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Abstract

Microcrystalline cellulose (MCC) is proposed in this study as an additive in polycaprolactone
(PCL) matrices to obtain 3D printed scaffolds with improved mechanical and biological properties.
Improving the mechanical behavior and the biological performance of polycaprolactone-based scaffolds

allows to increase the potential of these structures for bone tissue engineering.

Different groups of samples were evaluated in order to analyse the effect of the additive in the
properties of the PCL matrix. The concentrations of MCC in the groups of samples were 0, 2, 5 and 10%
(w/w). These combinations were subjected to a thermogravimetric analysis in order to evaluate the

influence of the additive in the thermal properties of the composites.

3D printed scaffolds were manufactured with a commercial 3D printer based on fused deposition
modelling. The operation conditions have been established in order to obtain scaffolds with a 0/90°
pattern with pore sizes between 450-500 um and porosity values between 50-60%. The mechanical
properties of these structures were measured in the compression and flexural modes. The scaffolds
containing 2% and 5% MCC have higher flexural and compression elastic modulus, although those
containing 10% do not show this reinforcement effect. On the other hand, the proliferation of sheep bone

marrow cells on the proposed scaffolds was evaluated over 8 days. The results show that the proliferation



is significantly better (p<0.05) on the group of samples containing 2% MCC. Therefore, these scaffolds
(PCL:MCC 98:2) have suitable properties to be further evaluated for bone tissue engineering

applications.
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Introduction

Population ageing is a major demographic concern, as it is expected that in 2050 the number of
citizens over 60 years old is about 2 billion *. For this reason, there is an increasing interest in the
development of innovative strategies to treat bone injuries and diseases that come with the ageing

popution. One of the most promising ones is bone tissue engineering.

Tissue engineering is a multidisciplinary field involving medicine, materials engineering,
mechanical engineering, biology, among others. Its main goal is developing biological substitutes to
replace, regenerate or improve the functionality of injured or damaged tissue. To create such a substitute
(scaffolds), it is necessary to have a support material able to promote and enhance the attachment and
proliferation of the cells that will carry out the biological functions. The techniques based on additive
manufacturing have been widely explored because they offer the possibility of creating 3D sscaffolds with

controlled porosity and a customized design.

One of the most common materials in the manufacturing of scaffolds for bone regeneration by
additive manufacturing is polycaprolactone 2. Polycaprolactone (PCL) is a linear polyester with good
biocompatibility, a relatively slow degradation rate and ease of processability 3. These characteristics are
suitable for the usage of this polymeric material in tissue engineering applications 47. However, surface
cell attachment on the structures is limited because of the hydrophobic nature of the material 382, In
addition to the low bioactivity of PCL, this thermoplastic material has worse mechanical properties than

other biopolymers suitable for tissue engineering. For instance, the flexural modulus of PCL is 0.48-0.58
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GPa compared to the modulus of polylactic acid (PLA) (3.1-3.6 GPa), 10 another material commonly used
in this type of applications, showing that PCL does not mimic the mechanical properties of the surrounding

tissue as well as PLA.

Several authors have proposed the formulation of composites based on a PCL matrix to
overcome this limitation. For instance, Rodenas et al. ' have evaluated how hydroxyapatite can enhance
cell adhesion and simultaneously acts as a reinforcement. Other substances proposed to create a hybrid
material through their combination with polycaprolactone are graphene oxide 12, calcium carbonate 13.14

or gelatin 15,

In this study, microcrystalline cellulose has been proposed as an innovative additive to be used
as filler in a polycaprolactone matrix to obtain a composite material able to be processed by additive
manufacturing techniques in order to improve the mechanical behaviour and the biological response
compared to pure polycaprolactone. Several studies have reported the utilization of cellulose as support
material in tissue engineering. For example, Jia et al.’s have proposed the utilization of microcrystalline
cellulose and cellulose whiskers to obtain electrospun scaffolds able to support the growth of vascular

smooth muscle cells.

However, no references have been found proposing the combination of this substance with
polycaprolactone to create a composite material that can be processed by 3D printing techniques. In this
study, this strategy has been explored by manufacturing scaffolds by 3D printing based on fused

deposition modelling.

