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ABSTRACT: Highly transparent biocomposite based on bacterial cellulose (BC) mat modified with poly(ethylene oxide-b-
propylene oxide-b-ethylene oxide) block copolymer (EPE) were fabricated in situ during biosynthesis of bacterial cellulose in a
static culture from Gluconacetobacter xylinum. The effect of the addition to the culture medium of water-soluble EPE block
copolymer on structure, morphology, crystallinity, and final properties of the novel biocomposites was investigated at nano- and
macroscale. High compatibility between components was confirmed by ATR-FTIR indicating hydrogen bond formation between
the OH group of BC and the PEO block of EPE block copolymer. Structural properties of EPE/BC biocomposites showed a
strong effect of EPE block copolymer on the morphology of the BC mats. Thus, the increase of the EPE block copolymer
content lead to the generation of spherulites of PEO block, clearly visualized using AFM and MO technique, changing
crystallinity of the final EPE/BC biocomposites investigated by XRD. Generally, EPE/BC biocomposites maintain thermal
stability and mechanical properties of the BC mat being 1 wt % EPE/BC biocomposite material with the best properties.
Biosynthesis of EPE/BC composites open new strategy to the utilization of water-soluble block copolymers in the preparation of
BC mat based biocomposites with tunable properties.

KEYWORDS: bacterial cellulose, block copolymer, biocomposites, atomic force microscopy, mechanical properties

1. INTRODUCTION

Bacterial cellulose (BC), as a renewable natural nanomaterial,
has been used in many fields of application from tissue
engineering to the electronics industry, passing through
medicine, food packaging, and cosmetics, among others.1−9

Wide ranging applications of BC are strongly related to its very
good mechanical properties, porosity, high crystallinity, high
water absorption capability, and good chemical stability, as well
as biodegradability and remarkable biocompatibility of this
fascinating tridimensional nanofiber network.1−11

This naturally nanosized material with a unique porous
network structure consists of a self-assembled structure of
hierarchically ordered cellulose nanofibers of 3−8 nm in
diameter.12,13 BC can be produced on the large scale using a
species of bacteria Gluconacetobacter leading to nondrying

bacterial cellulose membranes with high water content up to
99%.8,12,14

With these features taken into account, it turns out that BC is
a potential candidate for use as a matrix for in situ fabrication of
biocomposites with both water-soluble polymeric materi-
als13−22 and inorganic nanoparticles.23−25 The biosynthesis
allows design of novel biocomposites with tunable properties
by a one-step pathway and creates biocomposites merging the
outstanding properties of bacterial cellulose with the interesting
physicochemical properties of polymeric materials or optical,
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electrical, magnetic, or antibacterial properties of inorganic
nanoparticles.
Different biodegradable water-soluble thermoplastics such as

poly(ethylene oxide) (PEO),15,16 poly(vinyl alcohol)
(PVA),17,18 or natural biopolymers such as chitosan,21 gelatin,22

aloe vera,20 or starch13 were used to design novel multifunc-
tional biocomposites fabricated during biosynthesis of the
bacterial cellulose to reach a new range of applications in tissue
engineering, wound dressing, food packaging, or electronic
field.
However, to the best of our knowledge block copolymers

(BCP) have never been used to generate BC-based
biocomposites by the in situ fabrication protocol. From this
point of view, biocompatible, water-soluble, amphiphilic
poly(ethylene oxide-b-propylene oxide-b-ethylene oxide)
block copolymer with a wide range of applications in
medicine26−33 presents a challenge to develop novel bio-
composites that link together the abundant properties of the
bacterial cellulose membrane with properties offered by the
poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) block
copolymer.
With the increasing interest in the study of properties of

novel designed biocomposites, not only at macro-, but also at
the nanoscale level taken into account, PeakForce quantitative
nanomechanical mapping (PeakForce QNM) seems to be the
ideal, relatively new imaging mode of the atomic force
microscopy (AFM)34−37 technique used in this approach.
This technique allows the determination of mechanical
properties of materials such as elastic modulus, adhesion,
deformation, and others with nanometer-scale resolution.
Consequently, this new AFM imaging mode is a novel
methodology and offers a better understanding between the
structural and mechanical properties of materials.
In the present work, bacterial cellulose based biocomposites

