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Abstract By analyzing with X-ray diffraction and FT-IR
spectroscopy, the main effective factors among common
culture conditions on crystallinity index and I, fraction of
cellulose produced by Gluconacetobacter xylinus were
examined with Plackett-Burman design experiment.
Varying pH value in the medium by adjusting the com-
position of citrate buffer or by adding HCI/NaOH solution
indicates it is the content of citrate buffer rather than its
function of pH buffering that gives the influence on crys-
tallinity. Further experiment reveals that Na* concentration
of 0.174 mol/l in medium with citrate buffer added would
decrease the crystallinity index significantly. Comparison
of carbon sources shows that fructose leads to a higher
crystallinity index than glucose, which suggests a rela-
tionship between crystallinity and production speed of
bacterial cellulose affected by carbon sources. An inter-
esting phenomenon was that a longer period of cultivation
would decrease the crystallinity of bacterial cellulose. The
reason is assumed to be the dense network of cellulose
formed by bacterial cells that restrict the motion of them-
selves as the incubation period extends. Though the effect
of inoculum age is still unclear, the influence on crystal-
linity of bacterial cellulose caused by variation of some
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ordinary culture conditions can be drawn out from data of
this work.
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Introduction

Bacterial cellulose (BC) is a natural pure cellulose aggre-
gate produced by strains of the bacterium Gluconacetob-
acter xylinus (formerly Acetobacter xylinum), which has no
impurities. It is composed of fibers of diameter ~3 nm
grouped into bundles of diameter ~50 nm and forming a
dense net. With a strong tensile strength, low toxicity, and
high hydrophilicity, the BC fiber is ideally suited for use in
different fields [9, 17], especially in medical device
applications [2, 11], which are actively being pursued by
numerous research groups worldwide.

There are several other microorganisms, such as strains
of Pseudomonas, Achromobacter, Alcaligene, and Azoto-
bacter, also found to produce cellulose, but A. xylinum is
the only one that can form cellulose in sufficient abundance
for industrial applications [20]. The main crystalline forms
of native cellulose are Cellulose I and II [4]. Detailed
structural characteristics demonstrated that Cellulose 7 is a
composite of two different crystalline phases called cellu-
lose I, (triclinic) and Iz (monoclinic) unit cells [3]. Nor-
mally, A. xylinum produces I,-rich cellulose with highly
crystalline characteristics [11].

Numerous papers published in the past showed that
various water-soluble polymers or their fractions can
interfere with the aggregation of microfibrils into a normal
ribbon as they were added into the culture medium and thus
affect the crystallinity degree and I, fraction of BC [21, 24].
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Other physical cultivation conditions were also discussed as
to whether they induce changes in crystal structure of BC
[6, 22]. Some papers discussed the crystallinity of BC
produced with various carbon sources, including molasses
[8], processed rice bark [4], and saccharified food wastes
[12]. However, few studies have focused on finding out
which are the major effects among common culture con-
ditions. Given this background, the present work screened
the main factors that affect the crystallinity of BC by a
Plackett—-Burman design and analyzes their influence.

Materials and methods
Materials

The cellulose was produced by Gluconacetobacter xylinus
(Acetobacter xylinum subsp. sucrofermentans BPR2001,
ATCC #700178). Maple syrup, which is mainly composed
of fructose, glucose, and sucrose [13], was purchased from
Kirkland®. All other chemicals used were purchased from
Sigma—Aldrich.

Sample preparation

The inocula was incubated at 27°C with a rotation speed of
160 rpm in a medium composed of fructose 20 g/l,
(NH,4),SO,4 3.3 g/l, yeast extract 20 g/l, KH,PO,4 1 g/1, and
MgSO0,4-7H,0O 0.122 g/l. The bacterial cellulose was then
produced in 500-ml Erlenmeyer flasks containing 250 ml
of media. The product was purified by processing with 1%
NaOH solution for 30 min in a boiling water bath to lyse
the bacteria. After being washed to neutral, the BC was
dried for XRD and FT-IR measurements. All reported
quantitative data were the mean values and standard
deviations corresponding to three triplicate samples.

