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Abstract

Bacterial Cellulose (BC) offers a wide range of applications across various industries, including food, biomedical, and
textiles, owing to its distinctive properties. Its unique 3D reticulated network of cellulose nanofibers, imparts excellent
mechanical qualities, a high water-holding capacity, and thermal stability. Additionally, it possesses remarkable biocom-
patibility, biodegradability, high crystallinity, and purity. These attributes have offered significant interest in BC within
both academic and industrial sectors. However, BC production is associated with high costs due to the use of expensive
growth media and low yields. The study reports the potential of our indigenous isolate, Komagataeibacter saccharivorans
BC-G1, as BC producer. Statistical optimization of BC production was carried out using Placket-Burman design and Cen-
tral composite design, by selecting different parameters. Eight significant factors such as temperature, pH, glucose, yeast,
peptone, acetic acid, incubation time and % inoculum were studies using ANOVA-based response surface methodology.
Results showed that BC yield (8.5 g/L) with 1.8-fold after optimization of parameters. Maximum cellulose production
(8.5+1.8 g/L) was obtained using 2% glucose, 0.3% yeast extract, 0.3% peptone, 0.75% (v/v) acetic acid at pH 7.0 for
10 days of incubation with 4% inoculum at 25 °C under static culture. Main effect graph showed incubation time and
acetic acid concentration as the most significant parameters affecting BC production in our study. The physicochemical
characterization of produced BC was done using FTIR, XRD and SEM techniques.

Keywords Bacterial cellulose - Komagataeibacter saccharivorans - Optimization - Central composite design - Placket-
burman method

Introduction

Cellulose is the considered as most abundantly available
natural biopolymer which is predominantly produced from
plants. However, several research studies have revealed
that this renewable and biodegradable polymer can also
be extracted or obtained from various other sources spe-
cially microorganisms. In this regard, bacterial cellulose
(BC) is also biodegradable polymer, containing glucose
units joined via B-(1-4)-glycosidic bonds forming glucan
chains [(C6H1005),] [1]. The distinctive bonding found in
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bacterial cellulose renders it remarkably superior to plant
cellulose, exhibiting enhanced purity, mechanical and ten-
sile strength, porosity, crystallinity, biodegradability, and
biocompatibility. These attributes make it a unique bio-
polymer suitable for diverse applications including the
food industry, medical and pharmaceutical sectors, textiles
industry, and more. Several researchers have explored the
application of bacterial cellulose as a scaffold for 3D cell
culture in tissue engineering, contributing to the research on
the potential uses of bacterial cellulose [2]. While several
genera of bacteria are capable of synthesizing BC, Kom-
agataeibacter species have garnered significant attention
from researchers due to their ability to produce a substantial
amount of BC. Compared to other bacterial strains, Aceto-
bacter species have demonstrated the capacity to generate
BC in quantities that make it more practical for commercial
and industrial applications. However, it is crucial to note
that achieving economic feasibility for Bacterial Cellulose
(BC) across multiple domains relies on the effective and
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cost-efficient methods of its production [3]. Hence, it is con-
sidered that optimization of the growth media and culture
conditions is crucial for achieving high productivity, as it can
help reduce the overall cost of BC production. This, in turn,
allows for wider utilization and application of BC in various
industries. To assess the potential of a specific strain, such
as Komagataeibacter, in BC synthesis for biotechnologi-
cal applications, it becomes necessary to study and under-
stand the combined effect of several other parameters that
play a significant role in regulating the rate of production
[4, 5]. These parameters may include factors such as tem-
perature, pH, nutrient concentrations, incubation time, and
other variables that influence BC synthesis. By systemati-
cally evaluating the cumulative effect of these parameters,
researchers can identify the optimal conditions that maxi-
mize BC production by the Komagataeibacter strain [6].
This process of optimization helps alleviate the strain on the
cost of BC production, making it more economically viable
for large-scale applications. Additionally, by understanding
the interplay between various parameters, researchers can
fine-tune the production process, leading to improved yields
and potentially expanding the range of applications for BC
[7]. In the domain of bioprocess technologies, the need
for appropriate problem-solving methods arises due to the
involvement of multiple parameters which requires time-to-
time adjustments. Response Surface Methodology (RSM)
has been proven as a superior and more effective alternative
approach that involves the utilization of classical one-at-a-
time approaches or mathematical methods [8]. This is attrib-
uted to RSM’s capability to simultaneously study numerous
variables with a minimal number of experiments, thereby
saving resources, time as well as costs. Its successful appli-
cation extends to optimizing the compositions of the fer-
mentation medium, showcasing its efficiency in achieving
optimal outcomes with resource efficiency [9, 10]. This
study focuses on optimizing the conditions for bacterial
cellulose production by Komagataeibacter saccharivorans
BC-G1 using Response Surface Methodology (RSM). Ini-
tially, a modified version of Tang jia medium, commonly
used for bacterial cellulose production, was developed by
adjusting its components (unpublished data). The influ-
ence of various factors on BC production, including carbon,
nitrogen, phosphate, and mineral sources, was investigated
using a Plackett-Burman design (PBD) in order to select the
most significant factors for further analysis (unpublished
data). In the second phase of the study, a Central Composite
Design (CCD) was employed to optimize the concentrations
of the selected medium components and maximize BC pro-
duction under shaking conditions. This experimental design
allows for more comprehensive and efficient exploration of
the parameter space, minimizing the drawbacks associated
with conventional one-factor-at-a-time experiments. By
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utilizing RSM and the PBD and CCD experimental designs,
the study aims to overcome the limitations of traditional
approaches and provide a statistically robust evaluation of
the factors influencing BC production. The ultimate goal is
to identify the optimal conditions for Bacterial Cellulose
production, leading to improved efficiency and productivity
in the process.