modified with different EPE block copolymer contents were
biosynthesized and characterized. AFM in both tapping and
PeakForce quantitative nanomechanical mapping (PeakForce
QNM) modes was used to study the effect of the addition of
EPE block copolymer on the structural and nanomechanical
properties of designed EPE/BC biocomposites compared with
neat BC mat. Moreover, properties of these EPE/BC
biocomposites at the nanoscale level were compared with
macroscale properties using an optical microscopy and a tensile
testing machine (MTS).

2. MATERIALS AND METHODS
2.1. Production of Inoculum. The strain used was Gluconaceto-

bacter xylinum (ATCC 23760) supplied by Andre ́ Tosello Foundation,
Campinas-SP, Brazil. It was cultured in Hestrim-Schramm medium
(HS medium) composed of D-glucose, yeast extract, peptone,
disodium hydrogen phosphate (Na2HPO4), citric acid, agar, and
purified water. Analytical grade chemicals were used as received.

The strain culture medium was sterilized before the bacterial strain
inoculation and then was cultivated during 1 day at 28 °C in an air-
circulating oven as conditioning chamber. This was used as the
inoculum for producing BC and EPE/BC biocomposites.

2.2. Biosynthesis of BC and EPE/BC Biocomposites. BC
culture medium was prepared according to a method described
previously by De Salvi et al.38 The control culture medium was similar
to HS medium and contains D-glucose, yeast extract, magnesium
sulfate heptahydrate (MgSO4·7H2O), potassium phosphate monobasic
(KH2PO4), ethanol, and purified water. Analytical grade chemicals
were used as received.

In order to develop EPE/BC biocomposites, different amounts of
poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) (EPE) tri-
block copolymer purchased from Sigma-Aldrich (Mn 5800 g/mol and
30 wt % of poly(ethylene oxide)) were incorporated in the culture
medium of BC. Thus, 0.5, 1, 1.5, and 3 wt % concentrations of EPE
block copolymer were added to a 250 mL Erlenmeyer flask containing
45 mL of BC culture medium and then 5 mL of the inoculum was also
incorporated. After 3 days of cultivation in static conditions at 28 °C in
an air circulating oven, generated jelly-like membranes were removed.

Subsequently, BC membrane and EPE/BC biocomposite mem-
branes were harvested and purified to eliminate the culture medium
and byproducts. The purification protocol starts from an immersion in
running water for 3 days. Then, membranes were placed in purified
water and were heated at 80 °C for 50 min. The same step was
repeated, replacing water for a 0.1 M solution of NaOH. Finally,
membranes were washed with purified water several times until pH 7.

The schematic representation of the preparation method is show in
Scheme 1.

2.3. Characterization Techniques. The optical properties of BC
and their biocomposites modified with different EPE block copolymer
contents were studied using a UV-3600, Shimadzu UV−vis-NIR
Spectrophotometer in the wavelength interval between 200 and 800
nm. The average thickness of the samples used for this measurement
was 0.013 ± 0.002 μm.

Fourier transform infrared spectroscopy (FTIR) was used to verify
hydrogen bond interactions in EPE/BC biocomposites. Infrared
spectra were carried out in a Nicolet Nexus Spectra equipped with a
Golden Gate single reflection diamond ATR accessory and were taken
with a 2 cm−1 resolution in a wavenumber range from 4000 to 400
cm−1.