Screening parameters by Plackett—-Burman design

The Plackett—-Burman design can identify the significant
variables among a number of factors from the screening
experiment by analysis of variance (ANOVA) [15]. This
experimental design is based on a linear approach:

k
Y =Mo+ Y MX;
i=1

where Y is the response, M, is the model intercept, and M;
the regression coefficients. This model assumes no inter-
action among factors, X;, in the range of variables under
consideration. The main effect (the contrast coefficient)
was calculated as the difference between the average of
measurements made at the high level (+1), and the average
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of measurements made at the low level (—1) of each factor.
The contrast coefficient provides the evaluation for the
effect of each factor. A large contrast coefficient, positive
or negative, indicates a factor of large impact, and a con-
trast coefficient close to zero implies a factor with little or
no effect. The significance of each variable was determined
by applying Student’s ¢ test and a low p value indicates a
significant effect. A 24-run Plackett—-Burman design gen-
erated by the software Minitab 14 was used to screen 12
variables, which included nutrients, physical parameters
and pH buffer at two levels (Tables 1, 2). The rows in
Table 2 represent the 24 different trials and each column
represents an independent or dependent variable. The signs
1 and —1 represent two different levels of the independent
variables under investigation (Table 1). Except variables in
the Plackett—Burman design, other culture conditions were
same as described above in sample preparation. All
experiments were carried out in triplicate and the averages
of the crystallinity index and I, fraction were taken as the
response.

Influence of citrate buffer and pH value

The experiment was designed with the pH buffer system
varying in culture medium according to Fig. 1b. Other
medium ingredients: fructose 30 g/l, yeast extract powder
20 g/1, (NH,4),SO, 3.3 g/l, KH,PO, 1.0 g/l, MgSO,4-7H,0
0.8 g/1, ethanol 0.5% (v/v) and acetic acid 0.5 g/l. A 3-day
inoculum was transferred in with an inoculum ratio of 6%.
Then, with the same flasks and media volume as described
above, the cultivation was conducted at 27°C with a rota-
tion speed of 135 rpm for 10 days.

Effects of different carbon sources

The culture conditions were almost the same as above in
pH value comparison except that the carbon source varied
and pH buffer system was fixed to 1.60 g/l of citric acid
and 2.40 g/1 of trisodium citrate-2H,0. Each carbon source
has an equivalent level of carbohydrate at 30 g/l. A mixture
of sucrose, fructose, and glucose (SFG) to simulate the
maple syrup composition was also tested with a proportion
demonstrated in Fig. 2.

X-ray diffraction (XRD) analysis

Samples of BC were analyzed by a Rigaku MioniFlex
X-ray diffractometer, using monochromated CuKo radia-
tion (4 = 1.54059 A) operated at 30 kV and 15 mA. The
relative crystallinity index (Crl) was estimated by equation:
Crl = 1-1,/Iggz, in which Iy, is the maximum intensity
of the 002 lattice diffraction and I,,, is the intensity at
20 = 18° [12].
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Table 1 Variables assigned at

different levels in Placketi— Symbols Variables Lower level (-1) Higher level (1)
Burman design designated
X4 Carbohydrate of maple syrup (g/1)* 20 40
X, Cultivation period (day) 7 15
X3 Yeast extract (g/l) 10 20
X4 Citric acid and trisodium citrate dihydrate (g/l) 1.6 and 2.4 3.2 and 4.8
Xs Ethanol (v/v, %) 0.5 1
X Acetic acid (g/) 0.5 1
X5 MgS0,4-7H,0 (g/) 0.4 0.8
Xs Agar (g/1) 0 2
a Calculated from the Xo Size of inoculum (v/v, %) 3 6
carbohydrate content of maple Xio Age of inoculum (day) 3 6
syrup (54 g of carbohydrate per X, Temperature (°C) 25 30
60 ml of syrup provided by X5 Rotation speed (rpm) 140 170

supplier)

Table 2 Experiment arrangement of Plackett—-Burman design with results of crystallinity index and /, fraction of bacterial cellulose