Materials and methods
Microorganism and culture conditions

The Komagataeibacter saccharivorans BC-G1 strain uti-
lized in this study was obtained from spoiled grapes. The
identification of the isolate was conducted using standard
microbiological techniques [11]. To further confirm the
identification, the 16 S rRNA gene sequencing technique
was performed (details provided in supplementary data).
The resulting nucleotide sequence was compared to closely
related strains available in databases using the BLAST
program provided by the National Center for Biotechnol-
ogy Information (NCBI) at http://www.ncbi.nlm.nih.gov/.
The sequence was subsequently deposited in the GenBank
database under the accession number Komagataeibacter
saccharivorans BC-G1 (ON514605.1) [12]. For culture
maintenance, Tang jia medium, as described by Tang jia, Jia
and Yang 2010 was used to prepare slants. These slants were
stored at 4 °C, and subculturing was performed at regular
intervals of 2 weeks to ensure the viability and availability
of the strain for further experiments.

Culture medium

The culture medium selected for BC production was done
using Tang Jia media with composition (%w/v): glucose
2.5, peptone 1.0, yeast extract 1.0, acetic acid 1.0, di-sodium
hydrogen phosphate 1.0, pH 6.5 under static culture condi-
tion at 30 °C [13].

Production and recovery of BC

Tang jia medium was used as the basal media for the opti-
mization study in a static condition [13]. The growth and
formation of bacterial cellulose (BC) films were observed
in flasks. The BC films typically formed after an incuba-
tion period of 5-6 days. To prepare the BC films for further
analysis, the extracted films were washed off using distilled
water to remove any excess media or unwanted dead cells.
Subsequently, the films were given alkaline treatment using
0.1 M NaOH at 90 °C for 30 min to lyse any other attached
bacterial cells. Following the lysis step, the BC films were
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Table 1 Process parameters selected with their levels in PBD for BC
production in static conditions

Variables Symbol Low(-) High(+)
Temperature(°C) A 25 35

pH B 5 7
Glucose % C 2 4

Yeast Extract % D 0.3 0.8
Peptone% E 0.3 0.8
Acetic acid % F 0 1.5
Incubation (Days) G 5 10
Inoculate % H 2 4

boiled and then purified again through extensive and rig-
orous washing with distilled water at ambient tempera-
ture. The washing process was continued till the pH of the
water reached a neutral level. BC quantification relied on
the determination of its dry weight following the purifica-
tion process. The purified cellulose was subjected to dry-
ing in an oven at 50 °C for 8 h to achieve the dry weight
measurement. This step further ensured the removal of any
remaining moisture and provided a reliable basis for BC
quantification [14].

Experimental design

For determining the optimal culture conditions required
for the production of bacterial cellulose (BC) by the strain
K. saccharivorans BC-G1, a two-phase approach was fol-
lowed. In the initial phase, various culture conditions were
examined using one-factor-at-a-time experiments (unpub-
lished data). This allowed for the identification of influen-
tial factors that significantly impact BC production. Based
on the results obtained, selected media ingredients were
further optimized in the subsequent phase using statistical
designs. In the first phase, a Plackett-Burman design (PBD)
was employed to study the effects of different factors on
BC production. This design allowed for the identification
of key variables that have a maximum impact on BC pro-
duction, as shown in Table 1. In the second phase, response
surface methodology (RSM) utilizing a central composite
design (CCD) was employed. The objective of this phase
was to study and analyze the effects of selected variables on
BC production and optimize their concentrations to maxi-
mize BC yield. The CCD allowed for the exploration of the
response surface and determination of the optimal levels of
the variables for achieving maximum BC production [15—
16]. By employing these statistical designs and analyses,
the study aimed to identify the most influential factors and
optimize their concentrations to enhance the production of
BC by K. saccharivorans BC-G1.