Scheme 1. Schematic Representation of Sample Preparation

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508273x
ACS Appl. Mater. Interfaces 2015, 7, 4142−4150

4143

http://dx.doi.org/10.1021/am508273x


Thermogravimetric analysis (TGA) was performed using TGA/
SDTA-851e equipment under air atmosphere at a heating rate 10 °C
min−1 from room temperature to 700 °C.
X-ray diffraction (XRD) was carried out on a Philips PW 1710

diffractometer. The Cu Kα X-ray source was set to 40 kV and 100 mA
and the samples were examined at room temperature over the angular
range of 10° to 30°.
Structural characterization of neat BC mat and their biocomposites

with EPE block copolymer was performed using atomic force
microscopy (AFM). Corresponding AFM images were obtained by
operating in tapping mode with a scanning probe microscope
Dimension ICON from Bruker equipped with an integrated silicon
tip/cantilever having a resonance frequency of 300 kHz. Scan rates
ranged from 0.7 to 1.2 Hz s−1. In order to obtain repeatable results,
different regions of the specimens were scanned to choose
representative AFM images. With the similarity between height and
phase AFM images taken into account, only AFM phase images are
shown here. PeakForce quantitative nanomechanical property
mapping (PeakForce QNM) was used to study nanomechanical
properties of neat BC mat and EPE/BC biocomposites using the same
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 calibrated 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.
The surface homogeneity of investigated neat BC mat and their

EPE/BC biocomposites at the macroscale was investigated using an
optical microscope (OM) (Nikon Eclipse E600). The investigated
materials were analyzed in reflection mode and crossed polarizers were
employed to visualize both nucleation and spherulites in the
investigated samples. Micrographs were captured with a Color View
12 camera and analyzed using the AnalySIS Auto 3.2 software (Soft
Imaging System GmbH).
Mechanical properties at the macroscale level of neat BC mat and

designed EPE/BC biocomposites were investigated at room temper-
ature on a tensile testing machine MTS Insight 10 equipment with
load cell of 250 N. Specimens of 20 mm length and 5 mm width were
tested with strain rate of 1 mm/min. All samples were conditioned for
48 h under vacuum prior to testing. Elongation at break and tensile
strength were calculated as average of five test specimen data.

3. RESULTS AND DISCUSSION

Optical properties were studied employing UV−vis spectros-
copy. Figure 1 shows UV−vis spectra of neat BC mat and their

biocomposites with different EPE block copolymer content.
Additionally, visual transparency of all investigated samples is
shown as inset in Figure 1. The transparency of EPE/BC
biocomposites increased gradually with increasing EPE block
copolymer content up to 1.5 wt %. For the EPE block
copolymer content higher than 3 wt %, the loss of transparency
was detected due to the semicrystalline character of EPE block
copolymer uniformly located on the fibers of the BC mat,
which will be discussed in more detail using OM results.
The transparency of investigated EPE/BC biocomposites was

confirmed by their UV−vis transmittance spectra at the visible
wavelength range. The transmittance, taken at wavelength equal
to 800 nm, increased from 37% for neat BC mat to 55% for
biocomposites with 1.5 wt % EPE block copolymer content.
Thus, the addition of EPE block copolymer leads to
enhancement of the transparency of the neat BC mat.
Transparency is an important property for preparations of

the full-biocompatible flexible substrate for optoelectronic
applications.39,40 Biocomposite with the highest EPE block
copolymer content (3 wt %) shows a decrease of transmittance
to 48%. However, this value is still higher if compared with the
transmittance of neat BC mat. This phenomenon is probably
related to the semicrystalline character of the EPE block
copolymer.
ATR-FTIR spectra of neat BC mat, EPE block copolymer,

and their biocomposites with different EPE block copolymer
content are shown in Figure 2.

ATR-FTIR spectrum of neat BC mat showed characteristics
bands of BC. One can be identified at 3345 cm−1 (O−H
stretching of cellulose type I), 3240 cm−1 (hydrogen bonded
O−H), 2895 cm−1 (CH stretching of CH2 groups), 2854 cm−1

(CH2 asymmetric stretching), 1650 cm−1 (bending motion of
absorbed water H−O−H), 1427 cm−1 (CH2 symmetric
bending), 1365 cm−1 (CH bending), 1160 cm−1 (C−O−C
asymmetric stretching), and 1060 cm−1 (C−O stretching).41−43

As expected, ATR-FTIR spectra of neat EPE block copolymer
displayed a characteristic band at 1098 cm−1 related to the
stretching vibration of the C−O−C group of the ether bonding
and at 1462 cm−1 assigned to the C−H bending vibration.