Materials and methods

Materials

Polycaprolactone (PCL) Capa ® 6800 with mean molecular weight 80,000 Da, melting point of
58-60°C and melt flow index of 4.03-2.01 g/10 min was kindly supplied by Perstorp, UK. Microcrystalline

cellulose (MCC) was purchased from Sigma Aldrich. The following reagents were used for cell culture:
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DMEM low glucose (Sigma-Aldrich, UK), 100 units/ml penicillin-streptomycin (P/S, Gibco, UK), PBS (Life
Technologies), fetal calf serum-columbia (First Direct, First Link, UK), trypsin-EDTA (0,5%) (Thermo

Fisher Scientific).

Preparation of composite materials and scaffolds manufacturing

PCL pellets were milled at 8000 rpm in an Ultra Centrifugal Mill ZM 200 Retsch. This powder was
mixed with the amount of powder of MCC needed to obtain PCL:MCC 98:2, 95:5, 90:10 and 80:20 (wt:wt)
mixtures. After homogenization, the mixture was subjected to compression moulding in a Collin P 200
P/M press. The cycle used consisted of a first step of heating at 20°C/min up to 85°C at constant pressure
of 10 bar, keeping the temperature and the pressure for 2 min and subsequent cooling until room

temperature at 20°C/min.

PCL, PCL:MCC 98:2, PCL.:MCC 95:5 and PCL:MCC 90:10 sheets were obtained by
compression moulding. These sheets were then cut into small rectangle shaped pieces to use them as
pellets, fed into an extruder to obtain a continuous filament needed to print parts by fused deposition
modelling. This extruder consists of an 8 mm screw and cylinder with a L/D ratio of 10 and a nozzle tip
of 1.6 mm. The extrusion was carried out at 120°C and at a rotating speed of 7 rpm. This temperature
was changed for blends containing 10% of microcrystalline cellulose. It was increased up to 130°C to

obtain a more suitable flow of the material through the nozzle.

The filaments obtained were used to print the parts needed for the different tests described in
this report with a Prusa i3 3D printer. The temperature used to print the structures was 210°C. Structures
with a rectangular 0/90° pattern were printed to carry out the mechanical, morphological and biological
characterization of the composite scaffolds. This pattern provides square shaped pores in an

interconnected network that ensures a suitable vascularization of the structure.

Thermogravimetric analysis



The pellets of pure PCL and composite PCL:MCC materials (98:2, 95:5 and 90:10) were
subjected to thermogravimetric scans in a TGA/DSC 1 Mettler Toledo device. A cycle of heating up to
600°C at a heating rate of 20°C/min with an air flow of 10 ml/min was followed in each case, using
aluminium crucibles. The experiments were carried out in triplicate to obtain the degradation profile of
the composites. The same procedure was followed to analyse pure MCC powder. During the TGA testing
it is possible to obtain the calorimetric data using the same thermal cycle. This data allowed determining

the melting temperature of the hybrid materials and their melting enthalpy.

The values of the melting enthalpy were used to calculate the crystallinity of the samples by

applying the following equation:

AH,,
X, = (— .100
AHy, - (1 — xpcc)

Where AHJ2, is the enthalpy of fusion of PCL 100%. The value of this parameter used in this study was

142.0 Jig 7.
Infrared characterization

Fourier-transformed infrared (FTIR) spectra were obtained in the attenuated total reflectance
(ATR) mode using a Perkin Elmer IR Spectrum Two with wavelengths from 4000 to 450 cm-' at 8 cm-
resolution. 12 scans per measurement were used to obtain the average spectra. For each sample, five

measurements were carried out.

The area of the of the peak of the CH2 group at 2945 cm-' and the area of the C-O-C group at

1245 cm-' were measured with the Spectrum10 software.

According to Phillipson '8, the asymmetric stretching peak of the CH2 group at 2945 cm-! in the
PCL structure has a medium intensity in the amorphous phase (very weak in the crystalline one) and the

symmetric stretching peak of the C-O-C group at 1245 cm! has a medium intensity in the crystalline



phase, but weak when it is in the amorphous phase. Hence, the ratio between the areas of these two

signals can be used as an indicator of the relative abundance of both crystalline phases.

