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A B S T R A C T

Komagataeibacter rhaeticus, a bacterium isolated from Kombucha tea, was used to produce bacterial cellulose
(BC) through its cultivation in a static sugarcane molasses (SCM) supplemented-culture medium (totally or
partially), as an alternative carbon source. BC membranes were characterized by different physicochemical
analysis using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field emission gun-
scanning electron microscopy (FEG-SEM), thermogravimetry analysis (TGA) and PeakForce quantitative nano-
mechanics atomic force microscopy (PeakForce (QNM-AFM)). FTIR, XRD and TGA results suggest great simi-
larity among all membranes produced by distinct culture media. Although the glucose (F1) and SCM (F6) media
presented the lowest BC yield, all SCM-supplemented culture media (from F2 to F5) showed BC yield values
similar to the HS culture medium (F0). FEG-SEM analysis showed that as higher SCM concentrations on culture
media higher dense nanofibers network could be prepared. Quantitative nanomechanical results obtained by
AFM technique corroborate FEG-SEM analysis besides show smoother and more flexible BC membranes as a
function of the increasing of the SCM concentrations. The modification of the carbon source of the culture
medium with an important by-product of Brazilian agroindustry appears as a viable alternative to reduce cost of
BC production (of up to 20.06%) besides increase the possibilities of industrial scale BC preparation.

1. Introduction

Cellulose (C6H10O5) – a linear high molecular weight homo-
polysaccharide with β-1.4 glycosidic bonds formed after the poly-
merization of anhydroglucose units – has received much attention in
recent years in different research areas, mainly for biomedical and
pharmaceutical applications, as it is the most abundant renewable
biopolymer on Earth, reaching 1 trillion tons in nature and showing an
increase of approximately 100 billion tons per year as a result of pho-
tosynthesis (Klemm et al., 2005). In addition to this, the applications

versatility of cellulose is related to its various sources, as well as phy-
sical, chemical or enzymatic treatments which led to materials with
different properties concerning purity, crystallinity, surface reactivity,
crystal structure, morphology, and others.

Regarding the heterogeneous sources of cellulose, it can be syn-
thesized from Plantae and Animalia kingdoms and Eubacteria domain,
so that cellulose obtained retains unique similar properties, such as high
mechanical strength and stiffness, biodegradability and renewability,
which are mainly related to the ability of hydroxyl groups to form su-
pramolecular interactions of the type intra- and intermolecular
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hydrogen bonds, leading to the structural packaging of cellulose in a
fibrillar and semicrystalline form (Jorfi and Foster, 2015; Kolakovic
et al., 2012).

Among different types of cellulose, bacterial cellulose (BC) or na-
nocellulose, obtained as a gel-like three-dimensional mat, is noteworthy
by presenting unique features, such as high degree of crystallinity
(above 60%), increased Young's modulus (up to 15 GPa), tensile
strength (200–300MPa), high thermal stability (decomposition tem-
perature ranging from 340 to 370 °C), elasticity and porosity (Grande
et al., 2009; Klemm et al., 2005). In addition, its high surface area al-
lows the absorption of large amounts of liquids, strong interactions with
other polymers and biomaterials, enzymes and nanoparticles.

Although BC can be produced by a number of gram-negative bac-
teria, Gluconacetobacter xylinus (G. xylinus) has received much attention
over the years for producing BC in commercial quantities from different
carbon and nitrogen sources (Klemm et al., 2005; Sheykhnazari et al.,
2011). However, this fact highlights the great need for searching other
superproductive bacteria in order to maximize the BC production and
make it more economically competitive.

Recently, Machado et al. (2016) and Dos Santos et al. (2014) iso-
lated a strain from Kombucha tea for BC production, which occurred in
a rate 50% higher, besides showing similar physicochemical, morpho-
logical and mechanical properties than those BC synthesized by G. xy-
linus. This set of findings makes the Komagataeibacter rhaeticus a more
viable alternative for BC production, leading to benefits that range from
time production optimization to costs reduction.

