
K
p

R
F
A
a

b

B
c

d

a

A
R
R
A
A

K
B
K
C
3
M

1

d
i
(
a
m
S
f
a
T

j

M

h
0

Carbohydrate Polymers 152 (2016) 841–849

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me  page: www.elsev ier .com/ locate /carbpol

omagataeibacter  rhaeticus  as  an  alternative  bacteria  for  cellulose
roduction

achel  T.A.  Machadoa, Junkal  Gutierrezb,  Agnieszka  Tercjakb, Eliane  Trovatti a,
ernanda  G.M.  Uahibc,  Gabriela  de  Padua  Morenoc, Andresa  P.  Nascimentoc,
ndresa  A.  Berretac, Sidney  J.L.  Ribeirod,  Hernane  S.  Baruda,d,∗

Laboratório de Biopolimeros e Biomateriais (BIOPOLMAT), Centro Universitário de Araraquara, Araraquara, 14801-340 São Paulo, Brazil
Group ‘Materials + Technologies’ (GMT), Department of Chemical and Environmental Engineering, Engineering College of Gipuzkoa, University of the
asque Country (UPV/EHU), Plaza Europa 1, 20018 Donostia-San Sebastián, Spain
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a  b  s  t  r  a  c  t

A  strain  isolated  from  Kombucha  tea  was  isolated  and  used  as an  alternative  bacterium  for  the  biosyn-
thesis  of bacterial  cellulose  (BC).  In this  study,  BC generated  by this  novel  bacterium  was compared  to
Gluconacetobacter  xylinus  biosynthesized  BC.  Kinetic  studies  reveal  that  Komagataeibacter  rhaeticus  was
a viable  bacterium  to  produce  BC  according  to yield,  thickness  and  water  holding  capacity  data.

Physicochemical  properties  of BC  membranes  were  investigated  by  UV–vis and  Fourier  transform
infrared  spectroscopies  (FTIR),  thermogravimetrical  analysis  (TGA)  and  X-ray  diffraction  (XRD).  Addi-
tionally,  scanning  electron  microscopy  (SEM)  and  atomic  force  microscopy  (AFM)  were  also  used  for
morphological  characterization.  Mechanical  properties  at nano  and  macroscale  were  studied  employ-
ellulose production
D network structure
echanical properties

ing PeakForce  quantitative  nanomechanical  property  mapping  (QNM)  and  dynamic  mechanical  analyzer
(DMA),  respectively.

Results  confirmed  that  BC membrane  biosynthesized  by  Komagataeibacter  rhaeticus  had  similar  physic-
ochemical,  morphological  and  mechanical  properties  than  BC membrane  produced  by Gluconacetobacter
xylinus  and  can be  widely  used  for  the  same  applications.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Bacterial cellulose (BC) is a special type of nanocellulose pro-
uced by microorganisms which has been deeply studied, mainly

n terms of biosynthesis and applications since its discovery in 1886
Brown, 1886). BC is produced by different type of bacteria such
s Gluconacetobacter,  Rhizobium,  Agrobacterium,  Aerobacter,  Achro-
obacter, Azotobacter, Sarcina and Salmonella (Lustri et al., 2015;

hoda & Sugano, 2005), among others. The most attractive genus
rom a commercial point of view is Gluconacetobacter due to this
bility to produce large amounts of cellulose (Trovatti et al., 2013;

rovatti, 2013).

Cellulose fiber consists of long polymer chains of d-glucose
oined by �-1,4glycosidic bonds. The macromolecules chains are

∗ Corresponding author at: Laboratório de Biopolimeros e Biomateriais (BIOPOL-
AT), Centro Universitário de Araraquara, Araraquara, 14801-340 São Paulo, Brazil.

