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Abstract The extraordinary nature of the bacterial

cellulose (BC) biopolymer gives it potential for

diverse applications; however, the low BC yield of

many indigenous cellulose-producing bacteria is a

persistent problem in its synthesis. In this study, the

BC yield of Komactobacter intermedius (BCRC

910677) was optimized by modifying culture media.

The optimal culture period, type of carbon, and

nitrogen sources were evaluated using the one-

factor-at-a-time approach prior to the optimization

study. The optimization was done by using the

response surface methodology (RSM). In RSM opti-

mization study, a Box–Behnken design with three

parameters is applied; the three parameters include

fructose concentrations (X1), peptone concentrations

(X2), and pH values (X3). Our optimal culture media

combined 41 g/L of fructose, 38 g/L peptone, and a

pH of 5.2. The predicted BC yield from the RSM

model is 4.012 g/L, while BC yield of 3.906 g/L is

obtained from the experiment using the optimized

medium; that is only 2.64% difference. An increase in

BC production of 3.82-fold (compared to the culture in

HS medium) was obtained after 6-days culture. The K.

intermedius investigated in this study show great

potential for commercial BC productions and as

feedstock. The RSM can be a promising approach to
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enhance BC yield since the parameters were well

correlated.

Keywords Bacterial cellulose � Komagataeibacter �
Komactobacter � Response surface methodology �
Nata de coco

Introduction

Bacterial cellulose (BC) is a versatile biopolymer

produced from the metabolic activity of cellulose-

producing bacteria or acetic acid bacteria (AAB); such

as Agrobacterium, Rhizobium, Sarcina, and Koma-

gataeibacter (Toda et al. 1997; Iguchi et al. 2000; Lin

et al. 2013). Cellulose produced by bacteria has very

high purity so that making other purification processes

(such as delignification), which is very energy-

consuming for plant cellulose, is unnecessary (Brown

1886). Cellulose synthesized by bacteria has a chem-

ical composition similar to plant cellulose; however,

thanks to its structural arrangements, BC has remark-

able physical properties. A study by Lin and the group

showed that BC possesses high tensile strength, high

crystallinity, high hydrophilicity, and excellent bio-

compatibility (Lin et al. 2013).

The applicative properties of BC stimulate its

application in fields of industry; one of the most

famous is the production of nata de coco (Lin et al.

2013). BC applications have competed with plant

cellulose, where BC has also penetrated into the

production of sophisticated materials; such as artificial

skin, wound dressing, battery membrane, and desali-

nation membrane (Hassan et al. 2017; Lin et al. 2017;

Wu et al. 2018; Lo et al. 2019; Santoso et al. 2019).

However, many AABs only produce BC in low yields;

this is often a major obstacle in BC applications in the

industry. Many attempts have been made to improve

BC yield of AABs, which is by modifying AAB

genetically, modifying fermentation techniques, and

modifying fermentation reactors. The modifications

mentioned can be further optimized if AAB is

fermented in media with the proper nutritional

compositions. Nutritional requirements are very dif-

ferent between each AAB species (Basu et al. 2019).

Proper nutrition ratios in the preparation of fermen-

tation media are one of the crucial factors in

maximizing BC yield. In this study, we sought to

optimize the composition of culture media (derived

from HS media (Hestrin and Schramm 1954)) for a

novel BC-producing strain, Komagataeibacter (Ko-

mactobacter) intermedius BCRC 910677; abbreviated

as K. intermedius. The success of this optimization

study provides the proper nutritional composition for

BC production by K. intermedius so that other

modifications can be more easily done in the future.

Furthermore, there are still no optimization studies

conducted for this indigenous BC strain, where this

strain can be a potential industrial feedstock. Previ-

ously, we have successfully isolated this strain from

fermented fruit juice (Lin et al. 2016). The strain

shows the level of BC production that is comparable to

the common BC-producing strain, Gluconacetobacter

xylinus (G. xylinus). The strain, K. intermedius,

possesses interesting characteristic that is higher BC

yield at high pH in HS medium; meanwhile, common

BC-producing strains have higher yield under lower

pH (Lin et al. 2016).