Assuming the elevate costs of BC production mainly related to the
expensive culture media, which can reach up to 30% of the total pro-
duction cost (Çakar et al., 2014; Jozala et al., 2015), another point that
has been widely discussed is about the search for alternative culture
media to the conventional Hestrin and Schramm (1954), which uses
glucose as carbon source. To date, several alternative substrates has
been proposed, aiming to find cheaper and more efficient carbon and/
or nitrogen sources, such as pineapple agroindustrial residues (Algar
et al., 2015), grape extract (Rani et al., 2011), coffee cherry husk (Rani
and Apppaiah, 2013), pineapple, pomegranate, muskmelon, water-
melon, tomato and orange fruits (Hungund et al., 2013), and others.

Sugarcane molasses (SCM) is a by-product of sugar production that
has great amounts of fermentable sugars as fructose, sucrose and glu-
cose, reason why it has been considered the most economical carbon
source in the fermentation industry. According to Tyagi and Suresh
(2016), molasses also has nitrogen and vitamins sources, which may
play an important role in optimizing the production of BC. Aggregating
value to the SCM is of major importance in Brazil, since this country
represents not only the first position in the ranking of sugarcane-pro-
ducing countries, but also of sugar and ethanol (BRASIL, 2016).

Some authors have already described the production of BC in mo-
lasses using different bacteria, such as Zoogloea sp (Paterson-Beedle
et al., 2000; Pinto et al., 2016), Gluconacetobacter xylinus FC01 (Çakar
et al., 2014), Gluconacetobacter intermedius SNT-1 (Tyagi and Suresh,
2013, 2016), and Acetobacter xylinum subsp. sucrofermentans BRP2001
(Bae and Shoda, 2004, 2005). However, no report has been recorded up
to now about the important association Komagataeibacter rhaeticus and
sugarcane molasses.

Hence, the investigation of BC production by K. rhaeticus bacterium
isolated of Kombucha tea and grown in static SCM-supplemented cul-
ture media were evaluated in order to reach an alternative carbon
source, in addition to adding value to this important by-product of
Brazilian agroindustry. As already described by Machado et al. (2016),
comparative studies using both G. xylinus and K. rhaeticus showed BC
membranes produced with similar physicochemical, morphological,
thermal and mechanical properties. From these results, K. rhaeticus
emerged as a suitable and viable alternative bacterium to produce BC
membranes. Herein, we have proposed to evaluate BC production by K.
rhaeticus in supplemented HS culture medium by adding SCM as al-
ternative and cheaper carbon source (totally or partially).

2. Materials and methods

2.1. Materials

Anhydrous D-glucopyranose and ethanol, citric acid, KH2PO4,
Na2HPO4, MgSO4·7H2O, all P.A. grade were purchased from Synth®.
Bacteriologic peptone, agar and yeast extract were purchased from
Merck. Sugarcane molasses (SCM) composed by sucrose (57.8%), glu-
cose (5.2%), fructose (6.5%) and other noncarbohydrate substances
(15.8%), as previously described by Lazarini et al. (2016), were sup-
plied by Santa Cruz sugar and alcohol industry (from Americo Brasi-
liense-São Paulo, Brazil). Komagataeibacter rhaeticus (Dos Santos et al.,
2014) was the bacteria used for BC production.

2.2. Methods

2.2.1. Isolation of Komagataeibacter rhaeticus bacterium
K. rhaeticus bacterium was isolated from Kombucha tea according to

Dos Santos et al. (2014). Briefly, 100mL of Kombucha starter was
mixed with 1 L of a cooled tea containing 40 g of sucrose and 20 g of
green tea, and after the set was incubated for 10 days at 30 °C. For the
isolation of K. rhaeticus, Kombucha tea was diluted (1:10) in sterile
0.9 wt% NaCl solution, followed by a serial dilution in ten tubes, of
which aliquots were plated in Petri dishes containing HS culture
medium (20 g/L de glucose, 5 g/L de peptone, 5 g/L yeast extract,
2.7 g/L of Na2HPO4, 115 g/L of citric acid, 15 g/L of agar, pH 5)
(Hestrin and Schramm, 1954). The plates were incubated at 30 °C for 5
days. The suspect colonies were seeded on HS medium and incubated
again as described above. After the incubation period, one isolated
colony was transferred to test tubes (20×150mm) containing HS
broth and incubated at 30 °C for five days, in order to evaluate the
production of cellulose, which can be easily observed on the surface of
the culture medium. The cellulose producer was identified as K. rhae-
ticus and after have its genome sequenced on the Illumina HiSeq2000
system, generating 44,413,164 paired-end reads of 100 bp (insert size,
250bp) (Dos Santos et al., 2014).

