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ABSTRACT

Bacterial cellulose microfibrils from non-conventional sources were produced by Gluconacetobacter
swingsii sp. Agroindustrial residues such as pineapple peel juice and sugar cane juice were used as culture
media. Hestrin and Schramm’s medium was used as a reference. The production of bacterial cellulose
from pineapple peel juice (2.8 g/L) was higher than that produced from Hestrin and Schramm’s medium
(2.1 g/L). The carbon and nitrogen resources in pineapple peel and sugar cane juice were sufficient for
the microorganism development. Ribbon-like microfibrils with a width of 20-70 nm were observed in
all media. Changes in crystallinity and mass fraction of the I, allomorph were observed. The aggregation
of cellulose chains into microfibrils was slightly hindered by other polysaccharides in the agroindustrial
waste that adhered to the surface of the subfibrils. In conclusion, agroindustrial residues can be used as

Crystal structure

a culture medium to produce bacterial cellulose with low cost for large-scale industrial production.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose, the most abundant biopolymer in Nature, can be
synthesized by plants, some animals and a large number of
microorganisms, as is the case with Gluconacetobacter (formerly
Acetobacter) (Brown, 1886a,b). This is a gram-negative bacterium,
strictly aerobic, capable of producing cellulose extracellularly at
temperatures between 25 and 30°C and pH from 3 to 7 (Bielecki,
Krystynowicz, Turkiewicz, & Kalinowska, 2005; Iguchi, Yamanaka,
& Budhiono, 2000), using glucose, fructose, sucrose, mannitol,
among others, as carbon sources (Ramanaka, Tomar, & Singh, 2000;
Heo & Son, 2002). The bacteria synthesize cellulose as a primary
metabolite. This synthesis mechanism helps the aerobic bacteria
to move to the oxygen-rich surface. Moreover, the cellulose pelli-
cle is produced to protect the cells from ultraviolet light and retain
moisture (Klemm, Shumann, Udhardt, & Marsch, 2001).

Bacterial cellulose is synthesized in three stages. In the first
stage, glucose molecules are polymerized (formation of (3-1,4-
glucosidic linkages) between the outer and cytoplasm membranes,
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forming cellulose changes. 10-15 parallel chains form a 1.5 nm-
wide protofibril. In a second step, several protofibrils are assembled
into 2-4nm wide microfibrils, and, in a third step a bundle of
microfibrils are assembled into a 20-100 nm-wide ribbon. A matrix
of interwoven ribbons constitutes the bacterial cellulose pellicle
(Iguchi et al., 2000; Klemm et al., 2001). The formation of the pelli-
cle can be modified by strong aeration during agitated cultures or by
the presence of certain substances that can affect the supramolec-
ular organization of microfibrils by disrupting the formation of
hydrogen bonds between cellulose chains (Bootten, Harris, Melton,
& Newman, 2008; Hirai, Tsuji, Yamamoto, & Horii, 1998; Tokoh,
Takabe, Fujita, & Saiki, 1998; Tokoh, Takabe, Sujiyama, & Fujita,
2002; Watanabe, Tabuchi, Moringa, & Yoshinaga, 1998; Whitney,
Brigham, Darke, Reid, & Gidley, 1998; Yamamoto & Horii, 1994,
1996).

In terms of chemical structure, bacterial cellulose is identical
to that produced by plants. However, it exhibits higher crys-
tallinity, water-holding capacity, mechanical strength and purity.
It contains no lignin, hemicellulose or other natural components.
These features make it an interesting raw material for applications
as nutritional component (Bielecki et al., 2005), artificial skin
(Fontana et al., 1990), composite reinforcement, electronic paper
(Jonas & Farah, 1998), flexible display screens (Nakagaito, Nogi, &
Yano, 2010) and in traditional applications where plant cellulose
is used. However, due to the high cost of carbon sources for
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Fig. 1. Scheme for the production of bacterial cellulose from different culture media.

large-scale industrial production, the use of bacterial cellulose is
limited (Vandamme, De Baets, Vanbaelen, Joris, & De Wulf, 1998).