The characteristics of BC produced by K. inter-

medius, as well as its yield, were discussed. The

optimization of the fermentation media (HS media)

using the Box–Behnken design (BBD) with three

factors was performed. Three factors such as carbon,

nitrogen sources, and pH values were evaluated; and

finally, the response surface method (RSM) was

carried out to identify the composition of the opti-

mized medium. A one-factor-at-a-time approach was

used before evaluating the significant effects of the

three factors investigated. Multivariate techniques are

available for experimental designs, in addition to

BBD, which is central composite design (CCD), and

Doehlert matrix (DM) (Box et al. 2005). In terms of

design efficiency (calculated as the number of coef-

ficients divided by the number of runs), BBD and DM

are more efficient compared to CCD. However, BBD

is better than DM (also CCD) in avoiding unsatisfac-

tory results, especially during extreme conditions; this

is because BBD does not have a combination where all

the independent variables are simultaneously at the

highest or lowest level (Ferreira et al. 2007).
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Materials and methods

Preparation of bacterial stock solutions

K. intermedius (BCRC 910677) was previously

isolated from fermented fruit juice, according to a

previous study (Lin et al. 2016). K. intermedius stock

solutions were prepared by hydrolyzing the BC pellets

produced using cellulase from Trichoderma reesei

(ATCC 26921) at 28 �C for 72 h. After hydrolysis, the

supernatant was separated using 7000 rpm centrifu-

gation for 5 min. The obtained bacterial pellets were

washed with sterile deionized water, for 2 times.

Finally, 1 mL of 20% glycerol solution was added to

the pellet and then stored under - 80 �C.

Preparation of the culture media

The composition of culture media was adopted from

the composition of Hestrin-Schramm’s (HS) media

(Hestrin and Schramm 1954); specifically, 20 g glu-

cose, 5 g peptone, 5 g yeast extract, 2.7 g disodium

phosphate (Na2HPO4) and 1.15 g citric acid, dissolved

in 1 L of deionized water. Modification of HS media

was done by replacing glucose with other carbon

sources, while yeast extract and peptone were substi-

tuted with different nitrogen sources. Sucrose, fruc-

tose, mannitol, or glycerol were used as a substitute for

a carbon source. Yeast extract/peptone (YE/P), malt

extract (ME), or ammonium sulfate (AS) were used as

a substitute for the nitrogen source. Subsequently, the

proper pH and culture period were investigated.

Bacteria culture and BC production

The stored bacteria stock solution was thawed at room

temperature and then added to a 250 mL culture flask

filled with 50 mL of HS (or modified) media. The

static fermentation technique was used throughout the

study. The propagation of bacteria was performed

under aerobic incubation at 28 �C for 72 h. During this

propagation step, the bacteria are eventually covered

in the BC that is produced. BC containing bacteria

were collected aseptically and pureed using a Waring

Blender 7011HS. The bacteria puree was added into

another 250 mL flask filled with 100 mL of HS (or

modified) media and then incubated under the same

condition for various culture periods. The resulting BC

was harvested and cleaned-twice by immersing BC in

0.1 N NaOH for 30 min at 80 �C. Subsequently, BC

was rinsed using double-deionized water for 30 min, at

80 �C, until translucent BC was obtained. BC dry

weight was weighted after lyophilization.