2.2.2. BC production in different composition culture medium
A pre-inoculum was prepared from one isolated colony in a 100mL

Erlenmeyer flask containing 50mL of sterile HS broth, which were in-
cubated at 30 °C for 24 h. For the BC production, 5mL of pre-inoculum
(K. rhaeticus) was added in a 250mL Erlenmeyer flask containing 45mL
of HS culture medium (F0), composed by 50 g/L of glucose, 4 g/L of
yeast extract, 0.73 g/L of MgSO4.7H2O, 2 g/L of KH2PO4, 20 g/L of
ethanol and distilled water, 1000mL, as standard media. The base
medium composed by carbon sources (glucose and/or SCM), yeast ex-
tract (4 g/L), ethanol (20 g/L) and labeled as F1 (50 g/L of glucose), F2
(40 g/L of glucose plus 10 g/L of SCM), F3 (30 g/L of glucose plus 20 g/
L of SCM), F4 (20 g/L of glucose plus 30 g/L of SCM), F5 (10 g/L of
glucose plus 40 g/L of SCM) and F6 (50 g/L of SCM). The media were
autoclaved for 20min at 121 °C.

The different medium containing the bacterial inoculum were in-
cubated in static conditions in 250mL Erlenmeyer flask, at 30 °C for
120 h. BC membranes produced were submitted to the purification
process by treating them with 0.5M NaOH solution at 80 °C for 30min,
followed by successive washes until neutral pH 7.0.

Take into account the cost of each component to obtain 1000mL
from distinct culture media, the culture media average costs (in dollar)
and reduction percent (%) were calculated for F0–F6 media comparing
with standard medium (HS medium). It is worth emphasizing that the
calculated costs do not involve further BC purification steps.

2.2.3. BC yield
BC production was recorded as dry weight of BC within the volume

of medium (g/L). For this, BC membranes were completely oven dried
at 37 °C for 24 h. Next, mass measurements were performed in
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quintuplicate using a Shimadzu analytical balance (to four decimal
places precision) at 25 °C.

2.2.4. Water holding capacity
The wet BC membranes cultivated at media with carbon sources

variations, (F0, F1, F2, F3, F4, F5 and F6), were weighted.
Subsequently, wet BC sheets were dried under vacuum at 37 °C for 12 h
in an oven. Five samples of each different medium were analysed. The
water holding capacity (WHC) was calculated by the following formula
(Machado et al., 2016; Shezad et al., 2010):

=WHC
mass of water removed during drying (g)

dry mass of membrane (g)

2.2.5. Field emission gun-scanning electron microscopy (FEG-SEM)
FEG-SEM images of BC membranes were obtained in a field emis-

sion scanning electron microscope JEOL JSM-7500F, so that surface
photomicrographs were taken at 30,000× magnification. All samples
were examined using an accelerating voltage of 10 kV.

2.2.6. Fourier transformed infrared spectroscopy (FTIR)
FTIR spectra of BC membranes were acquired using a Perkin Elmer

Spectrum 100 spectrometer in ATR mode. The spectra were collected
over the range of 4000–400 cm−1 with an accumulation of 32 scans,
resolution of 4 cm−1 and interval of 0.5 cm−1.

2.2.7. X-ray diffraction (XRD)
The X-ray diffraction analysis were performed on a X-ray dif-

fractometer (Siemens® 246 – Model D5000; Germany), using nickel
filtered CuKα radiation (λ=1.5406 Å) (tube operating at 40 kV and
30mA). Scanning regions were collected between 4 and 50° (2θ) in step
size of 0.02° (2θ).

