 
width (mm) and thickness (mm) of BC film, respectively; 
ΔL is the length of elongation (mm); and L0 is the original 
length of the BC strips (mm).

The water holding capacity (WHC) of BC film was meas-
ured by drying the wet BC sample at room temperature 
(30 °C) to constant weight and calculated as Eq. (4) [19].

(1)BC yield (g/g TS) =
WBC

WKW

(2)Stress(MPa) =
F

W × T

(3)Strainatbreak(%) =
ΔL

L0

× 100

where, Ww and Wd are the weight of the wet film (g) and 
dried film (g), respectively.

2.8  Statistical analysis

Statistical analysis of the experimental data was performed 
using Origin 9.0 software package. Experimental values are 
presented as means with standard deviation (± SD) from at 
least three independent experiments. The BBD was carried 
out using Design-Expert version 11 (Stat-Ease, Inc., Min-
neapolis, USA). Analysis of variance (ANOVA) and F-test 
were used to evaluate the significance of the models and 
the experimental factors. P-value < 0.05 was considered as 
statistically significant.

3  Results and discussion

3.1  Composition analysis of KWH

The major nutritional compositions in the KWH are shown 
in Table 3. The total RS content in KWH was 130.11 ± 5.76 g 
 L−1, which meant that obviously the sugar-rich KWH would 
be the potential sources for BC production. The HPLC 
analysis indicated that glucose was the dominant monosac-
charide in the KWH (78.24 ± 3.11 g  L−1), and the contents 
of fructose, xylose, and arabinose were 23.18 ± 1.66 g  L−1, 
10.62 ± 0.58 g  L−1, and 8.46 ± 0.41 g  L−1, respectively. 
Besides, KWH also contained 12.71 ± 0.64 g  L−1 of crude 
protein. It was consistent with the result of Hafid [31], which 
showed that the sugars in the hydrolysis of KW were mainly 
monosaccharides and the composition of glucose and fruc-
tose accounts for 80% and 20%, respectively. Kwan et al. 
[32] also found that the major sugars in the enzymatic hydro-
lysate of food waste were glucose (116.7 ± 0.4 g  L−1) and 
fructose (53.2 ± 1.1 g  L−1). It has been reported that glucose 
and fructose could be used as excellent carbon sources for 
BC production and the ideal precursors for BC synthesis 
[33]. In comparison, glucose and fructose were better than 

(4)Waterholdingrate

(

gwater

gdriedBC

)

=
Ww −Wd

Wd

Table 3  Characteristics of the enzymatic hydrolysate of kitchen waste 
(KWH) for BC production

Parameters Values Parameters Values

pH 6.58 ± 0.02 Glucose (g  L−1) 78.24 ± 3.11
Total sugar (g  L−1) 130.11 ± 5.76 Xylose (g  L−1) 10.62 ± 0.58
Total protein (g 

 L−1)
12.71 ± 0.64 Arabinose (g  L−1) 8.46 ± 0.41

Lipid (g  L−1) 1.87 ± 0.11 Fructose (g  L−1) 23.18 ± 1.66
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other reducing sugar for the BC production of kombucha, 
such as xylose, mannose, galactose, arabinose, sucrose, 
lactose, and maltose [34, 35]. Therefore, KWH had great 
potential as a low-cost alternative source for kombucha to 
produce BC.

3.2  Bacterial cellulose production process 
of kombucha using KWH as medium

The fermentation process of kombucha using KWH 
as medium was investigated by monitoring the varia-
tion of sugar concentration, pH, and BC yield (Fig.  1). 
During the fermentation, the sugar concentration in the 
KWH was decreased rapidly from the initial value of 
130.82 ± 10.45 mg  mL−1 to 51.67 ± 2.94 mg  mL−1 at the 
7th day of fermentation. After been fermented for 14 days, 
the reducing sugar in the medium was decreased by 86.7%. 
Correspondingly, the BC yield was increased rapidly to 
6.05 ± 0.17 g  L−1 at the 7th d of fermentation and increased 
slightly from then on. Meanwhile, after been fermented for 
14 days, the pH value of fermenting broth was dropped from 
the initial of 6.36 ± 0.09 to 2.44 ± 0.11. Therefore, the fer-
mentation time for kombucha to produce BC using KWH as 
medium was determined as 7 days.