Optimization study

The response surface methodology (RSM) using the

Box–Behnken design (BBD) was performed in the

optimization study. Three variables, including carbon

source concentration, nitrogen source concentration,

and pH, were optimized from a set of experiments; in

this case, 15 runs were involved in building the model

and predicting the optimal point. Three levels of

design were introduced; that is low, medium, and high,

which coded as - 1, 0, and 1 (Table 1). A Minitab

(version 19) software was used to predict the optimal

value of the three variables according to the following

second-order polynomial equation (Montgomery

1991; Panesar et al. 2012):

Y ¼ B0 þ
X

BiXi þ
X

BiiX
2
i þ

XX
BijXiXj

where Y is the dependent variable represents the

predicted response on BC production yield (g/L); B0

represents the fitted response at the design’s center

point; Bi, Bii, and Bij are the coefficient for linear,

quadratic, and cross-product regression; Xi and Xj

(with j = i ? 1) are the coded independent variables

(X1 = carbon source concentration, X2 = nitrogen

source concentration, and X3 = pH).

A preliminary experiment using a one-factor-at-a-

time approach was conducted before determining the

range and corresponding levels for each variable, as

shown in Table 1. The experimental design by BBD is

presented in Table 2. The interactions and the

response between the three tested variables were

analyzed using analysis of variance (ANOVA). The

confidence values for each set of measurements were

determined using the least significant difference

(LSD) test and paired t test by the correlation

coefficient R2. The probability value (P value) of the

tested statistical model was used to determine the level

of confidence in the fitting, where the proper fitting is

appointed for P\ 0.05. The statistical significance of

the regression coefficient was also obtained from

ANOVA as the Fisher value (F value).
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BC morphological observation

Lyophilized BC membranes were stored in a desicca-

tor to prevent contact with air moisture before

undergoing a Scanning Electron Microscopy (SEM)

examination. Prior to taking the SEM images, BC

samples were platinum-coated with a JEOL JEC-

300FC Quick coater. SEM imaging was performed

using a JEOL JSM-7800F (Tokyo, Japan) Prime field

emission scanning electron microscope at an acceler-

ating voltage of 10 kV. SEM images were then

analyzed using a Java-based image processing and

analysis program (Schneider et al. 2012), namely

ImageJ, to determine the fiber diameter. ImageJ can

assess the density of each pixel of the image; the

density measurements reflect the actual Hounsfield

unit values. ImageJ generates a 16-bit density his-

togram (Fig. S2), which can be used to calculate the

diameter of BC fibers for each region of interest

(Irving et al. 2007).

BC crystallinity measurement

To determine crystallinity of the produced BCs, XRD

patterns were collected on an x-ray powder diffrac-

tometer (X Pert PRO model, Nalytical, Almelo,

Netherlands) using a copper X-ray source. Scans were

collected at 4 deg per minute from 5� to 40� 2h. BCs

were lyophilized overnight by using a freeze dryer

(SFD-25 model, Chang Juing Machinery, Kaohsiung,

Taiwan) and pressed into a thin and flat layer for

analysis. The relative crystallinity of samples was

calculated by Peakfit software (Jandel Scientific, San

Rafael, CA, USA). A peak fit calculation was acquired

when five peaks were selected for the fitting. Four of

the peaks were associated with the characteristic

cellulose I, and the fifth peak at around 20.5 Æ was

assigned to the amorphous region. The crystallinity

degree was calculated utilizing XRD deconvolution

method (Park et al. 2010).

Table 1 The range and

corresponding levels of

independent variables

Variable Range values of coded levels

- 1 0 1

Fructose concentration (X1, g/L) 20 40 60

Peptone concentration (X2, g/L) 20 50 80

pH (X3) 4.5 6 7.5

Table 2 The variables

used in BBD design for

optimization of BC

production yield

Run no. Independent variables BC yield (g/L)

Fructose (g/L) Peptone (g/L) pH Y

1 20 20 6 1.536

2 20 80 6 1.372

3 60 20 6 1.636

4 60 80 6 1.446

5 20 50 4.5 2.838

6 20 50 7.5 0.762

7 60 50 4.5 3.656

8 60 50 7.5 0.672

9 40 20 4.5 1.542

10 40 20 7.5 0.992

11 40 80 4.5 1.770

12 40 80 7.5 0.706

13 40 50 6 4.612

14 40 50 6 3.740

15 40 50 6 2.766
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Results and discussion

