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Biocomposite of bacterial cellulose-alginate has been developed for use as food packaging
material. This study aims to understand the physical and mechanical properties of the
biocomposite produced from static fermentation of Gluconacetobacter xylinus InaCC
B404 in media supplemented with alginate. The strain was grown in a medium containing
alginate at a concentration of 0.4, 0.8, and 1.2% w/v at 30°C for 7 days. The SEM images
showed that bacterial cellulose produced in a medium supplemented with alginate had a
denser structure of fibril network and a smaller pore size than the control one. The
structure change was due to interactions through hydrogen bonds between bacterial
cellulose and alginate proven by FTIR spectra, resulting in a decrease in crystallinity and
crystallite size of bacterial cellulose. It led to the decrease in tensile and tear strength of

the resulting biocomposite. Alginate also causes biocomposite to have higher water

vapour permeability values.

1. Introduction

Over the past few decades, there has been a rising
interest in research on composite materials from natural
polymeric materials, especially those aimed at
environmentally friendly food packaging materials.
Natural polymers such as polysaccharides are widely
explored as biocomposite materials because of their
abundant availability, low cost, and mostly soluble in
water which makes them easy to apply (Debeaufort et
al., 1998; Cazon et al., 2017).

Cellulose is a high molecular weight polysaccharide
composed of glucose units connected by p-1,4 glycosidic
bonds with three hydroxyl groups in each glucose unit.
Bacterial cellulose is an exopolysaccharide produced by
Gluconacetobacter xylinus bacteria. Bacterial cellulose is
chemically identical to plant cellulose, with several
advantages including high purity and naturally occurring
in the form of nano-sized fibres. This causes bacterial
cellulose does not require purification stages or other
treatments to obtain nano-sized fibres (Ruka et al.,
2012). Other characteristics of bacterial cellulose are
high mechanical strength and crystallinity (Martins ef al.,
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2009), so they have high rigidity. Coatings and films
produced from cellulose derivatives are reported to have
strong, transparent, odourless, tasteless, resistant to fats
and oils, highly biodegradable, efficient barrier to O,,
CO,,and aroma, but moderate resistance to moisture
(Villalobos et al., 2005; Vargas et al., 2008).

The weaknesses of most biopolymers which are
mechanical characteristics such as brittle, stiff and high
permeability to gas and water vapor, can be overcome by
developing biocomposite technology. Bacterial cellulose
-based biocomposites can be developed through a bottom
-up technique, namely by integrating a second
biopolymer compound into the bacterial cellulose matrix
during the cultivation process. The incorporation of
additional nutrients in the form of compounds from
polysaccharide groups such as alginate to the
fermentation media will modify the structure,
morphology and characteristics of bacterial cellulose
produced by interfering with the cellulose crystallization
and polymerization processes (Grande ef al., 2009) so
that bacterial cellulose biocomposites are produced with
different characteristics from its natural bacterial
cellulose.
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Alginate is the most common polysaccharide found
in brown seaweed (up to 40% dry weight) (Gholamipoor
et al., 2013), a hydrophilic colloidal carbohydrate
extracted using an aqueous alkaline solution. Alginates
consist of monomer units of b-D-manuronic acid residue
(M) and a-L-guluronic acid (G) connected by (1,4-)
bonds. Alginate is the only polysaccharide that contains
carboxyl groups in each of its constituent residues and
has a wvariety of functional properties for various
applications as functional materials. Alginate is generally
used as a thickener, forming a suspension, forming a film
layer and emulsion stabilizer (Rhim et al., 2013).

Modification of  bacterial cellulose by
polysaccharides was first carried out by Ben-Hayyim and

Ohad (1965) through the addition of CMC
(carboxymethyl cellulose) which is known to delay
cellulose aggregation. Cienchanska (2004) added

chitosan to the growth medium of cellulose-producing
bacteria for application in the medical field, while Seifert
et al. (2004) produced modified bacterial cellulose in a
medium supplemented with carboxymethylcellulose,
methylcellulose and poly (vinyl alcohol) to obtain
bacterial cellulose with controlled water content for
medical biomaterials.