3.3  Effect of the nutrient content in KWH on the BC 
yield of kombucha

The composition analysis showed that the obtained KWH 
contained sufficient sugars and proteins, as well as a certain 
amount of substances that were harmful to the growth and 
metabolism of microbes, including salt and lipid. Consid-
ering the nutrient contents that have a significant impact 
on BC production, the fermentation of kombucha using the 
KWH diluted with distilled water at different dilution ratios, 

and the KWH with extra carbon source and nitrogen source 
as fermentation medium were investigated, respectively 
(Fig. 2).

When the original KWH was used as the medium, the BC 
yield and sugar degradation rate were 6.19 ± 0.18 g  L−1 and 
79.39 ± 1.39%, respectively. In comparison, with the dilution 
ratio increasing, the BC yield was decreased significantly, 
while the sugar degradation rate was increased. At the dilu-
tion ratio of 1:1, the BC yield was decreased by 46.24%, 
but the sugar degradation rate was increased by 12.85%, 
compared to original KWH. However, fermenting with the 
diluted KWH at the dilution ratio of 1:0.3 (KWH-D0.3) as 
medium had much close BC yield and sugar degradation rate 
to those with original KWH as medium. The above results 
indicated that the appropriately diluted KWH had sufficient 
nutrients to satisfy the cell growth and BC synthesis of kom-
bucha. However, when 5% of extra glucose was added to the 
KWH, the BC yield and sugar degradation rate of kombucha 
were all decreased. It has been reported that the excessive 
high content of carbon source would prolong the lag phase 
of BC-producing strain and reduce its cell growth, thereby 
inhibiting the BC production [35, 36]. Meanwhile, the exces-
sive reducing sugar content would cause the generation of 
other products, such as gluconic acid, acetic acid, and alde-
hydes, through non-BC synthesis pathways [9, 37, 38]. It 
was confirmed that gluconic acid could inhibit the sugar-BC 
conversion resulting in the decrease of BC yield [37].

Fig. 1  The BC fermentation processing of kombucha using KWH as 
medium. The fermentation of kombucha was conducted statically at 
28 °C

Fig. 2  Bacterial cellulose yield ( ) and reducing sugar degra-
dation rate (■) when fermented with different carbon sources as 
medium for kombucha to produce BC. The fermentation was con-
ducted at 28 °C for 7 days (KWH, kitchen waste hydrolysate without 
additional nitrogen source; KWH-D2, KWH-D1, and KWH-D0.3 were 
the KWH that diluted with distilled water at dilution ratio (v/v) of 
1:2, 1:1, and 1:0.3, respectively; KWH + 3%G and KWH + 5%G were 
KWH with extra 3% and 5% glucose, respectively; KWH + 0.5%AS 
and KWH + 0.5%PT were KWH with extra 0.5% of ammonium sul-
fate and 0.5% of peptone, respectively)
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Nitrogen sources are indispensable for the cell growth 
and BC production [39, 40]. The appropriate nitrogen 
source has the potential to increase the BC production by 
approximately 21.5–43.2% [41]. According to the chemical 
composition analysis, the total protein content in the KWH 
was 12.71 ± 0.64 g/L. The effect of extra nitrogen source, 
including ammonium sulfate (AS) and peptone (PT), on the 
BC fermentation of kombucha using KWH as medium was 
further investigated. KWH on were investigated. The results 
indicated that the fermented BC yield of kombucha would 
be decreased by 43.1 ± 0.22% when 0.5% AS was added, 
while it was increased by 3.15 ± 0.29% when 0.5% of PT 
was added. It was obviously that peptone was preferred than 
ammonium sulfate as the extra nitrogen source of KWH to 
satisfy the fermentation condition of kombucha to produce 
BC. Hungund and Gupta [42] also reported that the BC yield 
fermented by Gluconacetobacter Persimmonis GH-2 with 
peptone as nitrogen source was higher than that with ammo-
nium sulfate.

3.4  Optimizing the KWH medium for BC production 
using BBD

Three independent variables, namely, dilution ratio of KWH 
to water (A), adding amount of peptone (B), and initial pH 
(C), were applied for BBD to optimize the BC production. 
Taking the yield of BC  (YBC) as response, multivariate study 
of the above variables was carried out with a total of 15 
experiments and the results are shown in Table 4.

The ANOVA analysis of the yield of BC is presented 
in Table 5. The obtained F-value of 84.64 suggests the 
model is significant. There is only a 0.01% chance that an 

F-value this large could occur due to noise. P-values less 
than 0.05 indicate model terms are significant. In this 
case, A, B, C, AB,  A2,  B2, and  C2 are significant model 
terms. The Lack of Fit F-value of 1.01 means the Lack of 
Fit is not significant relative to the pure error. There is a 
53.3% chance that a Lack of Fit F-value this large could 
occur due to noise.

