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Abstract: Although nanocomposites have recently attracted special interest in the tissue
engineering area, due to their potential to reinforce scaffolds for hard tissues applications,
a number of variables must be set prior to any clinical application. This manuscript
addresses the evaluation of thermo-mechanical properties and of cell proliferation of
cellulose nanocrystals (CNC), poly(butylene adipate-co-terephthalate) (PBAT),
poly(e-caprolactone) (PCL) films and their bionanocomposites with 2 wt% of CNC
obtained by casting technique. Cellulose nanocrystals extracted from Balsa wood by acid
hydrolysis were used as a reinforcing phase in PBAT and PCL matrix films. The films
and pure CNC at different concentrations were cultured with osteoblasts MG-63 and the
cell proliferation was assessed by AlamarBlue® assay. The thermal-mechanical properties
of the films were evaluated by dynamic-mechanical thermal analysis (DMTA). It was
found by DMTA that the CNC acted as reinforcing agent. The addition of CNCs in the
PBAT and PCL matrices induced higher storage moduli due to the reinforcement effects
of CNCs. The cell viability results showed that neat CNC favored osteoblast proliferation
and both PBAT and PCL films incorporated with CNC were biocompatible and supported
cell proliferation along time. The nature of the polymeric matrix or the presence of CNC
practically did not affect the cell proliferation, confirming they have no in vitro toxicity.
Such features make cellulose nanocrystals a suitable candidate for the reinforcement of
biodegradable scaffolds for tissue engineering and biomedical applications.
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1 Introduction

The use of biodegradable and biocompatible polymers for the repair or replacement of diseased or
damaged tissues has attracted interest in the tissue engineering area [1,2]. Biodegradable and
biocompatible polymers play an important role in the formation of functional new tissues from
transplanted cells and provide temporary scaffolding that guides the growth and organization of new
tissues that is structurally integrated with the body [3].

A device must have adequate design and strength to be used as a biomaterial. The scarcity of
polymers with appropriate characteristics for such application has motivated the search for novel
biocompatible materials of improved mechanical properties [4]. Poly(butylene adipate-co-terephthalate) -
PBAT - is an aliphatic-co-aromatic biodegradable and flexible copolymer [5] whose elongation at break is
higher than that of most biodegradable polyesters [6]. Although some studies have indicated PBAT is a
biocompatible polymer [6,7], this polymer has been scarcely studied for medical devices [6]. The main
limitations include its poor thermal and mechanical resistance and restricted access to certain applications,
as bone implants [6]. Poly(e-caprolactone)-PCL-is a biodegradable, biocompatible in biological
applications, and aliphatic linear semicrystalline polyester known for its high malleability. PCL was
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approved for clinical use as a biological device and suture in 1980 and is considered to be a suitable
substance for tissue engineering [8].

Some properties of PBAT and PCL as mechanical and thermal resistances must be improved for
their application as biomaterials. Nevertheless, such drawbacks could be overcome through the addition
of nano-sized fillers, as shown in some studies [6,9-12]. Furthermore, the addition of fillers in the
polymer matrix can usually significantly improve the structure by acting as reinforcing agents.

In recent years, researchers have expressed a growing interest in exploring numerous biomedical
applications of nanomaterials aiming to improve the life quality of patients who suffer of debilitating
bone fractures, for example [13]. Some nanomaterials are able to increase mechanical strength, bioactivity
and resorbability of resulting biomaterials [6,14,15]. Efforts to increase the mechanical properties of
biodegradable polymers by the addition of cellulose nanocrystals (CNC) have been reported [12,16-19].
CNCs are obtained from cellulose, which is an abundant and not expensive biosource [8], biodegradable
[20,21], with excellent mechanical properties, Young’s modulus between 130 and 250 GPa, what makes
them suitable candidates for polymer reinforcement [8,11,12,20,21]. CNCs can be produced from a
variety of cellulose sources, including wood, cotton, natural fibers, tunicate, fungi or bacteria [8].
Although the commercial exploitation of CNC in various applications has already started, their toxic
potential is little known and seems to be influenced by several factors [22,23]. Regarding the biomaterials,
the toxic potential of CNC in terms of cytotoxicity must be known to ensure the biocompatibility and
applicability of the final material in the tissue engineering area.