Run Xl X2 X3 X4 X5 Xé X7 Xg

Xo Xio X1 Xi2 Crystallinity index 1, fraction

1 1 -1 -1 -1 -1 1 -1 1
2 1 1 -1 -1 -1 -1 1 -1
3 1 1 1 -1 -1 —1 —1 1
4 1 1 1 1 -1 -1 —1 —1
5 1 1 1 1 1 -1 -1 -1
6 -1 1 1 1 1 1 -1 -1
7 1 -1 1 1 1 1 1 -1
8 -1 1 -1 1 1 1 1 1
9 1 -1 1 -1 1 1 1 1
10 1 1 -1 1 -1 1 1 1
11 -1 1 1 -1 1 -1 1 1
12 —1 —1 1 1 -1 1 —1 1
13 1 -1 -1 1 1 -1 1 -1
14 1 1 -1 -1 1 1 -1 1
15 -1 1 1 -1 -1 1 1 -1
16 -1 -1 1 1 -1 -1 1 1
17 1 -1 -1 1 1 -1 -1 1
18 -1 1 -1 -1 1 1 -1 —1
19 1 —1 1 -1 -1 1 1 —1
20 -1 1 -1 1 -1 -1 1 1
21 -1 -1 1 -1 1 -1 -1 1
22 -1 -1 -1 1 -1 1 -1 -1
23 -1 -1 -1 -1 1 -1 1 —1

24 —1 —1 —1 —1 —1 —1 —1 —1

-1 -1 1 1 0.417 0.584
1 -1 -1 1 0.403 0.615
—1 1 -1 -1 0.432 0.629
1 —1 1 -1 0.512 0.597
-1 1 -1 1 0.404 0.618
-1 -1 1 -1 0.502 0.628
-1 -1 -1 1 0.485 0.591
-1 -1 -1 -1 0.458 0.633
1 —1 -1 -1 0.527 0.619
1 1 -1 -1 0.430 0.642
1 1 1 -1 0.503 0.619
1 1 1 1 0.394 0.664
1 1 1 1 0.433 0.665
-1 1 1 1 0.371 0.644
1 -1 1 1 0.399 0.595
-1 1 -1 1 0.406 0.634
1 -1 1 -1 0.532 0.645
1 1 -1 1 0.395 0.619
—1 1 1 -1 0.539 0.634
-1 -1 1 1 0.400 0.614
1 -1 -1 1 0.411 0.633
1 1 -1 -1 0.490 0.639
-1 1 1 -1 0.528 0.609
—1 —1 -1 -1 0.510 0.596

Signs 1 and —1 represent higher and lower levels of the independent variables assigned in Table 1

FT-IR measurements

FT-IR spectra were obtained using a Perkin-Elmer
Spectrum 2000 FT-IR spectrometer. Yamamoto et al.
[21] revealed a simple linear relationship exists between
the CPMAS '>C NMR method (needs 100-150 mg of

sample) and FT-IR spectroscopy (needs a few milligrams
of sample) for determination of the mass fractions of
celluloses I, and Iz. By using this relationship, the I,
fraction (f,) was derived from equations: f, = 2.55 x
fir — 0.32 and fir = A750/(A750 + A710), With As50 and
A719 are band areas of the characteristic IR absorption
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Fig. 2 Crystallinity index and [, fraction of bacterial cellulose
produced in media with different carbon sources (all have an
equivalent level of carbohydrate at 30 g/l). MS maple syrup, Fru
fructose, Glu glucose, Suc sucrose, SFG mixture of sucrose (89% of
total sugar), fructose (5.5%) and glucose (5.5%); values are
means + SD; the connecting lines between symbols are just for
distinguishing them conveniently

bands at 750 cm™' for 7, and 710 cm™' for Iy that were
deconvoluted by using a Gaussian-Lorentzian curve fit-
ting analysis as presented according to Yamamoto et al.
[21].
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Results
Screen the main factors by Plackett—-Burman design

Statistical methods for optimization of the culture condi-
tion have been proven to be a powerful and useful tool for
biotechnology. There are many factors that may affect the
crystal structure of BC, including medium composition as
well as some physical factors. This experiment performed
an attempt of screening out which one in culture conditions
has more of an effect on BC crystallinity by applying the
Plackett—-Burman experimental design. Based on the fac-
tors that hold the most promise for affecting the crystal
structure of BC, an experimental plan for a 24-run exper-
iment was generated (Table 2) and then statistically ana-
lyzed (Table 3) with the software Minitab 14.