The development of bacterial cellulose-based
biocomposites has been widely carried out, but its
application in the field of food especially as the
packaging of food products is still very limited. This
research is aimed to study the physical and mechanical
properties of biocomposites resulting from the
fermentation of G. xylinus bacteria in media added with
alginate and its potential as a packaging material for food
products.

2. Materials and methods
2.1 Materials

The bacteria used was Gluconacetobacter xylinus
InaCC B404 obtained from the Indonesian Culture
Collection (InaCC). The strain was cultured in Hestrin-
Schramm (HS) agar containing 2% D-glucose, 0.5%
peptone, 0.5% yeast extract, 0.27% Na,HPO, and
0.115% citric acid monohydrate (Hestrin and Schramm,
1954).

2.2 Bacterial cellulose production

Seed cultures of G. xylinus were inoculated into 10
mL of HS broth, incubated for 3 days at 30°C under
static conditions. The resulting culture was then shaken
vigorously to release the cells from the cellulose pellicles
formed. A 5% (v/v) cell suspension was inoculated into
100 mL of HS medium in a 500 mL conical flask and
incubated for 3 days at 30°C under static conditions. The
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cell suspension obtained was then used as a starter to
produce cellulose. Cellulose production was carried out
in 1 L HS media supplemented with alginate at various
concentrations (0.4, 0.8, and 1.2% w/v) with inoculation
of 15% G. xylinus cell suspension (starter) into the
media. Cultures were grown at 30°C for 7 days under
static conditions. After the incubation period was
completed, the formed pellicles were harvested and
boiled in 0.1 N NaOH for 30 minutes followed by a
washing process with distillate water until neutral pH
was achieved. This process aims to eliminate the
remaining culture media and microorganisms. For the
purposes of morphology, functional groups, crystallinity,
mechanical properties, opacity and water vapor
permeability analysis, the harvested pellicles were dried
using the freeze-drying method for 15-24 hrs.

2.3 Morphology

Observation of the biocomposite surface morphology
was carried out using a Scanning Electron Microscope
(JEOL JSM6510 LA). The freeze-dried biocomposite
was installed in a bronze visualization section with
double-site tape. The sample surface was coated with a
thin gold layer at 60 s sputter time and 15 mA sputter
current. The sample was inserted into the SEM tool and
its surface image was taken with a SE (Secondary
Electron) detector, the working distance (WD) 11.5-12
mm and EHT 11 kV.

2.4 Functional groups

Analysis of molecular function group bonds and
changes in absorption bands was performed using FTIR
Spectroscopy (Shimadzu-8201 PC Corp., Japan) at
wavenumbers 400-4000 cm ' with a resolution of 4
cm . Sample analysis was performed by mixing 2 mg of
the sample with KBr powder (0.4 g) to further make KBr
-IR pellets. All spectra were recorded at room
temperature conditions. Specifically, this procedure
produces spectra data showing the relationship between
% transmittance and wavenumber.

2.5 Crystallinity and crystallite size

XRD analysis technique was intended to determine
the crystallinity index and crystallite size of the BC and
BCA samples. The XRD pattern of the sample was
recorded using Rigaku Miniflex600 at CuKo radiation
wavelength (A = 1.54 A), 40 kV voltage and 15 mA
filament emission. The sample was measured in the
range of 20 values between 0 - 80°. Crystallinity index
(Cr) value was calculated based on peak intensity with
the following formula:

) Sc
Cr (%) = 57 * 100%
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Where Sc is the area of the crystalline region and St
is the whole area. The size of the crystallite (CrS) is
calculated using the Scherrer equation as follows:

Where K is the form factor of the crystal (0.9), 1 is
the wavelength of X rays (1.54A), p is FWHM (full
width at half maximum, rad) and 6 (°) is the diffraction
angle.