In this study, CNC obtained from Balsa wood [24] were incorporated in PBAT and PCL matrices
through a solvent casting process. The resulting bionanocomposites were developed to overcome the
polymers low mechanical strength and make them potentially interesting materials for biomedical
applications, as tissue engineering. Recent studies conducted by our research group have demonstrated
that the elastic modulus and tensile strength of PBAT increased with the addition of unmodified CNC for
various compositions. Such results have confirmed composites with good CNC dispersion and
distribution and good interfacial interaction between the CNC and the PBAT can be obtained by a casting
process [11] or melt extrusion [12]. A biomaterial must have biocompatible surfaces to be used in tissue
regeneration. However, biocompatibility assays related to cellulose nanocrystals and bionanocomposites
of PBAT and PCL with CNC have not been widely reported in the literature. In this work, we evaluated
the thermo-mechanical properties and cell proliferation/viability of pure CNC, PBAT, PCL, and their
bionanocomposites (PBAT and PCL incorporated with CNC), prior to their production as scaffolds for
applications in tissue engineering. The objective was to verify possible differences in rates of cell growth
and/or cell viability caused by the CNC and resulting nanocomposites in comparison to pure PBAT and
pure PCL. As these nanocomposites with improved mechanical strength are particularly interesting for
further applications in bone tissue engineering, the cell proliferation was tested with osteoblast-like
MG-63 cells, which have been extensively described in other studies [25-26].

2 Experimental Part
2.1 Materials

PBAT F BX7011 Ecoflex® was supplied by BASF and it has a weight-average molecular weight
(Mw) of 140,000 g/mol and melting temperature of 110-120<C. PCL was purchased from Sigma-Aldrich
with Mw of 60,000 g/mol and melting temperature of 60<C. CellCrown™ insert was supplied by
Scaffdex®, Finland. Dulbecco's Modified Eagle Medium (DMEM) was purchased from GIBCO®,
Invitrogen™. AlamarBlue® staining was acquired from Life Technologies™. The other chemical reagents
were purchased from Synth.

2.2 Preparation of Cellulose Nanocrystals
CNCs were extracted from Balsa wood [24] following the procedure described by Morelli et al. [27].
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The Balsa powder was treated four times with 2 wt% of sodium hydroxide aqueous solution, at 90<C, for
3 h, under mechanical stirring. This procedure was done in order to purify the cellulose pulp by removing
others components like lignin and hemicellulose. Then the bleaching treatment was performed for 3 h at
90<C in solution containing equal parts of an acetate buffer solution and an aqueous sodium chloride
solution (1.7 wt%). The bleaching was repeated twice. Subsequent bleaching further purifies the fibers
leaving mostly cellulose only while hemicellulose and lignin are removed. The acid hydrolysis for the
extraction of cellulose nanocrystals was performed in aqueous solution of sulfuric acid (65 wt%) for 75
min at 50<C. The suspension was then repeatedly centrifuged at 3500 rpm for 10 min in a Heraeus
Megafuge 2.0 centrifuge. The supernatant was discarded until it became cloudy, which indicated the
presence of CNC. The suspension was then subjected to dialysis with water until neutrality. Dried CNCs
were obtained through freeze-drying for characterization.

2.3 Characterization of Cellulose Nanocrystals

The morphology of the cellulose nanocrystals was observed under a Philips CM 120 transmission
electron microscope (TEM) with 120 kV acceleration voltage. A drop of an aqueous suspension with 0.01
wt% of cellulose nanocrystals was deposited on a carbon-coated grid, dried and stained with a uranyl
acetate solution (2 wt%). The dimensions of approximately 100 cellulose nanocrystals were measured by
Image-Pro Plus 4.5 software.

2.4 Preparation of Polymeric Films

The two polymers studied (PBAT and PCL) were solubilized (10 wt% polymer concentration in the
final solution) in chloroform by magnetic stirring at room temperature for 2 h. Separately, the desired
amount of cellulose nanocrystals were dispersed in chloroform by 60 min sonication, using an ultrasonic
bath USC 1450 by Ultrasonic Cleaner. The polymer solution and cellulose nanocrystals suspension were
mixed and solid films were obtained through casting of the final solution on glass plates followed by
chloroform evaporation at room temperature. Films of pure PBAT, pure PCL and their nanocomposites
with 2 wt% of cellulose nanocrystals (PBAT + 2 wt% CNC and PCL + 2 wt% CNC samples, respectively)
were prepared.

