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Abstract

Water-activated shape memory bacterial cellulose/polyurethane nanocomposites were prepared
by the immersion of bacterial cellulose (BC) wet membranes into waterborne polyurethane
(WBPU) dispersions for different times. The high affinity between the hydrophilic BC and water
stable polyurethane led to the coating and embedding of the BC membrane into the WBPU, facts
that were confirmed by FTIR, SEM and mechanical testing of the nanocomposites. The
mechanical performance of the nanocomposites resulted enhanced with respect to the neat
WBPU, confirming the reinforcing effect of the BC membrane. An improvement of the shape
fixity ability and faster recovery process with the presence of BC was observed. In 3 min, the
nanocomposite with highest BC content recovered the 92.8 + 6.3% of the original shape, while
the neat WBPU only recovered the 33.4 + 9.6%. The obtained results indicated that 5 min of
impregnation time was enough to obtain nanocomposites with improved mechanical performance
and fast shape recovery for potential biomedical applications. The present work provides an
approach for developing environmentally friendly and biocompatible BC/polyurethane based

materials with enhanced mechanical and shape memory properties.
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1. INTRODUCTION

The technological developments that improve our health and life quality are based on the research
and design of new materials with unique and improved properties. In recent years, smart
materials with the ability to recover their original shape after being deformed in a temporary
shape under the application of external stimulus, such as temperature, water, pH, light, etc,

known as shape memory polymers (SMPs), have gained special attention (Hager, Bode, Weber,



& Schubert, 2015). Polyurethane (PU)-based thermoplastic polymers posses shape memory
properties based on transition temperatures (glass transition or melting temperature) and also can
be thermo-moisture responsive, since the moisture absorbed upon immersing into water has a
strong influence on their properties (Sun & Huang, 2010). This means that these materials can
be activated upon immersing into water. This interesting feature opens new possibilities for the
application of PU and their nanocomposites in the biomedical field for the development of
implants, drug delivery carriers, vascular stents, etc. allowing to minimizing invasive surgeries
(Small, Singhal, Wilson, & Maitland, 2010). For example, SMP-PUs have been developed able
to self-tight in a wireless manner (knot and suture) by immersing into water at room temperature.
In addition, SMP-PU-based self retractable stents could be developed with the ability to expand
in order to deliver a catheter and then, shrink back into original shape by water at room

temperature to be removed easier (Huang, Yang, Zhao, & Ding, 2010).

Among PUs, the development of waterborne polyurethanes (WBPU) has experienced an increase
because their use does not imply the use of organic solvents, thus reducing the amount of volatile
organic compounds released to the atmosphere (Zhou et al., 2015). Moreover, WBPU dispersions
present low viscosities and good film forming ability with strong adhesion and large flexibility
which make them interesting for the development of different nanocomposites (Wan & Chen,
2018; Zhang, Xu, Fan, Sun, & Wen, 2019). In addition, these matrixes in aqueous dispersion
present good affinity with hydrophilic nanoentities and nanoreinforcements, such as
polysaccharides derivatives, which leads to an improvement of the thermo-physical and
mechanical properties of the resulting polyurethanes (Santamaria-Echart et al., 2016; Wang et
al., 2019). Among polysaccharides, nanocellulosic materials have gained much attention due to
their numerous potential applications in nanotechnology (Jiang et al., 2018; Thomas et al., 2018).
Nanocellulose is widely used as a nanoentity for preparation of advanced nanostructured
materials, since the use of nanocelluloses as reinforcements leads to an enhancement of some
properties, especially, mechanical properties. However, in order to obtain advanced
nanocomposites, a proper dispersion of the nanoentity in the matrix must be achieved.
Nanocelluloses possess active hydroxyl groups which can interact by hydrogen bonding with the
macromolecular chains of WBPU matrixes leading to an increased dispersion, reinforcement and
interfacial adhesion (Solanki, Das, & Thakore, 2018). Furthermore, nanocellulose can be
considered a good substrate material for water-activated shape memory materials due to its
surface’s hydroxyl groups and intermolecular hydrogen bonds. Song et al., 2018 developed a
cellulose based water-activated shape memory composite with sisal cellulose nanofibers and

graphene oxide which reached a shape recovery ratio nearly of 100%.

In this way, bacterial cellulose which is produced by some bacterial strains in the form of a

gelatinous and translucent membrane, has an interesting 3D nanofiber network conformation.



This spatial configuration favours the inter-chain hydrogen bonds generating a tight and strong
cellulose nanofiber network with high mechanical properties and stability even in moist
environments. This feature makes BC an interesting template for the development of a wide
range of nanocomposites (Hu, Chen, Yang, Li, & Wang, 2014). In addition the use of BC
membrane as a nanoreinforcement could be an interesting possibility to counteract the difficulty
to obtain a good dispersion of the nanoentities in polymer matrixes. In fact, BC has been used in
the preparation of nanocomposites with PUs and PU prepolymers based on castor oil showing
good adhesion, transparency and flexibility with potential applications in electronic devices
(Pinto, Barud, Polito, Ribeiro, & Messaddeq, 2013, 2015). Moreover, due to its biocompatibility,
BC exhibits interesting properties for in vivo and in vitro applications in biomedicine (Picheth et
al., 2017). Wu et al. (2014) developed silver nanoparticle/BC hybrid gel-membranes with
improved antimicrobial activity to use them as an antimicrobial wound dressing. Kim, Cai, and
Chem, (2010) developed BC/chitosan, BC/polyethylene glycol and BC/gelatine composites for
tissue-engineering scaffolds and wound dressing materials by the immersion of BC pellicles in

the polymeric solutions.