One-factor-at-a-time analysis

Effect of different culturing times in BC production

It was noted that a more extended culture period

results in more BC accumulation. However, extending

the duration of culture causes a reduction in efficiency

and yield (Trovatti et al. 2011; Mohite et al. 2013; Lin

et al. 2013). Different culture periods (0–15 days)

were tested to evaluate the effect of culturing time on

BC yield; a general HS medium was used for the

evaluation; this is to determine the ideal time frame for

BC production. As shown in Fig. 1a, the 6-day culture

gave the highest BC yield (1.023 g/L). A more

extended culture period does not provide a significant

increase in BC production yield. Thus, in this study, a

6-day culture was selected as the ideal time frame for

BC production. The kinetics of product formation (dP/

dt) can be determined from the data in Fig. 1a (López-

Meza et al. 2016); it was obtained that the maximum

product formation rate is 0.206 g/L day (0.009 g/L h).

Effect of different carbon source in BC production

The effect of 5 different carbon (C) sources in

enhancing BC production was evaluated; the investi-

gated C source is glucose (Glc), sucrose (Suc),

fructose (Fru), mannitol (Man), and glycerol (Gly).

Those C sources are selected since they found to be

suitable in promoting bacteria growth. Masaoka et al.

(1993) have proven that Glu is the most effective C

source for A. xylinum (IFO 13693) in terms of BC

Fig. 1 Determination of optimal BC production based on

a culture period; b various C source, that is glucose (Glc),

sucrose (Suc), Fructose (Fru), Mannitol (Man), glycerol (Gly);

and, c various N source, that is yeast extract and peptone (YE/P),

peptone (P), yeast extract (YE), malt extract (ME), ammonium

sulfate (AS). All the measurements were done in triplicates.

Different letter of each column represents significant difference

(P\ 0.05)
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production, followed by Gly and Fru. Other bacteria

that have been known to favor Glu over other C

sources are including G. sacchari (Trovatti et al. 2011)

and Gluconacetobacter sp. (Jahan et al. 2012). How-

ever, in another study, Fru is also known to be the most

suitable C source for A. xylinum (ATCC 700178) than

that of Suc, maple syrup and Glu (Cheng et al. 2009;

Lin et al. 2016). Gly can be supplied as waste Gly from

the biodiesel industries, and it has the potential of

being a cost-effective C source for BC medium

(Johnson and Taconi 2007). Gly showed high BC

yield in certain strains, which is Acetobacter sp. V6

(Jung et al. 2010), G. xylinus (CGMCC 2955) (Zhong

et al. 2013). Culture medium with addition of Man as

the C source results in the highest BC production by G.

xylinus (PTCC 1734) (Mohammadkazemi et al. 2015)

and G. xylinus (ATCC 53524) (Ruka et al. 2012).

In this study, K. intermedius can grow in the

selected C sources. As shown in Fig. 1b, culture in

Man (as C source) produces the highest BC yield,

followed by Fru[Glc[Gly[ Suc. The BC pro-

duction is more optimal by using Man as C source due

to the least amount of gluconic acid produced,

compared to Glu as C source (Gullo et al. 2019).

Glu, as a C source, can encounter a dehydrogenation

that transforms it into gluconic acid instead of cellulose

(Zhong et al. 2013). Furthermore, certain alcohols are

known to act as stimulants for BC synthesis, and Man

is one of them (Lu et al. 2011). However, in the study

by Fernández and co-researchers, Man is known to

inhibit the production of BC by K. xylinus. A further

study needs to be performed before understanding the

difference in Man metabolic pathway for K. inter-

medius and K. xylinus (Fernández et al. 2019).

