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The formation process of sphere-like bacterial cellulose was investigated using Komagataeibacter nataicola Y19
in agitated culture in Hestrin-Schramm medium (HS) and fermented coconut water medium (FCW), and the BC
particles obtained were characterized. Two kinds of BCs were obtained, and their morphology changed from
filamentous BC on the 1% day to final solid sphere-like BC on the 7" day, and accordingly, the size of internal
pores decreased gradually, the degree of crystallinity increased gradually from 76.44% to 84.23% (HS) or from
62.11% to 79.53% (FCW), |, decreased gradually from 76.63% to 70.84% (HS) or from 70.69% to 55.74%
(FCW) and I increased gradually, the thermal stability increased and the maximum decomposition temperature
(Timax) rose from 316.92 °C to 339.08 °C (HS) or from 305.07 °C to 334.44 °C (FCW).

Keywords: sphere-like bacterial cellulose, formation process, agitated culture, Hestrin-Schramm medium,
fermented coconut water medium, Komagataeibacter nataicola

INTRODUCTION

Cellulose is a very important and fascinating biopolymer, and an almost inexhaustible and
sustainable natural polymeric raw material," which is of special importance both to industries and in
our daily life. It is an important structural component of the primary cell wall of green vascular plants,
consisting of a linear homopolysaccharide containing several hundred to over ten thousand repeating
units of D-glucose linked together with a B-1,4 linkage.? Cellulose could also be secreted by
Komagataeibacter, Gluconacetobacter, Rhizobium, Agrobacterium, Rhodobacter and Sarcina.**

As bacterial cellulose exhibits several unique properties, such as high mechanical strength, high
crystallinity, high water absorption capacity, high porosity, high purity, moldability, biodegradability
and excellent biological affinity, an increasing number of researchers have focused on its applications
in various fields in recent years. The water uptake of BC is significant, it can absorb more than 99%
water. Due to its properties, BC has been investigated for a variety of applications, such as in acoustic
transducer diaphragms, paper manufacturing, filtration, pharmaceutical applications, food applications,
electrically conductive materials et al.*>>™*

Sphere-like BC has a wide application prospect due to its regular shape, large specific surface area
and no need for mechanical cutting. It can be produced in agitated culture, but this has caused many
problems, such as the accumulation of cellulose-negative (Cel’) mutants,™ non-Newtonian viscosity
behavior and insufficient oxygen supply during BC production.’*™* Despite these problems, the
agitated culture might be the most suitable technique for large scale production.>*® In our laboratory,
we obtained a series of BC with unique solid sphere-like structures, synthesized by a specific strain —
Komagataeibacter nataicola Y19. Despite previous research, the formation process of sphere-like BC
grown from micro-fibre to big solid sphere-like BC remains unclear. In the present study, the
formation process of sphere-like bacterial cellulose was investigated using K. nataicola Y19 in
Hestrin-Schramm medium (HS) and fermented coconut water medium (FCW) in agitated culture, and
the BC particles obtained were characterized.



EXPERIMENTAL
Micro-organisms, media and fermentation conditions

K. nataicola Y19 was used in the study and stored in the Lab of Applied Microbiology, College of Food
Science and Technology, Hainan University. Hestrin-Schramm (HS) medium®® with pH adjusted to 6.0 and
fermented coconut water (FCW) medium (3 g/L (NH,;)SOy,, 0.3 g/L MgSQO,, 0.3 g/L KH,PO,4, 70% v/v fermented
coconut water, sugar adjusted to 5 °Brix, pH adjusted to 4.0) were added with Congo red, which was used as an
indicator for bacterial cellulose generation in HS and FCW, and could provide the label for a rapid growth of
sphere-like BC.!” The main cultures were grown in a 200 mL Bunsen beaker at rotational speeds of 130 rpm (our
previous experiments had shown that sphere-like BC can be stably produced at this speed) for 7 days at 30 °C.
The synthesized cellulose was separated by filtration and washed with 1% sodium hydroxide solution to remove
the cells and the media, followed by washing with distilled water till pH 7.

Analysis of properties of bacterial cellulose

Freeze-dried bacterial cellulose samples were coated with platinum and viewed under a scanning electron
microscope in the usual way (S-3000n, Hitachi, Japan).'®*°

Io. mass fractions were calculated using absorbency data from recorded FTIR spectra (256 scans, 2 cm™ in
the range from 4000 to 400 cm™). The following formula described by Yamamoto et al. was used in
calculations:* f, = 2.55f%, — 0.32, where %, of cellulose can be calculated as A,/(A, + Ay), where A, and A, are
absorbencies at 750 cm™ and 710 cm™, respectively.