2.6 Water vapour permeability

The water vapour permeability (WVP) analysis was
performed referring to the ASTM E 96-95 (1995)
method with modification. The film sample was cut in a
circle shape with a diameter of 12 mm and attached to
the mouth of a test tube that has been filled with distilled
water by a quarter of the volume of the tube. The tube
was weighed and placed in a dry cabinet with a certain
temperature and humidity. Changes in tube weight due to
reduced water vapour in the tubes were known through
weighing at 30 mins intervals for 2.5 hrs. The water
vapour transmission rate (WVTR) is calculated through
the linear regression slope of the weight vs. time curve.
Water vapor permeability was calculated using the
following equation:

WVTR x t
Ax P(R1-R2)

Where t = film thickness (m), A = film area (m?), P =
saturated water vapor pressure, R1-R2 = difference in
RH inside and outside the tube.

WVP =

2.7 Mechanical properties

The mechanical properties of the film namely tensile
and tear strength were measured using a Universal
Testing Machine (UTM) ZWICK Z.05-type mechanical
tester based on ASTM - D882-12 (2012). Film width of
2 c¢m and length of 10 cm was prepared by using a
precise cutter and then inserted into the locking grip.
Each sample specimen was stretched at test speed of 10
mm/min until constant strain rate was reached.

2.8 Opacity

Measurement of film opacity was done by referring
to Wang et al. (2018). Film samples were cut to size
according to the shape and size of the cuvette used.
Opacity was  measured using a  UV-Vis
spectrophotometer at a wavelength of 600 nm. The
opacity value is calculated using the following equation.

Opacity = Absg/X

Where Absgy 1s the absorbance value at a
wavelength of 600 nm and X is the thickness of the film
sample (mm).
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2.9 Statistical analysis

The data obtained were analysed using the One-Way
ANOVA method using SPSS Version 25 Statistics
Software (2017). The level of significance was set at a. =
0.05.

3. Results and discussion
3.1 Morphology

Bacterial cellulose (BC) samples showed a structure
in the form of a network with many fibres, which
consists of several layers of interlocking fibrils (Figure
la). BC also shows a more porous structure than
bacterial cellulose - alginate (BCA). BC and BCA 1.2%
(w/v) (Figure 1¢) have a smooth surface structure, while
BCA 0.4 and 0.8% (w/v) (Figure la and 1b) have a
rough surface structure as shown in Figure 1. SEM photo
results of BCA 1.2% (w/v) showed that alginate
incorporated in the cellulose fibrils network, hence
produced a denser film with a smaller pore sizes than
BC, resulting in films with finer surface structure. The
difference in morphological structure obtained can be
caused by differences in orientation of the fibril and
fibril width of each sample. The presence of flocculation,
agglomeration and fusion in the drying process also
affects the morphology of the biocomposite produced
(Chiaoprakobkij et al., 2011).

SEI
Papeigan 2 om0 e S T LPPTUGM

Figure 1. SEM surface images of BC (a), BCA 0.4% w/v (b),
BCA 0.8% w/v (c) and BCA 1.2% w/v (d)

3.2 Functional groups

FTIR spectroscopy method is applied to the sample
to determine any peak changes that occur due to
interactions between two or more polymers, through the
formation of hydrogen bonds and/or complex
compounds (Zhou et al., 2007). Figure 2 shows the FTIR
spectrum produced by bacterial cellulose with or without
the addition of alginate in the range of wavenumbers
from 400-4000 cm™. In the BC spectrum there were
vibrations at wavenumber 3410 cm” which indicate
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stretching OH groups, vibrations at wavenumber 1645
cm” which indicate shrinkage of the carbonyl group
from glucose monomers, and vibrations at wavenumber
1064 cm™ indicating the stretching of the C-O-C and C-
O-H groups from the glucose ring. Meanwhile, the BCA
spectrum showed a peak at 3345.42 - 3356.96 cm™ for
stretching of the hydroxyl group. A shift in vibration
absorption stretches the hydroxyl bond to a lower
wavenumber, the hydroxyl stretching band also becomes
wider with the addition of alginate. This indicates the
intermolecular interaction between BC and alginate
(Miao and Hamad, 2013).