We have demonstrated that Man provided the

highest BC yield. However, the use of Man is not

commercially feasible. Man has very low solubility

due to its low hygroscopicity; Man can only pick up

water at a humidity level of 98%; this can be a

technical issue, especially for extensive (industrial)

scale Man dissolution. Man solubility in water (at

25 �C) is only 216 g/L, which is much lower compare

to Fru (4000 g/L) (Yalkowsky and Dannenfelser

1992). Nevertheless, it is more likely that Man is first

converted into Fru for further metabolism (Mamlouk

and Gullo 2013). As from the production cost, Man is

more expensive than Fru; therefore, the use of Fru can

reduce cost (Ohrem et al. 2013). Many attempts have

been made to reduce the cost of BC production, such

as by using agricultural waste as nutritional sources.

For instance, industrial waste has been used as culture

media for BC, such as citrus peel beverage industry

waste (Fan et al. 2016), waste beer yeast (Lin et al.

2014), wine industry waste (Wu and Liu 2012), and

candied-jujube waste (Li et al. 2015). However, often,

the use of waste as nutrition cannot be immediate but

must be preceded by pretreatment; for example, heat

and acid treatment. Although the source used is cheap,

but there are additional costs for the pretreatment

process (Li et al. 2015). Therefore, the use of cheap

source nutrients still needs to be optimized and

requires further study.

Effect of different nitrogen source in BC production

Yeast extract (YE) and/or peptone (P) are usually used

as the nitrogen (N) sources for a typical HS medium

(Cheng et al. 2009; Lin et al. 2016). In this study, we

attempted to use different N sources prior to deter-

mining the suitable N source for K. intermedius; that

is, a combination of YE and P (YE/P), malt extract

(ME), and ammonium sulfate (AS). The effect of

different N sources on the yield of BC produced by K.

intermedius is shown in Fig. 1c. It was noted that P, as

the sole N source, could help the bacteria to provide a

higher yield of BC, compared to that of YE/P[
ME[YE. Meanwhile, no formation of BC was

observed during culture by using AS as the N-source.

Similar to C sources, the suitable N sources differ

among the bacteria. The K. intermedius was not able to

utilize AS as the inorganic N source. A similar result

was observed during the culture of Acetobacter sp.,

where no BC formation was observed with AS as N

source (Son et al. 2001). This may be related to the

toxic effect and the ionic strength produced by the

addition of AS (Müller et al. 2006). Still, among the

highly diverse BC producing, especially the Komac-

tobacter genus, there are other species that are able to

utilize AS for BC synthesis (Ramana et al. 2000).

Response surface methodology optimization

As mentioned in the two previous subsections, fruc-

tose (Fru) and peptone (P) were selected to culture the

K. intermedius. The optimum concentration of the two

nutrient sources, as well as optimum culture pH, were

determined by using the response surface methodol-

ogy (RSM) with three sets of variables. The three
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variables include the concentration of Fru (X1), the

concentration of P (X2), and pH (X3).

A set of the individual experiment for each variable

(X1, X2, and X3) was conducted; this is to investigate

their effect on the BC yield using a one-factor-at-a-

time approach. Fru (X1) concentration of 0–100 g/L

was used, and it was found that the Fru concentration

of 20 g/L gives the highest yield of BC (Fig. 2a).

Interestingly, at a Fru concentration of 0 g/L, K.

intermedius is still able to produce a small amount of

BC. This suggests that K. intermedius may be capable

of utilizing peptone and citric acid as a carbon source

for producing BC.

A different concentration of P (X2 = 0–70 g/L) was

used for the optimization study. As shown in Fig. 2b.,

the BC yield of K. intermedius is significantly

increased by using a P concentration of 30 g/L. It

was noted that K. intermedius was not able to produce

BC in the absence of P; thus, the presence of N source

is mandatory in the BC production. The importance of

N source is also shown in some other studies; for

instance, A. xylinum only able to generate a small

amount of BC after culture in fruit juice alone

(Kurosumi et al. 2009). Li and co-workers reported

that the addition of ammonium citrate to culture

medium made from candied jujube wastewater is

necessary to boost BC yield, which results in a five-

fold increase in BC production (Li et al. 2015). The

optimal N source concentration found in this study is

three times higher than that of HS medium; this is

possibly due to the buffering effect provided by the N

source.