In the present work, water-activated nanocomposites based on WBPU and BC have been
developed. The use of water-dispersed polyurethanes facilitates the preparation of
nanocomposites without the use of organic solvents and solvent exchanges for the BC
membranes which have strong affinity with water. There are other works in which nanocelluloses
(El-Fattah, Hasan, Keshawy, El Saeed, & Aboelenien, 2018), cellulose nanocrystals
(Santamaria-Echart et al., 2016) or bacterial cellulose (Pinto et al., 2013, 2015) have been used
to prepare composites with polyurethanes. However, to the best of our knowledge, no work has
been found which exploits the potential of the whole BC membrane as a template for waterborne
polyurethanes to prepare nanocomposites with proven enhanced water-activated shape memory
properties and biocompatibility. For this, BC membranes have been embedded into WBPU
dispersion to produce nanocomposites with improved stiffness and enhanced shape memory
properties. The morphology, interactions between polymers and thermal, thermomechanical and
mechanical properties of the nanocomposites have been investigated by scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), dynamic-mechanical analysis (DMA) and
tensile tests. In order to evaluate the potential applications of these nanocomposites in the
biomedical field, the in vitro biocompatibility was studied by cytotoxicity and cell adhesion
assays. Additionally, water-activated shape memory properties were analysed by fold-deploy
shape memory test method. The results obtained prove that high performance water-activated

shape memory nanocomposites can be developed for biomedical applications using two



biocompatible and eco-friendly materials, WBPU dispersion and BC membranes, following an

easy impregnation method.

2. MATERIALS AND METHODS
2.1. Chemicals

Bacterial cellulose culture medium was prepared with apple residues collected from a cider
producer of Gipuzkoa (Northen Spain) and commercial sugar cane. Potassium hydroxide (KOH)
and acetic acid glacial (technical grade) were obtained by Panreac Applychem. Impraperm DL
3746 WBPU with 37 wt% of solids content and 87.1 + 0.3 nm particle size and 0.083 + 0.016
polydispersity (determined by light scattering) was kindly supplied by Covestro (Germany). N,N-
dimethylformamide (DMF) was purchased from Aldrich. Phosphate buffered solution (PBS) and
calcein-AM were supplied by Sigma-Aldrich (St Louis, MO, EEUU). Sodium pyruvate and non-
essential amino acids were obtained by Gibco (Life Technologies, UK). Penicillin-streptomycin
was supplied by Lonza (Sweden) and fetal bovine serum by Biochrom AG (UK). Ethidium
homodimer-1 was supplied by Molecular Probes (Eugene, Oregon, USA).

2.2. Preparation of BC/WBPU nanocomposites

Firstly, BC membranes were grown in a culture medium prepared with a mixture of apple residues
from the cider production and sugar cane according to a published protocol (Urbina et al., 2017).
Then, BC membranes were purified by treating with KOH solution (2 wt%) for 24 h at room
temperature, in order to remove non-cellulosic compounds, and thoroughly washed with running
water until a complete neutralization. BC/polyurethane nanocomposites were prepared by
immersing BC wet membranes in 50 mL of the commercial WBPU dispersion under stirring
conditions at room temperature for different times, 5, 30, 60 and 120 min. Subsequently, the
membranes were removed from the dispersion and drained. Finally, these were dried at room
temperature for 4 days in order to obtain transparent nanocomposite films. The as prepared
nanocomposites were designated as BC/WBPU5, BC/WBPU30, BC/WBPU60 and
BC/WBPU120, where the number indicates the immersion time. As a reference, a neat WBPU
film was prepared by casting and dried in the same conditions as the nanocomposites.
Additionally, neat BC films were prepared by drying the BC membranes between Teflon plates
to avoid the shrinkage in the oven at 55 °C for two days. In the case of the BC/WBPU
nanocomposites, the drying method followed for the neat BC membranes was not be suitable
because this PU presented a transition temperature around 50 °C, so a slow drying process at room
temperature was preferable. The thickness of the nanocomposites, neat WBPU film and neat BC

membrane in dry state was measured with a gauge.

2.3. Characterization of BC/WBPU nanocomposites



In order to estimate the composition of the nanocomposites, the amount of BC was determined in
the BC/WBPUS and BC/WBPU120 nanocomposites, which were the membranes prepared with
the shortest and the largest immersion times. For this, consecutive extractions with DMF, which
resulted to be an effective solvent for PU removal, were carried out for a week to ensure the
complete removal of the PU from the BC membrane. This fact was confirmed by FTIR analysis
of the resultant dried BC samples, as no characteristic bands corresponding to the PU were
observed in the FTIR spectra of the dried samples. Finally, DMF was eliminated from the extract
in a rotary evaporator (100 mbar, 97 °C). The amount of BC in the nanocomposites was estimated
using two variables: through the weight difference between the initial nanocomposite and the BC
after the elimination of PU, and though the weight difference between the WBPU/DMF and the
collected WBPU after DMF removal from the flask. Each system was measured in duplicate. All
the samples were kept in a desiccator in order to avoid humidity effects before each

characterization procedure.

SEM was used to analyze the cross sections of the neat BC and BC/WBPUS5 nanocomposite. Prior
to SEM assay, films were freeze-fractured with liquid nitrogen in order to expose the cross section
of the film. Scanning electron microscope JEOL JSM-6400 was used with a wolframium filament
operating at an accelerated voltage of 20 kV and at a working distance of 5-10 mm. Samples were
coated with approximately 20 nm of chromium using a Quorum Q150 TES metallizer.