Morphology

The surface of the scaffolds was observed with a desktop scanning electron microscope (SEM)
Hitachi TM 3030 at an acceleration voltage of 15 kV. The samples were sputtered with Pd/Au for 2

minutes at 18 mA in a Polaron SC7620 sputter.

On the other hand, the porosity of the structures was evaluated according to the following
equation. This method has been broadly used in the literature to evaluate the porosity of 3D printed

scaffolds 2.19.

%porosity = 100 - (1 — ppap >
bulk

Where p,,, is the apparent density of the structure and pj,,x is the density of the bulk material. The
density of the bulk material was determined by measuring the dimensions of short filaments of material
with a cantilever (£ 0,01 mm) and their mass (n=8). On the other hand, the apparent density was

measured following a similar protocol with 3D printed scaffolds of 13x13x8 mm3 of nominal dimensions.

As the printing pattern was 0/90°, the pore size was evaluated as the distance between filaments.

These values were measured with the software of an optical microscope Olympus BX51 (n=36).
Mechanical properties

The mechanical characterisation of the 3D printed structures was carried out in order to evaluate
the effect of the introduction of microcrystalline cellulose. The flexural and compression modulus and the
stress at yield point were measured. For the flexural properties, the 3 point bending testing was carried
out. Five replicas of 3D printed samples were used to obtain the flexural parameters of the structures

made with different blends of material. The area tested were rectangles of 17x9x2.6 mm. This



characterization was carried out using a Zwick Roell Z005 machine in displacement control mode at a
crosshead speed of 1 mm/min. The parameters were calculated according to the procedures explained

in the standard ASTM D790-15.

Regarding the compression properties, four replicas of printed samples of 4x4x8 mm were
subject to compression in a Zwick Roell Z0.5 device at a crosshead speed of 1 mm/min. The compressive
modulus was calculated from the initial steepest straight line portion of the load-strain curve according
ASTM D1621-16. On the other hand, the load at the yield point was evaluated as the first point on the

stress-strain diagram where an increase in strain occurs without an increase in stress.

In vitro cell seeding

Bone marrow mesenchymal stem cells were harvested from sheeps. In brief, 5 ml of bone
marrow was collected in a tube with 250 ul of heparin. The bone marrow aspirate was transferred to a
T225 cell culture flask (Corning, Thermo Fisher Scientific UK) together with DMEM low glucose
supplemented with 1% penicillin-streptomycin (10000 U/ml) and 10% fetal calf serum. After 3 days, the
cells were washed with phosphate buffered saline and new culture media was added to the flask. Once
the flask reached 80-90% confluency, the cells were detached with trypsin-EDTA (0,5%), counted and

re-plated with culture medium that was renewed every two days.

8 mm diameter cylindrical scaffolds were cut using 8mm biopsy punch (Kai Medical) to be used
as substrate for the cell culture. Two replicas of each type of scaffold (PCL, PCL:MCC 98:2, PCL:95:5,
PCL:MCC 90:10) were seeded with a dynamic process. 1 ml suspension of 150,000 cells was introduced
in a sterile tube with each sample. The tubes were placed in a tube rotator (MACSmix, Miltenyi Biotec)
rotating at 12 rpm on continuous cycle for 1 hour inside an incubator at 37°C and 5% CO.. This procedure
allows the cells to attach to the inside of the scaffold, instead of only on the outer surface. Afterwards,
the samples were transferred to a non-treated well plate (Corning, Life Technologies UK) and cultured in

the supplemented media described above. This media was refreshed every two days.