3410 1645 1064

BCA 1.2%

BCA 0.8%

Transmittance (%)

T T T T T T
3000 2500 2000 1500 1000 500

T
3500

4000

Wavenumbers (cm™)

Figure 2. FTIR spectra of BC with different concentrations of
alginate

The interaction of BC and alginate can also be
identified through the carbonyl and carboxyl group
bands at wavenumbers 1500-1900 cm™ (Chiaoprakobkij
et al., 2011). The absorption band of the carboxyl group
shifted from 1635.64 cm™ on BC to 1653.57 cm™ at
1.2% (w/v) BCA. This shift can be caused by
intermolecular interactions between hydroxyl groups in
BC with carboxyl groups in alginates, which ultimately
disrupt hydrogen bonds between cellulose fibres
(Chiaoprakobkij et al., 2011). Similar results were also
obtained on BC/alginate composites (Chiaoprakobkij et
al., 2011; Sya'di et al., 2017), membranes from cotton
cellulose /alginate mixtures (Yang et al., 2000) and BC/
alginate mixed membranes (Phisalaphong et al., 2008).

3.3 Crystallinity and crystallite size

X-ray diffraction patterns from BC and BCA films
show peaks which are characteristic of bacterial
cellulose, with BCA peak intensities smaller than BC
(Figure 3). The two peaks detected in BC revealed 26
values of 14.58° and 22.72° referring to polymorphs of
cellulose Io and IP (fields 100;,, 110,35 and 0105 at 15 °
and 110,, and 200, at 22.5°). The presence of alginate in
the BCA did not change the X-ray diffraction pattern but
changed the intensity and width of the peak. This
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indicates that the addition of alginate did not affect the
crystalline structure of the BC matrix (Xiang and
Acevedo, 2017). The addition of alginate causes a
decrease in crystallinity and crystallite size of the
biocomposite produced as can be seen in Table 1.
Interactions in the form of hydrogen bonds between
cellulose crystals and alginate can cause a decrease in
cellulose crystallinity (Ul-Islam et al., 2012). BC
crystallinity is related to inter- and intramolecular
hydrogen bonds formed during BC aggregation stages,
starting from subfibrils, microfibrils to pellicles forming.
Polysaccharides added to the medium can inhibit the BC
aggregation process and change the intramolecular
hydrogen-bonding pattern in the BC produced,
depending on the type, molecular weight and the amount
of polysaccharide added (Hirai ef al., 1998).

udn sttt e BCAL12%

WA 0.8%
A"-MOM/$N‘A\M\WJ\(‘/\”/ﬁ\\d\\/\fc,a\ 0.4%

BC

Intensity (counts)

10 12 14 16 18 20 22 24 26 28 30
20

Figure 3. X-ray diffraction pattern of BC with different
concentrations of alginate

Table 1. Opacity, crystallinity and crystallite size of BC with
different concentration of alginate

Alginate content Crystallinity ~Crystallite size

Opacity

(% wiv) (%) (nm)
0.0 75.7441.39° 90.63 3.06
0.4 60.21+4.06° 84.47 2.60
0.8 64.38+2.74° 82.70 2.50
1.2 35.6142.14° 70.16 2.23

Different superscript within a column with different letters
indicate significant difference p<0.05

Sya'di et al. (2017) explained the increased
concentration of polysaccharides added to the medium
resulted in a greater inhibitory effect on the BC
aggregation process, thereby reducing the crystallinity of
the BC obtained. There are many factors that affected the
formation of microfibrils from BC. During the
crystallization process of BC, cellulose molecules
interact with each other and form certain arrangements
through hydrophobic interactions to form molecular
sheets, wherein later these sheets are associated with
each other through hydrogen bonds to form crystals

© 2021 The Authors. Published by Rynnye Lyan Resources
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(Haigler et al., 1980). Alginate is likely to disturb the
hydrophobic interaction which ultimately results in lower
crystallinity with increased alginate concentration.