FTIR spectroscopy was used to analyze the possible interactions between BC and WBPU in the
nanocomposites. A Nicolet Nexus spectrophotometer provided with MKII Golden Gate accessory
(Specac) with diamond crystal at a nominal incidence angle of 45° and ZnSe lens was used.
Spectra were recorded in attenuated total reflectance (ATR) mode between 4000 and 650 cm™

averaging 32 scans with a resolution of 4 cm™.

Mechanical testing was carried out at room temperature using an Universal Testing Machine
(MTS Insight 10) with a load cell of 10 kN and pneumatic grips. Samples were cut in 30x5 mm?
rectangular specimens. For the determination of the elastic modulus (E), a crosshead rate of
0.5mm min! was set using a video extensometer. Maximum strength (omax) and elongation at
break (e5) Were measured at a crosshead rate of 50mm min* using also a video extensometer. At

least seven samples were tested for each set of samples, being the average values reported.

Thermal properties were studied by DSC using a Mettler Toledo 822e equipment, provided with
arobotic arm and an electric intracooler as the refrigerator unit. Aluminium pan containing sample
(5-10 mg) was heated from -75 to 200 °C at a scanning rate of 2 °C mint in nitrogen atmosphere.
Glass transition temperature was determined as the inflection point of the heat capacity change,
whereas melting temperature and enthalpy were established as the maximum and the area under

the endotherm peak, respectively.



Thermal degradation was studied by TGA. Measurements were performed by usinga TGA/SDTA
851 Mettler Toledo instrument. Samples (2 mg) were scanned from 25 to 800 °C at a heating rate
of 10 °C minL. These tests were carried out under nitrogen atmosphere in order to prevent the
thermoxidative degradation.

Thermomechanical behavior was analyzed by DMA using an Eplexor 100 N analyser, Gabo
equipment. Tensile mode measurements were carried out from -100 to 100 °C at a scanning rate
of 2 °C minL. The static strain was established as 0.05% and the operating frequency was fixed
at 1 Hz.

For the swelling study of the neat WBPU and BC/WBPU nanocomposites, three samples of each
one were immersed in deionized water during 24 h at room temperature. At different time
intervals, samples were removed from water, wiped with filter paper for free water removal and
then weighed. The water holding capacity (WHC) was calculated from Eq. 1:

WHC (%) = (W) -100 )

dry

where Wyt is the weight of swollen samples at different times and Wary is the weight of the

previously dried samples.
2.4. Biocompatibility tests

The in vitro biocompatibility of the neat BC membrane and the nanocomposite prepared with the
shortest immersion time (BC/WBPUS5 nanocomposite) was confirmed by cytotoxicity assay as
well as adhesion tests (cell viability (Live/Dead)).

Short-term cytotoxicity tests with neat BC and BC/WBPU nanocomposite were performed in
order to evaluate the presence and/or release of toxic degradation products. The extractive method
ISO 10993—11:2009 was used. Cytotoxicity was assessed by PrestoBlue® (Invitrogen, USA), a
resazurin-based solution that functions as a colorimetric cell viability indicator. For this assay,
murine fibroblasts (L929 cells) were seeded into 96-well plates at a density of 4x103 cells/well in
100 puL of complete culture medium. After 24 h, the medium was replaced with 100 uL. of negative
control (complete medium), positive control (DMSO, 10% in complete medium) or biomaterial’s
extractive media and a 10% of PrestoBlue® was added. The optical density was measured at 570
and 600 nm in a spectrophotometer (Synergy HT spectrophotometer, Biotek, USA) at different
time points (0, 24 and 48 h). The viability of the cells was calculated following the Eq.2.
Viability (%) = —22lsamele . 109 @)

[Abs]negative control




where [Abs]sample IS the absorbance of the sample cells and [ADS]negative control 1S the absorbance of
the negative control cells (in this case highdensity polyethylene). All assays were conducted in
triplicate and average values and standard deviations were estimated.

The analysis of cell long term adhesion was carried out by performing Live/Dead assays. Samples
of 0.5 cm? were prepared (3 replicates for each sample) and prior to analysis the materials were
sterilized. Neat BC was sterilized with ethanol 70% (v/v) for 2 h, while BC/WBPU
nanocomposite was sterilized under ultraviolet light for 30 min (to prevent the dissolution of the
WBPU). Then, materials were washed 3 times with phosphate buffered saline (PBS from Sigma-
Aldrich) and incubated in 500 uL of a complete medium (Dulbecco's modified Eagle's medium
(DMEM) supplemented with sodium pyruvate 1 mM, 1% of non-essential amino acids, 1%
penicillin-streptomycin and fetal bovine serum 10%) at 37 °C for 24 h. After pre-wetting, the
medium was removed and 50,000 cells (Murine fibroblasts L929) were seeded on the materials
according to 1SO 10,993-11: 2009. After incubating for 90 min to ensure adhesion, PBS was
added to the surrounding wells to prevent drying. Finally, 500 puL of complete medium was added
to the wells with materials. Images of the samples were taken after 3, 7 and 14 days. The medium
was removed and samples were washed with PBS three times. Subsequently, calcein-AM 4mM
and ethidium homodimer-1 in PBS were added. Calcein-AM (Aex/Aem: 495/515 nm) reports the
esterase activity of living cells emitting in green and homodimer-1 emits in red (Aex/Aem: 493/630
nm), indicating the loss of integrity of the plasma membrane (Althouse & Hopkins, 1995). After
incubating the samples in the dark at 37 °C for 20 min, the analysis was carried out in an Olympus
LV500 confocal microscope (Olympus, Japan).