E-mail address: hernane.barud@gmail.com (H.S. Barud).

ttp://dx.doi.org/10.1016/j.carbpol.2016.06.049
144-8617/© 2016 Elsevier Ltd. All rights reserved.
linked by adjacent �-1,4-glucan molecules. The cellulose macro-
molecules folds over each other giving rise to the protofibrills,
which successively folds reaching the nanometric scale leading
to the nanofibrills (Hirai, Tsuji, & Horii, 2002; Kondo & Tomita,
2009; Trovatti, 2013). The chemical structure of BC is the same as
the cellulose from plants or algae; however, BC is free of lignin,
hemicellulose and pectin. BC is a natural nanomaterial consisted
of a peculiar tridimensional network structure of ribbon-shaped
cellulose nanofibrils (3–8 nm in diameter) (Czaja, Krystynowicz,
Bielecki, & Brown, Jr., 2006) that favor its mechanical properties
(Czaja, Romanovicz, & Brown, 2004).

BC has a high specific surface afforded by the network of
nanoscale fibers, surprising absorption capacity and water reten-
tion, biodegradability, biocompatibility, non-allergenic, nontoxic
features and it is easy moldable (Klemm,  Schumann, Udhardt, &

Marsch, 2001, Klemm et al., 2005). BC is used for different pur-
poses, mainly in food industry (dietary fiber and desserts “nata
de coco”), textiles, opto-electronic devices, medical devices (surgi-
cal tubes, temporary skin substitutes, contact lens), among others

dx.doi.org/10.1016/j.carbpol.2016.06.049
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.06.049&domain=pdf
mailto:hernane.barud@gmail.com
dx.doi.org/10.1016/j.carbpol.2016.06.049
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Chawla, Bajaj, Survase, & Singhal, 2009; Klemm,  Heublein, Fink, &
ohn, 2005; Legnani et al., 2008; Pecoraro, Manzani, Messaddeq, &
ibeiro, 2008; Pinto et al., 2015; Shah & Brown, 2005).

Gluconacetobacter species produce cellulose membranes at the
urface of static culture medium. Under appropriate conditions, the
acteria can convert up to 50% of the carbon substrate to produce
C. Considering agitated culture, microbial growth is more intense
ue to the larger oxygen supply in the culture medium (Ross, Mayer,

 Benziman, 1991). Spheres or elongated agglomerates of fibers are
ormed instead. Despite promising expectations for BC, until now,
arge-scale production of this material requires more investigation.

In nature, the microorganism grows at the surface of rotting
ruits, from where they get energy and the nutrients needed for
eproduction. The synthesis of the cellulose mats, which is wove
n the top of the colonies, has the function of protection against
ehydration, sunlight, competitors and strategically, preservation
f the nutrient sources. Consequently, BC produced from differ-
nt bacteria results in different BC properties, such a yield and/or
orphology.
Bacterial cellulose is easily found in homemade culture medium

n Asia because its ethnopharmaceutical history. Kombucha tea is
he name of the green tea inoculated with a consortium of aceto-
enic bacteria, in which one of the microorganisms is a cellulose
roducer. This microorganism easily grows with low amounts of
itrogen source which in Kombucha tea is around 0.7 g/L (Nguyen,
lanagan, Gidley, & Dykes, 2008). Coconut water is another food
ource able to produce cellulose. Although coconut water is a poor
utrient source, it produced high yield BC (Aragon, 2000). Several
pecies of cellulose producing microorganisms have been isolated
rom food sources such as “nata de coco” and Kombucha tea.

Examples of classical cellulose producing microorganisms are
. xylinum and G. hansenii. Moreover, in the last years, G. sacchari

rom Kombucha tea (Trovatti et al., 2011) and G. persimmonensis
J145 (KCTC 10175BP) from matured persimmon vinegar (Oh-
euk, Se-Young, & Young-Jin, 2002) have been identified. Recently,
os Santos and coworkers (dos Santos et al., 2014) isolated Koma-
ataeibacter rhaeticus specie as a new cellulose producer.