By analyzing the experimental data with Design-Expert 
software, the mathematical relation between the  YBC and 
coded independent variables could be expressed as Eq. (4). 
The R2 value of 0.9935 was quite high and was close to the 
adjusted R2 value (0.9817), indicating a good correlation 
for the yield of BC. Meanwhile, the difference between 
predicted R2 (0.9314) and adjusted R2 was less than 0.2, 
which was an indication of the close correlation between 
experimental and predicted values.

In sum, small p-value (< 0.0001), high coefficient 
R2 (0.9935), and insignificant lack of fit (0.0595) sug-
gested the high statistical significance of the model and 
the ability of presenting the actual relationship between 
response and independent variables [43]. The low varia-
tion coefficient (CV% = 2.37) and large F-value (84.64) 
confirmed the high degree of precision and good reli-
ability of the fitted model [44]. The adaptability of the 
model was diagnosed by establishing the relationship 
between the actual and predicted  YBC (Fig. 3). The loca-
tion of the data points was close enough to a straight 
line, which represented a reasonable correlation between 
the experimental data and the predicted data, indicating 

(4)
YBC = 7.08 − 0.89A + 0.3B − 0.51C + 0.2AB − 0.12AC

− 0.16BC − 1.05A
2 − 0.56B

2 − 0.55C
2

Table 4  Box-Behnken design 
for the BC production from 
KWH fermented by kombucha

No Dilution ratio of KWH 
to water (A)

Adding amount of 
peptone (B, %)

Initial pH 
(C)

Experimental  YBC 
(g  L−1)

Predicted 
 YBC (g 
 L−1)

1 2 0.5 7 3.922 3.97
2 1 1 5 6.894 6.95
3 0 1 6 6.462 6.45
4 1 1 7 5.528 5.60
5 2 0.5 5 5.161 5.23
6 0 0.5 7 6.043 5.98
7 1 0 7 5.378 5.32
8 1 0 5 6.103 6.03
9 1 0.5 6 6.922 7.08
10 1 0.5 6 7.164 7.08
11 2 1 6 5.205 5.08
12 0 0 6 6.134 6.25
13 1 0.5 6 7.166 7.08
14 2 0 6 4.071 4.08
15 0 0.5 5 6.803 6.76
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that the obtained model had satisfactory predictive 
ability.

According to the p-value of each fermentation parameter 
shown in Table 5, the BC yield was significantly influenced 
by the dilution ratio of KWH (A, p-value < 0.0001) and its 
second-order (A2, p values < 0.05), the adding amount of 
peptone (B) and its second-order  (B2, p value < 0.05), and 
the initial pH (C) and its second-order  (C2, p value < 0.05), 
as well as the interaction of dilution ratio of KWH and add-
ing amount of peptone (AB, p value < 0.05). Keeping one 

factor constant at its center level, the relationship and inter-
action between the other two operational variables and the 
response value were demonstrated in the three-dimensional 
response surface maps and contour maps in Fig. 4a–f.

The optimal fermentation medium optimized by the 
BBD was determined as the dilution ratio of KWH to water 
of 1:0.8; the adding amount of peptone was 0.642%, and 
the initial pH of 5.587, thereby the predicted BC yield was 
7.37 g  L−1. Taking into account the operation feasibility, 
the actual fermenting process was conducted at the con-
ditions of dilution ratio of 0.8, peptone content of 0.6%, 
and initial pH of 5.5, resulting in the obtained BC yield 
of 7.21 ± 0.25 g  L−1. The obtained BC yield was pretty 
higher than some reported results in the previous literatures 
(Table 6). For example, taking KWH as medium, Koma-
gataeibacter rhaeticus K15 isolated from kombucha could 
produce 3.69 ± 0.36 g  L−1 of BC [11]. Taking 1% glycerol 
as alternative carbon source, K. rhaeticus P1463 isolated 
from kombucha would result in 4.5 g  L−1 BC [45]. The BC 
yield was 2.86 g  L−1 when organic acid pre-hydrolysis liquor 
of agricultural corn stalk was used as the carbon source for 
Acetobacter xylinum ATCC 23,767 [10]. Under the optimal 
conditions, 4.7 g  L−1 of BC was obtained when Gluconace-
tobacter xylinus was fermented with nitric acid hydrolysate 
of potato peel waste as medium [46].