The BC production was also observed under a wide

range of pH (X3) of 3–10, in which the highest yield

Fig. 2 One-variable-at-a-time measurement: a effect of fruc-

tose concentration (0, 20, 40, 60, 80, 100 g/L) to the BC yield.

b Effect of peptone concentration (0, 10, 30, 50, 70 g/L) to the

BC yield. c Effect of culture medium pH (3, 4, 5, 6, 7, 8) to the

yield of BC. All measurements were done in triplicate, with

P\ 0.05
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was obtained at a pH of 6 (Fig. 2c). There is no BC

synthesis observed under a pH of 3 or over 8. This

result, however, is contradictory to a previous exper-

iment conducted on the same strain, in which the strain

exhibited high tolerance and high yield under a basic

environment. During the last study, HS medium was

used for culture media for K. intermedius (BCRC

910677); 1.2 g/L of BC was able to synthesized at pH

8 (Lin et al. 2016). The difference between the

previous and current results may be attributed to the

difference in culture media, especially the use of Fru

instead of Glu. When Glu is used as C source, the

formation of gluconic acid (which can inhibit the

formation of BC) is minimized when the pH becomes

more alkaline (Pourramezan et al. 2009; Panesar et al.

2012); while this is not happening when Fru used as C

source, gluconic acid formation remains minimal

despite low pH. Virtually, the BC-producing bacteria

also prefer low pH than alkaline pH (Bae and Shoda

2005; Rani et al. 2011; Mohite et al. 2013). A higher

starting pH value helps to maintain the preferred pH

level in BC synthesis, as the accumulation of gluconic

acid will lower the pH of the medium (Liu et al. 2015).

Membrane-bound dehydrogenase is a common feature

in the AABs; besides glucose dehydrogenase, fructose

dehydrogenase also exists in the membrane of some

species (Adachi and Yakushi 2016). However, signif-

icantly fewer reports have addressed the effect of

fructose dehydrogenase in BC production and its

enzyme activity.

The RSM model was designed according to the

results of the individual experiment for each variable.

The data set for RSM is as summarized in Table 2, and

the corresponding fitting between experimental and

theoretical data are given in Table 3. The second-

polynomial order model obtained for BC yield (Y, g/L)

is as follows:

Y ¼ 3:75837 þ 0:0734697X1 � 0:147894X2

� 0:930644X3 � 0:921001X2
1 � 1:37915X2

2

� 0:894653X2
3 � 0:0720605X1X2

� 0:148439X1X3 þ 0:0642882X2X3

the R2 = 86.99% was adequately high to show the

significance of the model. The optimized value for

each variables as predicted by the model are

X1 = 41 g/L, X2 = 38 g/L, and X3 = 5.2.

The BC yield (Y) was found to be 4.012 g/L, based

on the predicted model, while from the experiment

using the optimized culture medium, the BC yield of

3.906 g/L was obtained. The difference between the

predicted and experimental value is only 2.64%; thus,

it is noted that the obtained RSM model can well

correlate the data. There are no second-degree corre-

lations observed in the RSM experiment, suggesting

indirect interactions between factors within the exper-

iment design, as indicated by the P value of 0.081 (that

is[ 0.05 confidence level) and small F value of 3.72.

The RSM study proves that the traditional one-

variable-at-a-time method is insufficient for achieving

optimal yield. The optimized medium composition

(41 g/L of fructose, and 38 g/L of peptone) obtained

by conducting RSM study is much higher than that of

typical HS medium (20 g/L of glucose, 5 g/L of yeast

extract, and 5 g/L of peptone). K. intermedius culture

in optimized media results in an increase in BC yield

of 382% (compare to the culture in HS medium).