Crystallinity index (CrI) of the BC membranes was calculated ac-
cording to Segal method (Eq. (1)) (Segal et al., 1959), as follows:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×CrI I I
I

100am200

200 (1)

2.2.8. Thermogravimetric analysis (TG/DTG)
TG/DTG analysis were performed via a TA SDT 2960 (TA

Instruments, USA) at a heating rate of 10 °C/min, from 25 to 600 °C,
under oxygen atmosphere (flow rate of 50mL/min), in open aluminum
pans containing about 5mg of sample.

2.2.9. PeakForce quantitative nanomechanics atomic force microscopy
(PeakForce (QNM-AFM))

Mechanical properties at nanoscale of BC membranes prepared in
different culture media were analyzed by PeakForce quantitative na-
nomechanical property mapping (PeakForce QNM) using Dimension
Icon microscope from Bruker. Measurements were carried out in
PeakForce mode under ambient conditions. A silicon tip with nominal
radius of 10 nm, cantilever length of 125 μm, and resonance frequency
of 150 kHz was used. The measurements were performed with a cali-
brated optical sensitivity. The exact spring constant of the tip was
calculated using the Thermal Tune option and a defined tip radius was
adjusted using PS as standard.

2.2.10. Statistical analysis
When applied, the results were treated by one-way analysis of

variance to assess the significance of the differences between data.
Tukey–Kramer post-test was used to compare the means of different
treatment data (Graph Pad Prism 5.0 software). Results with p < 0.05
were considered statistically significant.

3. Results and discussion

3.1. Cost production

The high cost of culture media for BC production lead us to propose
some strategies to overcome this drawback aiming its industrial pro-
duction. So, the use of residues or by-products from agroforest and food
industry as carbon and nitrogen sources for new compositions of culture
media allow us to reduce the cost of BC production besides maintaining
the high quality of produced BC (Pacheco et al., 2017). Jahan et al.
(2018) showed that using crude distillery effluent the maximum of BC
production by Gluconacetobacter oboediens was 8.5 g/L. The use of gly-
cerol and grape bagasse residues as carbon sources obtained from
biodiesel and wine production, respectively (in media containing corn
steep liquor as nitrogen source), presented a maximum BC production
from 8 to 10 g/L (Vazquez et al., 2013). Tyagi and Suresh (2013) de-
scribed the production of BC in pre-treated molasses as supplement in
HS medium by Gluconacetobacter intermedius NT obtained from orange
pulp. The maximum BC production achieved was 3.5 g/L under static
conditions for 10 days. Regarding to BC production costs, Pacheco et al.
(2017) reported that modifying the culture media using cashew re-
sidues, a cost reduction in BC production from 16.5 to 33% were
achieved relating to the conventional HS medium. In this sense, su-
garcane molasses (SCM) as nutrient sources originated from agroin-
dustrial residues have been proposed. F0, F1 and F6 correspond to HS,
glucose and SCM media, respectively. From F2 to F5, distinct compo-
sitions of culture media were evaluated using different SCM con-
centrations. The production average cost and reduction percent were
calculated from the conventional nutrient source (HS culture medium)
to compare all culture media as shown in Table 1. The introduction of
SCM as nutrient source promoted a significant costs reduction of culture
media from 7.35 to 20.06% (from F2 to F6 media) regarding the HS
culture medium and, consequently, the cost of BC production. These
results suggest the molasses-supplemented culture media a viable way
for escalation processes of BC production.