3.5  The characteristics of BC film produced 
from KWH

3.5.1  Morphological structure analysis using SEM

Morphological structure of BC-KW film was observed 
using SEM. As shown in Fig. 5, the typical structure of BC 

Table 5  Analysis of variance 
(ANOVA) for the fitted model 
to BC production from KWH 
fermented by kombucha

Source Sum of squares df Mean square F-value p-value

Model 15.07 9 1.67 84.64  < 0.0001 15.07
A 6.27 1 6.27 317.08  < 0.0001 6.27
B 0.7218 1 0.7218 36.50 0.0018 0.7218
C 2.09 1 2.09 105.73 0.0001 2.09
AB 0.1624 1 0.1624 8.21 0.0352 0.1624
AC 0.0574 1 0.0574 2.90 0.1493 0.0574
BC 0.1027 1 0.1027 5.19 0.0716 0.1027
A2 4.11 1 4.11 207.70  < 0.0001 4.11
B2 1.16 1 1.16 58.81 0.0006 1.16
C2 1.10 1 1.10 55.86 0.0007 1.10
Residual 0.0989 5 0.0198 0.0989
Lack of fit 0.0595 3 0.0198 1.01 0.5330 0.0595
Pure error 0.0394 2 0.0197 0.0394
Cor total 15.16 14 15.16
Std. dev R2 C.V. % PRESS Adj. R2 Pred. R2 Adeq precision
0.1406 0.9935 2.37 1.04 0.9817 0.9317 27.15

Fig. 3  Diagnostic plots of model adaptability
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film is exhibited, which has dense and interwoven ribbon-
shaped microfiber network [47]. Meanwhile, the structure 
of BC-KW film was denser than some reported BC films 
[11, 45, 48]. It could be attributed to the high yield of BC 
produced by kombucha in this work, since Zhao et al. had 
reported that the higher the BC yield the more entangled 
layers of microfibers would be formed [49].

3.5.2  Mechanical properties

Tensile strength and strain at break are the key indicators 
for evaluating the mechanical properties of BC films. They 
respectively characterize the difficulty and ductility of 
membrane rupture and together determine the applicability 
of the membrane as a material [1]. In this paper, the uni-
axial tensile mechanical properties of BC-KW film were 
analyzed and Young’s modulus, tensile strength, and strain 
at break were calculated according to the stress–strain 
curves (Fig. 6). The curves of BC-KW film indicated that 
it was typical for brittle material that sharply breaks by 
the external load application. Ductile behavior with plas-
tic deformation before the fracture of BC film was also 
presented, which might be caused by the high interleaving 
density of the fibrils. This result was consistent with the 
report that BC film was a brittle material with high tensile 
strength and elastic modulus but low strain at break [50].

The Young’s modulus, tensile strength, and strain at 
break values of BC-KW film were 3314.7 ± 193.5 MPa, 
106.9 ± 25.6 MPa, and 1.1 ± 0.13%, respectively. Com-
pared with other reported BC films, BC-KW film had good 
rigidity, but the flexibility should be further improved. 
For example, Sederavičiūtė reported that the BC film fer-
mented by kombucha using green tea as medium had the 
Young’s modulus value of 1069.1 ± 104.59 MPa and strain 
at break value of 5.47 ± 4.59% [51]. Ramírez et al. pro-
duced a BC film using black tea as medium for kombucha, 
of which the Young’s modulus and strain at break values 
were 3047.8 ± 384.5 MPa and 2.2 ± 0.2%, respectively 
[52]. They also found that the difference of substances 
in the medium would significantly affect the mechanical 
properties of BC film, such as glycerol, residual monosac-
charides, and organic acids, as well as other low molecular 
weight substances [50].