Central composite design

To maximize the production of bacterial cellulose (BC),
Response Surface Methodology (RSM) was employed.
Based on the results obtained from the Plackett-Burman
design (PBD), the factors that demonstrated a significant
effect on BC production were identified. These factors were
acetic acid concentration and incubation time. To determine
the optimal settings for these factors and maximize BC
production, RSM was applied using the Central Compos-
ite Design (CCD) [17]. 12 experiments were meticulously
designed, encompassing various combinations of acetic acid
concentration and incubation time. The optimization of the
response function, representing BC production, was carried
out using a second-order model, which was earlier derived
from the experimental data. The response surface model fur-
ther provided the predicted value for the optimum BC pro-
duction and the corresponding culture conditions. To assess
the model’s accuracy, a comparison was made between the
experimental BC production achieved under the optimized
conditions and the predicted value derived from the model.
This validation step aimed to confirm the reliability and pre-
dictive capability of the established model. This comparison
served as a verification of the response surface model’s abil-
ity to accurately predict the BC production under optimal
conditions [18].

Validation of BC production of K. saccharivorans
BCG1

To confirm and validate the statistical findings, the BC pro-
duction yield of K. saccharivorans BC-G1 in the optimized
medium was compared with the predicted BC yield from
the optimization plot. Furthermore, a comparative analysis
was conducted between the BC production yield in the opti-
mized medium and the BC yield in the standard Tang Jia
medium (% w/v) to provide additional insights into the per-
formance and efficiency of the optimized conditions.

Physicochemical characterization
Fourier transform infrared spectroscopy (FTIR)

The samples were subjected to characterization using FTIR
spectroscopy. The comparison was made with commercial
cellulose obtained from Himedia. The FTIR analysis was
conducted at the material characterization laboratory of
Jaypee Institute of Information Technology, India, using a
Spectrum BX-II Spectrophotometer. For the FTIR analysis,
the transmission mode was selected, which allows the col-
lection of spectra over a wide range of wavenumbers. The
spectra were collected in the range of 4000-400 cm™' with
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aresolution of 4 cm™!. This range covers various functional
groups and vibrations present in the samples, providing
valuable information about the chemical composition and
structure of the BC and commercial cellulose samples.

X-ray diffraction (XRD).

X-ray data were acquired utilizing a Shimadzu 6000
X-ray diffractometer (XRD) from Japan, employing Cu Ka
radiation (voltage=40 kV). Diffraction patterns were cap-
tured within the 2 0 range of 5° to 30°, maintaining a speed
of 0.5°min-1 and a step size of 0.02°. The crystallinity (Cr.I)
and crystallite size (Cr S) were determined through X-ray
diffraction measurements. The crystallinity was evaluated
utilizing Eq. 1 [19, 20].

. Y Acryl
Cr.I (%) = ‘

r I (%) YAcryl + YAamph M
The crystallite size of particles was determined using Eq. 2
[21].

KA
T B cosf 2)

where t=crystal size, A=1.5418 A (Cu Kal); B (the full
width at half maximum intensity of the peak (FWHM) (in
Rad)), 6=26/2) diffraction angle and constant K (0.89).

Scanning electron microscopy (SEM) analysis.

Morphological analysis of produced BC was done using
Scanning electron microscopy. The samples were dried with
air, placed on mounts, coated with gold, and then observed
under SEM Zeiss EVO®50 series, Germany, at the Central
Research Facility (CIF), IIT Delhi, India, using an acceler-
ating voltage of 5 kV.

Statistical analysis

The generation and analysis of statistical experimental
designs were conducted using Minitab 19(Minitab Inc.,
USA).