Viability tests

The viability of the cells after 1, 3 and 8 days of culturing was evaluated through the resazurin-
based Presto Blue ® assay (Invitrogen, Thermo Scientific UK) in duplicate for each sample. The samples
were incubated in a 10% Presto Blue solution in media for 30 minutes. The negative controls of the assay
were composite scaffolds without cells in order to take into account a possible adsorption of the reagent
by the microcrystalline cellulose. After the incubation, 100ul of supernatant was transferred to a black 96
well plate in duplicates and the fluorescence of the wells was analysed with a Tecan Infinite 200 Pro
microplate reader at the excitation and emission wavelengths of 540 and 590 nm, respectively. The

fluorescence values are calculated according to:

Mean fluorescence of each group of samples= Mean (AF-mean NCF)

Where AF is the fluorescence value read for each replica of the group and NCF is the negative control

fluorescence.

Statistical analysis

For every quantitative characterization method, the Wilcoxon test was used to evaluate if the
data from every group of samples showed a significant difference compared to pure PCL results (p<0,05
for significant and p<0,01 for highly significant statistical difference). The implementation of the Wilcoxon
test was carried out with Matlab 7.4. (2007) software (MathWorks). All the figures show the mean values

of each group and their standard deviation are represented with error bars.

Results

Thermogravimetric analysis

The thermogravimetric analysis allows to obtain the degradation temperature of the composite
materials and to compare these values to pure PCL. This information is useful to establish the maximum

value of the operation temperature to be used when processing these materials by any thermal technique,



such as fused deposition modelling. Besides, the calorimetric parameters can be used to evaluate
whether the introduction of the MCC implies any changes in the crystallinity of the matrix.
The temperature of maximum degradation rate decreases when the microcrystalline cellulose is loaded
in the polycaprolactone matrix (from 430°C to 424°C) (Table 1). The PCL melting temperature and
enthalpy of fusion increase when a small fraction of MCC is introduced (2 and 5% w/w), but decrease as
such fraction grows (10% w/w): the melting temperature is 63°C for pure PCL and it varies between 68
and 70°C for the composites. A similar trend is observed for the degree of crystallinity of the matrix (Table
1): this value increases from the 23% for pure PCL samples up to 31% when the MCC loading is 5% w/w,

but it is slightly reduced to 30% when the concentration of the additive reaches 10% w/w.

Infrared characterization

The FTIR spectra have been used to evaluate whether there is a strong interaction between the
two components in the composite material (PCL and MCC) or not. Besides, the analysis of the spectra
was useful to confirm the changes in the degree of crystallization as complementary information to the
calorimetric data (Table 1). Using the FTIR spectra to study the crystallization process of

polycaprolactone-based materials is a strategy that has been explored previously in the literature 2021,

The FTIR spectra of the microcrystalline cellulose shows the characteristic peaks of this
compound, such as the hydroxyl signal between 3300-3600 cm-" and the peak of the C-O bond at 1030
cm'. For all the composites and pure polycaprolactone it is possible to observe the band at 1720 cm-!
attributed to the carbonyl stretching of the ester group 2223 and the signal at 2946 and 2870 cm' related

to the asymmetric and symmetric CHz stretching 2. (Figure 1)

As it is possible to observe in Figure 1, the carbonyl peak has not been displaced to lower values
of the wavenumber, as it is expected on carbonyl groups subjected to additional hydrogen bonding 2.
This type of bonding could be expected from the interaction between the carbonyl groups in the PCL

structure and the hydroxyl groups in microcrystalline cellulose. However, this lack of modification on the



position of the carbonyl peak is an evidence of the absence of relevant intermolecular interactions

between the two components in the composites.

On the other hand, the ratio of the areas of the CH2 and the C-O-C peaks was found to decrease
with the microcrystalline cellulose loading. The value of 1.34 for PCL decreases in a highly significant
way (p<0.01) to 1.08 for the PCL:MCC 98:2 samples. When the concentration of the additive is 5% wi/w,
the ratio is 1.19 (p<0.05) and when the concentration is increased up to 10% w/w, the value decreases
to a value of 1.14 (Table 2). As previously described, the modification of this ratio is related to the relative
amount of the crystalline and the amorphous phase. Hence, the FTIR spectra analysis confirms the
increment of the crystallinity of the polycaprolactone matrix with the microcrystalline cellulose loading and

it shows that this modification is dependent on the concentration of additive in the composite material.