2.5. Shape memory behaviour

The shape memory effect was investigated by fold-deploy shape memory test (Cai, Jiang, Zheng,
& Xie, 2013; Liu, Han, Tan, & Du, 2010). Samples (30x10mm?) were immersed in a water bath
at 60 °C inside closed containers and folded (64) by applying external constant force. Then, they
were cooled down in an ice water bath under the external force to fix the temporary shape. This
force was then removed after holding for several minutes and a marginal recovery occurred (61)
and the bending angle became fixed (05). Finally, the specimens were immersed in water at 40 °C
and the change of the angle with time (8;) was recorded using a video camera. The shape fixity
ratio (Ry) and the shape recovery ratio (R;) were calculated from Egs. 3 and 4, respectively.

R = —L.-100 = 22% . 109 3)
180 180

_ 66,
Ry = fgoer 100 (4)




The measure of the bending test angles was carried out through an open source image-processing
program, ImageJ. Each system was tested in triplicate in order to calculate the standard deviation.
The shapememory study procedure is indicated in Scheme 1, where the temperatures of each
phase are presented: Ts (storage temperature), Tq (deformation temperature), Tr (fixation
temperature) and T, (recovery temperature).
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Scheme 1. Fold-deploy shape memory test procedure.

3. RESULTS AND DISCUSSION
3.1. Characterization of BC/WBPU nanocomposites

Firstly, the effect of the impregnation time of the WBPU dispersion into BC membranes in the
morphology and thickness of the resulting BC/WBPU nanocomposites was analyzed. As it can
be observed in Table 1, there is a direct relationship between the impregnation time and the
thickness of the nanocomposites. As the impregnation time increased, the thickness of the
nanocomposite was greater, which suggests that the quantity of WBPU in the BC/WBPU

nanocomposite was higher.

It was estimated that BC/WBPUS5 contained a 1.8 + 0.1 wt% of BC while BC/WBPU120
contained 0.6 + 0.1 wt% of BC (data obtained by the weight difference between the initial
nanocomposite and the BC membrane after the elimination of PU, although the results obtained
with both methodologies were very similar). These results confirmed that the nanocomposites
contained high amount of polyurethane, probably due to the high affinity between both polymers
and the BC porous structure. In this way, the porous structure of the BC nanofiber network and

the nanometric size of WBPU particles (87.1 + 0.3 nm) in water probably favoured the penetration



and coating of the BC structure. Additionally, the polyurethane used in this work was water based,
which probably facilitated the diffusion and impregnation of the WBPU nanoparticles into the
BC wet membrane as both components were hydrophilic. Some preliminary experiments were
performed with dry BC membranes and the results confirmed that the impregnation was more
effective in the case of using wet membranes. This was probably due to the fact that BC
membranes were already swollen, which led to a greater diffusion of the WBPU nanoparticles
though the BC membranes at the studied time intervals.

Table 1. Thickness of neat BC membrane, BC/WBPU nanocomposites and neat WBPU.

Sample Thickness (mm)
BC 0.04 £0.01
BC/WBPU5 0.22 £0.05
BC/WBPU30 0.33+£0.05
BC/WBPU60 0.35+0.07
BC/WBPU120 0.42 £ 0.05
WBPU 0.43+0.17

This fact was confirmed by SEM analysis. Fig. 1 a), b) and c) shows the microstructure of the
cross section of the BC membrane (x10,000, x250 and x1,000, respectively). In Fig. 1 €) and f)
the microstructure of the cross section of BC/WBPUS5 nanocomposite can be observed (x250 and
x1,000). As it can be seen, BC presented the typical compacted layered structure with nanofibrous
conformation (Bodin et al., 2006; Klemm, Schumann, Udhardt, & Marsch, 2001). In the case of
the nanocomposite, the presence of the BC was not appreciated due to the high amount of WBPU
and the embedding of the BC membrane into the WBPU. This fact, resulted in an increase of film
thickness and made it very complicated to observe the BC into the nanocomposites by SEM.

As it can be observed in Fig. 1. d), BC/WBPU nanocomposites exhibited excellent transparency.
It has been previously reported that the nanofiber papers are translucent due to the effect of the
light diffraction at the interface between the cellulose nanofibers and the air interstices between
them (Nogi, lwamoto, Nakagaito, & Yano, 2009). The 3D nano-sized fiber network of the BC
with air interstices in between makes it very translucent, so the transparency of the
nanocomposites implies that these gaps may had been completely filled by the polyurethane and
the surface had been coated. This was also observed in a previous work developed in our research
group in which BC membranes were impregnated with poly(lactic acid) (PLA), although the
effect was less pronounced as PLA and BC did not show such a good affinity (Urbina et al., 2016).

These results would confirm that as the polyurethane used in the present work was water based,



it presented strong affinity with BC which contains numerous OH groups in its chemical structure,

leading to nanocomposites with high amount of the last.
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Fig. 1. a) BC wet membrane and SEM image of the cross section x10,000, b) and ¢) SEM images of cross
section of BC membrane (x250, and x1,000, respectively), d) BC/WBPUS transparent nanocomposite, €)
and f) SEM images of cross section of BC/WBPU5 nanocomposite (X250 and x1,000, respectively).

