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ABSTRACT

Three different low molecular weight nematic liquid crystals (LCs) were used to impregnate bacterial
cellulose (BC) film. This simple fabrication pathway allows to obtain highly transparent BC based films. The
coating of BC film with different liquid crystals changed transmittance spectrain ultraviolet-visible region
and allows to design UVC and UVB shielding materials. Atomic force microscopy results confirmed that
liquid crystals coated BC films maintain highly interconnected three-dimensional network characteristic
of BC film and simultaneously, transversal cross-section scanning electron microscopy images indicated
penetration of liquid crystals through the three-dimensional network of BC nanofibers. Investigated BC
films maintain nematic liquid crystal properties being switchable photoluminiscence as a function of
temperature during repeatable heating/cooling cycles. Conductive response of the liquid crystal coated
BC films was proved by tunneling atomic force microscopy measurement. Moreover, liquid crystal coated
BC films maintain thermal stability and mechanical properties of the BC film. Designed thermoresponsive
materials possessed interesting optical and conductive properties opening a novel simple pathway of

fabrication liquid crystal coated BC films with tuneable properties.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is one of the most abundant natural polymer which
paid increasing attention of many scientists and engineers. Spe-
cial interest is focused on bacterial cellulose (BC) due to their
impressive properties such as high crystallinity, water holding
capability, high porosity as well as biodegradability and remark-
able biocompatibility (Abeer, Amin, & Martin, 2014; Almeida et al.,
2014; Barud, Caiut, Dexpert-Ghys, Messaddeq, & Ribeiro, 2012;
Fu, Zhang, & Yang, 2013; Gutierrez, Fernandes, Mondragon, &
Tercjak,2012; Hoenich, 2006; Iguchi, Yamanaka, & Budhiono, 2000;
Klemm, Schumann, Udhardt, & Marsch, 2001; Lin et al., 2013;
Qiu & Netravali, 2014; Shi, Zhang, Phillips, & Yang, 2014; Yano
et al.,, 2005; Zhang et al., 2013; Zhu, Fang, Preston, Li, & Hu, 2014).
These interesting properties of BC, consisted of interconnected
three-dimensional nanofibers network, lead to their wide range
of application in electronic (Gutierrez, Fernandes, et al., 2012; Lee,
Buldum, Mantalaris, & Bismarck, 2014; Lin et al., 2013; Zhang et al.,
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2013, 2014), tissue engineering (Fu et al., 2013; Lin et al., 2013),
medicine (Hoenich, 2006; Klemm et al., 2001), drug delivery (Abeer
et al., 2014; Almeida et al., 2014) and food packaging (Shi et al.,
2014) among others.