The goal of this research work is a comparative study on pro-
uction and characterization of bacterial cellulose biosynthesized
y novel K. rhaeticus bacterium. Moreover, a G. xylinum (ATCC-
3760) bacterium was used for comparing the results of yield and
C membrane features, since G. xylinum is well known as cellulose
roducing bacterium and was characterized by numerous authors
Chawla et al., 2009; Li et al., 2015; Pecoraro et al., 2008). Different
haracterization techniques were employed to study physicochem-
cal, morphological and mechanical properties of BC membranes.

. Materials and methods

.1. Isolation and identification of Komagataeibacter rhaeticus
acterium

Kombucha tea was prepared using 20 g of green tea, 40 g of
ucrose and 1 L of tap water. 100 mL  of Kombucha starter culture
btained from Indo Kombucha was added to the tea. The culture
as incubated at 30 ◦C for 10 days. The cellulose membrane was

igorously shaken in the tea. 1 mL  of the suspension was  with-
rawn from the tea and added to a test tube with 9 mL  of 0.9 wt%
aCl sterile solution and a serial dilution was performed with ten

ubes. Aliquots of each dilution were plated on Petri dishes with
olid Hestrin and Schramm (HS) culture medium. The plates were

ncubated at 30 ◦C for 5 days. The grown colonies were isolated
ccording to its morphological features, seeded in solid HS medium
nd incubated at 30 ◦C for 48 h. Then, in order to evaluate the cel-
ulose formation at the top of the liquid, one isolated colony from
Scheme 1. Biosynthesis and purification of bacterial cellulose.

each Petri dish was transferred to test tubes with HS broth and
incubated aerobically at 30 ◦C for 5 days. The cellulose producer
was then identified and used for cellulose production and charac-
terization. The microorganism K. rhaeticus was  labeled as AF-1. This
genome was sequenced on the Illumina HiSeq2000 system, gener-
ating 44,413,164 paired-end reads of 100 bp (insert size, 250 bp)
(dos Santos et al., 2014).

2.2. Gluconacetobacter xylinus

G. xylinus ATCC 23760 was supplied by Fundaç ão André Tosello
Pesquisa e Desenvolvimento, Brazil.

2.3. Production and purification of BC membranes

The production of the BC membranes was carried out by cultiva-
tion of AF-1 and ATCC-23760 strains in static culture liquid medium
(HS), composed by 50 g/L glucose, 4 g/L of yeast extract, 0.73 g/L
of MgSO4·7H2O, 2 g/L KH2PO4, 20 g/L ethanol and distilled water,
1000 mL,  properly sterilized. Ethanol was sterilized by filtration and
added to the cold media. The microorganisms were incubated stat-
ically in four plastic trays (25 × 36 cm2), at 28 ◦C. The trays were
covered with a sheet paper to avoid the deposition of powder from
the environment. The cultivation process was  carried out under
aseptic conditions. The volume of culture media was 450 mL and the
inoculum volume was 50 mL  for each tray. The pre-inoculum was
prepared in HS liquid medium (100 mL)  from one isolated colony,
which was used to inoculate the trays after 24 h of incubation. BC
membranes were cultivated for 48, 72, 96 and 120 h.

BC membranes of AF-1 (K-BC) and ATCC-23760 (G-BC) were
treated with 0.1% solution of NaOH at 70 ◦C for 15 min, and then

carefully washed in distilled water until neutral pH.

Bacterial cellulose biosynthesis and purification protocol was
summarized in Scheme 1.
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.4. Kinetics studies

To obtain mass and thickness data the membranes were cut in
mall squares (10 cm2). Then, dried at 37 ◦C for 12 h. Thickness and
eight measurements were performed before and after drying pro-

ess using a digital caliper and a digital scale. The thickness was
easured in 5 different positions and values were averaged.