The crystal structure of the bacterial cellulose samples was analyzed by an X-ray diffractometer
(D8-Advance, Bruker AXS) at ambient temperature, using Cu Ka (1.5406A) radiation between 26 = 5° - 60° at 1
second step size and increment of 0.01 degree with 0.5° or 1.0 mm of divergent and anti-scattering slit. The
relative crystallinity index was calculated according to the formula constructed by Segal:22 Cr 1 = (I - lam)/ 1200,
where l,q is the overall intensity of the peak at 20 of about 22.9° and I, is the intensity of the baseline at 26 of
about 18°.% The crystal size was calculated using the Scherrer equation:** Dy = KA/fhqC0sha, Where /8 is the
breadth of the peak of a specific phase (hkl), K is a constant that varies with the method of taking the breadth
(0.89 < K < 1), A is the wavelength of incident X-rays (A = 1.5406 A), 4 is the center angle of the peak, and D is
the crystallite length (size).

The thermal properties of the bacterial cellulose samples were analyzed by a thermogravimetric analyzer
(TGA) machine (SDT Q600, TA Instruments). The weight loss was recorded under N, (40 mL/min) atmosphere
in the range of 50 °C and ~500 °C, at a heating rate of 10 °C/min, at which point only ashes remained.>* A
weight loss curve and its derivative curve were thus obtained to determine decomposition temperatures and
associated weight losses.??

RESULTS AND DISCUSSION
Macro- and micro-morphology of BCs during culture process

Light solid sphere-like BC particles were accumulated in the agitated culture from the 1% day to 7"
day (Fig. 1). Congo red could stain the cellular tissue due to its strong affinity to cellulose fibers,? and
therefore it was used to observe the formation process of sphere-like BC. In addition, Congo red had
no influence on the macroscopic morphology of the sphere-like BC, which was different for the two
media. In HS, the sphere-like BC began to form after 24 hours in the agitated culture, with a visible
fine filamentous BC being observed (Fig. 1 HS). On the 1% day, the BC looked like loose filamentous
and colloidal particles, consisting of several coarse filaments as basic framework (Fig. 2 HS). Also, the
smaller filamentous structure was distributed around the basic framework. On the 2™ day, BC “grew”
larger and a series of non-uniform loose sphere-like BC particles formed. On the 3" day, more
sphere-like BC particles, with larger diameter, could be seen, and the original initial filamentous
framework was surrounded by gelatinous BC. From the 4" to the 7" day, the sphere-like BC particles
grew bigger and bigger, with the diameters of the particles being about 5-10 mm, however the number
of sphere-like BC particles did not change. Meanwhile, in FCW, the BC particles observed had a
diameter of 0.05-0.1 cm, of irregular point-like shape on the 1* day (Fig. 1 FCW). We also observed
the formation of new “born” fiber and oval shaped bacteria surrounded by BC by dying with Congo
red (Fig. 2 FCW). On the 2™ day, more punctate particles with a larger diameter, of 0.1-0.2 cm,
formed, and even some clusters formed. On the 3™ day, the small particles combined into larger
particles with the diameter of 0.2-0.3 cm. From the 4" day to the 7" day, the particles continued to
“grow”, reaching a final diameter of 0.6-0.8 cm. Every particle was wrapped by 2-6 small particles.



Figure 1: Optical images of BC samples prepared in agitated culture in HS (right) and FCW (left) media from the
1% to the 7" day with Congo red staining

Figure 2: Optical mlcroscoplc observatlon of filamentous BC prepared in agitated HS (above) and FCW (below)
media on the 1% day with Congo red staining



Figure 3: SEM images of BC samples without Congo red prepared in agitated culture in HS (right) and FCW
(left) media, from day 1 to day 7 (A to G, respectively)

In order to observe the BC microfibrils, SEM images were obtained. Our results illustrated a
disordered reticulated structure, consisting of ultrafine fibrils of 50-100 nm width. The width of the
ultrafine fibrils produced during the culture process was almost the same. In HS medium (Fig. 3 HS),
filamentous BC on the 1% day was the loosest and largest in terms of pore size, while the solid
sphere-like BC of the 7" day was the most compact and with the smallest pore size. SEM results
illustrate that, from day 1 to day 7, the fiber bundles became more and more compact, while the pore
size reduced gradually. Based on the observations mentioned above, the sphere-like BC became larger
in diameter and more compact, with reduced pore size along the culture process. As for FCW (Fig. 3
FCW), the filamentous BC under SEM observation on day 1 to day 2 showed loosely arranged fiber
bundles, with larger pore size. The fiber bundles were intertwined. From day 3 to day 7, the number of
the fiber bundles increased, while the pore diameter and the degree of adhesion reduced gradually.