Results and discussion
Screening of the independent variables

The Plackett-Burman design (PBD) with two levels and 12
experimental runs was used to analyze the effect of eight
individual variables on bacterial cellulose (BC) production
by K. saccharivorans BC-G1. The variables considered
(temperature, pH, glucose concentration, yeast extract con-
centration, peptone concentration, acetic acid concentration,
incubation time, and media volume) on BC production by
K. saccharivorans BC-G1.The experimental and predicted
data of BC production for each run are given in Table 2. The
highest yield of BC, 7.7 g/L, was obtained in run six, where
the following conditions were applied: temperature 25 °C,
pH 7, glucose concentration 4%, yeast extract concentration
0.8%, peptone concentration 0.3%, acetic acid concentra-
tion 1.5%, incubation time 10 days, and inoculate volume
2%.

On the other hand, the lowest yield of BC, 1.3 g/L, was
observed in run twelve, where the conditions were as fol-
lows: temperature 25 °C, pH 5, glucose concentration 2%,
yeast extract concentration 0.3%, peptone concentration
0.3%, acetic acid concentration 0.0%, incubation time 5
days, and inoculate 2%.

Table 3 represents the outcomes of the variance analy-
sis and determination of parameters for BC production. It
is stated that BC production showed a negative correlation
with increasing temperature, glucose concentration, peptone

Table 2 Plackett-Burman design for 12 variables and observed results for Bacterial cellulose

RunOrder Tempera-  pH Glucose  Yeast Peptone  Acetic acid Incubation Inoculate Experimental Pre-
ture (°C) (% w/v) extract (% (%o w/v) (% V/v) time (days) (%) dicted
w/Vv)
1 35 5 4 0.8 0.3 1.5 5 2 4.2 4.28
2 25 7 4 0.3 0.8 0 5 2 1.9 1.71
3 35 7 2 0.8 0.8 0 10 2 3.7 4.05
4 25 5 2 0.3 0.3 0 5 2 1.3 1.48
5 35 7 2 0.8 0.3 0 5 4 1.6 1.25
6 25 7 2 0.3 0.3 1.5 10 4 7.2 7.28
7 35 7 4 0.3 0.8 1.5 5 4 4 4.18
8 25 5 4 0.8 0.8 0 10 4 3.9 3.81
9 35 5 4 0.3 0.3 0 10 4 3.5 3.58
10 35 5 2 0.3 0.8 1.5 10 2 7.1 6.75
11 25 7 4 0.8 0.3 1.5 10 2 7.7 7.61
12 25 5 2 0.8 0.8 1.5 5 4 4.1 4.18
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Table 3 Results of regression analysis for the PBD

Source DF  AdjSS Adj MS F-Value  P-Value
Model 8 50.4867  6.3108 37.12 0.006
Linear 8 50.4867  6.3108 37.12 0.006
Temperature 1 0.3333 0.3333 1.96 0.256
pH 1 0.3333 0.3333 1.96 0.256
Glucose 1 0.0033 0.0033 0.02 0.898
Yeast 1 0.0033 0.0033 0.02 0.898
Peptone 1 0.0533 0.0533 0.31 0.615
Aceticacid 1 28.2133  28.2133 165.96 0.001
Incubation 1 21.3333  21.3333 125.49 0.002
Inoculate 1 0.2133 0.2133 1.25 0.344
Error 3 0.5100 0.1700 - -
Total 11 50.9967 - - -

R2=99%; R? adj=96.2%; R*pred = 84%

concentration, and media volume. On the other hand, the
other factors had a positive effect on BC production.

By applying regression analysis to the experimental data,
the equation for BC production can be derived. The equa-
tion represents the relationship between the independent
variables (factors) and the dependent variable (BC produc-
tion). The equation for BC production is as follows:

Experimental = -0.89 - 0.0333 x Temperature
+ 0.167 x pH + 0.017
x Glucose + 0.067 x Yeast Extract
- 0.267 x Peptone + 2.044 x Acetic acid
0.5333 x Incubation - 0.133 x Inoculate

In this equation, each coefficient represents the effect of the
corresponding factor on BC production. The negative coef-
ficients (e.g., Temperature, Glucose, Peptone, and Media
Volume) indicate that an increase in these factors leads to
a decrease in BC production. Conversely, the positive coef-
ficients (e.g., pH, Yeast Extract, Acetic acid, Incubation,
and Inoculate %) suggest that an increase in these factors
increases BC production. The coefficients obtained from
regression analysis quantify the impact of each factor while
holding other factors constant. This equation can be used to
predict BC production based on the levels of the indepen-
dent variables. It provides a mathematical model that can be
utilized for optimization or further analysis in the context of
BC production [22].