In recent years, in order to decrease the costs of bacterial cel-
lulose production, there has been a growing concern to develop
culture media based on other sources of sugars like fruits and
vegetables (Keshk, Razek, & Sameshima, 2006; Kongruang, 2008;
Kurosumi, Sasaki, Yamashita, & Nakamura, 2009; Moon, Park, Chun,
& Kim, 2006). In Colombia, there are a lot of organic wastes
from different stages of agroindustrial productions that, in many
cases, cannot be marketed due to their poor quality. However,
they are rich in sugars such as glucose, fructose and sucrose,
as well as nitrogen and vitamins that are useful for cellulose
biosynthesis.

This work aimed at studying the morphology and structure
of bacterial cellulose produced from Colombian agroindustrial
residues like pineapple peel and sugar cane juice (i.e., no refined
sugar sources) as carbon sources. Bacterial cellulose produced
into Hestrin and Schramm’s medium (Hestrin & Schramm, 1954)
was used for comparison. The cellulose microfibrils synthesized
in different media were characterized by transmission electron
microscopy (TEM), X-ray diffraction (XRD), attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FT-IR) and
CP/MAS 3C nuclear magnetic resonance (NMR).

2. Materials and methods
2.1. Materials

The Gluconacetobacter strain was first isolated from home-
made vinegar culture and identified by 16S rRNA method (Arahal,
Sanchez, Marcian, & Garay, 2008) as Gluconacetobacter swingsii sp.
(Dellaglio et al., 2005)

Culture media used for bacterial cellulose production were sugar
cane juice (0.008%, w/v, glucose, 0.066%, w/v, fructose, 8.57%, w/v,
sucrose, 0.23%, w/v, total nitrogen), pineapple peel juice (2.14%,

w/v, glucose, 2.4%, w/v, fructose, 2.10%, w/v, sucrose, 0.31%, w/v,
total nitrogen) and Hestrin-Schramm (2%, w/v, glucose, 0.5%, w/v,
peptone, 0.5%, w/v, yeast extract, 0.27%, w/v, NaHPO,4). Peptone
and yeast extract are important in the HS medium as nitrogen
source, the quantification of total nitrogen in sugar cane and
pineapple peel juice showed that it was not necessary to add
any source of nitrogen. The different culture media were filtered
before being used to avoid the presence of fibers, acidified to pH
3.5 by the addition of citric acid and autoclaved at 121°C. The
cellulose samples produced from the three media above will be
referred to as SC-MFC, PP-MFC and HS-MFC, respectively, in the
following.

Experiments were prepared by adding 10 vol.% inoculums to the
different media and statically incubating at 28 °C for 13 days. The
collected pellicles were washed with water and homogenized in
a Waring Blender for 5 min to obtain microfibrils. The microfibrils
were treated for 14 hin a 5 wt% KOH solution, rinsed until pH 7, and
homogenized in water for 5 min. The treatments and codification
of the cellulose obtained from different media are summarized in
Fig. 1.

Finally, films of constant thickness (0.1 mm) were prepared
from a suspension of different cellulose microfibrils (0.3 wt%) by
vacuum filtration and oven-dried at 70°C for 48 h between glass
plates.

2.2. Scanning electron microscopy (SEM)

SEM was used to observe the microorganism morphology and
its distribution in the membrane. The membranes were removed
from the homemade vinegar medium, dehydrated at room temper-
ature in a graded ethanol series up to 100vol.% and embedded in
paraffin wax. Sections were cut using a rotary microtome until the
membrane was seen on the surface. The sample was coated with
gold/palladium using an ion sputter coater and observed with a Jeol
JSM 5910 LV microscope operated at 20 kV.
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2.3. Transmission electron microscopy (TEM)

The samples obtained after chemical and mechanical treat-
ments were diluted in distilled water and sonicated to achieve a
good dispersion. Drops of each suspension were deposited onto
glow-discharged carbon-coated electron microscopy grids and
negatively stained with 2wt% uranyl acetate. All samples were
observed using a Philips CM200 microscope operating at an accel-
eration voltage of 80 kV. The images were recorded on Kodak SO163
films.