Figure 1. UV−vis transmittance spectra of neat BC mat and designed
EPE/BC biocomposites with different EPE block copolymer content
(the inset show a digital image of investigated materials).

Figure 2. ATR-FTIR spectra of neat BC mat and designed EPE/BC
biocomposites with different EPE block copolymer content.
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Similarly to ATR-FTIR spectrum of neat BC mat, ATR-FTIR
spectra of the EPE/BC biocomposites showed a typical −OH
stretching band, which shifts to higher wavenumbers if
compared to the wavenumber for analogical vibration of BC:
being 3348 cm−1 for 0.5 wt % EPE/BC biocomposite and 3352
cm−1 for 3 wt % EPE/BC biocomposite. Moreover, ATR-FTIR
spectra of the EPE/BC biocomposites do not show the
formation of any additional bands if compared with ATR-FTIR
spectra of neat BC mat and neat EPE block copolymer, which
confirm lack of chemical bonds between components of EPE/
BC biocomposites. However, the strong hydrogen bonds
between −OH groups of the neat BC mat and neat PEO
block of EPE block copolymer were confirmed by considerable
variation in stretching vibration of the hydrogen bonds in ATR-
FTIR spectra of EPE/BC biocomposites if compared with
ATR-FTIR spectrum of neat BC mat.
With the aim of determining the decomposition temperature

of the EPE/BC biocomposites, thermogravimetric curves of
neat EPE block copolymer, neat BC mat, and corresponding
biocomposites are shown in Figure 3. As can be clearly

observed, EPE block copolymer showed only a one-step
decomposition process with the decomposition temperature at
250 °C. Under the same measurement conditions, the TGA
curve corresponding to neat BC mat showed two typical
decomposition steps located at approximately 350 and 460
°C.44

As visualized in Figure 3, EPE/BC biocomposites followed
the decomposition process similar to that of neat BC. Thus,
TGA curves of EPE/BC biocomposites clearly indicated that
even addition of 3 wt % EPE block copolymer does not
significantly change the decomposition process of biocompo-
sites if compared with decomposition of neat BC mat. Addition
of 0.5 wt % of EPE block copolymer shifted the decomposition
temperatures to 354 and 455 °C for the first and second
decomposition steps, respectively. The addition of 3 wt %
shifted the decomposition temperature to 345 and 440 °C
compared with the temperature of first and second
decomposition steps for neat BC mat. This sharp decrease to
lower temperatures can be attributed to high compatibility
between EPE block copolymer and BC probably related to the
formation of hydrogen bond between −OH groups of BC and

PEO-block of EPE block copolymer. This fact is in with good
agreement with ATR-FTIR results of investigated biocompo-
sites. Similar thermal decomposition behavior was observed for
biocomposites based on BC modified with PEO16 and PVA.18

The semicrystalline nature of neat components and EPE/BC
biocomposites were studied using X-ray diffraction. The X-ray
diffractograms of neat BC mat, EPE block copolymer, and their
biocomposites are plotted in Figure 4.

XRD pattern of neat BC mat showed three characteristic
peaks clearly distinguished at 2θ of approximately 14.9°, 17.2°,
and 23° which correspond, as reported in the literature,44−46 to
the primary diffraction of the (101), (101), and (002)
polymorphism cellulose I. Regarding the XRD pattern of neat
EPE block copolymer, two strong crystalline peaks were
observed at 2θ = 19.3° and 23.5°. As can be clearly observed in
Figure 4, the X-ray diffractograms of EPE/BC biocomposites
are similar to those of neat BC mat with peaks almost in the
same 2θ region confirming that BC maintains polymorphism of
cellulose I in designed biocomposites. The changes in the peak
intensity at 2θ of ∼14.9° suggested strong influence of addition
of EPE block copolymer. The relative crystallinity calculated
using equations proposed by Segal et al.47 indicates slight
increase of the crystallinity being around 77% for neat BC mat
and between 79% and 82% for EPE/BC biocomposites. This
insignificant increase in relative crystallinity can be related, on

Figure 3. Thermogravimetric curves of neat BC mat, neat EPE block
copolymer, and designed EPE/BC biocomposites with different EPE
block copolymer content.