The three-dimensional plots showing the interac-

tion between every two tested variables to the BC yield

(g/L) are illustrated as a contour plot (Fig. 3). The

corresponding surface plots are given in Supplemen-

tary Data Figure S1. It can be observed that there is an

optimal value for fructose and peptone prior to

improve the BC yield. As illustrated in Fig. 3, it is

shown that BC production prefers lower alkaline pH.

Although pH value is often linked to BC production

yield, it is not yet clear how the pH affected the BC

synthesis pathway. A complete genome analysis on

how enzymes affected by changes of medium pH and

its correlation to BC yield is required to understand the

mechanism. As we have observed that changes in the

composition of the medium can affect pH preferences,

this is an essential point in the following RSM study.

Comparison of BC yield with other optimization

studies

As recorded in Table 4, the culture of K. intermedius

in an optimized medium shows a 3.82-fold increase in

BC yield, compared to the culture in HS medium. The

BC yield obtained from K. intermedius is much lower

than that of A. xylinum; but, it is comparable to other

species (e.g., Gluconacetobacter, and G. hansenii).

Moreover, in some other studies, they include the use

of other additives such as agar (Bae and Shoda 2005)

or ethanol (Jahan et al. 2012), which raised the

production cost. This study provides a cost-effective

way to increase BC production with only slight
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adjustments. Also, in most studies, glucose is used as

the C source. One of the problems with raising glucose

concentration is that it leads to a higher gluconic acid

conversion rate and, ultimately, higher gluconic acid

output rather than BC output. Therefore, enhancement

of BC production by raising glucose concentration is

inadvisable (Masaoka et al. 1993). Utilization of

fructose as the primary C source may address this

problem and boost BC yield, without the worry of

gluconic acid formation.

Fig. 3 Contour plot of BC yield showing the interaction between the tested three variables. X1= fructose concentration (g/L),

X2= peptone concentration (g/L), X3 = pH

Table 3 ANOVA

coefficients of the RSM

model using a Box–

Behnken design

aX1= fructose concentration

(g/L), X2= peptone

concentration (g/L),

X3 = pH, DF = degree of

freedom,

Seq. SS = sequential sum of

squares, Adj. SS = adjusted

sum of squares, Adj.

MS = adjusted mean

squares

Sourcea DFa Seq. SSa Adj. SSa Adj. MSa F value P value

Regression 9 18.4248 18.4248 2.0472 3.72 0.081

X1 1 0.0218 0.0446 0.0446 0.08 0.787

X2 1 0.0167 0.1572 0.1572 0.29 0.616

X3 1 5.5734 6.2244 6.2244 11.30 0.020

X1
2 1 3.5468 2.5995 2.5995 4.72 0.082

X2
2 1 6.2396 6.7867 6.7867 12.32 0.017

X3
2 1 2.8910 2.8559 2.8559 5.18 0.072

X1 X2 1 0.0080 0.0222 0.0222 0.04 0.849

X1 X3 1 0.1142 0.0941 0.0941 0.17 0.679

X2 X3 1 0.0135 0.0135 0.0135 0.02 0.882

Residual error 5 2.7550 2.7550 0.5510

Lack-of-fit 3 1.0494 1.0494 0.3498 0.41 0.765
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Characterization of the produced BC

The characterization of fermented BC in HS and

optimized media was carried out to evaluate the

effects of different fermentation media on product

characteristics. The surface morphology of BC pro-

duced by K. intermedius was observed by using the

SEM. As shown in Fig. 4a and b, the produced BC

(both using HS and optimized media) exhibit a 3D

network structure constituted of nano cellulose bun-

dles. A computer program, namely ImageJ, is used to

analyze the fiber diameter of BC produced in HS and

optimized media. At least 20 measurements were done

to ensure the reproducible statistics of the BC fiber size

distribution. BC produced from culture in optimized

media have fiber diameters range of 14–70 nm, with

Fig. 4 SEM image of BC produced by K. intermedius cultured in a HS medium and b optimized medium

Table 4 Comparison of optimized culture media composition and BC yield of several acetic acid bacteria (AAB)

AAB species C source N source pH BC production Refs.