For the I, fraction of BC, none of the factors has shown
a statistical significance at the significance level of 0.05. By
decreasing the significance level to 0.10, parameter X, and
X4 exhibited relatively significant effects on I, fraction of
BC (Table 3). From the positive values of the effects of
these two factors, a longer inoculum age and higher content
of citrate buffer would result in a higher I, fraction of BC.
There were six parameters (X, Xs, Xg, X109, X11, and X;5)
that affected the crystallinity index of BC at the signifi-
cance level of 0.05 or 0.10 (Table 3), respectively. With
the positive or negative values of effects, these parameters
exhibited different influences on the crystallinity index.
Namely, the lower content of agar, shorter age of inocu-
lum, slower rotation speed and shorter incubation period
would lead to a higher crystallinity index of BC while the
ethanol content and culture temperature had a contrary
trend. Among these parameters, the rotation speed and
content of agar have an influence on BC crystallinity the
same as in previous reports [3, 10, 22], while the cultiva-
tion period, citrate buffer, ethanol content, age of inocu-
lum, and culture temperature need further study.

Role of citric acid radical and sodium ion

Figure 1 shows no significant difference in the I, fraction
and crystallinity index of BC among groups Con, V, and
VI, but significant differences (p < 0.05) between pH
values before and after incubation were found among them.
It showed that only the difference in concentration of H™ or
OH"™ and their natural changes during the incubation would
not affect the crystalline structure of BC. It’s obviously that
in group III the crystallinity index and I, fraction of BC
decreased with a higher Na™* concentration (calculated as
0.174 mol/l). Concentrations of Na* were both 0.049 mol/l
in groups II and IV, but there were increases in the crys-
tallinity index and I, fraction of BC while citric acid rad-
ical raised from 0.033 to 0.062 mol/l. The different effect
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Table 3 Degree of positive or negative effects of variables assigned in Plackett—-Burman design on the crystallinity index and I, fraction of

bacterial cellulose

Variable Crystallinity index 1, fraction

Effect Coefficient p value Effect Coefficients p value
Carbohydrate of maple syrup (X,) 0.0075 0.0038 0.300 0 0 0.996
Cultivation period (X;) —0.0385 —0.0192 o° —0.0050 —0.0025 0.544
Yeast extract (X3) 0.0121 0.0060 0.109 —0.0037 —0.0019 0.647
Citric acid and trisodium citrate dehydrate (X4) 0.0010 0.0005 0.895 0.0144 0.0072 0.094%
Ethanol (Xs) 0.0181 0.0090 0.024° 0.0067 0.0034 0.413
Acetic acid (Xe) —0.0055 —0.0027 0.444 0.0017 0.0008 0.834
MgS0,-7H,0 (X7) 0.0117 0.0058 0.120 —0.0020 —0.0010 0.803
Agar (Xg) —0.0266 —0.0133 0.003° 0.0127 0.0063 0.137
Size of inoculum (Xo) —0.0020 —0.0010 0.786 0.0117 0.0058 0.167
Age of inoculum (X;o) —0.0193 —0.0096 0.018° 0.0220 0.0110 0.018*
Temperature (X;;) 0.0147 0.0073 0.057% 0.0025 0.0012 0.760
Rotation speed (X) —0.0870 —0.0435 o° —0.0013 —0.0007 0.869

* Significant at p < 0.1
" Significant at p < 0.05

of concentration of Nat and citric acid radical in the
medium suggested that an appropriate content of citric acid
radical would benefit the BC crystallinity but a higher Na™
content gave an adverse effect.

Influence of carbon source and cultivation period

As the period of incubation extended, trends of decline in /,
fraction were plotted from the early to final stage except
the line of glucose in Fig. 2. There was no statistical sig-
nificance of I, fraction among carbon sources that con-
tained fructose or sucrose, except glucose. For the
crystallinity index, an obvious descent from about 0.50 at
the initial stage to 0.44 at the late stage is shown in Fig. 2.
In both stages, the crystallinity indexes of BC produced
with fructose as the carbon source were higher than that
merely with glucose.