Figure 4. X-ray diffraction of (a) neat EPE block copolymer and (b)
neat BC mat and designed EPE/BC biocomposites with different EPE
block copolymer content.
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one hand, to the fact that the PEO block of EPE block

copolymer can act as nucleation agent for the crystallization of

BC mat, and on the other hand, some part of the crystalline

phase of the PEO block of EPE block copolymer can crystallize

within the BC mat.

Figure 5 shows AFM phase images of the surface of neat BC
mat and EPE/BC biocomposites recorded to study the
structural properties of investigated materials.
As is well-known from literature, neat BC mat was

constituted of a highly interconnected network of nanofibers
with porous tridimensional structure as can be easily recognized
in Figure 5a. The diameter of these nanofibers was in the range

Figure 5. AFM phase images (5 μm × 5 μm) of (a) of neat BC mat and EPE/BC biocomposites containing (b) 0.5 wt %, (c) 1 wt %, (d) 1.5 wt %,
and (e) 3 wt % EPE block copolymer. The insets correspond to higher magnification images.

Figure 6. OM micrographs of (a) neat BC mat and designed EPE/BC biocomposites containing (b) 0.5 wt %, (c) 1 wt %, (d) 1.5 wt %, and (e) 3 wt
% EPE block copolymer. The insets correspond to the same analyzed area between crossed polarizers.
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of 25−100 nm as visualized in the inset of Figure 5a. Many of
these nanofibers consist of 3−4 fibrils, which were twisted
together forming braids. As clearly seen in corresponding AFM
phase images, EPE/BC biocomposites preserve the hierarchi-
cally ordered tridimensional network structure of the BC mat.
Introduction of 0.5 wt % of EPE block copolymer does not
significantly affect the BC tridimensional nanometric network
structure. The diameter of the nanofibers in 0.5 wt % EPE/BC
biocomposite is in the same range as for neat BC mat. Similarly,
the addition of 1, 1.5, and 3 wt % does not significantly affect
the tridimensional bacterial cellulose network formation;
however, as seen in Figure 5c the presence of 1 wt % of EPE
block copolymer is enough to visualize homogeneously

dispersed, nanometric in size EPE block copolymer domains
located on the surface of the BC nanofibers: 25−50 nm in size.
The good dispersion of EPE block copolymer can be related to
the intermolecular hydrogen bond interaction confirmed by the
ATR-FTIR technique.
In the case of EPE/BC biocomposites with EPE block

copolymer content higher than 1.5 wt %, one can easily observe
that the thermoplastic block copolymer domains cover different
regions of the BC mat, and a larger area is covered with the
increase of the EPE block copolymer content. Similar behavior
was observed by Pircher et al.48 for bacterial cellulose aerogels
modified with poly(lactic acid) (PLA).

Figure 7. PeakForce QNM images (5 μm × 5 μm) of neat BC mat: (aI) height, (aII) adhesion, (aIII) modulus; and designed EPE/BC
biocomposites containing: 0.5 wt % (bI) height, (bII) adhesion, (bIII) modulus; 1 wt % (cI) height, (cII) adhesion, (cIII) modulus; 1.5 wt % (dI)
height, (dII) adhesion, (dIII) modulus; 3 wt % (eI) height, (eII) adhesion, (eIII) modulus.
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Here, it should be pointed out that addition of even 3 wt %
of EPE block copolymer leads to a biocomposite which is still
able to form a 3D network, interconnected nanofiber structure
during BC growth, thus confirming, in this way, high
compatibility and high integration of EPE block copolymer
with BC. Compact, highly integrated biomaterials can design
addition of EPE block copolymers, which does not affect the
network formation process of the BC mat.
OM micrographs taken for neat BC mat and EPE/BC