Nowadays, many research groups have searched for novel
strategies of fabrication composite materials based on BC matrix
(Bulota, Tanpichai, Hughes, & Eichhorn, 2012; Galland et al., 2013;
Shaha, Ul-Islama, Khattaka, & Park, 2013; Zhou et al., 2009). Differ-
ent type of water-soluble polymeric materials (Barud et al., 2011,
2012; Brown & Laborie, 2007; Castro et al., 2014; Gea, Bilotti,
Reynolds, Soykeabkeaw, & Peijs, 2010; Hebler & Klemm, 2009;
Marins et al., 2011; Quero et al., 2010; Tercjak, Gutierrez, Barud,
Domeneguetti, & Ribeiro, 2015) or inorganic nanoparticles (Barud
et al.,, 2015; Dal’Acqua et al., 2015; Gutierrez, Fernandes, et al.,
2012; Gutierrez, Fernandes, Mondragon, & Tercjak, 2013; Gutierrez,
Tercjak, Argal, Retegi, & Mondragon, 2012; Jian et al., 2014; Li et al.,
2009; Liu, Yang, Wang, Shi, & Jiang, 2012; Olsson et al., 2010) were
employed to develop novel composites with tuneable properties
which combine the exceptional properties of BC and physicochemi-
cal properties of polymeric materials or optical, electrical, magnetic
or antibacterial properties of inorganic nanoparticles. Different
preparation pathways such as in-situ biosynthesis, immersion of
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BC membrane in solution with polymer materials or inorganic
nanoparticles, impregnation and coating were explored to fabri-
cate BC based composites with fascinating properties and wide
range of application possibilities (Barud et al., 2011, 2015; Brown
& Laborie, 2007; Castro et al., 2014; Dal’Acqua et al., 2015; Gea
et al., 2010; Gutierrez, Tercjak, et al., 2012; Gutierrez et al., 2013;
Hebler & Klemm, 2009; Jian et al., 2014; Li et al., 2009; Marins
et al,, 2011; Olsson et al., 2010; Quero et al., 2010; Tercjak et al.,
2015). On the other hand, low molecular weight nematic liquid
crystals (LC) are organic molecules with interesting properties
especially a large optic and dielectric anisotropy (Doane, Golemme,
West, Whitehead, & Wu, 1988; Drzaic, 1988; Zhou, Collard, Park, &
Srinivasarao, 2002). Consequently, LC are one of the most conve-
nient materials to control light by changes in the alignment of their
molecules with external stimuli such as an electrical field, a tem-
perature gradient and light (Campbell, Tasinkevych, & Smalyukh,
2014; Doane et al., 1988; Drzaic, 1988; Ganesan, Wirges, Mellinger,
& Gerhard, 2010; Tercjak, Gutierrez, & Mondragon, 2011; Tercjak,
Gutierrez, Ocando, Peponi, & Mondragon, 2009; Tercjak, Serrano, &
Mondragon, 2006; Zhou et al., 2002). For this reason, LC have been
extensively combined with polymers to design novel materials for
application in the field of thermo- and electro-optical devices, such
as optical shutters, smart windows, optical sensors, memories and
flexible displays (Doane, Vaz, Wu, & Zumer, 1986; Herod & Duran,
1998; Sumana & Raina, 2005). However, based on our knowledge
low molecular weight nematic liquid crystals have never been used
in combination with BC.

Taken above into account, in present work three low
molecular weight liquid crystals, 4’-(hexyloxy)-4-biphenyl car-
bonitrile (HOBC), 4’-(hexyl)-4-biphenyl-carbonitrile (HBC) and
multicomponent nematic mixture E7, were used for the prepara-
tion of LC coated BC films. UV-vis spectroscopy was used to study
optical properties and transparency of the fabricated HOBC, HBC
and E7 coated BC films. Structural properties and the dispersion
of the liquid crystals on the surface of the BC film were studied
employing atomic force microscopy and optical microscopy. More-
over, transversal cross-section of the coating was investigated to
check profundity of the liquid crystals impregnation through three-
dimensional BC nanofibers network. Photoluminescence proper-
ties of investigated liquid crystals coated BC films as a function of
temperature were studied using spectrophotometer. Additionally,
taken into account that nematic liquid crystals can have different
respond to an applied voltage, tunneling atomic force microscopy
measurement was employed to prove the effect of external stimuli
on the liquid crystals coated BC films. Finally, mechanical properties
were also studied using a material testing system (MTS).

2. Experiment
2.1. Materials

Two low molecular weight nematic liquid crystals used were
4’-(hexyloxy)-4-biphenyl carbonitrile (HOBC) and 4’-(hexyl)-4-
biphenyl-carbonitrile (HBC) supplied by Sigma-Aldrich, and used
without further purification. Additionally, low molecular weight
nematic liquid crystal E7 supplied by Merck was also used without
further purification. The thermal transitions of used LCs are shown
in Table 1. These transitions were determinate by differential scan-
ning calorimetry (DSC).

2.2. Production of BC inoculum

The strain used was Gluconacetobacter xylinum (ATCC 23760)
supplied by André Tosello Foundation, Campinas-SP, Brazil. It
was cultured in Hestrim-Schramm medium (HS medium) that

Table 1
Crystal-nematic transition (Tc.y) and nematic-isotropic transition (Tn.) of HBC,
HOBC and E7 as determined by DSC.