3.2. BC yield

The effect of different SCM-supplemented culture media on the BC
production were evaluated using BC yield results as shown in Fig. 1.
The BC yield varied with the concentration of the carbon sources
(glucose and/or SCM) present in the culture media (from F0 to F6). It is
worth emphasizing that BC membranes produced by K. rhaeticus pre-
sented similar BC yield in all SCM-supplemented media, specifically for
F2–F5 (p > 0.05) culture media showing average BC yield of 3.88,
4.01, 3.72 and 3.46 g/L, respectively. Remarkably, the glucose partial
substitution by the nutrient sources present in molasses (sucrose,
fructose and glucose) do not affect the BC production capacity (relating
to HS medium) been a highly viable way to reduce costs of BC pro-
duction using agroindustrial residues as nutrient sources. In addition,

Table 1
Average cost (in dollar) and reduction percent from distinct culture media (1 L)
for BC production.

Culture media (1 L) Average cost ($) Reduction percent (%)

F0 (HS medium) 2.78 –
F1 (glucose medium) 2.74 1.69
F2 (40 g/L of glucose plus 10 g/L of

SCM)
2.58 7.35

F3 (30 g/L of glucose plus 20 g/L of
SCM)

2.49 10.53

F4 (20 g/L of glucose plus 30 g/L of
SCM)

2.40 13.70

F5 (10 g/L of glucose plus 40 g/L of
SCM)

2.31 16.88

F6 (50 g/L of SCM) 2.23 20.06

R.T.A. Machado et al. Industrial Crops & Products 122 (2018) 637–646

639



BC yield for the culture media containing only glucose or molasses as
carbon sources (F1=2,27 g/L and F6=1.90 g/L, respectively) were
statistically similar (p > 0.05) but lower than for the molasses-sup-
plemented culture media (from F2 to F5) (p < 0.05). These results
suggest a synergic effect between the sugars present in molasses besides
the presence of other components such as vitamins, amino acids, nu-
cleic acids and minerals which can increase the BC yield. Premjet et al.
(2007) described the effect of SCM ingredients on BC production by
Acetobacter xylinum ATCC 10245. The authors confirmed SCM as ef-
fective culture medium showing the importance of each mainly com-
ponent (sucrose, glucose and fructose) and its association (su-
crose+ fructose, fructose+ glucose, and others) to increase BC yield.
Additionally, it was demonstrated that other components present in
SCM as amino acids, nucleic acids, vitamins, ash and others provided
higher BC yield relating to the other evaluated media.

3.3. Water holding capacity

Water content evaluation is crucial to corroborate structural char-
acterization besides determine its application such as wound dressing
(Czaja et al., 2006; Lin et al., 2016). Fig. 2 displays WHC results for BC
membranes produced on different culture media (from F0 to F6).

It is worth noting that BC membranes that showed the lowest BC
yield (F0, F1 and F6 culture media) were the same that displayed larger
WHC values (p > 0.05), indicating that WHC values are directly re-
lated to the BC yield. As described by Tsouko et al. (2015), the variation
of WHC depend on the BC porosity and surface area. The amount of
water trapped on BC nanofibers increase as a function of the increase of
BC porosity and, consequently, BC surface area (Tsouko et al., 2015).
Remarkably, WHC values are relating to the formation and structure of
the BC nanofibers according to Czaja et al. (2006). Additionally, the
nanofibers structure formation are directly dependent on the BC pro-
duction parameters as nutrient sources (sucrose, glucose, fructose, vi-
tamins, amino acids and others) and others conditions of culture media
(Chawla et al., 2009; Lazarini et al., 2016; Keshk, 2014).

3.4. FEG-SEM

Fig. 3 displays FEG-SEM images of HS culture medium (F0), BC
membranes produced by glucose/SCM-supplemented culture media
(F1–F5) and for the SCM-supplemented culture medium (F6), respec-
tively. All samples showed heterogeneous three-dimensional network

porous structure composed by randomly arranged cellulose nanofibers
without relevant differences among the nanofibers arrangement ob-
tained from different percentage and types of carbon sources
(Fig. 3F1–F5) (Çakar et al., 2014; Pacheco et al., 2017). However, BC
membranes produced in HS medium (Fig. 3F0) presented thin nanofi-
bers and, consequently, less dense nanofibers structure comparing to BC
membranes produced in SCM medium (Fig. 3F6) corroborating BC yield
and WHC results (Velásquez-Riaño and Bojacá, 2017; Lazarini et al.,
2016; Machado et al., 2016; Çakar et al., 2014). The average nanofiber
thickness were 92 and 119 nm for F0 and F6 samples, respectively.