3.4 Water vapour permeability

Food product packaging is demanded to have the
ability to limit the mass transfer of water vapour between
the product being packaged with the surrounding
environment. WVP testing is a standard method to
determine the ability of packaging material to act as a
barrier to water vapor by analysing the water permeation
that passes through the packaging material. Table 2
shows that the addition of alginate up to 0.8% (w/v) to
the G. xylinus growth medium caused an increase in
WVP in the resulting BCA composite. Alginates are very
hydrophilic, so they possess a low water vapour barrier
characteristic (Olivas and Barbosa-Céanovas, 2008). This
results in the formation of a strong interaction between
water molecules with functional groups - COO- and -
OH. More and more water molecules are bound to the
surface of the film creating a driving force in the form of
a concentration gradient in the film layer and causing an
increase in water transfer through the film (Phisalaphong
et al., 2008). This result is consistent with SEM test
results that show the rough surface structure of the BCA
films of 0.4 and 0.8% (w/v). GhasemLou et al. (2011)
reported that the rough surface of the film made from
soybean polysaccharides is a binding site for water
during the process of water absorption. Different things
happen with the addition of 1.2% (w/v) alginate where a
strong hydrogen bond is formed between alginate and
bacterial cellulose, thus limiting the interaction between
alginate and water and ultimately reducing the
movement of water through the film layer (Wang et al.,
2018).

3.5 Mechanical properties

The addition of alginate caused a decrease in the
tensile strength and tear strength of the BCA films
produced (Table 2). Similar results have been reported
by Phisalaphong et al. (2008), Kanjanamosit et al.
(2010) and Chiaoprakobkij et al. (2011), where the
addition of alginate results in a decrease in the
mechanical properties of the resulting bacterial cellulose
film. The change in mechanical properties is caused by
the termination of intermolecular hydrogen bonds in
cellulose in the formation of BCA biocomposites
(Chiaoprakobkij et al, 2011). The decrease of tensile
and tear strength is also in line with the decrease of
crystallinity of biocomposites, thus indicating that
decreasing tensile strength may be associated with the
decrease of crystallinity. An increase in alginate
concentration did not have a significant effect on the
tensile and tear strength values of the biocomposite
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Table 2. Mechanical properties and water vapor permeability
(WVP) values of BC with different concentration of alginate

Alginate Tensile

Tear Strength ~ WVP x 107"
content Strength (kef/cm) (¢/Pa.s.m)
(% wiw) (MPa)
0.0 113.88+8.25° 5.52+1.64° 2.4140.16°
0.4 57.76+439°  2.70+0.58° 2.64+0.23°
0.8 26.28+7.43" 1.66+0.22% 3.7+0.406°
1.2 21.89+3.27° 2.65+0.14° 1.81£0.15°

Different superscript within a column with different letters
indicate significant difference p<0.05

3.6 Opacity

Opacity is a common measurement to determine the
transparency of a film. High opacity values indicate low
transparency, and vice versa (Atef et al., 2014). Table 1
shows that the BC opacity was not significantly different
from the BCA 0.04 and 0.8% w/v. Several things affect
the optical properties of a film, including thickness, fibre
size, and surface morphology (Lin et al., 2019). A rough
film surface can affect the scattering of light (Zhu et al.,
2013) thus affecting the optical properties of the film.
Based on SEM photo results, BCA 0.4 and 0.8% w/v
showed a rough surface morphology, thus affecting the
high opacity of the film and low transparency. At the use
of 1.2% w/v alginate, the opacity value is much lower
than BC, indicating higher transparency in the film
obtained. This indicates that alginates were well
distributed on the BC matrix as evidenced by SEM photo
results, resulting in a homogeneous and transparent film.

4. Conclusion

The addition of alginate to the growth media of
cellulose-producing bacteria provided many
advantageous properties to the biocomposite produced.
Alginate shows good interaction with bacterial cellulose
matrix through the formation of hydrogen bonds between
cellulose molecules and alginate. The significant
improvement in terms of water vapor permeability and
transparency were apparently obtained from the addition
of 1.2% w/v alginate. This research shows that
biocomposite film based on bacterial cellulose and
alginate is very potential as a packaging material for
food products.
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