Name Ten (°C) Tnar (°C)
HBC 26 34
HOBC 59 76
E7 -10 58

contained D-glucose glycose, yeast extract, peptone, di-sodium
hydrogen phosphate (Na,HPO,4), citric acid, agar and purified
water. Analytical grade chemicals were used as received. Before
the bacterial strain inoculation the strain culture medium was
sterilized and then was cultivated during 1 day at 28°C in an air
circulating oven as conditioning chamber.

2.3. Biosynthesis of bacterial cellulose

BC culture medium was prepared according to the method pre-
viously reported by us (De Salvi et al., 2014; Tercjak et al., 2015).
45 mL of culture medium and 5 mL of the inoculum was cultivated
during 3 days in static conditions at 28 °C in a 250 mL Erlenmeyer
flask in an air circulating oven. After this time, jelly-like BC pellicle
was harvested and purified to eliminate the culture medium (to
remove the cells and other impurities). The purification protocol
was performed following the pathway published by Tercjak et al.
(2015). Finally, purified BC pellicle was dried in order to obtain BC
film.

2.4. LC/BC film preparation protocol

Considering practical applications of designed materials, we
proposed an easy method which can also be applied over large-
scale areas at ambient conditions relatively inexpensively. Thus,
we fabricated LC/BC films by a simple painting process. The BC film
was used as support (substrate, hold) for the LC coating. BC film
substrates were painted with LC solution (3 wt% in chloroform) in
order to get LC coated BC film. To ensure the same quantity of the
LC used for painting, 1 mL of the LC solution was employed for
preparation of each sample. Prepared LC/BC films were dried in
a vacuum oven at 30 °C during 24 h. Additionally, elemental anal-
ysis was realized to determine LC content in LC/BC films. Table 2
shows the carbon (C), hydrogen (H) and nitrogen (N) contents of
investigated materials.

2.5. Characterization techniques

Elemental Analysis of LC coated BC films was carried out using
a Euro EA Elemental Analyzer made by EuroVector. Independent
measurements were performed to measure C, H and N contents.

The optical properties of BC film and nematic liquid crystal
coated BC films were studied using a UV-3600, Shimadzu UV-VIS-
NIR spectrophotometer in the wavelength range of 200-800 nm.
The average thickness of the samples used for this measurement
was 20+ 3 pm.

Fourier transform infrared spectra (FTIR) were carried out in
a Nicolet Nexus Spectra equipped with a Golden Gate single
reflection diamond ATR accessory and were taken with a 2cm™!
resolution in a wavenumber range from 4000 to 400 cm™!.

Table 2

Elemental analysis data of LC coated BC films.
Sample C% H% N%
HOBC/BC 46.53 6.40 0.5
HBC/BC 45.26 6.42 0.3
E7/BC 45.89 6.34 0.28
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Thermogravimetric analysis (TGA) was performed using a
TGA/SDTA-851e equipment under air atmosphere at a heating rate
10°C min~! from room temperature to 600 °C.

X-ray diffraction (XRD) was carried out on a Philips PW 1710
diffractometer. The Cu Ka X-ray source was set to 40 kV and 100 mA
and the samples were examined over the angular range of 10-30°.

The surface homogeneity of investigated BC film and LC coated
BC films at the macroscale was investigated using an optical
microscope (OM) Nikon Eclipse E600. The investigated mate-
rials were analyzed in reflection mode and crossed polarizers.
Micrographs were captured with a Color View 12 camera and ana-
lyzed using the AnalySIS Auto 3.2 software (Soft Imaging System
GmbH).

Morphological study of designed materials was performed using
an atomic force microscopy (AFM). Corresponding AFM images
were obtained by operating in a tapping mode with a scanning
probe microscope Dimension ICON from Bruker equipped with
an integrated silicon tip/cantilever having a resonance frequency
of 300kHz. Scan rates ranged from 0.7 to 1.2Hzs!. In order to
obtain repeatable results, different regions of the specimens were
scanned to choose representative AFM images. Taking into account
that obtained height and phase AFM images were very similar, only
AFM phase images are shown.

Scanning electron microscopy (SEM) images transverse cross-
section of BC film and LC coated BC films were obtained using a
field emission scanning electron microscope JEOL JSM-7500F. All
investigated films were sputter coated by a carbon layer before SEM
measurement.