This regression equation has a coefficient (R?) of 99%,
indicating that the data in PBD could be explained by the
model. Also, the values of, R?adj and R?pred were 96.33%
and 84%, respectively.R2 value suggests a strong relation-
ship between the independent variables (temperature, pH,
glucose concentration, yeast extract concentration, peptone
concentration, acetic acid concentration, incubation time,
and inoculate volume) and the dependent variable (BC
production). The regression equation provides an accurate
representation of how changes in these factors influence

BC production, adjusted R-squared (R%adj) is reported to
be 96.33%. This value considers the number of indepen-
dent variables in the model, ensuring that the inclusion of
variables is justified and prevents overfitting. With a high
R’adj value, the model effectively captures the relationship
between the factors and BC production while consider-
ing the complexity of the model. The predicted R-squared
(R%pred) is 84%, indicating that the regression model has
a strong predictive capability. This means that the model
can reliably estimate BC production for new or unseen data
points based on the given factors. The 84% value suggests
that the model is likely to generalize well and perform accu-
rately in predicting BC production in similar experimental
conditions [23].

Based on the Pareto chart of standardized effects, it has
been observed that the acetic acid concentration and incuba-
tion time have significant effects on BC production com-
pared to the other tested factors, namely temperature, pH,
glucose concentration, yeast extract concentration, peptone
concentration, and inoculate volume.

In this case, the Pareto chart revealed that the bars repre-
senting the standardized effects of acetic acid concentration
and incubation time were relatively larger compared to the
bars of the other factors(Fig. 1). This indicates that these
two factors have a more substantial impact on BC produc-
tion. The significant effects of acetic acid concentration and
incubation time suggest that manipulating these variables
can lead to notable changes in BC production. Increasing
or decreasing the acetic acid concentration or adjusting the
duration of the incubation time can potentially enhance or
reduce BC production, respectively.

Based on the higher significance and impact of acetic
acid concentration and incubation time on BC production,
these two factors were selected for further investigation
in the second phase of experimentation. The other fac-
tors, namely temperature, pH, glucose concentration, yeast
extract concentration, peptone concentration, and inoculate
volume, were fixed at the levels where BC production was
maximized, as determined by a mean effect plot (Fig. 2).
By fixing the remaining factors at the levels that yielded the
maximum BC production, it allows for isolating and focus-
ing on the effects of acetic acid concentration and incubation
time in the second phase of the experiment. This approach
helps in gaining a deeper understanding of the specific con-
tributions and interactions of these two factors without the
confounding effects of the other variables. The mean effect
plot provides valuable insights into the average effect of
each factor at different levels. By identifying the levels that
result in the highest BC production, it serves as a guide for
setting the fixed values of the remaining factors. (Fig. 2).
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Pareto Chart of the Standardized Effects

Fig. 1 Pareto chart of the
(response is Experimental, o = 0.05)

standardized effect of 12 culture
condition on bacterial cellulose
production
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Fig. 2 Main effect plot for process parameters under study on BC production

Identifying the best culture conditions for BC
production using central composite design (CCD)

The crucial variables influencing BC (Bacterial Cellu,.
lose) production of K. saccharivorans BC-G1 are specifi-
cally, acetic acid concentration and incubation time, which
were subjected to further optimization using the Central
Composite Design (CCD) method. This approach allows for
a systematic and efficient exploration of the experimental
space, facilitating the identification of optimal conditions
for maximizing BC production by considering both main
effects and interactions between the variables. The aim was
to determine the optimum levels of these variables that

could maximize BC production.
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For this experiment, a total of thirteen runs were per-
formed, including four cube points, five center points, and
four axial points. The values of the other parameters, such
as temperature, pH, glucose concentration, yeast extract
concentration, peptone concentration, and media volume,
were kept constant at specific levels (temperature: 25 °C,

pH: 7, glucose concentration: 2%, yeast extract concentra-

tion: 0.8%, peptone concentration: 0.3%, media volume:
2%).Table 4 presents the experimental and predicted values
of BC production for each run. Among the thirteen runs, it
was observed that run eight, with an acetic acid concentra-
tion of 0.75% and an incubation time of 10 days, resulted
in the highest BC production of 8.5 g/L. On the other hand,

run number eleven, with an acetic acid concentration of 0%



Brazilian Journal of Microbiology (2024) 55:2199-2210

2205

Table 4 BC production using CCD design

Run Point Acetic Incuba-  Experimental Pre-
Order Type acid tion time dicted
1 0 0.75 7.5 8 7.98
2 0 0.75 7.5 7.8 7.98
3 1 0.21 9.2 5.8 6.31
4 1 1.28 9.2 7.6 8.00
5 0 0.75 7.5 8.1 7.98
6 1 0.21 5.7 6 5.82
7 0 0.75 7.5 8.2 7.98
8 -1 0.75 10 8.5 7.90
9 -1 1.5 7.5 6.2 6.16
10 1.28 5.7 5.2 491
11 0 0.75 7.5 7.8 7.98
12 -1 2.22 7.5 5.8 5.61
13 -1 0.75 5 5 5.37