To identify the possible interactions between BC and WBPU in the nanocomposites, FTIR
spectroscopy analysis was carried out. In Fig. 2. a), the FTIR spectra of neat BC, neat WBPU and
BC/WBPUS are shown (FTIR spectra of the other nanocomposites were almost identical to the
one presented). The neat WBPU showed the typical bands of the repetitive urethane group (-
NHCOO"). The band located at 3440 cm™ corresponds to stretching vibration of N-H bond and
the band at 1530 cm™ is assigned to the in-plane bending vibration of N-H. The bands at 2920
and 2850 cm™ are associated to stretching vibration of C—H. The characteristic band about 1730

cmtis related with the urethane C=0 group. The band at 1259 cm™ corresponds to asymmetric



stretching vibration of C-O (Jiao, Xiao, Wang, & Sun, 2013; Santamaria-Echart et al., 2016). In
the case of BC membrane, the broad band around 3340 cm™ corresponds to O-H cellulose
stretching vibrations. The absorption bands at 29002880 and 1430 cm™ are assigned to the CH
and CH; stretching and bending vibrations, respectively. The C-O-C bond of the glycosidic
bridges corresponds to the bands at 1160 and 1108 cm™, while the band at 898 cm? is
characteristic of B-linked glucose based polymers (Urbina et al., 2017). The band at 1646 cm™ is
associated with the water absorbed by the cellulose. In the nanocomposite spectrum, the peaks of
the BC are not observed due to the high content and coating of WBPU. The FTIR spectra of the
neat WBPU and the nanocomposite were very similar, therefore a second-derivative spectroscopy
analysis was used to ascertain if differences between them could be observed. The second-
derivative spectra in the range of 1500—900 cm ™ were almost identical for the two samples, as it
can be observed in Fig. 2. b). However, significant differences were found in the OH stretching
vibration region in the range 3500—3290 cm™* as showed in Fig. 2. c), where it can be clearly seen
a shift in the bands at 3495, 3486, 3421, 3411, 3338, 3320 and 3301 cm™ in the case of the
nanocomposite. Guo, Sato, Hashimoto, and Ozaki, (2010) analyzed the hydrogen bonding
interactions of poly (3-hydroxybutyrate) and poly(4-vinylphenol) blends through the second
derivative spectra. They observed bands in this region which were shifted in the case of the blend
to higher wavenumbers with respect to the neat components and they attributed the shifting of
these bands to intermolecular hydrogen bonding. In this case, the results indicate that hydrogen

bonding interactions between BC and WBPU have been formed in the nanocomposite.

The mechanical behavior of neat BC, WBPU, and BC/WBPU nanocomposites was evaluated by
tensile tests and their maximum strength (omax), elastic modulus (E), and elongation at break (ep)
obtained from stress-strain curves are gathered in Table 2. BC exhibits an outstanding high
modulus due to the conformation of the 3D structure of the interconnected nanofibrils formed
during the its biosynthesis (Feng et al., 2015; Nakagaito, lwamoto, & Yano, 2005). The high
content of WBPU in the nanocomposites is evident taking into account the results obtained in the
mechanical properties. The commercial WBPU used in this work exhibits a remarkable
elastomeric behavior and the prepared BC/WBPU nanocomposites present also a high elongation
at break. It is observed a decline in elongation at break of the nanocomposites with shorter
impregnation times due to the higher content of BC, although still maintained the elasticity of the
WBPU (&, values superior than 400% in all nanocomposites). In addition, the strength and
modulus of the nanocomposites experienced an improvement with respect to the neat WBPU,
suggesting the reinforcing effect of the BC membrane. An improvement of 26% and 10% in
tensile strength was observed compared to the neat WBPU for the BC/WBPU5S (~1.8 wt% BC)
and BC/WBPU120 (~0.6 wt% BC), respectively. In the same way, the elastic modulus
experienced an increase of 475% and 110% compared to the neat WBPU for the BC/WBPUS5 and



BC/WBPU120, respectively. In this work, this fact could be due to the good interfacial
interactions between both polymers as it has been observed by other authors (Alemi & Shodja,
2018). Wu, Liu, Chen, and Kong, (2017) prepared nancomposite films from a two-component
waterborne polyurethane with 0.5, 1, 1.5, and 2 wt% contents of nanofibrillated cellulose (NFC).
They observed enhancement in the modulus and tensile strength up to 1% of nanofiller with
respect to the neat polyurethane ascribed to the uniform dispersion and interfacial bonding of the
NCF with the polyurethane. However, the increase of the NFC content led to a decline of the
mechanical performance, attributed to the self aggregation of NFC. As expected, elongation at
break of the nanocomposite films decreased with the increase of NFC content. In the present
work, the randomly oriented nanofiber membrane of BC is completely embedded in the WBPU
and the use of the whole BC membrane counteracts the difficulties to obtain a better dispersion
of nanofibers. In addition, these results would be in accordance to the ones obtained in the FTIR
analysis, where interactions between BC and polyurethane have been observed. In view of these
results, 5 min of impregnation would be enough time to obtain stiffer yet deformable

nanocomposites with high content of WBPU.
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Fig. 2. a) FTIR spectra of the neat BC, neat WBPU and BC/WBPUS5 nanocomposite, and second derivative
curves of neat WBPU and BC/WBPU5 nanocomposite b) between 1500-900 cm™ and c) between
3500-3290 cm ™.



Additionally, the thermal and thermomechanical properties of BC/WBPU nanocomposites were
analyzed. For these studies BC/WBPUS5 and BC/WBPU120 were chosen since these are the
nanocomposites with higher and lower content of BC, and the results were compared to those
obtained for the neat BC and neat WBPU.

Table 2. Mechanical properties of neat BC membrane, BC/WBPU nanocomposites and neat WBPU.