Mechanical properties at the macroscale level of BC film and
designed LC/BC films were investigated at room temperature on a
tensile testing machine MTS Insight 10 equipment with load cell of
250N. 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 an averaged out from five test specimen
data.

The photoluminescence properties of the investigated LC coated
BC films were determined using a Felix32 spectrophotometer of
Photon Technology International (PTI) equipped with a tempera-
ture controller. Fluorescence emissions spectra for all investigated
materials were recorded during the heating/cooling cycles from
10 to 50°C at a rate of 5°C/min. The excitation wavelengths were
330nm for HOBC, 311 nm for HBC and 342 nm for E7. Measure-
ments were repeated for several times to confirm the ability of
designed BC based films to act as photoluminescence switchable
materials.

Conductive properties of the investigated materials were mea-
sured using tunneling atomic force microscopy (TUNA). The
measurements were carried out using PeakForce TUNA (PF-
TUNA) mode under ambient conditions. The PF-TUNA probe was
equipped with the Pt/Ir coating tip. The sample dimensions
(10mm x 3 mm x 0.005 mm) were always the same in order to
avoid confusion in results interpretation since the response of the
samples is proportional to the applied voltage and inversely pro-
portional to the thickness (Gutierrez, Tercjak, & Mondragon, 2010;
Tercjak, Gutierrez, Ocando, & Mondragon, 2010).

3. Results and discussion

UV-vis spectra of BC film and LC coated BC films are shown in
Fig. 1. Additionally, UV-vis spectra of pristine LCs are shown in
Fig. S1. The top left inset shows visual transparency of all investi-
gated films. Digital images of transparency clearly visualized high
transparency of HBC and E7 coated BC films. On the contrary, the
transparency of HOBC coated BC film is lower than the one observed
for the BC film.
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Fig. 1. UV-vis transmittance spectra of BC film and LC coated BC films. The inset
shows a digital image of investigated films.

The transparency of investigated LC coated BC films was con-
firmed by their UV-vis transmittance spectra at visible wavelength
range. The transmittance of HBC and E7 coated BC films was higher
than BC film, being 62% for both LC coated films and 52% for BC
film at wavelength equal to 700 nm. Under the same measurement
conditions, the HOBC coated BC film had the lowest transmittance
being 30% at wavelength equal to 700 nm. Here it should be pointed
out that the transparency of the LC coated BC films depends strongly
on the state of each nematic liquid crystal at room temperature.
As it is well known, at room temperature HBC and E7 liquid crys-
tals are in liquid state since they possess their nematic-isotropic
(Ty-T;) transition at temperature lower than room tempera-
ture (Table 1). On the contrary, HOBC liquid crystal is in solid
state.

According to the transmittance in the UV light range, all LC
coated BC films exhibited almost perfect UVC and UVB light shiel-
ding efficiency. As shown in Fig. 1, transmittance values in this
region were close to zero. This behavior suggests that the LC coating
shield UVC and UVB that can decrease UV irradiation damage.

As can be easily observed, the E7/BC film showed the highest
UV-shielding efficiency up to 348 nm. In the case of HBC and HOBC
the transmittance was equal to zero up to wavelength of 335 and
320 nm, respectively. Here it should be pointed out that taken into
account the UV-vis spectra of pristine LCs (Fig. 1S) one can con-
clude that HOBC, HBC and E7 liquid crystal transferred UV-shielding
efficiency to LC coated BC films.

Taking into account both low absorption in the visible light
range and UV light absorption, E7/BC film had optimal properties,
hence high UV-shielding efficiency and high visible light trans-
parency.

ATR-FTIR spectra of BC film and LC coated BC films are shown in
Fig. 2.