.5. Water holding capacity

The wet BC membranes (10 cm2) cultivated at different growth
imes, 48, 72, 96 and 120 h, were weighted. Subsequently, wet  BC
heets were dried under vacuum at 37 ◦C for 12 h in an oven. Five
amples of each growth time were analyzed.

The water holding capacity (WHC) was calculated by the follow-
ng formula (Shezad, Khan, Khanb, & Park, 2010):

WHC  = mass of water removed during drying (g)/

dry weight of cellulose (g)

.6. BC membrane characterization

UV–vis transmission spectra were collected in a Varian-CARY
00 spectrophotometer in the range of 800–300 nm wavelength.

Fourier Transform Infrared (FTIR) spectra were acquired using
 Nicolet Nexus Spectra equipped with a Golden Gate single
eflection diamond ATR accessory. Spectra were collected, with

 2 cm−1 resolution and 32 scans, in the wavenumber region of
000–600 cm−1.

The thermogravimetric curves of the samples were recorded by
 TA SDT 2960 from TA Instruments Co.All samples were heated in
lumina pans from 25 ◦C to 600 ◦C temperature range under nitro-
en atmosphere (flow rate of 100 mL  min−1) at a heating rate of
0 ◦C min−1.

X-ray diffraction patterns were obtained with a Siemens
ristalloflex diffractometer using nickel filtered Cu Ka radiation,

 step size of 0.021 and a step time of 3 s, from 51 to 501 (2�  angle).
The morphology of K-BC and G-BC membranes was  studied

sing an atomic force microscopy (AFM) and scanning electron
icroscopy (SEM).
AFM images were obtained by operating in tapping mode with a

canning probe microscope Dimension ICON from Bruker equipped
ith an integrated silicon tip/cantilever having a resonance fre-

uency of 300 kHz. Scan rates ranged from 0.7 to 1.2 Hz/s. Taking
nto account that obtained height and phase AFM images were very
imilar only AFM phase images are shown here. PeakForce quan-
itative nanomechanical property mapping (PeakForce QNM) was
sed to study nanomechanical properties of K-BC and G-BC mem-
ranes using the same Dimension Icon microscope from Bruker.
easurements were carried out in PeakForce mode under ambient

onditions. A silicon tip with nominal radius of 10 nm,  cantilever
ength of 125 �m,  and resonance frequency of 150 kHz was used.
he measurements were performed with a calibrated optical sensi-
ivity. The exact spring constant of the tip was calculated using the
hermal Tune option and a defined tip radius was adjusted using
S as standard.

Scanning electron microscope (SEM) images were taken on a
EOL JSM–7000 F instrument operated at 2 kV. The samples were
oated with carbon.

The mechanical properties of K-BC and G-BC membranes were

easured at room temperature using with a Dynamic Mechanical
nalyzer (DMA) 2980 (TA Instruments) equipped with a tension
lamp. Specimens of 6 mm length and 3 mm width and thickness
alues range from 50 to 150 �m.  A preload force of 0.01 N was used
Polymers 152 (2016) 841–849 843

and the force ramp 8 N/m until the rupture of sample. The device
was previous calibrated and a total of 10 measurements for each
sample were made in order to ensure the reproducibility of the
results.

3. Results and discussion

The wet  weight, yield,thickness and the water holding capac-
ity of the membranes, according to the growth time, are showed
in Fig. 1a–d respectively, for both, K-BC and G-BC membranes. At
the same growth times, wet weight of biosynthesized BC mem-
branes was  very similar for both strains (Fig. 1a). Moreover, as was
expected, growth studies reveal an increase of yield (Fig. 1b) and
thickness(Fig. 1c) an increase of yield and thickness as a result of
increasing the cultivation time. Here, it should be noted that for 96 h
and 120 h growth times, the yield and thickness of K-BC increased
almost two  times if compared with results obtained for G-BC.