Sample E (MPa) omax (MPa) € (%)
BC 7120.3+£421.3 116.9+ 17.0 25+0.3
BC/WBPU5 414+51 116+29 464.3+31.8
BC/WBPU30 28.7+35 9.7+1.7 582.8 + 76.0
BC/WBPUG0 25.1+338 10327 7115+ 77.1
BC/WBPU120 152+28 101+14 697.3 £ 68.7
WBPU 72+17 92+25 917.7+96.4

Thermal transitions of neat BC, neat WBPU and BC/WBPU nanocomposites were analyzed by
differential scanning calorimetry and the obtained thermograms are shown in Fig. 3. a). In the
case of neat BC, a weak endothermic transition was observed in the temperature range of 35-120
°C. This can be ascribed to the dehydration process of cellulose (Ciolacu, Ciolacu, & Popa, 2010).
Regarding the WBPU and the nanocomposites, the presence of two transitions was observed. The
one at low temperature (from -70 to -40 °C) was related with glass transition (Tg) of the soft
segment of WBPU and the second one at higher temperature (in the range of 50-120 °C), an
endothermic peak, associated to melting process (Tm). The values of glass transition temperature
(Tg), melting temperature (Ty) and melting enthalpy (AHm) are gathered in Table 3. No
significant changes were observed in the case of Ty and Tm between WBPU and the
nanocomposites. However, it can be noted that the melting enthalpy increased with BC content.
BC/WBPUS5 nanocomposite, which was the one with highest BC content, presented the highest
melting enthalpy followed by the BC/WBPU120 nanocomposite and finally the neat WBPU. This
suggested that the presence of BC in the WBPU may have induced a nucleating effect, favouring
its crystallization (Auad, Contos, Nutt, Aranguren, & Marcovich, 2008).

In addition, thermal stability of neat BC, neat WBPU and BC/WBPU nanocomposites was studied
by thermogravimetric analysis. Besides, this study was used to corroborate that the last transition
observed in the range of 50-120 °C in the WBPU and BC/WBPU nanocomposites was not related
to the evaporation process of possible water content present. The TG curves are shown in Fig. 3.
b). In the case of neat BC, the first initial mass loss below 150 °C is usually associated to the
release of water, while the volatilization of thermally degraded cellulosic compounds is in the
range of 200500 °C (Kiziltas, Kiziltas, & Gardner, 2015). As it can be observed, the neat WBPU



does not contain water, nor the BC/WBPU nanocomposites as no mass loss is observed up to
temperatures around 300 °C. The presence of BC induces to an earlier degradation in the
nanocomposites, since as it can be observed the corresponding TGA curves of the nanocomposites
are shifted towards lower temperatures compared to the neat WBPU. The temperature at 10 and
50% of mass loss (T1o and Tso, respectively) are shown in Table 3, where it can be observed a
decrease of around 10 °C in the case of the temperature at 10% mass loss of the nanocomposites
with respect to the neat WBPU.
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Fig. 3. a) DSC thermograms, b) TGA curves, ¢) Storage modulus and d) Tan 6 of neat BC, neat WBPU,
BC/WBPUS5 and BC/WBPU120.

Finally, the thermomechanical behavior of the different samples was studied by dynamic-
mechanical analysis. The evolution of storage modulus (E") and Tan Delta (Tan 8) curves as a
function of temperature are shown in Fig. 3. ¢) and d), respectively. In the case of the neat BC, a
drop in the storage modulus and a maximum in the Tan 6 in the range of -10 to 50 °C can be
observed, associated to the presence of water into the structure that acts as plasticizer which was
in agreement with the TGA. This behavior was also observed by other authors (Figueiredo et al.,

2013). Compared to neat WBPU, both nanocomposites showed higher storage modulus (E’) on



all temperature range. In the glassy state, at very low temperatures (from -100 to -40 °C), neat BC
presented the highest E” value (5700 MPa) while the neat WBPU presented the lowest value (1040
MPa) and, as it can be observed, BC/WBPU nanocomposites showed intermediate E* values
between neat components. Similar E” values were observed for both nanocomposites, 1900 and
1920 MPa for BC/WBPUS5 and BC/WBPU120, respectively. As the temperature increased, the
storage modulus of the neat WBPU and both nanocomposites showed a significant decrease
associated with the glass transition temperature. This tendency was the same as the one observed
in the DSC. In the case of neat WBPU, the modulus kept decreasing with temperature in the
rubbery region due to the thermoplastic nature of the material, while in the BC/WBPU
nanocomposites the drop was not so pronounced due to the reinforcing effect of BC network into
the WBPU. This effect was also observed by other authors in a polyurethane elastomer reinforced
with 0.5, 1 and 5 wt% of cotton cellulose nanocrystals (Pei, Malho, Ruokolainen, Zhou, &
Berglund, 2011). They ascribed this effect to the increase of the cross-linked density of the
material through polyurethane-cellulose interactions. In the present work, a slightly increase of
the modulus above 50 °C was observed in the case of the nanocomposites. Around the Tm of the
WBPU, the polymer mobility could favour the formation of interactions between BC and WBPU,

and therefore a slight increase in the modulus.

Table 3. Thermal properties of neat BC membrane, BC/WBPU nanocomposites and neat WBPU.

Sample T, (°C) Tm (°C) AHn (Jg?)  Tw (°C) Tso (°C)
BC - - - - 280 349
BC/WBPU5 -47.6*  -42.8** 63.9 19.9 325 354
BC/WBPU120 -46.6*  -43.7** 65.4 154 326 358
WBPU -48.2*  -44.6** 64.2 12.3 335 370

Tg values measured by DSC (*) and DMA (**).