3.5. FTIR

Fig. 4 shows FTIR spectra of BC produced by HS culture medium
(F0), BC membranes produced by glucose/SCM-supplemented culture
media (F1–F5) and for the SCM-supplemented culture medium (F6),
respectively. Table 2 highlights the main BC vibrational modes (Barud
et al., 2008a, 2011). The FTIR spectra (Fig. 4F1–F5) showed that the
glucose/SCM-supplementation does not change the spectral profile of
the membranes when compared to the FTIR spectrum (F0) of the HS
culture medium, indicates the absence of by-products and impurities on
the BC membranes.

The FTIR spectra of all BC analyzed present a broadband at
3340 cm−1assigned to the stretching of the hydroxyl groups (OeH
bonds) (Barud et al., 2008a, 2011). In this case, it should be to high-
lighted that the main difference between the SCM-supplementation
(spectra F1–F5) and the HS membrane (spectrum F0) is the band in-
tensity increase at 1030 cm−1 assigned to υs (CeO) of primary alcohol
as a function of the SCM-supplementation increase, especially for the
spectra F4 and F5, 30 and 40 g/L of SCM, respectively.

3.6. XRD

The X-ray diffraction measurements were carried out to evaluate the
crystalline structure BC obtained from different culture media. Fig. 5
displays XRD patterns of BC membranes produced by HS culture
medium (F0), BC membranes produced by glucose/SCM-supplemented
culture media (F1–F5) and for the SCM-supplemented culture medium
(F6), respectively. Three characteristic peaks were observed for all BC
membranes at 2θ angles of approximately 14.7°, 16.9° and 22.9°, which
correspond to the primary diffraction of (101), (101) and (200) planes
of native BC type I (De Salvi et al., 2014; Tercjak et al., 2015, 2016).
The changes in the relative peak intensity at 2θ of 14.7° could be related

Fig. 1. BC yield (g/L) from F0 (BC produced from HS medium), F1 (50 g/L of
glucose); F2 (40 g/L of glucose plus 10 g/L of SCM), F3 (30 g/L of glucose plus
20 g/L of SCM), F4 (20 g/L of glucose plus 30 g/L of SCM), F5 (10 g/L of glucose
plus 40 g/L of SCM) and F6 (50 g/L of SCM) culture media.

Fig. 2. Water holding capacity (WHC) from F0 (BC produced from HS medium),
F1 (50 g/L of glucose); F2 (40 g/L of glucose plus 10 g/L of SCM), F3 (30 g/L of
glucose plus 20 g/L of SCM), F4 (20 g/L of glucose plus 30 g/L of SCM), F5
(10 g/L of glucose plus 40 g/L of SCM) and F6 (50 g/L of SCM) culture media.
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Fig. 3. FEG-SEM images of BC produced in distinct culture media, where F0 corresponds to BC produced from HS medium; F1 (50 g/L of glucose); F2 (40 g/L of
glucose plus 10 g/L of SCM); F3 (30 g/L of glucose plus 20 g/L of SCM); F4 (20 g/L of glucose plus 30 g/L of SCM); F5 (10 g/L of glucose plus 40 g/L of SCM) and F6
(50 g/L of SCM).
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to slightly difference on chains orientation for all BC membranes
(Castro et al., 2011).

Table 3 exhibits the relative degree of crystallinity of BC membranes
expressed as described by Segal et al. (1959). The I200 is the maximum
intensity (in arbitrary units) of the plane 200 and Iam is the intensity of
diffraction in the same units at 2θ angle 18.0° (Pacheco et al., 2017;
Segal et al., 1959). The degree of crystallinity obtained from F0 to F6
membranes fluctuated between 1–3%, which suggests that using dif-
ferent percentage and distinct carbon sources (SCM and glucose) the
crystallinity values remains quite similar.