3.5.3  Water holding capacity

The water holding capacity (WHC) relates to the forma-
tion and structure of the BC nanofibers and represents the 
amount of water trapped on BC nanofibers. Therefore, 
WHC values are used as a function indicator to describe the 
porous structure, fibril arrangement, and surface area of BC 
films [53, 54]. Generally, due to the differences in the fibril 
arrangement, surface area, and porosity, the WHC value of 
BC films was varied significantly. For example, a BC film 
fermented by Komagataeibacter xylinus DSM 6513 using 
red grape bagasse as a nutrient source had a WHC value of 
126.04 ± 7.82 g water/g dry BC [5]. The WHCs of BC films 
obtained by fermented Komagataeibacter sucrofermentans 
DSM 15,973 using commercial sugars and crude glycerol 
as media had of cellulose were found as 102–138 g water/g 
dry BC [55]. BC films produced by Gluconacetobacter 
xylinus using different media had WHC values ranged from 
79.1 to 103.1 g water/g dry BC [56]. The WHC value of the 
obtained BC-KW film in this paper was 98.8 g water/g dried 
BC. The relatively lower value of WHC might attributed to 
the denser fibril arrangement in the BC-KW matrix. In the 
follow-up research, improving the WHC of BC-KW should 
be further investigated based on the application requirement.

4  Conclusion

Owing to the excellent physic-chemical properties, bacte-
rial cellulose has become an excellent alternative material 
in many fields but its industrialization and application were 
restricted by the high producing cost and low productivity. 
Therefore, screening strains with high BC productivity and 
developing economically viable production processes based 
on the cost-alternative raw material are becoming the major 
strategies to solve these dilemmas.

Kitchen waste is a kind of renewable biomass containing 
a large amount of fermentable substances and is considered 
as an ideal alternative source for BC production. Kombu-
cha has significant advantages in BC production due to the 
complex metabolic pathways generated by the symbiotic 
system of bacteria and yeast. Therefore, in this paper, the 
enzymatic hydrolysate of KW (KWH) was used as alterna-
tive low-cost source for kombucha to produce BC. First, the 
fermentation process of kombucha in KWH and the effect of 
nutrients in KWH on BC production were studied, and the 
KWH medium was further optimized through Box-Behnken 
design. By cultivating with the optimal KWH medium at 
28 °C for 7 days, the obtained BC yield was 7.21 ± 0.25 g 
 L−1. This value was higher than many reported BC yield 
that also takes organic waste as alternative source. The prop-
erty analysis of the obtained BC film indicated that it had 
typical microfiber network and multilayer structure, typical 

Fig. 4  The surface and contour plots indicating the influences of 
operational parameters on bacterial cellulose (BC) yield of kombu-
cha. a, b 3-D response surface plot for BC yield by fixing initial pH 
at 6.0 but varying the dilution ratio of KWH to water and the adding 
peptone content; c, d varying the the dilution ratio of KWH to water 
and the initial pH at the fixed adding peptone content of 0.5%; e, f 
fixed the dilution ratio of KWH to water to 1:1, varying the adding 
peptone content and initial pH. The kombucha was culivated in the 
KWH medium for 7 days at 28 °C

◂
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mechanical properties of brittle material, and excellent water 
holding capacity.

Considering the cheap and easily available kitchen waste 
and kombucha, adopting the technics provided in this paper 
will benefit for realizing the economical and feasible indus-
trial production of bacterial cellulose. In the future, based on 
the technical and economic analysis, the enzymatic hydroly-
sis parameters of kitchen waste and fermentation conditions 
of bacterial cellulose will be further investigated, with the 
purpose of providing a more economical and feasible pro-
cess for bacterial cellulose production from kitchen waste.
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Table 6  The comparison of BC yield reported in the literatures

Strains Cultural medium BC yield (g  L−1) Ref

Symbiotic community of bacteria and yeast (SCOBY) 
of kombucha

KWH 7.21 ± 0.25 This study

Komagataeibacter sp. isolated from kombucha HS medium with 1% glycerol 4.5 [45]
K.rhaeticus K15 isolated from kombucha Hydrolysate of kitchen waste 3.69 [11]
Gluconacetobacter xylinum ATCC 10,245 Nitric acid hydrolysate of potato peel waste 4.7 [46]
G.hansenii CGMCC 3917 Waste beer yeast 3.89 [8]
K.xylinus CICC 10,529 Citrus peel and pomace enzymolysis 5.7 [7]
Acetobacter xylinum ATCC 23,767 Acetic acid pre-hydrolysis liquor of agricultural 

corn stalk
2.86 [10]

Fig. 5  SEM micrographs of BC-KW film. a × 25 K, b × 40 K; the BC-KW film was obtained by cultivated kombucha at 28 °C or 7 days with the 
hydrolysate of kitchen waste as medium

Fig. 6  Stress–strain curves of BC-KW film. The BC-KW film was 
obtained by cultivated kombucha at 28 °C or 7 days with the hydro-
lysate of kitchen waste as medium
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