In a deeply study, one can observed an interesting relation
between thickness of dried membranes and wet weight for this two
samples. For 96 h and 120 h growth times, K. rhaeticus bacterium
synthesized thicker membrane than G. xylinum, however the wet
weight was similar for both K-BC and G-BC synthesized membrane.
Taking these results into account, it can be concluded that K. rhaeti-
cus bacterium was able to synthesize more dense and less porous BC
membrane.Thus, make these materials interesting for a broad field
of applications reaching from biomedical (wound healing, scaffolds
for tissue engineering or substrates for cell seeding) to construction
(thermal or acoustic insulation or shock absorption) purposes.

With respect to the yield of dried BC membranes (Fig. 1b), at
short growth times yields are similar for both samples. On the con-
trary, for longer growth times, K-BC production was  50% higher if
compared to G-BC production, ∼6.7 g/L or 0.07 g/L/h for K-BC and
∼3.4 g/L or 0.035 g/L/h for G-BC at 96 h growth time. Some results
found in literature exhibited similar or higher yields, however,
using reactors and culture medium specific for BC production. For
instance, the production of BC using a shaking flask reactor reached
a yield of 0.08 g/L/h (Son, Heo, Kim, & Lee, 2001), in a stirred tank
with continuous culture the production was  0.95 g/L/h (Naritomi,
Kouda, Yano, & Yoshinaga, 1998), using a rotating disk 0.02 g/L/h
(Krystynowicz et al., 2002), in an airlift the yield was 0.2 g/L/h (Chao,
Ishida, Sugano, & Shoda, 2000) and using a fed bath it was 0.11 g/L/h
(Bae & Shoda, 2004). Comparing the result obtained for BC synthe-
sized by K. rhaeticus bacterium, ∼0.07 g/L/h, with the literature, the
production of K-BC was  surprisingly high taking in to account that
the culture media used in this work is a poor source of nutrients
and the production process was a simple tray, with no aeration, fed
bath or continuous cultivation.

Fig. 1d shows that all investigated K-BC membranes possessed
lower water content than corresponding membrane of G-BC. This
fact indicates that K. rhaeticus bacterium produces less porous BC
membrane comparing with G. xylinus produced BC membrane. This
fact was in agreement with results related to thickness and wet
weight in function of growth time.

The effect of the thickness on the transparency of dried K-BC
membrane can be visualized in Fig. 2. Increasing cultivation time
increased the mass of the membranes and proportionally also the
thickness. Thus, for longer cultivation times obtained membranes
are thicker than for short cultivation times and consequently more
opaque as can be observe in UV–vis results. Taking this into account
one can conclude that light transmission decrease when the thick-
ness of the membrane increases.
FTIR spectrum of biosynthesized G-BCand K-BC membranes are
shown in Fig. 3. G-BC and K-BC spectrum are similar, indicat-
ing that cellulose has the same chemical structure regardless the
bacterium used for the production. In both FTIR spectra all the typ-
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Fig. 1. (a)Wet BC membrane weight, (b) dry BC yield (c) wet BC membrane thickness and (d) and water holding capacity (WHC) for G-BC and K-BC.

F

i
M
b
M
g

ig. 2. UV–vis spectroscopy of K-BC membrane after different cultivation times.

cal bands of the bacterial cellulose were detected (Moharram &

ahmoud, 2008; Movasaghi, Rehman, & Rehman, 2008). Thus, the

and at 3345 cm−1 (O H stretch of cellulose type I) (Moharram &
ahmoud, 2008) and the band at 3240 cm−1 (stretching of hydro-

en bonded O H) (Focher et al., 2001) can be clearly observed.
Fig. 3. FTIR of biosynthesized BC membranes.
Here, it should be noted that the bands at 3488 cm−1 and 3447 cm−1

assigned for OH stretching intramolecular hydrogen bonding as
typical for cellulose II (Moharram & Mahmoud, 2008) are not found
in those spectra. Moreover, band assigned to CH stretching of CH2
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Fig. 4. (a) Thermogravimetric and (b) differential th

roups at 2893 cm−1, the band corresponding to CH2 asymmetric
tretching at 2854 cm−1 (Oh et al., 2005) and the band at 1650 cm−1

ssigned to water absorbed (Moharram & Mahmoud, 2008) can also
e detected. Finally, the spectra showed the characteristic signals
f cellulose I, with strong bands at 1425 cm−1 and at 1160 cm−1

ssigned to CH2 symmetric bending (Oh et al., 2005) and to C O C
symmetric stretching (Movasaghi et al., 2008), respectively.