ATR-FTIR spectrum of BC film showed characteristics bands of
bacterial cellulose at 3345 cm~! (O-H stretching of cellulose type
1),3240 cm~! (hydrogen bonded O-H), 2895 cm~! (CH stretching of
CH, groups), 2854cm~! (CH, asymmetric stretching), 1650 cm™!
(bending motion of absorbed water H-O-H), 1426cm~! (CH,
symmetric bending), 1365 cm~! (CH bending), 1160 cm~! (C-0-C
asymmetric stretching), and 1060cm~! (C-O stretching) (Barud
etal., 2008; Czaja, Romanowicz, & Brown, 2004). As expected, ATR-
FTIR spectra of HOBC, HBC and E7 coated BC films were similar to
ATR-FTIR spectrum of BC film. Under the same measurement condi-
tions, the intensity of the —OH stretching bands was slightly higher
for LC coated BC films however any changes in wavenumber was
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Fig. 2. ATR-FTIR spectra of BC film and LC coated BC films.

detected. Simultaneously, the intensity of the C-H stretching vibra-
tion of CH, and CHs3 groups was higher for HBC and E7 coated BC
films and in both cases peak at 2915 cm~! was also clearly detected
in the CH, and CHj3 stretching region. These peaks can be attributed
to the stretching vibration of CH, group present in LC. The differ-
ence between ATR-FTIR spectra of HBC and E7 coated BC films if
compare with ATR-FTIR spectrum of HOBC coated BC film can be
related to the fact that at room temperature HBC and E7 liquid crys-
tals are in liquid state whereas HOBC liquid crystal is in solid state.
Furthermore, ATR-FTIR spectra of BC film and LC coated BC films
do not show the formation of any additional bands if compare with
ATR-FTIR spectra of neat BC film, which confirm lack of chemical
bonds between HOBC, HBC or E7 and bacterial cellulose.

As shown in Fig. 3, the thermal stability of the BC film was not
affected by the LC coating. Thermogravimetric curves of HOBC/BC,
HBC/BC and E7/BC films are almost the same as thermogravimet-
ric curve of BC film (see Fig. 3a). Thus, all investigated BC films
followed the same decomposition process consisted of three steps
at around 100, 350 and 490°C. The first minor weight loss from
ambient to 100 °C was attributed to BC films dehydration (Li et al.,
2009) whereas other two weight losses corresponded to the ther-
mal degradation of the BC films (Barud et al., 2008). These three
steps decomposition process was clearly visualized as peaks in
Fig. 3b correspond to derivative weight loss of each investigated
BC films. Deeper analysis of the last decomposition steps of all BC
films at around 480-490 °C indicated slight difference between LC
coatings. As expected, taken into account organic character of BC
and LC complete degradation of investigated coatings took place
for the temperature higher than 490 °C.

The semicrystalline character of BC film and LC coated BC films
were studied using X-ray diffraction. The X-ray diffractograms of
BC film, and HOBC, HBC and E7 coated BC films are shown in Fig. 4.

XRD pattern of BC film showed three peaks at 2® of approx-
imately 14.6°, 17.1° and 22.9°, which correspond to the primary
diffraction of the (101),(101) and (002) polymorphism cellulose
[ (Pircher et al., 2014; Yu, Qin, Yan, & Yao, 2014). LC coated BC films
revealed X-ray diffractograms similar to this of BC film with the
maximum of the peaks detected almost at the same 2® values.

In order to study the effect of the LC coatings on the morphology
of the BC film, AFM measurements were performed. As shown in
Fig. 5 AFM phase images of BC film and HOBC, HBC and E7 coated
BC films showed highly interconnected three-dimensional network
consists of nanofibers characteristic for BC film. As visualized in
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Fig. 3. (a) Thermogravimetric and (b) differential thermogravimetric curves of BC
film and LC coated BC films.
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Fig. 4. X-ray diffraction of BC film and LC coated BC films.
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Fig. 5. AFM phase images (3 wm x 3 wm) of (a) BC film and (b) HOBC, (c) HBC, (d) E7 coated BC films. The insets correspond to OM micrographs (250 pm x 250 wm) of each

BC film taken between crossed polarizers.

Fig. 5a more than 3 pm longer nanofibers with a diameter of around
80-190 nm consist of 2-4 fibrils, which twisted together forming
braids as can be clearly observed on the investigated surface of the
BC film.