We obtained two kinds of BCs and their morphology changed from filamentous on the 1* day to
solid sphere-like BC on the 7™ day, and accordingly, the size of internal pores decreased gradually.
Sheykhnazari et al. used Gluconacetobacter xylinus BPR 2004 to investigate the effects of growth
time on BC structure.”® They found that increasing the growth time up to 7 days could improve the
number of microfibril branches crossing to each other. The number of bundles increased, while further
prolonging the growth time up to 21 days led to weaker microfibrils network.?® The BC microfibrils
produced in agitated culture were more twisted and curlier than those obtained in stationary culture,
maybe because of the shear force of the turbulent current in agitated broth.*** The highly hydrophilic
BC surface can promote a homogenous distribution of drugs within the BC membranes.* Also, it has
been observed that new modifications did not alter the existing favorable properties of solid
sphere-like BC, while adding novel advantageous features to the material.*®* Thus, solid sphere-like BC
was found suitable for the development of drug release materials. Unfortunately, the production cost of
BC is too high, thus reducing its commercial attractiveness and limiting industrial scale production.®



This research is an attempt at developing cheaper production pathways for achieving solid sphere-like
BC.

X-ray diffraction analysis

Figure 4 reveals that the BCs prepared in agitated culture in HS and FCW media were the typical
crystalline form of cellulose I. It is known that the crystalline structure of cellulose I is a mixture of
two distinct crystalline variations: 1, meta-stable state celluloses (triclinic) and I stable state celluloses
(monoclinic).” The chemical and physical properties of cellulose had a close relation with the degree
of crystallinity. A comparison of 26 angle values (peak 1 and peak 2) revealed that the (11 0) and (110)
reflections were positioned farther over time, and they were shifted to wider angles.

The smaller value of d-spacing for the (11 0) plane means lower I, cellulose content in the BC. The
d-spacings were of 6.23 A, 6.07 A, 6.00 A, 6.03 A, 6.02 A, 5.96 A and 5.92 A for the (11 0) plane at
different time points during the preparation of BCs — from day 1 to day 7, respectively. Meanwhile, the
d-spacings of BC particles produced in FCW medium were of 6.19 A, 6.11 A, 6.08 A, 6.03 A, 6.01 A,
5.95 A and 5.87 A, respectively. These values suggest the cellulose I, content in the solid sphere-like
BC was lower during the course of time. The crystallite sizes and crystallinity were calculated from
the (110), (110) and (200) planes, using Scherrer’s equation and Segal’s equation, respectively (the
results are listed in Table 1). The data obtained clearly demonstrate the crystallinity gradually
increased from 76.44% to 84.23% (HS) and from 62.11% to 79.53% (FCW) during the course of time.
It seemed that the effect of shear force on small BC particles was more intensive than on bigger solid
sphere-like BC in agitated culture. This can be explained by the fact that sub-elementary fibrils in
bigger solid sphere-like BC are tightly packed and stable against stronger shear force.

The supramolecular structure of cellulosic fibers could be described by a two-phase model with
regions of high orientation (crystalline) and low orientation (amorphous).®*% X-ray diffraction was
applied to compare the crystalline structure of the BC samples.** Cellulose | (natural cellulose) is the
most abundant form found in nature. Miller indices for the three principal planes of reflection are
(110), (110), and (200) for cellulose 1.° 1,0 is the maximum intensity of crystalline scatter at the 200
reflection (used in the case of cellulose I at 26 = 22.5°) and |, is the intensity of diffraction at 20 =
18.0° for cellulose 1.° The degree of crystallinity increased gradually over time and the BC particles
from HS had higher crystallinity than those from FCW. Gu et al. found that smaller elementary fibril
crystals and more amorphous regions were formed under dynamic conditions.*