2.5 Dynamic-Mechanical Thermal Analysis (DMTA)

DMTA was done in a DMAB8000 equipment (PerkinElmer) using samples with dimension of 20 mm
of length, 5 mm of width and thickness of 0.2 mm in the tension mode. For each composition, at least two
samples were analyzed. The analyses were carried out between -70<C and 100<C to the PBAT samples
and between -70<C and 60<C to the PCL samples with a heating rate of 3 < /min, and a strain of 0.05%,
that is, within the linear viscoelastic range. The damping coefficient (Tan §), the storage modulus (E),
and the loss modulus (E™) as a function of temperature were thus obtained.

2.6 Cell Culture, Proliferation, and Cytotoxicity Assessment

Osteoblast-like MG-63 cells were maintained in a DMEM medium supplemented with 10 % (v/v)
fetal bovine serum (FBS), 1 % (v/v) penicillin and 1 % (v/v) streptomycin (100 mg/mL) under 37 <C and
atmosphere supplemented with 5% CO,. For cell proliferation assay, the cells were trypsinized, counted
and seeded at 1 x 10* per well on films samples. The culture medium was exchanged every two days, in
order to maintain log phase of growth.

AlamarBlue® staining quantitatively measured the proliferation of cells on several human and animal
lines, bacteria or fungi. Continuous cell growth maintains a reduced environment (fluorescent, red),
whereas the inhibition of cell growth maintains an oxidized environment (non-fluorescent, blue) [28].

Samples of polymeric films (pure PBAT, pure PCL and their nanocomposites with CNC) were cut by an
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18 mm round cutter. Each side of the samples was sterilized by ultraviolet (UV) radiation using wavelength
of 254 nm, 30 W, for 20 minutes and with a distance from the source of 20 cm. The UV sterilization process
was carried out in the mildest recommended conditions, in order to avoid possible degradation of the samples.
The samples were then fixed between a sterile two-piece CellCrown™ insert for a 24-well tissue culture
polystyrene (TCPS) plaque. Before cell seeding a final disinfection was performed by leaving overnight the
TCPS plaques filled with ethanol (70%) and rinsing twice the wells with a phosphate buffered saline (PBS)
solution. CNCs were sterilized by UV radiation for 40 minutes for the testing of their proliferation and diluted
in fresh, sterile DMEM at 100 jg/ml by mechanical stirring. Dilutions of 50, 25, 12.5 and 6.25 pg/ml of CNC
in DMEM were prepared by the addition of a cell culture medium. During the tests, the medium was replaced
by a fresh one containing CNC, according to the tested concentration.

The cell proliferation was tested at 3, 7, 14 and 21 days after the cell seeding. AlamarBlue® was
dissolved in a 10% (v/v) culture medium and applied to each well containing samples and two empty wells
(control of AlamarBlue®). The cells were incubated at 37<C for 4 h. Absorbance was then measured at 570
nm and 600 nm wavelength, on a Multiskan Ex Primary EIA V 2.2 UV/VIS spectrophotometer.

Statistical analyses were performed by two-way ANOVA with GraphPad Prism® software
(GraphPad, San Diego, CA, USA), using Bonferroni multiple comparisons test. Probability values P <
0.05 were considered statistically significant and the number of determinations was n = 4.

3 Results and Discussion
3.1 Characterization of Cellulose Nanocrystals

Transmission electron microscopy (TEM) proved the acid hydrolysis was successful in obtaining
cellulose on a nanometric scale, as shown in Fig. 1. Dimension measurements showed average length (L) of
176 £68 nm and diameter (D) of 7.5 £2.9 nm of the cellulose nanocrystals (CNC), which resulted in a 25
aspect ratio (L/D). The CNC characterization by wide-angle X-ray diffraction and thermogravimetric
analysis from previous study [27] showed CNC had cellulose | crystal structure, crystallinity of about 62%
and onset temperature of thermal degradation of 226 <C, which enable the use CNC as reinforcing filler for
thermoplastics even in molding processes with polymer melts.