On the contrary to the BC film, as show in the AFM phase image of
the HOBC coated BC film (Fig. 5b), liquid crystal covers the surface of
the nanofibers. Consequently, nanometric size fibrils are not distin-
guished in the case of HOBC coated BC film. AFM phase image of HBC
coated BC film (Fig. 5¢) showed that the surface structure of BC film
covered with HBC possessed similar surface properties as BC film. In
this case similarly to BC film, the fibril structure of the nanofibers
on the surface of HBC coated BC film was also clearly observed.
AFM phase image of E7 coated BC film (Fig. 5d) indicates that the
E7 liquid crystal act on a similar way as HOBC liquid crystal. Thus,
once more for many nanofibers visualized in E7 coated BC film the
fibril structure of nanofibers could not be detected. Therefore the
E7 liquid crystal covered partially the surface of nanofibers of BC.
Additionally, it should be pointed out that OM micrographs of each
investigated samples (Fig. 5, bottom insets) confirmed homogenous
distribution of the each nematic liquid crystals on the surface of the
BC film at the macroscopic scale.

To better understand the different effects of LC coating on the BC
nanofibers one should take into account that as mentioned above
at room temperature HBC and E7 liquid crystals are in liquid state
whereas HOBC liquid crystal is in solid state.

In order to study the penetration of nematic liquid crystals
through the three-dimensional nanofibers network of the BC film,
the cross-section surface of fabricated uncoated and LC coated BC

films were investigated employing SEM technique. As shown in
Fig.6al, the cross-section of the BC film shows typical multi-layered
structure of nanofibers network with the thickness of around 5 pm.
Here it should be pointed out that the thickness of the bacterial
cellulose depends strongly on the cultivation time and prepara-
tion protocol (Barud et al., 2015; Brown & Laborie, 2007; Tercjak
etal.,2015). SEM image of the cross-section of HOBC coated BC film
(Fig. 6b I) proved that HOBC liquid crystal penetrate throughout
multi-layered structure of nanofibers network of BC film chang-
ing completely their cross-section. As clearly observed in Fig. 6b II,
HOBC liquid crystals form homogenous coating not only at the sur-
face of the BC film but also through three-dimensional nanofibers
structure of the BC film (compare Fig. 6a Il and b II). The thickness
of HOBC coated BC film increase from ~5 pm for BC (Fig. 6a I) film
to around 9 pwm (Fig. 6b I). Taken into account the same fabrica-
tion conditions for all investigated BC films this thickness increase
can be related to the swelling of the BC film as effect of penetra-
tion of the HOBC liquid crystals through multi-layered structure of
nanofibers network of BC film. The cross-sections of HBC and E7
coated BC films (Fig. 6¢ I and d I) are different, compared with the
one observed for HOBC coated BC film. Similarly to the BC film, the
multi-layered structure of nanofibers network was clearly visual-
ized (Fig. 6¢ Il and d II). However, the thickness of these LC coated
BC films is almost two times larger, being ~8 pm and ~9 um for
HBC and E7 coated BC films, respectively. As visualized in Fig. 6a-d
I, this thickness increase once more indicates that LCs penetrate
throughout the multi-layered structure of BC film. As visualized in
the cross-section SEM images, the difference between HOBC coated
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Fig. 6. Cross-section SEM images of (a I) BC film and (b I) HOBC, (c I) HBC, (d I) E7 coated BC films and their corresponding high magnification images (a II) BC film and (b II)

HOBGC, (c IT) HBC, (d II) E7 coated BC films.

BC film and the others two, HBC and E7 coated BC films, can be
related to the fact that, as mentioned above, at room temperature
HOBC liquid crystal is in solid state whereas HBC and E7 liquid crys-
tals are in liquid state. Here, it should be pointed out that the SEM
results are in good agreement with AFM results.

Fig. 7 shows elongation at break (%) and tensile modulus (E)
results. Concerning elongation at break values, no significant dif-
ference was achieved for BC film, HOBC and HBC coated BC films.
However for E7 coated BC film the value slightly increased, being
~3.2%. It is worth to note that this slight increase means that the
elongation at break for E7 coated BC film is two times higher than

for BC film, which can be related to higher plasticization effect of
E7 compared to HBC and HOBC.