Fig. 4 shows the TG/DTG curves for G-BC and K-BC membranes.
s expected, both thermograms show great similarity. TG/DTG
urves show two main weight losses. The first weight loss occurs
rom room temperature to 200 ◦C and is attributed to membrane
ehydratation or evaporation of the surface water. This weight loss
orresponds to ∼5.0% of the total mass. The second weight loss

◦
egins at ∼280 C for both membranes and possess a maximum
ecomposition temperature (Tonset) at 358 ◦C and 361 ◦C for G-
C and K-BC membranes, respectively. This weight loss represents
0 wt% of the total mass of the BC membrane and is attributed to
l analysis curves of biosynthesized BC membranes.

thermal degradation, like depolymerization and decomposition of
dehydrocellulose into gases (water, carbon monoxide and carbon
dioxide) (Barud, 2007)

XRD patterns for G-BC and K-BC membranes are shown in Fig. 5.
Broad diffraction peaks are observed at 14.3◦ and 22.5◦ for both
samples. Diffraction peaks are assigned to the cellulose I� and I�
phases (100I�, 110I� and 010I� planes at 14.3◦ and 110I� and
200I� at 22.5◦). These peaks are assigned to the characteristic inter-
planar spacing of native cellulose type I (Kim, Kim, Wee, Park, & Ryu,
2006). The crystallinity index of the BC membranes was calculated
from according to the Segal method (1).

CrI = I002 − Iam

I
× 100 (1)
002

in Seagal equation, CrI expresses the relative degree of crystallinity,
I002 is the maximum intensity (in arbitrary units) of the 002 lat-
tice diffraction and Iam is the intensity of diffraction in the same
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Fig. 5. X-ray diffraction patterns of biosynthesized BC membranes.

nits at 2� = 18◦. CrI value was 85% and 83% for G-BC and K-BC,
espectively. These values are similar to others reported from the
iterature (Trovatti et al., 2011)

Fig. 6 shows SEM micrographs of G-BC and K-BC dried
embranes. Here, SEM micrographs reveal a three-dimensional

ibbon-like nanofibril structure with a fiber diameter around 50 nm
or both membranes. The micrographs evidenced a more dense
tructure of the membrane produced by K-BC when compared to
-BC, totally in agreement with the data discussed in Fig. 1.

Atomic force microscopy (AFM) was used to study the mor-
hological properties of the G-BC and K-BC membranes. As
learly observed in Fig. 7 both BC membranes, biosynthesized
y K-BCand G-BC, showed typical interconnected tridimensional
anofibers network. The average size of the nanofibers was  around
50 ± 50 nm and 100 ± 25 nm for G-BC and K-BC membranes,
espectively. Here it should be pointed out that each nanofibers
onsists of 2–5 fibrils with the average size lower than 35 nm con-
ected between each other and in some occasion twisted along the
xis as a consequence of their longitude. The structural properties of
etected by AFM are in good agreement with structural properties
escribed above taken into account corresponding SEM images.

Quantitative nanomechanical properties (QNM) of G-BC and K-
C membranes were investigated using AFM in PeakForce mode.
FM height, adhesion and elastic modulus images of biosynthe-
ized BC membranes are showed in Fig. 8. As clearly observed from
FM height images of both G-BC and K-BC membranes (Fig. 8aI and
I) the tridimensional nanofibers network have similar roughness,
eing the average roughness (Ra) equal to 22 and 18 nm for G-BC
nd K-BC membranes, respectively.