3.7. Thermal behavior

Fig. 6 displays TG/DTG curves obtained from F0–F6 membranes.
Two main events were detected for all BC membranes. The first one, up
to about 150 °C corresponds to approximately 5% of weight loss, at-
tributed to loss of physically adsorbed water (dehydratation of BC

membranes). The thermal degradation of BC membranes occurs in two
subsequent steps: first step of weight loss in the range of 200–400 °C (of
around 60%) were ascribed to the BC depolymerization in small glucose
units. The second step from 400 to 600 °C (about 20%) corresponds to
the dehydration and decomposition of the glucose units into gases
(water, carbon monoxide and carbon dioxide) (Barud et al., 2008b,
2011; De Salvi et al., 2014; Machado et al., 2016). It is worth pointing
up that the Tonset (around 350 °C) obtained from DTG curves (Fig. 6,
dashed lines) indicate that for all culture media (supplemented or un-
supplemented) the produced BC membranes showed similar thermal
stability. Additionally, the absence of residues at 600 °C confirm that all
BC membranes were obtained without inorganic salts, sodium hydro-
xide or impurities.

3.8. PeakForce (QNM-AFM)

Quantitative nanomechanical properties, analyzed by AFM in
PeakForce mode, of BC produced from HS culture media and different
SCM-supplemented culture media are shown in the Fig. 7. Similarly, as
for FEG-SEM measurements, PeakForce QNM height images of all in-
vestigated BC membranes confirm formation of three-dimensional BC
fibers network independently on the culture media used for BC pro-
duction (Machado et al., 2016; Tercjak et al., 2016). The visual dif-
ference between BC produced using different media can be dis-
tinguished if compare their PeakForce QNM height images
(Fig. 7F0I–F6I). As shown in the inset of each Fig. 7F0I–F6I, the average
roughness (Ra), extracted from PeakForce QNM height images of each

Fig. 4. FTIR spectra of BC produced in distinct culture media, where F0 cor-
responds to BC produced from HS culture medium; F1 (50 g/L of glucose); F2
(40 g/L of glucose plus 10 g/L of SCM); F3 (30 g/L of glucose plus 20 g/L of
SCM); F4 (20 g/L of glucose plus 30 g/L of SCM); F5 (10 g/L of glucose plus
40 g/L of SCM) and F6 (50 g/L of SCM).

Table 2
Assignment of the main Infrared absorption bands of the Bacterial Cellulose
(BC) (Barud et al., 2008a, 2011).

Wavenumber (cm−1) Assignments
Bacterial Cellulose (BC)

3340 (s) OeH stretching
2894 CH stretching of CH2 and CH3 groups
1725 (s) C]O stretching of acetyl or carboxylic acid
1642 HeOeH bending of absorbed water
1427 CH2 bending or OH in plane bending
1370 CeH deformation (CH3 or OH bending)
1165 CeOeC antisymmetric bridge stretching
1030 (s) CeO symmetric stretching of primary alcohol
897 (w) β glucosidic linkages between the sugar units

υs (symmetric stretching), s (strong) and w (weak).

Fig. 5. X-ray diffraction of BC produced in distinct culture media, where F0
corresponds to BC produced from HS medium; F1 (50 g/L of glucose); F2 (40 g/
L of glucose plus 10 g/L of SCM); F3 (30 g/L of glucose plus 20 g/L of SCM); F4
(20 g/L of glucose plus 30 g/L of SCM); F5 (10 g/L of glucose plus 40 g/L of
SCM) and F6 (50 g/L of SCM).

Table 3
Degree of crystallinity obtained from F0 (BC pro-
duced from HS medium); F1 (50 g/L of glucose); F2
(40 g/L of glucose plus 10 g/L of SCM); F3 (30 g/L of
glucose plus 20 g/L of SCM); F4 (20 g/L of glucose
plus 30 g/L of SCM); F5 (10 g/L of glucose plus 40 g/
L of SCM) and F6 (50 g/L of SCM).