On the other hand (Fig. 7b), tensile modulus (E) values slightly
decreased for LC coated BC films compared to E of the BC film. BC
film possessed the highest tensile modulus whereas HBC coated
BC film had the lowest one, being 12.4 and 8.6 GPa, respectively.
The decrease in the overall tensile modulus of LC coated BC films
could be attributed to the penetration of LC through BC three-
dimensional nanofibers network. The interfibril interactions of BC
may be weakened by reduced hydrogen bonding density due to
the addition of hydrophobic LC. Taking into account the large error



194

-]

4]
"

»

N
"

Elongation at break (%)
[ w

laal

HBC/BC HOBC/BC E7/BC

A. Tercjak et al. / Carbohydrate Polymers 143 (2016) 188-197

b

-
-]

= =
N (V]

Tensile modulus (GPa)

T

HBC/BC HOBC/BC E7/BC

Fig. 7. (a) Elongation at break and (b) tensile modulus of BC film and LC coated BC film.

bars, tensile modulus values obtained for the three LC coated BC
films were very similar. In fact, large error bars hindered a deeper
analysis of obtained results.

In order to verify the photoluminescence properties of designed
films, the fluorescence emission spectra of each film coated with
different liquid crystals as a function of the temperature were
carried out. Fig. 8 shows the fluorescence emission spectra of BC
films impregnated with HOBC, HBC and E7. HOBC coated BC film
possessed well-defined emission peak at around 372 nm at 50°C,
which is almost not detected at 10°C, in which the HOBC liquid
crystal was in crystalline state. Here it should be pointed out that
fluorescence emission spectra were taken as a function of tem-
perature during heating/cooling allowing to visualise well-defined,
reversible increase/decrease of emission spectrum of HOBC coated

@
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—a— OFF state (10 °C)

Fluorescence Intensity (a.u.)
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L
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BC film at 50°C and at 10°C. This process was reversible in more
than ten heating/cooling cycles, which was strongly related to
nematic liquid crystals properties able to change in the alignment
of their molecules in function of temperature (ON/OFF liquid crystal
states) (Tercjak et al., 2006, 2009, 2010).

In the same way HBC coated BC film revealed the emission peak
at 363 nm at 50°C and strong, more than ten times, reversible
decreased of the emission peak at 10°C. This emission spectrum
taken during heating/cooling showed intensity almost three times
lower at 10°C than at 50 °C confirming capability of this BC based
film to photoluminescence switching as a function of temperature.
Here should be pointed out that similarly to HOBC coated BC film,
the photoluminescence switching of HBC coated BC film took place
almost at the same temperature during heating/cooling process.
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Fig. 8. Fluorescence emission spectra of (a) HOBC, (b) HBC, (c) E7 coated BC films.
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Fig. 9. TUNA current images (3 wm x 3 wm) of (al) BC film and (bI) HOBC, (cI) HBC, (dI) E7 coated BC films performed applying 9V and their cross-section profiles (all) BC
film and (bIl) HOBC, (clII) HBC, (dII) E7 coated BC films.
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The impregnation of BC film with E7 liquid crystal presented
emission spectra at the highest wavelength being 419 nm at 50 °C.
Furthermore, at 10°C the fluorescence intensity of the emission
spectra became much lower than at 50°C being thermorespon-
sive in more than ten heating/cooling cycles. Here, it should be
pointed out that the smallest intensity changes in fluorescence
emission during photoswitching for E7 coated BC film if compare
with changes during photoswitching for HOBC and HBC coated BC
films is related with the fact that E7 coated BC film needs lower
temperature to be in solid state.

Fig. S2 shows fluorescence emission spectra as a function of
temperature for employed pristine LCs. Obtained results verified
that, under the same measurement conditions, HOBC, HBC and
E7 possess switchable photoluminescence properties. Thus, LC
coated BC films exhibit novel properties due to cooperative effects
between LC and BC, especially, taken into that the LC coated BC
films show emission in different range if compare to corresponding
pristine LC.