Figure 1: TEM micrograph of the CNC obtained from balsa wood

3.1 Characterization of films
3.1.1 Dynamic-Mechanical Thermal Analysis (DMTA)

Fig. 2(a) shows the dynamic-mechanical thermal analysis of the pure PBAT and PBAT + 2 wt%
CNC nanocomposite as a function of temperature. The glass transition temperature (Tg) occurs where

large segments of the chain start moving. DTMA data provides the relaxations temperatures and the
transition peak of the Tan & curve can be associated with the Tg of the polymer. The pure PBAT shows
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two relaxation temperatures given by the peaks of Tan & curve; the first one at -25.8 +0.7<C can be
attributed to the movement of the butylene adipate units, whereas the second one at 42.5 £0.9<C can be
attributed to the movement of the butylene terephthalate units. The Tg values of pure PBAT are in
accordance with the literature [12,29]. The addition of CNC increased the first and the second relaxation
temperatures of PBAT and reduced the relaxation peak heights. In the case of the first relaxation the
temperature clearly increased from -25.8 £0.7<C to -20.9 +0.8<C. Such results indicate the decrease of
freedom of movement of the polymer chains due the presence of CNC which acts as reinforcing filler.
The storage modulus (E) of PBAT was improved after the addition of CNCs. At room temperature, the
addition of 2 wt% CNC increased by approximately 95% the PBAT storage modulus.

The same trend was observed for the DMTA results of the pure PCL and PCL + 2 wt% CNC
nanocomposite, as shown in Fig. 2(b). The storage tensile modulus (E) curve of pure PCL shows a main
relaxation around -60<C associated with the glass transition and the irreversible polymeric chain flow
around 50<C due to the melting of the PCL matrix. The Tan 6 curves shown the relaxation temperature of
PCL + 2 wt% CNC nanocomposite was about 4<C higher than that of the pure PCL, indicating the loss of
mobility of the PCL chains due to the presence of CNC. The addition of 2 wt% CNC to the PCL increased
its storage modulus at all temperatures; at room temperature, this increase was approximately 40%. The
increase in glass transition temperature and the storage modulus improvement of PCL after the addition of
CNC is due to the rigidity provided by the CNC which act as reinforcing filler and reduce PCL molecular
chain mobility. Similar results have been reported by Zoppe et al. [20] and Siqueira et al. [30].
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Figure 2: Storage modulus (E") and Tan 6 as a function of temperature of (a) PBAT and PBAT + 2 wt%
CNC nanocomposite; (b) PCL and PCL + 2 wt% CNC nanocomposite films

3.1.2 Cell Proliferation

The cell proliferation study of pure CNC, PBAT, PCL, and their nanocomposites is crucial for their
application as biomedical materials. AlamarBlue® staining proved a sensitive marker of cell viability, as
the fluorescent/colorimetric product of mitochondrial activity is released outside only and by the viable
cells into the medium, where it could be easily quantified by absorbance measurements.

Fig. 3 shows osteoblasts MG-63 proliferation rates measured by AlamarBlue® after 3, 7, 14 and 21
days for cells in direct contact with cellulose nanocrystals at various concentrations (6.25-100 pg/ml). For
the initial phase (3 days), the same AlamarBlue® reduction (cell proliferation) for all samples was
observed. At 7 days after the cell seeding, the results show the higher the CNC concentration, the bigger
the cell proliferation rate and significant differences between the control and 12.5, 25, 50 and 100 pg/ml
CNC concentrations were observed. Samples with 100 pg/ml of CNC reached almost 100% of
AlamarBlue® reduction. After 14 days no significant cell proliferation was detected for 100 pg/ml CNC
concentration in comparison with 7 days. A significant increase of cell proliferation for all other CNC