Samples Crystallinity (%)

F0 89
F1 88
F2 88
F3 89
F4 88
F5 88
F6 86
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Fig. 6. Thermogravimetric (solid lines) and differential thermogravimetric (dashed lines) analysis of BC produced in distinct culture media, where F0 corresponds to
BC produced from HS medium; F1 (50 g/L of glucose); F2 (40 g/L of glucose plus 10 g/L of SCM); F3 (30 g/L of glucose plus 20 g/L of SCM); F4 (20 g/L of glucose plus
30 g/L of SCM); F5 (10 g/L of glucose plus 40 g/L of SCM) and F6 (50 g/L of SCM).
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Fig. 7. PeakForce QNM images (3 μm×3 μm) of BC produced in distinct culture media, where F0 corresponds to BC produced from HS medium; F1 (50 g/L of
glucose); F2 (40 g/L of glucose plus 10 g/L of SCM); F3 (30 g/L of glucose plus 20 g/L of SCM); F4 (20 g/L of glucose plus 30 g/L of SCM); F5 (10 g/L of glucose plus
40 g/L of SCM) and F6 (50 g/L of SCM). I correspond to height, II to elastic modulus and III to adhesion PeakForce QNM images of each investigated BC membranes.
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investigated BC membranes, decrease with increase of SCM content in
the culture media used for BC production. The Ra of the BC membrane
produced using HS culture media was 90 nm, while the Ra of the BC
membrane produced from glucose/SCM culture media decrease from
58 nm to 41 nm with increase of SCM content in the culture media. This
phenomenon led to conclusion that the addition of SCM resulted in
smoother BC membranes surface.

As can be observed from PeakForce QNM elastic modulus
(Fig. 7F0II–F6II) and adhesion (Fig. 7F0III–F6III), surface mechanical
properties of BC membranes changed in function of SCM content in the
culture media. The average elastic modulus of the BC membrane pro-
duced form HS culture media, extracted from PeakForce QNM elastic
modulus images of 3 μm×3 μm, was equal to 2.8 GPa. Similar average
elastic modulus was also detected for BC membranes produced from
50 g/L of glucose (∼2.5 GPa). The addition of SCM into culture media
provoke decrease of the average elastic modulus, being 1.6 GPa for
culture media with 10 g/L of SCM and 0.6 GPa for culture media with
50 g/L of SCM. Taken into account that addition of different g/L of SCM
change hydrogen bonds interaction, as confirm by FTIR, the decrease of
the average elastic modulus with the increase of SCM in the culture
media can be the consequence of the plasticization effect of the addition
of SCM onto fabricated BC membrane.

4. Conclusions

Komagataeibacter rhaeticus bacterium was isolated of Kombucha tea
and successfully grown in seven distinct static culture media in order to
evaluate alternative carbon source for BC production. Physicochemical
properties of the BC membranes labeled F0 (BC produced from HS
medium), F1 (50 g/L of glucose), F2 (40 g/L of glucose plus 10 g/L of
SCM), F3 (30 g/L of glucose plus 20 g/L of SCM), F4 (20 g/L of glucose
plus 30 g/L of SCM), F5 (10 g/L of glucose plus 40 g/L of SCM) and F6
(50 g/L of SCM) were analyzed by FTIR, XRD, FEG-SEM, TGA and
PeakForce (QNM-AFM) techniques. Results from FTIR, XRD and TGA
measurements revealed that BC produced from distinct SCM-supple-
mented composition displayed similar features to those obtained from
conventional Hestrin and Schramm media. Beyond that, TGA analysis
displayed that all BC membranes were obtained without inorganic salts
and impurities even using SCM without treatment. Morphological
analysis showed three-dimensional BC nanofibers network in-
dependently on the culture media used for BC production. Additionally,
increasing the SCM concentrations on culture media higher dense na-
nofibers were detected on BC membranes. Quantitative nanomecha-
nical properties evaluated by AFM technique showed that increasing
the SCM into culture media smoother and more flexible BC membranes
surface were observed. Finally, the use of a by-product of Brazilian
agroindustry without previous treatment as alternative culture media
consist on a viable and promising strategy for reducing costs and en-
hancing BC production.
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