Morphological evaluations

The presence of microcrystalline cellulose modifies the topography of the 3D printed structures,
so the PCL samples have a smoother surface than the composite ones (Figure 2). This effect is strongly
dependent on the concentration of microcrystalline cellulose on the samples. As it is possible to observe
in Figure 2-b, PCL:MCC 98:2 samples have a topography quite similar to pure PCL scaffolds. On the
other hand, the samples containing 5% of MCC have a rough surface, but the morphology of the filaments
is steady (Figure 2-c). Finally, when the concentration is increased up to 10% w/w, the deposition process
is hindered and the modification of the morphology of the structures affects not only the surface of the

filaments, but also their integrity (Figure 2-d).

According to the datasheet of the product, the bulk density of microcrystalline cellulose is 0.6
g/cm3. Hence, if the additive did not affect the properties of the polycaprolactone matrix, the bulk density
of the composites should be lower, according to the rule of mixture. However, the bulk density of the
material increases with the loading of microcrystalline cellulose for the samples containing 2% and 5%

w/w MCC (from the 1.09 g/cm3 up to 1.23 g/cm3, Table 3). When the concentration is increased up to
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10%, the value is higher than the pure polycpaprolactone, but lower than the values for the groups of
samples with a lower concentration (1.13 g/cm3) (Table 3). The apparent density of the scaffolds remains
unchanged for all the groups of samples with values between 0.48 and 0.53 g/cm3. On the other hand,
the porosity values (between 52-58%, Table 3) are slightly higher in the composite scaffolds, with an
increment lower than 10%. The average pore size is between 450-500 um for all the groups of samples
evaluated (Table 3). There is a statistically significant but very slight increment (4% compared to pure
PCL) of the distance between filaments (identified herein as pore size) for the samples with 5% w/w

content in microcrystalline cellulose.

Mechanical properties

The introduction of MCC increases the flexural modulus by 19% when the concentration added
is 2% wiw (from 61 MPa for PCL samples to 72 MPa for PCL:MCC 98:2) and by 25% if the MCC content
is raised up to 5% w/w (the modulus reaches 76 MPa in this group of samples). However, the samples
with a 10% of additive do not show a significant modification (p>0,05) on this mechanical parameter
(Figure 3) (with a mean value of 55 MPa). On the other hand, the value of the yield strength remains
unchanged between the groups PCL, PCL:MCC 98:2 and PCL:MCC 95:5 (7.2 MPa; 7.1 MPa and 6.9
MPa respectively) but decreases significantly (p<0.05) for the PCL:MCC 90:10 group (4 MPa). The value

of this parameter is indeed 45% lower than for pure PCL samples (Figure 3).

Regarding the compression properties, the values of the modulus are 25 MPa for pure PCL, 32
MPa for PCL:MCC 98:2, 29 MPa for PCL:MCC 95:5 and 7 MPa for PCL:MCC 90:10 (Figure 4). These
values are in the range reported elsewhere for 3D printed polycaprolactone scaffolds 1926 and in the
interval of values reported for spongy bone (20-500 MPa) 27. As described previously for the flexural
properties, the value of the compressive modulus increases when the concentration of MCC is 2% and
5% wiw, but decreases when it is 10% w/w (Figure 4). Something similar happens to the stress at yield

point. This parameter is 28% higher with a 2% of additive compared to pure PCL samples (2.1 MPa for
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pure PCL and 2.7 MPa for PCL:MCC 98:2), but decreases a 4% when the amount of MCC is 10% wt/wt

of the blend (1.3MPa).

Biological evaluation of scaffolds

The fluorescence values of the Presto Blue assay for day 1 can be considered as an indirect
indication of the cell attachment, as they are related to the amount of cells that have been able to colonize
the surface of the samples at the beginning of the cell culture. Therefore, as there is not any significant
difference in this value between the groups analyzed (Figure 5), it is possible to confirm that the cellulose
loading does not affect cell attachment. However, the proliferation of the cells was found to be increased
with the additive when its concentration is kept low (2%). A higher amount of microcrystalline cellulose
hinder the proliferation of the cells: the fluorescence values for the PCL:MCC 90:10 samples are

significantly lower than those from pure PCL ones (Figure 5).

