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Abstract

Porous poly(vinyl alcohol) (PVA)/sepiolite nanocomposite scaffolds containing 0-10wt.%
sepiolite were prepared by freeze-drying and thermally crosslinked with poly(arylic acid).
The microstructure of the obtained scaffolds was characterised by scanning electron
microscopy and micro computer tomography, which showed a ribbon and ladder like
interconnected structure. The incorporation of sepiolite increased the mean pore size and
porosity of the PVA scaffold as well as the degree of anisotropy due to its fibrous structure.
The tensile strength, modulus and energy at break of the PVA solid material that constructed
the scaffold were found to improve with additions of sepiolite by up to 104%, 331% and 22%
for 6wt.% clay. Such enhancements were attributed to the strong interactions between the
PVA and sepiolite, the good dispersion of sepiolite nanofibres in the matrix and the intrinsic
properties of the nanofibres. However, the tensile properties of the PVA scaffold deteriorated
in the presence of sepiolite because of the higher porosity, pore size and degree of anisotropy.
The PV A/sepiolite nanocomposite scaffold containing 6wt.% sepiolite was characterized by
an interconnected structure, a porosity of 89.5% and a mean pore size of 79um and exhibited
a tensile strength of 0.44MPa and modulus of 14.9MPa, which demonstrates potential for this

type of materials to be further developed as bone scaffolds.

Keywords: Poly(vinyl alcohol), nanocomposite, foam, morphology, mechanical

properties



1. Introduction

Bone is the umbrella name given to a group of biological materials that share the same
basic building block, the mineralised collagen fibril that is utilised to build an array of
structures with differing structural motifs that stretch from ;\ngstroms to millimeters [1-3].
As well as performing the obvious role of mechanical support, bone performs other important
functions such as storage of minerals and lipids, production of blood cells and protection for
underlying vital organs. Bone is prone to illness, damage and defects as much as any other
tissue and is the second most common transplanted tissue after blood [4]. It has been
estimated that in the United States alone there are over 6.6 million fractures every year
leading to an estimated 550,000 cases requiring grafting [5]. The clinical need for a substitute
material has come about due to the shortcomings of current methodologies for treating bone
defects, usually involving replacement bone acquired from various sources (autografts,
allografts, xenografts and demineralised bone matrix). Although they are considered good
therapies, none of these treatments is ideal and all have drawbacks such as acute
inflammatory response [6] and donor site morbidity [7], among others. This pressing need for
a viable substitute bone graft material has led to much research involving a range of
materials, techniques and approaches. As early as the 1920’s calcium phosphate was being
researched and reported on as a possible bone substitute material [8]. Since then, the
overwhelming majority of the research into prospective bone substitutes has dealt largely
with materials that are compositionally similar to bone such as calcium phosphates and
biopolymers. The search for bone substitutes that fulfill the property/functionality criteria,
such as adequately load-bearing, biodegradable, osteoinductive, osteoconductive and ideally
simulating bone’s own structures and functions, is still ongoing.

In order to realise an effective substitute bone graft material it is necessary to understand
the composition, structure and organisational motifs that exist throughout the hierarchical
levels in natural bone. The hierarchical structure of bone stems from the most basic building
blocks at the nanoscale, namely mineralized collagen nanofibres, their arrangement into
microstructures and finally, at the highest level, into types of bone [1]. Such hierarchical
structure governs the function of bone and varies with bone type. For example, compact or
cortical bone is dense and is found usually when there are uniaxial stresses involved such as
the long bones of arms and legs and the hard outer layer of bones, while trabecular or
cancellous bone is less dense, spongy in appearance, consisting of a mesh of struts that are

subjected to generally lower but more multidirectional stresses such as the interior of bones



[1-3, 9]. The basic components of bone are collagen, dahllite and water, accounting for 50—
60%, 30—-40% and —10% respectively by weight [10]. These values do fluctuate between
various bone types.

The goal of this research was to develop novel biopolymer nanocomposite porous
scaffolds that contain natural nanofibres and attempt to mimic the hierarchical structure and
mechanical properties of trabecular bones as potential scaffolds for bone tissue engineering.