Yield (g/

L)

%

increase

A. aceti (MTCC 2623) 2.25% (w/v)

Glu

1.16% (w/v) NaNO3 7 1.73 – Panesar et al. (2012)

Gluconacetobacter sp. (F6) 1% (w/v) Glu 1.5% (w/v) YE, 0.5% (w/v)

P

– 4.5 865 Jahan et al. (2012)

G. hansenii (NCIM 2529) 2% (w/v) Suc 0.5% (w/v) KNO3 5 5.0 166 Mohite et al. (2013)

A. xylinum (BPR2001) 4.99% (w/v)

Fru

2.85%(w/v) CSL 5.0 14.3 76 Bae and Shoda

(2005)

G. hansenii (UAC09) 4% (w/v) Glu 8%(w/v) CSL 6.64 7.4 493 Rani et al. (2011)

K. intermedius (BCRC

910677)

2% (w/v) Glu 0.5% (w/v) YE, 0.5% (w/v)

P

8.0 1.2 – Lin et al. (2016)

K. intermedius (BCRC

910677)

4.1%(w/v) Fru 3.8%(w/v) P 5.2 3.906a 382 This work

Glu glucose, Suc sucrose, Fru fructose, YE yeast extract, P peptone, CSL corn steep liquor
aBC yield (experimented) = 3.906 g/L, BC yield (predicted) = 4.012 g/L
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an average diameter of 38 nm and a median of 36 nm;

while BC from culture in HS media have fiber

diameters range of 21–147 nm, with an average of

50 nm and a median of 40 nm (Fig S2). According to

the obtained density map, the diameters of BC

produced from the culture in HS medium are thicker

and distributed more widely, while the one in the

optimized medium is thinner with a more uniform

diameter. BC produced by K. intermedius (BCRC

910677) in HS medium shows a similar density pattern

to a previous study (Lin et al. 2016).

In XRD analysis (Fig. 5), the crystaillinity and

crystal type were also evaluated. BC from optimized

medium exhibited the similar crystallinity compared

to BC from HS medium (81.9% vs. 80.3%), which is

also similar to our previous study (Lin et al. 2016).

Three major peaks from the \100[, \010[ and

\110[ planes of BC were observed, suggesting that

both BC samples were in the cellulose Ia form for

randomly oriented crystallites (French 2014).

Therefore, BC produced by K. intermedius has the

potential to replace commercial BC. BC from K.

intermedius can be used in biomedical applications,

such as raw material for wound dressing (Wu et al.

2018; Lin et al. 2017). It can also be applied as a

substrate material for many flexible devices, such as

solar cells. BC can be easily transformed into the

transparent film through oxidation (Wu and Cheng

2016).

Conclusion

The response surface methodology, with a Box–

Behnken design, was successfully employed to inves-

tigate the interaction of fructose concentration, pep-

tone concentration, and pH to the BC production yield

of Komactobacter intermedius (BCRC 910677). The

study revealed that the optimal concentration of

fructose (as carbon source) and peptone (as nitrogen

source) in the culture medium is much higher than that

of typical HS medium. The culture in the optimized

media has an increase in BC yield up to 382%. The BC

yield of the studied strain, however, is still much lower

than that of commercial BC strain. Nevertheless, the

results of this study provide important insights into the

nutritional requirements of AAB fermentation, espe-

cially for K. intermedius. Furthermore, K. intermedius

possesses high potentials for commercial BC produc-

tions and as feedstock, as it displayed good BC yield

during a relatively short culturing time (6 days).
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