2.4. X-ray diffraction (XRD)

Dry films of cellulose microfibrils were X-rayed using a Panalyt-
ical X'Pert Pro MPD equipment operating at the Ni-filtered CuKo
radiation wavelength (A =0.15406 nm), generated at a voltage of
45KV and a filament emission of 40 mA. Data were collected in
reflection mode in the 10-30° 26-range with a step of 0.013°. The
scans preceded at 56.58 s per step.

The d-spacings between the crystal planes were determined
using Bragg’s law:

A
- = 1
2sin 0 M
where 0 is the angle between the plane and the diffracted or inci-
dent beam and A is the wavelength of the X-rays. The apparent
crystal size (ACS) was calculated using Scherrer’s formula:
0.9A

ACS = FWAM cos @ 2)

where FWHM is the width of the peak at half the maximum height.
6 is Bragg’s angle, and A is the wavelength of the X-rays.

2.5. Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FT-IR)

Before the measurement, the films of cellulose microfibrils
were dried for 2h at 100°C to remove moisture. FT-IR spec-
tra were recorded on a Nicolet 6700 spectrophotometer in the
4000-400cm~! range ATR with a diamond crystal. The spectra
were recorded with a resolution of 4cm~! and an accumulation
of 256 scans.

2.6. CP/MAS 13C nuclear magnetic resonance (NMR)

Solid-state 13C NMR spectra of the films of cellulose microfibrils
were recorded on a Bruker AV-400-WB spectrometer with a triple
probe channel of 4 mm, with rotors of ZrO and a stopper of Kel-F at
room temperature. The speed of rotation was 8 kHz and the pulse
sequence employed was crosspolarization (CP-MAS) 'H 13C, using
a spectral width of 35 kHz, a contact time of 3 ms and a relaxation
time of 4s with decoupling 'H. The number of scans was 2048.
The chemical shift was established in relative ppm to tetramethyl-
silene (TMS) as primary reference and the signal of adamantine
CH, (29.5ppm) was used as secondary reference. In all spectra,
the deconvolution in the C1 region was performed by assigning
Lorentzian line shape, whereas in the C4 region, Lorentzian and
Gaussian functions were used. The mass fraction of I, was calcu-
lated according to the method of Yamamoto and Horii (1993).

3. Results and discussion

The surface pellicle formed by G. swingsii sp. from homemade
vinegar was examined by SEM. The micrograph in Fig. 2 reveals
the rod-shape of the gram-negative cells. Bundles of cellulose
microfibrils were observed directly arising from the cell surface

Fig. 2. SEM image of a homemade vinegar pellicle and bacteria with attached cel-
lulose ribbons.

Fig. 3. TEM micrographs of negatively stained preparations of biosynthesized bac-
terial cellulose ribbons: (a) HS-MFC, (b) SC-MFC, and (c) PP-MFC.
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Fig. 4. X-ray diffraction spectra (reflection mode) of films of bacterial cellulose microfibrils produced in different culture media: (a) HS-MFC, (b) SC-MFC, (c) PP-MFC. The
indexation is that defined in Sugiyama, Vuong, and Chanzy (1991), (d) suggested cross-section of the bacterial cellulose crystallites. The dimensions, given in nm, were
calculated from the width of the X-ray diffraction peaks using Scherrer’s equation (Table 1).

and forming a three-dimensional interconnected reticular pellicle
at the air-liquid interface (Brown, Willison, & Richardson, 1976).