FT-IR spectroscopy

FT-IR spectroscopy was applied to determine the exact values of mass fractions of cellulose I, and
Is. The FT-IR spectra of the BCs prepared in agitated culture in HS and FCW media by K. nataicola
Y19 in the present study showed several bands typical of cellulose in the region of 1500-1250 cm™*
(Fig. 5). Characteristic absorption peaks of BC were found at 3350 cm™* due to O-H stretching and at
2900 cm* due to C-H stretching. The band at 1650 cm ' was due to the deformation vibration of the
absorbed water molecules. All these characteristics of the FT-IR spectra found in the present study are
indicative of bacterial cellulose. The regions of the FT-IR spectra shown in Figure 5 present peaks
assigned to I, (FT-IR absorptions at 750 cm™) and I (FT-IR absorptions at 710 cm™) fractions. The IR
crystallinity index (CI) of BCs prepared in agitated culture in HS and FCW shown in Table 2 indicates
that, on the 7" day, the BC possessed the highest CI. The I, and I content (%) showed I, decreased
gradually from 76.63% to 70.84% (HS) and from 70.69% to 55.74% (FCW), and Iz increased
gradually accordingly. This suggested that the macrostructure morphology changes that occurred
during the course of time could influence the crystallization of cellulose sub-elementary microfibrils.
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Figure 4: X-ray diffraction patterns of BCs without Congo red staining, prepared in agitated culture in HS (left) and FCW (right) media from day 1 to day 7 (Ato G,
respectively). Three typical diffraction peaks occurring in the region of 10-25° were labeled as dj, d, and ds



Table 1
D-spacings, crystallite sizes and percent crystallinity of BCs prepared in agitated culture in HS and FCW
media from day 1 to day 7

d-Spacings (A) Difference in Crystallite sizes Percent
BC sample pacing 20 angle (nm) crystallinity (%)
d; d, ds peakl-peak2 cry cry crg c
BC-1%"day (HS) 6.23 518 3.86 2.151 82 114 84 76.44
BC-2" day (HS) 6.07 515 3.87 2.177 85 123 85 80.27
BC-3"day (HS) 6.03 519 3.88 2.225 87 138 86 81.27
BC-4"day (HS) 6.02 529 334 2.301 87 144 86 81.61
BC-5" day (HS) 6.00 533 393 2.424 89 145 87 82.78
BC-6" day (HS) 596 516 3.88 2.462 89 147 87 83.43
BC-7"day (HS) 592 519 387 2.476 9.2 153 87 84.23
BC-1%day (FCW) 6.19 516 3.89 2.22 39 48 43 62.11
BC-2" day (FCW) 6.11 517 3.87 2.33 55 6.2 5 64.02
BC-3" day (FCW) 6.08 482 3.86 2.35 6.1 76 51 70.06
BC-4" day (FCW) 6.03 509 3.86 2.37 75 10 5.8 72.14
BC-5" day (FCW) 6.01L 521 3.85 2.45 8 10 6 77.64
BC-6" day (FCW) 595 525 391 2.53 10 116 76 78.61
BC-7"day (FCW) 587 479 3.84 2.67 10 131 84 79.53
Table 2

Cellulose I, and Ig contents and crystallinity index of BCs prepared in agitated culture in HS and FCW medium
from 1% to7" day

IR crystallinity index

BC sample 1 (%) 15 (%) (Abs. at 1428/896 cm’™)
BC-1%day (HS) 76.63 23.37 4.23
BC-2"day (HS) 76.58 23.42 4.46
BC-3"day (HS) 74.46 25.54 4.93
BC-4"day (HS) 72.83 27.17 5.22
BC-5" day (HS) 72.75 27.25 5.88
BC-6"day (HS) 71.71 28.29 6.40
BC-7"day (HS) 70.84 29.16 6.61
BC-1%day (FCW) 70.69 29.31 3.52
BC-2" day (FCW) 68.09 31.91 3.68
BC-3"day (FCW) 67.52 32.48 4.43
BC-4"day (FCW) 60.51 39.49 5.04
BC-5"day (FCW) 59.00 41.00 5.50
BC-6" day (FCW) 56.03 43.97 6.17

BC-7"day (FCW) 55.74 44.26 6.33
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Figure 5: FT-IR spectra of BCs without Congo red staining prepared in agitated culture in HS (left) and FCW (right) media from day 1 to day 7 (A to G, respectively);
I, (a: 750 cm™) and I (b: 710 cm™)