Table 5 Analysis of Variance(ANOVA) for response surface quadratic
model

Source DF AdjSS AdjMS F-Value P-Value
Model 5 18.0251 3.60502 21.06 0.000
Linear 2 6.6963  3.34814 19.56 0.001
Acetic acid 1 0.3064 0.30642 1.79 0.223
Incubation time 1 6.3899 6.38986 37.34 0.000
Square 2 9.6388 4.81941 28.16 0.000
Acetic acid*Acetic 1 7.6149  7.61488 44.50 0.000
acid

Incubation 1 3.1344  3.13445 18.32 0.004
time*Incubation time

2-Way Interaction 1 1.6900  1.69000 9.88 0.016
Acetic 1 1.6900  1.69000 9.88 0.016
acid*Incubation time

Error 7 1.1980 0.17114

Lack-of-Fit 3 1.0700  0.35666 11.15 0.021
Pure Error 4 0.1280  0.03200

Total 12 19.2231

and an incubation time of five days, yielded the lowest BC
production of 5.0 g/L (Table 4).

By analyzing the experimental and predicted values of
BC production for different combinations of acetic acid
concentration and incubation time, the optimal conditions
for maximizing BC production can be identified. The CCD
allows for a systematic exploration of the variable space to
determine the optimum levels of the significant factors.

These results provide valuable insights for process opti-
mization and control in BC production. By adjusting the
acetic acid concentration and incubation time to the iden-
tified optimal levels, it is possible to achieve higher BC
yields. The experimental and predicted values serve as a
guide for selecting the most favorable operating conditions
in future production processes [24].

The efficiency of the model was assessed using multiple
regression analyses on the data. This analysis specifically
focused on the individual effects of the variables, their

squared terms, and the interactions among them on BC pro-
duction by K. saccharivorans BC-G1. Multiple regression
analysis allows for a comprehensive examination of how
each variable and their interactions contribute to the vari-
ability in the observed BC production, providing insights
into the model’s ability to capture the complex relationships
within the system. The results in Table 5 indicate the signifi-
cance of these effects. Firstly, the “Lack of Fit F-value” of
11.15 was obtained, indicating that the Lack of Fit is insig-
nificant. This means that the model adequately fits the data,
and any discrepancies or variation between the model pre-
dictions and the actual data are not statistically significant.
An insignificant Lack of Fit value is a positive indicator for
the model’s reliability. Furthermore, upon analyzing the
regression coefficients of the model, it was found that there
is an important interaction existing between acetic acid con-
centration and incubation time (P-value =0.016). This sug-
gests that the combined influence of these two variables has
a notable impact on BC production. The interaction term
represents a synergistic or antagonistic effect that is distinct
from the individual effects of the variables. Based on the
significant terms (P < 0.05), the regression equation for BC
synthesis (Y) can be formulated as follows:

Experimental = -6.36+0.75 Acetic acid+3.208 Incu-
bation time —3.720 Acetic acid’> —0.2148 Incubation
time? 4+ 0.693 Acetic acid * Incubation time.

By considering the significant terms in the regression
equation, one can gain insights into the optimal levels of
acetic acid concentration and incubation time for maximiz-
ing BC synthesis by K. saccharivorans BC-GI. This infor-
mation can be utilized to fine-tune the process conditions
and improve the efficiency of BC production.