TEM images recorded from negatively stained specimens are
shown in Fig. 3, showing typical 20-70 nm-wide ribbons. Due to
the twist of the ribbons, a thickness of 6-8 nm was estimated when
the ribbons were seen edge on. Therefore, the ribbons are formed
of 3-11 cellulose microfibrils (Brown et al., 1976; Yamanaka &
Sugiyama, 2000). The subfibrillation and twisting in all samples
likely occurs during mechanical homogenization.

Fig. 4a-c shows that the XRD profiles recorded from the sam-
ples are similar to those of the native cellulose produced by Wada,
Okano, and Sugiyama (1997). The diffraction patterns were indexed
according to the cellulose I, indexation described by Sugiyama,
Persson, and Chanzy (1991). The three visible peaks were assigned
to (100),(010) and (110) crystallographic planes, corresponding
to diffraction angles of 14.4°,16.7° and 22.7°, respectively. The con-
tribution of the (1 12) planes was absent in all diffraction patterns.
This strong uniplanarity is due to the fact that the cellulose ribbons
preferentially oriented parallel to the film surface during drying
(Elazzouzi-Hafraoui et al., 2008). The variation in relative peak
intensity between the profiles may also be related to small differ-
ences in orientation of chains in the three samples. The peaks were
deconvoluted using Lorenzian peak functions. Calculated interpla-
nar crystal distances (d-spacings) and crystallite dimensions are
listed in Table 1. The dqqg, dg10 and dq1¢ spacings of the SC-MFC
and PP-MFC samples are slightly lower than those of the HS-MFC
sample. In addition, the PP-MFC crystallite dimensions are smaller

than those of SC-MFC and HS-MFC. However, the number of cel-
lulose chains involved appears to be about the same in the three
specimens. Atalla and Vanderhart (1984) proposed that native cel-
luloses were composites of I and Ig allomorphs. Wada et al. (Wada,
Sugiyama, & Okano, 1995; Wada, Okano, & Sugiyama, 2001) pro-
posed that native cellulose I could be classified into a I, -rich group
(algae-bacteria) and a Ig-rich group (cotton-ramie) depending on
the characteristic set of d-spacings. Wada et al. (1997) observed
that the dygg and d11¢ spacings of algal-bacterial type were larger
than those of cotton-ramie type while dg1¢ was smaller (Wadaetal.,
1997; Wada, Sugiyama, & Okano, 1993). Therefore, the decrease in
d100 and dq19 in the case of PP-MFC compared to HS-MFC may be
due to a lower amount of I, allomorph. Differences in d-spacings
are associated with differences in the cross-sectional dimensions
of cellulose crystallites (Bootten et al., 2008; loelovich & Larina,

Table 1
d-spacings (d) and crystallite size (ACS) in cellulose ribbons synthesized in different
media. The indexation is that defined in Sugiyama, Vuong, et al. (1991).

Sample (100) (010) (110)

d(nm) ACS(nm) d(nm) ACS(nm) d(nm) ACS(nm)
HS-MFC 0.61 5.9 0.53 7.9 0.39 6.3
SC-MFC  0.60 6.0 0.52 8.4 0.39 6.5
PP-MFC  0.60 5.6 0.52 7.8 0.39 6.0
HS-REF? 0.61 71 0.53 10.7 0.39 8.1

2 Determined by X-ray diffractometry by Tokoh et al. (2002b).
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1999). The data in Table 1 were used to propose a cross-sectional
geometry of the microfibrils synthesized by the microorganism. The
results are shown in Fig. 4d. In these arrangements, the elemen-
tary crystallites are also ribbon-like with a cross-section of about
8nm x 6 nm and contain between 150 and 180 chains, in agree-
ment with the TEM images and previous results (Tokoh et al., 1998).
PP-MFC presented a smaller crystal size with a smaller number of
chains compared with HS-MFC. The difference in these parame-
ters may be associated with substances in the culture medium that
can affect the assembling of chains within the crystallite (Tokoh
et al,, 2002a). Such substances may be present in agro-industrial
waste, the pineapple peel containing several carbohydrates such as
glucose, fructose, sucrose, rhamanose, galactose, arabinose, xylose,
mannose, among others (Larrauri, Riperez, & Calixto, 1997; Smith
& Harris, 1995). Among these carbohydrates, xylose (12-23%) and
galactose (10-30%) are present in a high proportion.