Sheykhnazari et al. found the hydrogen and C-H bonds developed with the increase in the growth
time.? Our results showed the solid sphere-like BC had the same I, mass fraction. The FT-IR results
regarding the cellulose 1, content agreed with the findings of the X-ray diffraction investigation.
Yamamoto et al. suggested that thermodynamically stable I cellulose was produced under less stress
conditions, while the crystallization of 1, cellulose occurs under the influence of shearing stress. The
grown sphere-like BC may induce a less stress condition by preventing the aggregation of microfibrils
to a ribbon. The decrease of the shearing force during the process of sphere-like BC formation may be
a factor for the formation of intra- and inter-molecular hydrogen bonds in sub-elementary cellulose
fibrils, which disturbed their aggregation and crystallization. So, the prepared solid sphere-like BC had
I; dominant type and higher crystallinity. The content of I, decreased gradually over time and the BC
particles from HS had higher content of I, than those from FCW. Meanwhile, the content of Ig
increased gradually. Previous studies reported the production of cellulose spheres by Acetobacter
xylinum NQ5 (ATCC 53582) in flasks at different rotational speeds (in the range of 90-250 rpm).* Yan
et al. used Acetobacter xylinum 1.1812 at a rotational speed of 150 rpm to obtain snow-like BC, whose
I, content was 37.46% and CI was 2.23.%° Aydin et al. used Gluconacetobacter hansenii P2A to obtain
a series of I, mass fractions of 0.88, 0.81 and 0.79 for static, shaken and agitated cultivation conditions,
respectively.*® Several studies demonstrated that there was higher cellulose I, content in the static
culture BCs compared with that in agitated culture.***®

Thermogravimetric analysis

To determine the thermal decomposition behavior of the BCs prepared during different time
periods in agitated culture, thermogravimetric analysis (TGA) was performed on the BC samples.”
The maximum decomposition temperature (Tnax), Known as a criterion of thermal decomposition, was
calculated from different TGA curves. Each peak on the T.x pattern represents the steepest slope of
weight loss (%/°C) for each step during decomposition, indicating the possibility of a type of
decomposition.”® Figure 6 and Table 3 indicate single step degradations, with maximum
decomposition temperatures of 316.92, 320.71, 322.48, 323.12, 329.77, 329.86 and 339.08 °C for the
BC prepared in HS on day 1 to day 7, respectively. Meanwhile, the BCs produced in FCW medium
reached maximum decomposition temperatures of 305.07, 306.68, 320.97, 325.33, 328.80, 330.02 and
334.44 °C (for day 1 to day 7, respectively).

The thermal stability increased and the maximum decomposition temperature (T ) €nhanced over
time and the BC particles from HS reached higher values than those from FCW. Yang and Chen
established that an initial weight loss at lower temperatures, ranging from 200 °C to 360 °C, can be
attributed to the loss of small molecular groups, such as hydroxyl and methylhydroxyl groups.** The
thermal degradation behavior was affected by some structure parameters, such as molecular weight, Ig
content and crystallinity.® The thermal stability increased with the course of time, which confirmed
the gradual increase in the Ig phase content and crystallinity, indicating that the achieved solid
sphere-like BC possessed high thermal stability and began to degrade at higher temperature.
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Table 3
TGA results of BCs without Congo red staining prepared in agitated culture in HS and FCW media

from day 1 to day 7
Samples T, (°C) Tmax (°C) T; (°C)
BC-1"day (HS) 259.81 316.92 339.97
BC-2" day (HS) 274.58 320.71 341.72
BC-3" day (HS) 278.21 322.48 341.72
BC-4" day (HS) 277.69 323.12 341.75
BC-5" day (HS) 284. 96 329.77 348.79
BC-6" day (HS) 286. 39 329.86 345.60
BC-7"day (HS) 287.34 339.08 359.57
BC-1%day (FCW) 231.66 305.07 336.67
BC-2" day (FCW) 232.07 306.68 352.66
BC-3" day (FCW) 236.07 320.97 356.73
BC-4" day (FCW) 237.23 325.33 362.62
BC-5" day (FCW) 241.13 328.80 367.35
BC-6" day (FCW) 246.50 330.02 372.08
BC-7" day (FCW) 250.76 334.44 376.97

T;— initial temperature of decomposition; T,,.— temperature of maximum decomposition; Ty — final
temperature of decomposition

CONCLUSION

Here, we used K. nataicola Y19 to produce sphere-like BC in agitated culture and then
characterized it. Two kinds of BCs were obtained and their morphology changed from filamentous BC
on the 1% day of the formation process to final solid sphere-like BC on the 7" day. Accordingly, the
size of internal pores decreased gradually, while the degree of crystallinity increased constantly from
80.44% to 88.23% (HS) or from 66.11% to 83.53% (FCW). Also, during the seven days of the
formation process, the content of I, in the BC decreased gradually from 76.63% to 70.84% (HS) or
from 70.69% to 55.74% (FCW), while that of I increased. Finally, the thermal stability of the
produced BCs increased over time and the maximum decomposition temperature (Tax) increased from
316.92 °C to 339.08 °C (HS) and from 305.07 °C to 334.44 °C (FCW).
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