The analysis of interactions between acetic acid con-
centration and incubation time on BC production involved
the use of response surface plots and contour plots. These
graphical tools provided a visual representation of how
changes in these two factors influence the yield of BC. In
a response surface plot, the levels of acetic acid concentra-
tion and incubation time were deliberately varied within
specific ranges (0-1.5% for acetic acid concentration and
5-10 days for incubation time). By observing the plot, it
can be visualized that how different combinations of these
factors affect BC production. Contour plots complement the
response surface plots by displaying lines (contours) that
connect points of equal BC yield. These lines help visualize
the relationships and interactions between the factors, high-
lighting areas where BC production is likely to be higher
or lower. Together, these plots offer a comprehensive and
intuitive understanding of how acetic acid concentration
and incubation time jointly impact BC production, aiding
in the identification of optimal conditions for maximizing
yield. The plot shows how BC yield changes as these two
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factors are adjusted. From the plot, it can be observed that
increasing the incubation time generally leads to an increase
in BC production. Indeed, the analysis indicates that as the
acetic acid concentration increases from 0 to 1.0%, there is
a corresponding increase in BC (Bacterial Cellulose) pro-
duction. The contour plots serve as a valuable complement
to the response surface plot by offering a more perspective
manner. In contour plots, varying colors represent different
regions of BC yield, providing a visual representation of how
changes in acetic acid concentration and incubation time
collectively affect the outcome. The curved lines observed
in the contour plots are a result of the model’s consider-
ation of interactions between the factors [25]. These interac-
tions can lead to non-linear and more complex relationships
between acetic acid concentration, incubation time, and BC
production. The curvature in the contour lines suggests that
the impact of one factor is influenced by the level of the
other, reinforcing the importance of considering their joint
effects for accurate predictions. In the response surface plot,
the height of the surface serves as a visual representation
of the value of BC production. On the other hand, the con-
tour plots contribute by delineating regions with varying BC
yields. Within these contour plots, the dark shaded region
specifically indicates the area of maximum yield, surpass-
ing 8 g/100 mL. This implies that this dark shaded region is
where optimal conditions for BC production are achieved.
Based on these findings, the recommendation is to focus on
optimizing the levels of acetic acid concentration and incu-
bation time within the identified region of higher yield, as
highlighted by the dark shaded area in the contour plots.
Concentrating experiments in this optimized region has
the potential to maximize BC production by K. sacchariv-
orans BC-G1, ensuring the conditions most conducive to
achieving the highest yields of bacterial cellulose. Similarly
study by Saleh et al. [26] employed statistical optimization

Contour Plot of Experimental vs Incubation time, Acetic acid
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techniques to enhance microbial bioprocesses, focusing on
the production of bacterial cellulose (BC) by Komagataei-
bacter hansenii AS.5. The Plackett-Burman Design (PBD)
identified MgSO4, ethanol, pH, and yeast extract as sig-
nificant factors influencing BC production. Subsequently, a
Box-Behnken Design (BBD) determined the optimal lev-
els for these factors: 1.5% MgS04, 0.718% ethanol, 1.3%
yeast extract, and pH 5.5. Under these conditions, the BC
yield reached 6.30 g/L.Another study conducted by Santoso
and colleagues utilized Komactobacter intermedius (BCRC
910,677) for BC production using optimized modified
culture media. The optimization was performed using the
response surface methodology (RSM). In the RSM optimi-
zation study, a Box—Behnken design with three parameters
was applied: fructose concentrations, peptone concentra-
tions, and pH values. An increase in BC production of 3.82-
fold (compared to the culture in HS medium) was achieved
after a 6-day culture period (Fig. 3).

Validation of BC production by K. saccharivorans
BC-G1

To validate the statistical findings, the fitted values of acetic
acid concentration and incubation time were applied in the
cultural medium. Subsequently, the resulting BC production
was compared with the predicted values obtained from the
optimization plot (Fig. 4). This comparison aimed to assess
the reliability and accuracy of the model’s predictions under
the specified conditions, providing confirmation of the sta-
tistical results.

The reported BC production by K. saccharivorans BC-G1
in the optimized medium was found to be 8.5 + 1.8 g/L based
on the experimental results being conducted. These findings
closely matched the predicted values of 8.3 g/L, as indi-
cated in the accompanying figure. This alignment between

Surface Plot of Experimental vs Incubation time, Acetic acid
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Fig.3 Contour(a) and Surface plot (b) for BC production as a function of incubation time and acetic acid concentration
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Fig.4 Response optimizer for BC
production from K. sacchariv-
orans BC-G1
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actual and predicted values suggests a reasonable degree of
accuracy and validity for the predictive model employed.
Additionally, when comparing the BC production in the
optimized medium (8.5 + 1.8 g/L) with that in the standard
Tang Jia medium (4.6+1.1 g/L), a notable improvement
was observed in the optimized conditions. This increase in
BC production further supports the effectiveness of the opti-
mized medium, showcasing its potential for enhancing the
yield of bacterial cellulose compared to the standard condi-
tions [27].