The FT-IR spectra of cellulose samples prepared from the dif-
ferent media are shown in Fig. 5a. PP-MFC, SC-MFC and HS-MFC
spectra are similar, indicating that cellulose has the same chemi-
cal structure. These bands are typical of IR spectra recorded from
cellulose of bacterial origin (Hirai et al., 1998; Shirk & Greathouse,
1952; Yamamoto & Horii, 1996). Besides, the spectra showed the
characteristic bands of cellulose I, with strong bands at 1429 and
1111cm! assigned to CH, symmetrical bending and C-O bond
stretching, respectively, and a weak and broad band centered
at about 897 cm™!, typical of B-linked glucose polymers. Other
bandsat 1375 cm~! (C-Hbending), 1335 cm~! (O-H in-plane bend-
ing), 1315cm~! (CH, wagging), 1277cm~! (C-H bending) and
1225cm~! (O-H in-plane) indicated the presence of crystalline
regions within the structure (Nelson & O’Connor, 1964).

Fig. 5b and ¢ shows the enlargement of the 3720-2650 cm™!
and 780-400 cm~! regions of ATR-FTIR spectra, respectively. The
absorbances at 3240 and 750cm~! were assigned to the triclinic
I allomorph, and the absorbances at 3270 and 710cm~! were
assigned to the monoclinic Ig form (Kataoka & Kondo, 1996;
Sugiyama, Persson, et al., 1991). Therefore, the synthesized cellu-
lose contained both allomorphs. This agrees with what was found
for native cellulose (Atalla & Vanderhart, 1984). Furthermore, the
presence of a prominent band at 3240 cm~! allowed classifying the
samples in the Valonia and bacterial cellulose family (Marrinan &
Man, 1956).

The fraction of each constituting allomorph was determined
by CP/MAS 13C NMR. The corresponding spectra are shown in
Fig. 6a. They are very similar for all samples, presenting resonance
lines assigned to the C1 (102-108 ppm), C4 (81-93 ppm) and C6
(60-70 ppm) carbons, as well as a cluster of resonances assigned to
the C2, C3 and C5 carbons (Atalla & VanderHart, 1999; VanderHart
& Atalla, 1984). Singlets at C1 and C6 and a doublet at C4 allow
the sample classification in the family of Valonia-Acetobacter. As
expected, in the three cases, the main crystalline form is I, but the
C1 resonance line, also composed of a small doublet beside of cen-
tral line, may be due to the presence of a minor fraction of Iz (Atalla
& Vanderhart, 1984). Further analysis of the spectra can be made
to quantify the amount of each allomorph in the samples. The con-
tribution of each allomorph was determined by deconvoluting the
C1 and C4 triplets into several constituting lines, on the basis of the
model proposed by Atalla and Vanderhart (1984). Each line was
assumed to be a Lorentzian function as reported by Yamamoto and
Horii (1993). Fig. 6b and c shows the results obtained for C1 and
C4 resonances of each sample after deconvolution, respectively. A
combination of the I, and Ig spectra is seen. The C1 resonance is
composed of three peaks corresponding to both allomorphs. The
main contribution is located at 106.2 ppm, indicating that the sam-
plesarel,-rich. The two side-peaks revealed the presence of alesser
amount of Ig. Moreover, in the case of PP-MFC, the contribution of
lo decreased while that of the Ig side-peaks increased. In this same
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Fig. 5. ATR-FTIR spectra of cellulose microfibrils produced from different culture
media: (a) Hestrin & Schramm (HS-MFC), sugar cane juice (SC-MFC), pineapple peel
(PP-MFC); (b) absorption bands at 3240 and 3271cm~! correspond to I, and Ig,
respectively; (c) absorption bands at 750 and 710cm™! correspond to I, and Ig,
respectively.
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Table 2