3.2. Biocompatibility: cytotoxicity assessment and cell adhesion and proliferation

In order to evaluate the possible application of these nanocomposites in the biomedical field, cell
viability, proliferation and adhesion were analyzed. On the one hand, short-term cytotoxicity
assays were carried out. BC/WBPUS nanocomposite was chosen for the study since it was the
system which presented the best mechanical properties and the highest BC content. Neat BC was
also analyzed as reference. The cytotoxicity test results are presented in Fig. 4. a) and b). Fig. 4.
a) shows the absorbance versus incubation time for the positive (polyvinyl chloride, PVC) and
negative (high density polyethylene, HDPE) controls, as well as for the neat BC and BC/WBPUS5.
As it can be observed, both BC and BC/WBPUS5 nanocomposite displayed nontoxic cell growth,
similar to the negative control. The cell proliferation with respect to the negative control as a

function of the incubation time is represented in Fig. 4. b). It was observed that the viability of



the L929 cells cultured in the extracted media of both, neat BC and BC/WBPU5 was significantly
higher than the established acceptance limit of 70% of this value. Consequently, the obtained
results are good indication when thinking on the future biomedical application of the studied

polymers.
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Fig. 4. a) Absorbance at 540 nm versus incubation time of a positive control, negative control, neat BC
and BC/WBPUS and b) Viability of L-929 murine fibroblast cells as function of incubation time.

In addition, long-term cell adhesion test were carried out by Live/Dead assays. Fig. 5 shows the
fluorescence confocal microscopy images (x20) where calcein-AM shows cell viability (green)
and ethidium homodimer-1 non-viable cells (red). As it can be observed, significant cellular
adhesion and proliferation were found for both, neat BC and BC/WBPUS5 nanocomposite. There
is a large number of adherent cells that show viability (green), and a shortage of dead cells (red).
The culture reached the monolayer in 3 days, showing adhesion and stable growth until day 14.
In the last stage (C and F), the number of nonviable cells increased, probably due to the high
density of the culture. The cells responded in a similar manner to both materials, so since the
composition of the materials directly affects cell viability and adhesion, it is concluded that both

BC and BC/WBPU nanocomposites are biocompatible materials.
3.3. Shape memory properties

The shape memory properties, namely shape fixity ratio (Rr) and the shape recovery ratio (R;), of
the neat WBPU and two nanocomposites (5 and 120 min of impregnation) are analyzed in this
section. The shape recovery process in water as function of time of the neat WBPU and
BC/WBPU nanocomposites can be observed in Figure S1 and the results of shape recovery ratio

in water along time are shown in Fig. 6. a). All the results are gathered in Table 4.

The shape fixity ratios of the samples summarized in Table 4, suggest that the shape fixity ability

is enhanced with the presence of BC. This behavior has been also observed in other works



involving polyurethane matrixes reinforced with nanocellulose and it can be ascribed to the
presence of the numerous hydroxyl groups of the BC nano-network (Luo, Hu, & Zhu, 2011; Zhu
et al., 2012). These can contribute to the formation of hydrogen bonds between BC and WBPU,
resulting in a higher rigidity, increasing the modulus of the material and thus, favouring the fixity
of the material’s shape respect to the neat WBPU (Wang, Cheng, Liu, Kang, & Liu, 2018).
Moreover, these results are in accordance to the ones obtained by DMA, where it can be seen that
the storage modulus of the nanocomposites in the glassy state is higher with the presence of BC
respect to the WBPU. According to Ratna and Karger-Kocsis (2008) a high glass state modulus
will provide the material with high fixity during simultaneous cooling and unloading.

3 days 7 days 14 days

BC

BC/WBPUS

Fig. 5. Adhesion and viability of L929 cells on BC (A-C) and BC/WBPU5 (D—F). Calcein-AM shows cell
viability (green) and ethidium homodimer-1 non-viable cells (red/ circles). Images obtained by confocal
microscopy (20x) (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article).

Considering the possible application of these nanocomposites in medical devices triggered by
human body liquids, the shape recovery was analyzed in water at 40 °C. This was set taking into
account that the suitable recovery temperature must be slightly higher than body temperature (>
37 °C) but not too high so as not to damage the normal cells and tissues (Cai et al., 2013). As it
can be observed in Fig. 6. a), the incorporation of the BC also induces to a faster recovery process
due to its hydrophilic nature. The water molecules diffuse through the nanocomposite and the

hydrogen bonds between water and BC"s hydroxyl groups make the film become softer, so the



recovery of the original shape is faster (Zhu et al., 2012). In 3 min, the BC/WBPUS5 recovered
92.8 + 6.3% of the original shape, while BC/WBPU120 recovered 72.0 + 5.1% and neat WBPU
only 33.4 + 9.6%. In the case of the neat WBPU needed 25-30 min to recover 73.0 + 3.5% of the
original shape.
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Fig. 6. a) Shape recovery ratio in water and b) WHC of BC/WBPU5 and BC/WBPU120 nanocomposites
and neat WBPU (detailed figure corresponds to WHC in the time interval from 0 to 100 min).