FTIR spectra analysis
FTIR spectra obtained from BC samples were compared

with the standard cellulose to determine the changes and
similarities within the samples (Fig. 5). Upon analysis,

Wavenumber(cm-1)

results revealed the presence of multiple peaks in the case
of BC produced in this study, as compared to the stan-
dard cellulose, hence revealing the presence of hydroxyl
(3500 cm™ to 3300 cm™), alkane (3000 cm™ to 2800 cm’!),
alkene (3100 cm™ to 3000 cm™), alkyne (3300 cm™) as well
as other aromatic compounds. Initially, the major changes
in the peaks were observed in the range of 3500 cm™ to
3300 cm™!, which is attributed to the presence of stretch-
ing vibration of OH groups within the BC samples. Simi-
larly, the peak changes observed around 2896 cm™ signified
the presence of stretching vibrations of CH, as well as CH
groups. The changes in the functional groups and fingerprint
region within the cellulose samples were observed between
1700 cm and = 1600 cm™ and 1200 cm™— 1100 cm™!, spe-
cifically at 1100 cm™ and 893 c¢m™!, hence indicating C-O
stretching and C-O-C stretching of f— glycosidic linkages
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Fig. 6 XRD patterns by produced BC reference to Commercial cel-
lulose standard

Table 6 Calculated crystallinity of produced BC

Media Crystallinity (%) Average crystallite size(nm)
cC 93% 4.08
BC 98% 4.79

within the glucose monomeric units respectively. In addi-
tion to these, the peaks at 1455 cm-1 reveal the presence of
CH2 deformation within the cellulose structure. Therefore,
at specific wavenumbers, the presence of peaks associated
with B-glycosidic linkages and CH, deformation provides
evidence of the preservation of key structural elements
characteristic of cellulose in the BC samples produced in
this current study. Our results are in compliance with the
observations of Akintunde and others, who have reported
the presence of similar peaks in the bacterial cellulose pro-
duced in their study using K. saccharivorans strains [28].

XRD analysis

Figure 6 presents a comparative analysis of XRD diffrac-
togram patterns between bacterial cellulose (BC) and a
reference sample of commercial cellulose (CC). In the dif-
fractogram of the produced bacterial cellulose, distinctive
peaks were observed around 26=14.9° and 22.6°. Con-
versely, the commercial cellulose exhibited peaks at 15.2°
and 22.3°, corresponding to crystallite plates 101 and 002,
respectively, indicating the cellulose I structure [29].Table 6
provides a summary of the calculated crystallinity and crys-
tallite size based on the raw data obtained from the XRD
diffractograms. The crystallinity of the produced bacterial
cellulose was found to be notably higher, with a value of
98%, compared to commercial cellulose, which displayed
a crystallinity of 93%. Additionally, the average crystallite
size for bacterial cellulose was measured at 4.79 nm, slightly
larger than the commercial cellulose with a size of 4.08 nm.
These findings underscore the superior crystalline structure
and larger crystallite size of bacterial cellulose compared to
commercial cellulose.

SEM analysis

The ultrastructure characteristics of the produced BC were
analyzed using SEM, presented in Fig. 7 shows that BC
pellicle structure consisted of undirected cellulose fibrils
of multiple sizes, which formed bundles of different thick-
nesses and forms a fine and dene network, with a nano sized
diameter [30].

Conclusion

This study demonstrates the efficiency of modern statistical
approaches in determining the effective culture conditions
for production of Bacterial Cellulose. After careful evalu-
ation using response surface methodology approach, it was

Fig. 7 SEM micrograph of produced BC at a magnification of 20 KX (a) and 10 KX(b)
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revealed that Tang Jia media, containing glucose, peptone,
yeast extract, acetic acid and di-sodium hydrogen phos-
phate; provided the maximum BC under static conditions.
The preference for static conditions further refines the prac-
tical application of the findings from this research study.
FTIR analysis revealed distinct spectral signatures in bacte-
rial cellulose (BC) samples compared to standard cellulose,
indicating the presence of various functional groups char-
acteristic of cellulose. XRD analysis demonstrated higher
crystallinity and larger crystallite size in BC compared to
commercial cellulose, highlighting its superior structural
properties. SEM imaging illustrated the intricate network
of cellulose fibrils forming BC pellicles, affirming its
nanostructured architecture.By providing a comprehensive
understanding of the correlation between culture conditions
and BC production, this research offers valuable insights
for industries seeking to maximize BC output efficiently.
The insights gained from this study not only contribute to
the advancement of Bacterial Cellulose production but also
hold broader implications for the development of sustain-
able materials and applications across various industries.
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supplementary material available at https://doi.org/10.1007/s42770-
024-01397-9.
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