Fractions of the lines of C1 and C4 triplets for the cellulose microfibrils produced in different media, calculated after a fit of the CP/MAS 13C spectra.
Sample C1 c4

fi fu S fu? i fui Sfun fu® X

HS-MFC 0.133 0.570 0.201 0.602 0.290 0.530 0.203 0.587 0.762
SC-MFC 0.177 0.512 0.207 0.547 0.247 0.528 0.226 0.521 0.767
PP-MFC 0.262 0.438 0.144 0.490 0.216 0.547 0.237 0.479 0.723
HS-REF - - - - - - - 0.638° 0.710¢

 fa=(1=fi+2fu —fn)/3.

b fou=0.5+f — fun.

¢ Determined by CP/MAS '3C NMR (Yamamoto & Horii, 1994).
d Determined by CP/MAS 3C NMR (Watanabe et al., 1998).

way, the C4 resonance reveals the contribution of three peaks at 90,
89,88 ppm for Iy, I(o+g) and Ig, respectively. The behavior described
for the C1 resonance is also observed for the C4 resonance, reveal-
ing a higher amount of Ig allomorph. The mass fraction of both
allomorphs in the samples was determined using the method by
Yamamoto and Horii (1993) and the results are showed in Table 2.
The I, fraction determined from the C1 and C4 resonances in good
agreement. In this case, the cellulose from PP-M contains a smaller
amount of I, than HS-M and SC-M. A similar result was mentioned
in other works reporting on the crystallinity changes in bacterial
cellulose produced in HS medium in the presence of other cell wall
polysaccharides like mannan and xylan (Tokoh et al., 1998; Tokoh
et al., 2002b; Whitney et al., 1998; Yamamoto & Horii, 1994).

Moreover, the abundance of crystallites relative to amorphous
cellulose was determined according to Newman (1999) and is pre-
sented in Table 2. The crystallinity of SC-MFC remains invariant,
but a decrease is observed for PP-MFC when compared with HS-
MFC. This may be due to the specific composition of the culture
medium inducing differences in the crystallization process of cel-
lulose (Yamamoto & Horii, 1994). Apparently, the aggregation of
cellulose chains into a normal ribbon is hindered by the other
polysaccharides that can adhere to the surface of the subfibrils
extruded by the microorganism (Yamamoto & Horii, 1996). This
is shown by the decrease in crystal size observed for PP-MFC.

4. Conclusions

The morphological, chemical and structural characteristics of
cellulose produced in non-conventional culture media from Colom-
bian agroindustrial wastes like pineapple peel and sugar cane juice

were examined. SEM images show a three-dimensional pellicle
interconnected in a reticular structure and the TEM images show
typical 20-70 nm-wide ribbons. While in the ATR-FT-IR spectra,
it was observed that the chemical structure of the microfibrils
was unaffected by the different conditions, crystalline parameters
determined from XRD and '3C NMR profiles suggest that these were
slightly affected in the case of cellulose produced in pineapple peel
medium. This may be due to the presence of other polysaccha-
rides driving changes in the aggregation of cellulose chains into
the microfibrils. ATR-FT-IR, XRD and 13C NMR indicate that the tri-
clinic I, and monoclinic Ig crystalline forms are presented, but the
I allomorph is in a slightly smaller amount in the sample prepared
in pineapple peel medium.

The production of bacterial cellulose was relatively high with
similar properties to that produced in Hestrin and Schramm’s
medium. These results suggest that it is possible to produce bac-
terial cellulose from low-cost resources in order to increase its
production to a larger scale.
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