Discussion

The presence of microcrystalline cellulose was found to slightly decrease the maximum
degradation temperature from 429°C (for PCL) to 424°C (for all the composites evaluated). This trend of
decrease of the maximum degradation temperature when an additive is loaded in a polycaprolactone
matrix has been previously reported for the incorporation of cellulose-based fillers, like agricultural waste
28 sisal fiber 2° or carboxymethyl cellulose 30. Despite the reduction on the degradation temperature, as
the melting temperature of all the composites is between 63-70°C (Table 1), there is a wide safe
temperature window to process the materials by thermal techniques, such as 3D printing based on fused

deposition modeling.

On the other hand, the increase of the crystallinity degree has been confirmed by the calorimetric
data (Table 1), by the FTIR analysis (Table 2) and the values of the bulk density of the composite

materials (Table 3). This trend can be explained by the nucleation effect caused by the presence of the
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microcrystalline cellulose particles. Besides, it is possible to suggest that this increase of the crystallinity

explains the reinforcement effect of the additive with low concentrations (2 and 5% wi/w).

When the concentration of the filler is increased (up to values of 10% w/w) the particles tend to
agglomerate because of the lack of interaction with the matrix. If the particles are agglomerated, the
interfacial area available for the particles to act as nucleation points of the thermoplastic is relatively
lower. Consequently, the increment of the crystallinity of the matrix is hindered, as it is proved by the

crystallinity values obtained in the calorimetric analysis (Table 1).

The FTIR spectra do not show any displacement or modification of the peaks that could confirm
some kind of intermolecular interaction between the two components. This lack of interaction is
responsible for the agglomeration of the particles of microcrystalline cellulose that explains the decrease

on the nucleation effect described herein.

Regarding the structures obtained with the PCL:MCC composites, the apparent density of all the
groups of scaffolds is between 0.48 and 0.53 g/cm3 (Table 3). These values are within the range reported
for spongy bone: 0.14-1.2 g/cm3 27, On the other hand, the values of porosity (between 52-58%) are
similar to the ones reported for other scaffolds in previous literature for bone regeneration 1931, The slight
increase of the porosity observed in the composite samples (Table 3) could be attributed to the surface
microporosity of the filaments (Figure 2). This modification does not affect the mesostructure of the
scaffold, so the vascularization is not compromised. However, topographical effects might have an

influence on the biological response of the cells during their attachment and proliferation processes.

Regarding the pore size, previous literature has reported that pores between 150-500 um are
suitable for scaffolds to be used in bone regeneration 3233, The structures obtained in this study fulfill this

requirement, as the pore size is between 450-500 um for all the materials evaluated.

Regarding the mechanical properties of the composite scaffolds, the disappearance of the

reinforcement effect when the concentration of the additive is above a limit value is a trend that has been
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observed previously on the reinforcement of polycaprolactone with hydroxyapatite and halloysite. The
maximum amount of these fillers are 20% for hydroxyapatite 1034 and 7.5% for halloysite . These
authors point out that above the limit concentrations, the particles of the filler tend to agglomerate. The
agglomerates weaken the composite materials, as they act as initiation points of failure. However, in this
case the agglomerations have an additional drawback: they hinder the 3D printing processing (Figure 2).
The loss of integrity of the filaments when the concentration of microcrystalline cellulose is 10% w/w
hinders the layer-layer adhesion, so the structure is weakened, as confirmed by the data from the

mechanical characterisation of the scaffolds.

The cell viability test demonstrates that all the composites evaluated are biocompatible, in terms
of cell viability, as the population of cells grows for all the groups (Figure 5). Besides, the introduction of
a low concentration of microcrystalline cellulose improves the cell proliferation on the composite
scaffolds. A higher amount of additive hinders the proliferation of the cells. Regarding the change of the
morphology of the filaments (Figure 2), it is possible to state that the microtopography of these samples
may influence the mechanism of cell spreading. Naganuma % analyzed how the microtopography can
affect the behavior of adherent cells on polylactic acid surfaces. She found that the shape of the micro
patterns could direct the attachment of the filopodia and therefore, influence cell orientation and
proliferation. However, there is not yet agreement on the mechanism on how the topography has such
an influence on cell behavior3®-37, In this study, the microtopography has a random pattern and, therefore,

it is not possible to confirm whether it hinders the cell proliferation, as suggested by the viability test.