Tunneling atomic force microscopy (TUNA) was successfully
applied to investigate the charge distribution and conductivity level
of LC coated BC films. This conductive behavior was expected since
as is well known from the literature, nematic liquid crystals can
change from OFF/ON state using external stimuli such as temper-
ature, electric or magnetic field (Tercjak et al., 2006, 2011, 2010;
Tercjak, Garcia, & Mondragon, 2008). Here, it should be pointed
out that conductive response of the HOBC in polymer dispersed
liquid crystals based on thermosetting systems nanostructured by
poly(styrene-b-ethylene oxide) block copolymer was previously
published by us elsewhere (Tercjak et al., 2010).

TUNA current images and corresponding cross-section profiles
are shown in Fig. 9. TUNA current images were acquired applying
9V between AFM chuck and AFM tip and the TUNA images repre-
sent the electric current passed between AFM tip and investigated
BC films after applied voltage. Here, it should be mentioned that
bright domains, in TUNA-current profiles, correspond to areas with
higher conductivity variations, while the dark areas correspond to
ultra-low current.

As expected, no bright domains appeared in TUNA image of BC
film (Fig. 9al), which indicates non-conductive behavior (Gutierrez
etal., 2010; Tercjak et al., 2010) of this material. Thus, the response
obtained for the BC film was observed at the noise level of
the TUNA measurement as clearly visualized in a typical cross-
section profile extracted from the TUNA current image (Fig. 9all)
(10 fA).

HOBC coated BC film shows higher conductivity values as easily
distinguish in TUNA image and corresponding profile. Local higher
conductivity peaks were detected along the analyzed sample sur-
face. The intensity of these peaks, correspond to bright domains on
the TUNA image. For HOBC coated BC film the highest current value
obtained was ~2 pA. Moreover, additionally to high local current
peaks, a constant current value was detected indicating that the
current passed throughout the HOBC coated BC film varied homo-
geneously. Thus, taken into account that only HOBC can respond
to the applied voltage it seems to be that the HOBC liquid crys-
tal completely covered fibers of the BC film. In the case of HBC
coated BC film, the current image was almost dark, which indicates
poor conductive properties and conductivity value, as marked in
the corresponding profile, was ~20 fA. This small value was at the
noise level of TUNA measurement. Under the same measurement
conditions, E7 coated BC film led to higher conductivity values if
compared with HBC coated BC film and consequently several bright
conductive areas appeared in TUNA image. The corresponding pro-
file indicates that the current value was nor higher than 250 fA
which correspond to a low conductivity level.

Therefore, under the same measurement and preparation
conditions, HOBC and E7 coated BC films respond on the voltage

applied to the AFM tip. The conductive response of HOBC coated
BC film can be better understood if one can take into account that
at room temperature HOBC liquid crystal is in solid state whereas
HBC and E7 liquid crystals are in liquid state. Additionally, it is
worth to note that as mentioned above all investigated LC coated
BC films had the same dimensions for TUNA measurement since
thickness has strong effect on conductive response.

4. Conclusion

Three low molecular weight liquid crystals HOBC, HBC and
E7 were used for impregnation of BC film. This easy way of
preparation lead to highly transparent systems with UVC and
UVB protection as confirm by UV-vis spectroscopy. Atomic force
microscopy confirmed that LC coated films maintained intercon-
nected three-dimensional network typical for BC film and, as
confirmed by OM, the whole surface was homogeneously covered
by liquid crystals. The cross-section SEM images confirmed that
HOBC, HBC and E7 liquid crystals not only covered surface of BC
films however they were present also in between the layers of the
three-dimensional network of BC films. Developed LC coated films
maintained photoluminescence properties of the liquid crystals
lead to thermoresponsive materials. Additionally, TUNA measure-
ment confirms that depending on the solid or liquid state of the
HOBC, HBC and E7 liquid crystal they can respond on the voltage
applied to the AFM tip.

Finally, novel strategy to design bacterial cellulose based mate-
rials with thermoresponsive and conductive properties, which
maintain mechanical properties and thermal stability of the BC film
was developed.
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