biocomposites (Figure 6) confirm that all investigated materials
form continuous random network flat surfaces without any
defects.
The increase of the EPE block copolymer provokes the

crystallization of the PEO block of EPE block copolymer as
clearly detected by OM micrographs taken between crossed
polarizers (see insets corresponding to each EPE/BC
biocomposite). Addition of EPE block copolymer leads to
formation of nucleus and spherulites of PEO block of the EPE
block copolymer, which appeared as bright areas on the darker
crystalline BC. Here it should be pointed out that, under OM
measurement, no spherulites for either neat BC mat or BC
phase in EPE/BC biocomposites were observed. PEO block
spherulites increase with increasing EPE block copolymer
content in EPE/BC biocomposites and covered a larger area of
the BC mat surface. The OM results obtained are in good
agreement with the results obtained by AFM related with the
structure of investigated biocomposites at the nanometric scale.
Quantitative nanomechanical properties (QNM) of neat BC

mat and EPE/BC biocomposites were studied employing
atomic force microscopy in PeakForce mode. This technique
allows simultaneously mapping of AFM height, adhesion, and
elastic modulus images, which are shown in Figure 7. Here, it
should be noted that, by calculation from AFM height images,
the average roughness (Ra) of EPE/BC biocomposites
increased with increasing EPE block copolymer content,
being around 55 nm for neat BC mat, 70 nm for 0.5 wt %
EPE/BC biocomposite, and 130 nm for 3 wt % EPE/BC block
copolymer. The significant increase of Ra is probably related to
the semicrystalline character of the PEO block of EPE block
copolymer. As clearly distinguished in AFM height images and
as has been described above for AFM phase images, the
addition of 1 wt % EPE led to the formation of small
nanometric domains of EPE phase, which change to spherical
spherulites with 800−900 nm in diameter after the addition 1.5
wt % of EPE block copolymer. Thus, as expected, the formation
of tridimensional spherulites of the PEO block of EPE block
copolymer on the surface of the BC nanofiber network changed
the average roughness of the EPE/BC biocomposites.
Here, it should be pointed out that the Ra of the investigated

biocomposites from areas where the tridimensional nanofibers
network is not covered by EPE block copolymer is similar to
that for neat BC mat, which once more confirmed that EPE/
BC biocomposites do not lose the 3D network structure
created during BC growth.
The AFM adhesion and elastic modulus images of neat BC

mat revealed the existence of two areas with different adhesion
force (one with adhesion force ∼5 nN and the other one ∼15
nN) and elastic modulus (one ∼2−4 GPa and the other one
∼20−23 GPa), both uniformly distributed on the entire
investigated surface. As is well-known, the crystalline phases
of polymers have higher mechanical properties if compared to
the amorphous phase. Consequently, PeakForce QNM
measurement of neat BC mat allowed us to clearly distinguish

higher local elastic modulus, which corresponds to crystalline
phase of BC mat, and lower modulus, corresponding to
amorphous phase of BC mat. Additionally, here it should be
pointed out that the average elastic modulus corresponding to a
5 μm × 5 μm mapped area was 4.2 GPa. PeakForce QNM
properties of 0.5 wt % EPE/BC biocomposite showed
mechanical properties very similar to those for neat BC mat,
with average elastic modulus equal to 4 GPa. Addition of a
higher amount of EPE block copolymer leads to a decrease of
the average elastic modulus to 3.6 GPa for 1 wt % EPE/BC
biocomposite, 2.4 GPa for 1.5 wt % EPE/BC biocomposite,
and 1.7 GPa for 3 wt % EPE/BC biocomposite. This can be
related to the plasticizing effect of the softer EPE block
copolymer when compared to the BC nanofibers. As expected,
the elastic modulus of the EPE block copolymer phase was
lower than 1 GPa and the adhesion forces were much greater,
160−180 nN for 3 wt % EPE/BC biocomposite.
Macroscale mechanical properties of neat BC mat and

designed EPE/BC biocomposites are graphed on Figure 8.
Under the same testing conditions, the elongation at break
increased with increasing EPE block copolymer content up to 1
wt % in comparison to the elongation at break of neat BC mat.
The addition of more than 1.5 wt % EPE block copolymer