Nevertheless, it is possible to confirm that the benefits of the loading is concentration-dependent
both in terms of mechanical properties and bioaffinity. A similar trend has been reported previously for
polylactic acid filled with Bioglass® 38 or hydroxyapatite loading of polycaprolactone . The scaffolds
containing low concentration of MCC as a functional additive have improved mechanical properties (in

terms of flexural and compression modulus) and simultaneously show an increased cell affinity.
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Therefore, this combination have a great potential to be used as scaffolding material in bone

regeneration.

Conclusions

This study offers an innovative composite material to manufacture 3D printed scaffolds with
potential applications for bone regeneration. The loading with microcrystalline cellulose has a
reinforcement effect when the concentration is low (2-5%). The reinforcement effect is related with the
increase of crystallinity confirmed by the calorimetric data, the FTIR evaluation and the values of the bulk
density of the composites. It is important to highlight that the values of the compressive modulus, the
pore size and the apparent density of the scaffolds are similar to those reported for natural spongy bone,

so these structures have the potential to be used in the regeneration of this type of tissue.

On the other hand, the loading of microcrystalline cellulose not only improves the mechanical
properties of the structure, but also enhances sheep bone marrow cells proliferation for the samples
containing 2% w/w of microcrystalline cellulose. However, as the samples with higher content of the
additive do not show a similar trend, it would be desirable to carry out a deeper biological assessment in
order to identify the mechanism that improves the proliferation at low values of concentration of this

additive.
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Figure captions

Figure 1. FTIR spectrum of PCL and the composite materials.
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Figure 2. SEM images of PCL and composite scaffolds (a-PCL, b-PCL:MCC 98:2, c-PCL:MCC 95:5 and
d-PCL:MCC 90:10).
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Figure 3. Mechanical properties under 3 point bending testing (* p<0.05 compared to the group of pure

PCL samples).
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Figure 4. Mechanical properties under compression testing (* p<0.05 compared to the group of pure PCL

samples).
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Figure 5. Results of viability tests for PCL:MCC composites using Presto Blue ® assay (* p<0.05

compared to the group of pure PCL samples).
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Table 1. Values of the maximum degradation rate temperature, melting temperature and enthalpy of

fusion for polycaprolactone, microcrystalline cellulose and their composites.

Material Maximum Melting Enthalpy of Degree of
degradation rate | temperature (°C) fusion (J/g) crystallinity
temperature (°C) (%)

PCL 430 63 33 23
PCL:MCC 98:2 424 68 39 28
PCL:MCC 95:5 424 70 43 31

PCL: MCC 90:10 424 68 38 30
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Table 2. Ratio of the FTIR peak areas (CH2 in the amorphous phase/C-O-C in the crystalline phase) (*

p<0.05; **p<0.01; **p<0.001 compared to the group of pure PCL samples).

Material Ratio of areas (CH: peak at 2945 cm-'/ C-O-
C peak at 1245 cm1)
PCL 1.34
PCL:MCC 98:2 1.08*
PCL:MCC 95:5 1.19*
PCL:MCC 90:10 1.14

Table 3. Values of the bulk density of the materials evaluated and porosity values of the 3D printed

scaffolds (* p<0.05; **p<0.01; ***p<0.001 compared to the group of pure PCL samples).

Material Bulk density Apparent density | Porosity | Distance between
(g/lcm?d) (g/lcm?d) (%) filaments (um)
PCL 1.09+0.02 0.52+0.03 52+2 463126
PCL:MCC 98:2 1.16£0.03* 0.53+0.02 54+1 470+36
PCL:MCC 95:5 1.2340.02*** 0.48+0.03 58+3* 482+31*
PCL: MCC 90:10 1.13+0.02** 0.4940.03 57+2* 448454
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