Discussion

Czaja and Yan [3, 22] thought that a moderate agitation
speed would increase production of BC as well as decrease
the crystallinity index and the /, fraction of BC compared
to static culture. The addition of agar in this study also
induced a reduction in the crystallinity index of BC, for it
interfered the piling up of sub-elementary fibrils of BC and
further influenced the crystallinity of it [10]. Hirai et al.
reported that [5] the strain Acetobacter xylinum (ATCC
#23769) produced BC in a band shape composed of Cel-
lulose II at 4°C, and ribbons of Cellulose I at 28°C. Here
with the culture temperature of 25 and 30°C, the strain

(ATCC #700178) yielded BC in Cellulose I and gave a
higher crystallinity as the temperature rose.

Data of groups V and VI in Fig. | illustrate that the
variation of the pH value would not influence the crystal-
line of BC significantly. In groups IV and V, with similar
pH values, significant difference in BC crystallinity implies
that the citrate buffer gives more effects than pH buffering.
Compared to the control, a relatively lower content of
citrate buffer (groups I and II) would not affect crystalline
of BC much, while a higher content of citric acid radical
and Na™ cation exhibit a contrary influence (groups III and
IV). In experimental design, it was originally intended to
adjust the pH value in group III to the same as that in group
VI by adding additional trisodium citrate, but that failed for
merely small increment in pH value as 17.06 g/l of triso-
dium citrate was added. Trisodium citrate was no more
added for too much of Nat would affect the growth of
cells. However, the experiment result indicated that it is the
change of citrate buffer composition in the culture medium
but not the pH value that affects the crystallinity of BC.

In groups I to IV, with citrate buffer added, there was a
remarkable drop in the crystallinity index and I, fraction of
BC in group III with 0.174 mol/I of Na* in medium, but no
significant (p < 0.05) variation in the crystallinity index as
Na® content increased from 0.024 mol/l (group I) to
0.048 mol/l (groups II and IV). This indicated that a
moderate rise of Na* concentration would not influence the
crystalline of BC greatly, but too much of that would make
an obvious reduction. To understand the role of Na™ in the
formation of cellulose crystal structure, one mechanism for
mercerization of cellulose can be used for reference. The
mechanism holds that many small voids are generated as
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the swelling agent, water or aqueous sodium hydroxide,
separates elementary fibrils of the cellulose [1], and then
the separation of the molecular chains destructs the cellu-
lose I structure followed by a reforming of the crystal
structure [16]. Though the concentration of Na™ in group
IIT (0.174 mol/l) is much less than that in mercerization,
which is often several mol per liter, it might play the same
role in separating the elementary fibrils and thus cause a
decrease in the crystallinity index of BC.

Whether media composition, especially carbon sources,
had an influence on the crystallinity of BC was discussed
by some papers but brought opposite opinions [4, 8].
Fructose is the optimal carbon source for the strain used
here that was isolated from fruits originally [19]. The strain
produced a much smaller amount of BC with only glucose
in medium than those that contain fructose or sucrose (data
not shown). Though ethanol content in Plackett—-Burman
experimental design (X5 in Table 1) had an influence on
the crystallinity index of BC, it was also related to the
carbon source for being considered to improve BC pro-
duction as a substitute for glucose [23] or as an energy
source for ATP generation [14]. By analyzing Fig. 2, it can
be concluded that carbon sources that provide higher pro-
duction of BC would result in a higher [, fraction and
crystallinity index in BC.

Some papers chose the nascent BC at the same culti-
vation stage to conduct their experiments [6, 7]. However,
few papers have discussed the crystallinity of BC at dif-
ferent stages of cultivation (Fig. 2). Shibazaki et al. [18]
thought that the freedom of cell motion pushed by cellulose
production could affect the piling up of cellulose microfi-
brils, which led to a change in the crystallite shape. It could
be presumed from this hypothesis that in this study the
bacterial cells moved freely at the earlier period of culti-
vation because the network formed by cellulose was not
very dense, then the motion of cells got more and more
restricted for the network of cellulose became intensive as
the cultivation elongated. Thus, the change of accumula-
tion of microfibrils caused by environmental variation
induced an alteration on crystallinity of BC.

The age of inoculum (X in Table 1) was chosen to be a
main factor in Plackett—-Burman Design experiment, but the
experiment data in this study is insufficient to clarify the
reason. However, as far as the authors are aware, there are
few reports examining the common conditions together
that affect the crystallinity of BC. This finding will help to
control that just by changing some common conditions in
ordinary cultivation.
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