Figure 8. (a) Elongation at break and (b) tensile strain of neat BC mat
and designed EPE/BC biocomposites with different EPE block
copolymer content.
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provoked a decrease of elongation at break. Results confirm
good adhesion between bacterial cellulose and EPE block
copolymer up to 1 wt % of EPE block copolymer content. On
the contrary, for EPE/BC biocomposites with EPE block
copolymer content above 1 wt %, the adhesion between
components decreased.
This behavior can be related to the fact that addition of up to

1 wt % of EPE block copolymer results in a slight increase of
crystallinity of the bacterial cellulose phase (confirmed by
XRD) and formation of small nanometric nucleus of PEO block
of EPE block copolymer (confirmed by AFM) leading to well-
integrated biocomposites with uniform nanometric distribution
of EPE block copolymer. Consequently, the higher elongation
at break can be attributed to the restrained chain movement
and refined crystalline structure during the deformation.
Addition of more than 1.5 wt % provoked crystallization of
the PEO block of the EPE block copolymer at macroscale (OM
results) changing adhesion between the components.
Simultaneously, as can be observed in Figure 8, the general

tendency of the tensile strain at macroscale is similar if
compared with results obtained at the nanoscale level using
atomic force microscopy in PeakForce mode (except 0.5 wt %
EPE block copolymer, which can be simply related to the
natural character of the in situ fabricated biocomposites).
In the case of designed EPE/BC biocomposites, tensile strain

slightly decreased if compared with neat BC mat. This behavior
can be related to the formation of strong intramolecular
hydrogen bonds between PEO block of EPE block copolymer
and −OH bonds of BC located on the nanofiber surface.
On the contrary, in the case of 3 wt % EPE/BC biocomposite

the presence of spherulites of the PEO block of EPE block
copolymer provokes the weakness of the intramolecular
hydrogen bonds resulting in a decrease of the compatibility
between both components.12

Consequently, as can be clearly observed in Figure 8b, the
tensile strain of this EPE/BC biocomposite slightly decreased
in comparison with the tensile strain of neat BC mat, ∼50 MPa
for 3 wt % EPE/BC biocomposite. The best mechanical
properties at macroscale were achieved for 1 wt % EPE/BC
biocomposite.

4. CONCLUSIONS
Biocomposites based on BC mat modified with different
biocompatible, amphiphilic EPE block copolymer contents
were prepared in situ during bioengineering production of BC
mat from Gluconacetobacter xylinum in static conditions. As
expected, the formation of intermolecular hydrogen bonds
between −OH groups on the surface of the BC nanofibers and
PEO block of the EPE block copolymer was confirmed by
ATR-FTIR results. Thermal behavior of designed BC/EPE
biocomposites indicated that the thermal stability of the neat
BC mat was maintained, which proves the strong compatibility
between both components. UV−vis transmittance spectra of
BC/EPE biocomposites confirmed higher transparency of
designed materials compared to the transparency of neat BC
mat.
Nanoscale structural and mechanical properties of EPE/BC

biocomposites were studied employing AFM and PeakForce
quantitative nanomechanical mapping and analogous macro-
scale properties using OM and tensile testing machines. The
addition of EPE block copolymer has a strong influence on the
final structural and mechanical properties of EPE/BC
biocomposites.

Novel highly transparent EPE/BC biocomposites lead to the
development of materials which linked together good
mechanical properties of BC mat with properties offered by
EPE block copolymer.
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