274 JRM, 2019, vol.7, no.3

concentrations (from 6.25 to 50 pg/ml), though the cells cultivated with 25 and 50 pg/ml of CNC reached
the maximum proliferation value (about 100%) with 14 days. 21 days after the cell seeding, all samples
had reached an equitable cell proliferation, except for 100 pg/ml CNC samples, which showed a
significant decrease in comparison to the control. According to Alberts et al. [31], when cell lines reach
their maximum possible proliferation in a given space (i.e., the well of TCPS culture plate), the cell
proliferation ceases almost entirely. As osteoblasts cultivated with 100 pg/ml reached the maximum cell
proliferation first, the same also follows the decreasing of cell number first.
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Figure 3: Cell proliferation of CNC at different concentrations (jg/ml) measured by AlamarBlue® at 3, 7, 14
and 21 days. Each column represents the mean %S.E.M. (Standard Error of the Mean) for n = 4. *p < 0.05

Overall, the higher the CNC concentration, the faster the cells maximum proliferation is. Due to their
high polarity [8], neat CNCs seem to contribute to cell adhesion, hence, cell proliferation [32]. Moreover,
as the cell proliferation assay was performed by direct contact, CNC lay down at the well bottom and
altered the surface. According to Stevens et al. [33], nanoscale surface roughness greatly minimizes
repulsive interactions and promotes adhesion. Surface effects are also greatly altered and the presence of
nanoscale features increases cell attachment and proliferation [32,33]. Therefore, CNC contributes to cell
proliferation due to its surface effect.

Fig. 4 shows the values of cell viability of osteoblasts cultivated in PBAT, PCL, and their
nanocomposites films. For the sake of comparison, we presented the cell viability data from osteoblasts
cultivated with 100 pg of CNC per ml of cell culture medium. MG-63 cells cultured on all films showed
an increased cell proliferation rate throughout time, which indicates all films are biocompatible and
support cell proliferation, as expected. Except at 3 days of assay, which there was a decrease for PCL
samples, though follows a cell proliferation rate comparable with the others films. A remarkable cell
proliferation rate can be observed for CNC alone in comparison with their composites, which can be
explained by the surface and polarity effect of CNC [32,33], as previously elucidated.

Some statistical differences can be detected between the film samples, in the early days of cell
culture (3 and 7 days), which were not continued. Because the cells were seeded in the log phase, the cells
culture in this phase spread out and divided until each cell is attached to the dish and contacts its
neighbors on all sides, until a confluent phase, while proliferation rates begins to fade [31]. Such a
behavior can be explained by interactions of cells with one another and with the extracellular matrix,
mediated by growth factors [31]. However, the biological activity and availability of the growth factor in
a well depend not only upon its identity, but also upon how it is presented to the cells in space and over
time [34,35]. In other words, as shown in Fig. 4, while the cell culture becomes confluent (from 14 days),
the cell proliferation can be more due how these growth factors are present in log phase (which is not
completely understood [31]) than the influence of substrate.
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Figure 4: Comparison of cell proliferation of MG-63 on pure PBAT, pure PCL, PBAT + 2 wt% CNC and
PCL + 2 wt% CNC nanocomposites films, and pure CNC (100 pg/ml, replicate of previous data)
measured by AlamarBlue® assay at 3, 7, 14 and 21 days. Each column represents the mean =+ S.E.M.
(Standard Error of the Mean) for n = 4. p<0.05

PBAT and PCL films with 2 wt% of CNC do not interfere with the osteoblasts proliferation/viability,
in comparison with neat films, which emphasizes the non-cytotoxic character of CNC as previously
reported for pure CNC. This is an essential requirement for a candidate material for potential applications
in biomedical uses, as a reinforced material for uses in hard tissues like bone.

4 Conclusions

Cellulose nanocrystals were successfully extracted from Balsa wood and casting films of PBAT,
PCL and their nanocomposites with 2 wt% of CNC were prepared. The thermo-mechanical properties and
cell proliferation of pure CNC, PBAT, PCL, and their bionanocomposites were evaluated. It was found by
DMTA that the CNC acted as reinforcing agent. The addition of CNCs in the PBAT and PCL matrices
induced higher storage moduli due to the reinforcement effects of CNCs. Cell proliferation assay of pure
CNC indicated CNC contributes to osteoblasts proliferation. The results of the cell proliferation analysis
for PBAT and PCL films incorporated with CNC showed both support cell proliferation for MG63 cells.
The nature of the polymeric matrix or the presence of CNC among the films practically does not affect the
cell proliferation. Such features make cellulose nanocrystals a suitable candidate to reinforce those
biodegradable polymers for biomedical applications.
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