Additionally to the presence of BC, the chemical structure and thickness of the nhanocomposites
as well as the movement of molecular architecture have influence on the shape memory recovery.
Huang, Yang, Zhao, & Ding (2010) reported that the recovery ratio in moisture induced recovery
is lower than in thermally induced recovery. In moisture induced recovery systems there is a
strong dependency on the sample size because the water absorption is easier on the sample’s
surface, so the saturation is faster than inside the material. This means that thin films are more
suitable for moisture induced recovery systems than bulky materials. In this case, it has been
observed (in Table 1) that as impregnation time increased, the thickness of the nanocomposite
increased (0.22 £ 0.05 and 0.42 = 0.05mm for BC/WBPUS5 and BC/WBPU120 nanocomposites,
respectively) and this can have an influence on the shape memory properties. BC/WBPU5
presented the fastest recovery and was the thinnest nanocomposite, so these results correlated
with this fact. Song et al., 2018 also reported that when the material presents a well arrayed layered
structure the movement of water molecules in the matrix after immersion in water is favoured. As
it has been observed in SEM images (Fig. 1. a), b) and c)), BC presents a layered structure so this
fact can help to the recovery process in the nanocomposites. In addition, the temperature at which
the test was performed may have helped to the recovery of the shape. As it has been previously
reported, the increase of the temperature leads to a weakening of the hydrogen bonding, so the
system will have greater recovery capacity (Yildirim, Yurtsever, Yilgor, Yilgor, & Wilkes, 2018).

The effect of the temperature can also be important if the recovery temperature is higher than any



transition. As it was observed in the DSC thermograms (Fig. 3. a)), the second transition of the
WBPU started around 40 °C, so in this case as the test was performed below the transition
temperature, everything indicated that the phenomenon of shape recovery was mainly caused by
water and the effect of temperature would be minimal. These results suggest that these materials
could be suitable to develop rapid responsive materials for different fields such us sensors,
artificial muscles, self-expandable stents or devices involving minimally invasive surgery in the

human body.

Table 4. Marginal recovery angle (81), shape fixity (Rf) and recovery (R;) ratios and maximun water
uptake for BC/WBPUS5 and BC/WBPU120 nanocomposites, and neat WBPU.

Sample 01 (°) Rt (%) Rr (%)3min  Rr (%)fina  Maximum water uptake (%)
BC/WBPU5 266+4.6 86.0x55 928%6.3 945%7.2 30.1+6.8
BC/WBPU120 32.7+4.7 818+27 720x51 78.2+84 33.5+6.4
WBPU 437+48 757+27 334%x96 73.0x35 49.2+0.8

In view of the results of the shape memory test, it was interesting to analyze the water holding
capacity (WHC) of neat WBPU and BC/WBPU nanocomposites, since the shape recovery was
predictably related to the absorption of water. In order to analyze the influence of the presence of
BC in the nanocomposites in the water intake, neat WBPU and BC/WBPU5 and BC/WBPU120
nanocomposites were immersed in water at room temperature for a certain time and the WHC
was calculated. It is commonly known that BC presents a high WHC (Azeredo, Barud, Farinas,
Vasconcellos, & Claro, 2019; Ul-Islam, Khan, & Park, 2012; Urbina et al., 2017), so the intake
of water in the samples was determined and the results are compiled in Fig. 6. b). These results
confirmed that water uptake increased rapidly in the presence of BC up to 1 h of immersion. After
that moment, BC/WBPU nanocomposites started to approach equilibrium, and after 2 h of
immersion the equilibrium was reached. The water uptake of the neat WBPU was slower and the
equilibrium was reached between 24 and 48 h of immersion. As it can be observed in Table 4, it
can be concluded that the presence of BC induces to a faster water uptake, but limits the water
content allowed in the nanocomposite. This could be due to the fact that hydrogen bonding
interactions between BC and WBPU (seen in the FTIR study) led to less —OH available in the BC
structure to interact with water molecules. This has been also observed by other authors (Popescu,
Dogaru, & Popescu, 2017). This can be a positive feature, since absorbed water can accumulate
in the interface between components in blends leading to a delamination (Lyu & Untereker, 2009).
These results corroborated the ones obtained in the shape memory test since the nanocomposites
absorbed more water at shorter times (which would induce a decrease of Tg (Zhang et al., 2018))

and thus, they presented greater recovery and at lower times.



4. CONCLUSIONS

In this work, flexible, transparent and biocompatible nanocomposites with enhanced mechanical
performance and water-activated shape memory properties were developed by the combination
of BC membranes and WBPU dispersions with potential applications in the biomedical field.

BC wet membranes were immersed in WBPU dispersions for different times and the BC
membranes resulted embedded and coated by the WBPU, suggesting the good affinity of both
polymers due to their hydrophilic nature. Additionally, the FTIR study revealed hydrogen bond
interactions between BC and WBPU. This feature was related to the water holding capacity of
the nanocomposites, since the presence of BC limited the water content allowed in the
nanocomposite. Mechanical test showed that the elastomeric properties of the WBPU were
maintained in the nanocomposites, but an improvement of the modulus and strength of the
nanocomposites with respect to the neat WBPU was observed. This suggested the effective BC-
reinforcement and it was confirmed by DMA analysis, where it was observed that the storage
modulus of the nanocomposites was higher on all temperature range compared to the neat
WBPU. The in vitro biocompatibility and cell adhesion tests of the nanocomposites showed non-
toxic behaviour making them suitable for biomedical applications. Furthermore, water activated
shape memory properties were analyzed by fold-deploy test method. The results revealed an
improvement of the shape fixity ability and faster recovery process with the presence of BC. The
BC/WBPUS recovered 92.8 + 6.3% of the original shape in 3 min, while for the same time period
the neat WBPU only 33.4 + 9.6%. This could be due to the faster diffusion of the water molecules
through the nanocomposite and the hydrogen bonding between water and BC hydroxyl groups.
The obtained results indicated that 5 min of impregnation time was enough to obtain
nanocomposites with improved mechanical performance and fast shape recovery for potential

biomedical applications.
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