The AFM adhesion images indicated that the adhesion depended
lightly on the type of the bacteria used for the biosynthesis of
C membrane. In the case of K-BC membrane the adhesion var-

ed from 8 to 20 nN whereas for G-BC membrane the adhesion
hanged between 5 and 15 nN(Fig. 8aII and bII). In both cases, the
ariation is regularly distributed along the investigated surface.
his behavior indicates the homogeneity of the nanofibers which
uild the interconnected tridimensional network. Moreover, QNM
roperties indicated that the elastic modulus of the BC membrane
abricated using K-BC is more than two times higher if compare
ith elastic modulus of the BC membrane fabricated using G-BC.
imilarly to PeakForce QNM adhesion image, PeakForce QNM elas-
ic modulus images indicated homogeneous distribution of elastic

odulus on whole investigated surface being the average elastic
odulus corresponds to 3 �m × 3 �m mapped area 1.2 GPa and
Fig. 6. SEM images of biosynthesized BC membranes.

2.8 GPa for G-BC and K-BC membranes, respectively (Fig. 8aIII and
bIII).

The mechanical properties can be correlated to the morpholog-
ical features of the membranes. K-BC showed higher mechanical
properties when compared to G-BC, indicating the positive effect
of low diameter BC nanofibers in mechanical properties of the
membranes. as expected, once their nanofiber have lower diam-
eter. The degree of crystallinity normally increases the mechanical
properties of the materials, but here it was possible to observe no
influence of the crystallinity, since both samples showed similar
features (Fig. 5), suggesting the increase in mechanical properties
was influenced only by the morphology of the nanofibers.

In order to study mechanical properties of biosynthesized BC
membranes on the macroscopic scale DMA  measurements in static
conditions were performed. The values of the tensile strain, defor-

mation and Young modulus of G-BC and K-BC membranes are listed
in Table 1. As can be observed the tensile strain is slightly higher
in the case of K-BC membrane if compare to G-BC one and the
same behavior was also observed for the deformation of both, being
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Fig. 7. AFM phase images (3 �m × 3 �m)

Table 1
Tensile strain, deformation and Young modulus of G-BC and K-BC membranes.

Sample Tensile stress (MPa) Deformation (%) Young’s modulus (GPa)

G-BC 41.5 ± 4 2.5 ± 0.3 1.5 ± 0.2

2
f
b
t
r
t
P

measured by DMA, were in good agreement. Finally, obtained
K-BC 46.9 ± 3 1.5 ± 0.3 3.2 ± 0.3

.5% for G-BC and 1.5% for K-BC. The main difference was  observed
or Young Modulus values. The Young modulus of the K-BC mem-
rane is more than two times higher than the Young modulus of
he G-BC being 3.2 GPa for K-BC and 1.5 GPa for G-BC. The DMA

esults are in good agreement with the results obtained using quan-
itative nanomechanical properties reached by AFM operated in
eackForce mode.
 of biosynthesized BC membranes.

4. Conclusions

Komagataeibacter rhaeticus bacterium was able to biosyn-
thesized BC membranes with production parameters similar to
Gluconacetobacter xylinum. For 96 h cultivation time, BC membrane
production using K. rhaeticus was  50% higher if compared to G.
xylinum production. Moreover, K. rhaeticus bacterium produces less
porous tridimensional network BC membrane. Physicochemical
and morphological characterization revealed that K-BC mem-
brane exhibited similar properties to G-BC membranes. Mechanical
properties at nanoscale, measured by QNM, and at macroscale,
results proved that K. rhaeticus bacterium can be used as a viable
alternative for cellulose production.
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ig. 8. PeakForce QNM images (3 �m × 3 �m)  of G-BC membrane (aI) height, (aII)
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