PVA is a hydrophilic synthetic polymer that possesses excellent recognised
biocompatibility and properties such as non-toxicity, non-carcinogenicity, ease of processing
and mechanical strength [11-14]. It has been studied as bone substitute material or bone
scaffold coating when mixed with ceramics [14-16], a synthetic articular cartilage [17-19],
artificial pancreas [20], artificial skins [21,22], and drug delivery systems [23], etc. To
improve the stability of PVA in body fluids, glutaraldehybe is often used to crosslink PVA
[21]. In this work, a non-toxic hydrophilic polymer, poly(acrylic acid) (PAA), with a low
molecular weight, was employed as the crosslinker due to its chain mobility and carboxyl
groups that react with the hydroxyl groups in PVA to form an ester [24,25]. Similar to PVA,
PAA also displays excellent biocompatibility and has been used in applications such as site-
specific drug delivery systems [26,27], wound dressing materials [28] and partially
degradable bone cements [29]. It has also been used in conjunction with PVA to form
hydrogel fibres where the degree of swelling can be easily controlled by the degree of
crosslinking [30].

Sepiolite, (Sij2)(Mgs)O30(OH)4(OH,)45-H,0, is a natural, crystalline, hydrated magnesium
silicate which consists of needle shaped fibres with diameters at the nanoscale [30-32]. It is
composed of blocks, which are characterized by a sandwich structure of a central magnesium
octahedral sheet between two silica tetrahedral sheets, forming a capillary network of parallel
channels [31-33]. Sepiolite features a large specific surface area in the region of 140 -
320m*/g [31,34], and its interactions with polymer(s) not only take place on the external
surface, due to the significant number of silanol (Si-OH) groups but by penetration into the
structural channels of sepiolite fibre blocks [35,36]. Previous studies demonstrated good
reinforcing capability of sepiolite in polymeric matrices and such reinforcements were
obtained at low sepiolite contents, typically lower than 10wt.% [37,38]. For example, with
the presence of 9.1 wt% sepiolite, the compressive modulus and strength of gelatin foam with
a cell size of 159 pm and a porosity of 98% were increased by 288% and 308%, respectively.

Such enhancements were attributable to the strong interactions between hydrophilic gelatin



and sepiolite, the reduced cell size and the reinforcement effect of sepiolite on the gelatin
solid material [38]. The incorporation of sepiolite also enhanced the bioactivity of gelatin
film due to its negative surface charge, by inducing more and smaller calcium phosphates on
the polymer surface when immersed in a simulated body fluid [38]. Hydroxapatite
nanoparticles can grow on the surface of sepiolite nanofibres, revealing bioactivity of the clay
on its own [34]. Furthermore, previous research has demonstrated that sepiolite is
biocompatible and non-toxic [39,40], indicating a confident use in the biomedical field. Thus,
the addition of sepiolite to PVA is expected to reconstruct the nanofibrous structure in bone
and to enhance both the mechanical properties and bioactivity of PVA scaffolds.

This paper reports the structure and mechanical properties of PVA/sepiolite
nanocomposite foams prepared by freeze-drying for potential uses as trabecular bone
scaffolds. The foams were thermally crosslinked in the presence of a small amount of low
molecular weight PAA. The structure of the scaffolds was characterised by using scanning
electron microscopy (SEM) and micro computer tomography (uCT), the interactions between
the components were investigated by Fourier transform infrared spectroscopy (FT-IR) and
the mechanical properties were studied from tensile testing results. PVA/sepiolite films
crosslinked with PAA, which correspond to the foam samples, were prepared by solution
casting and tested in parallel for fundamental understanding of the mechanical properties of

the nanocomposite foams.

2. Materials and methods

2.1 Materials

Poly(vinyl alcohol) (99+% hydrolysed, M=89,000~98,000 g/mol) and poly(acrylic acid)
(50wt.% solution in electric grade water, M,,=2,000 g/mol) were purchased from Sigma—

Aldrich. A high-purity sepiolite clay (Pansil® S1500) was obtained from Tolsa (Spain).
2.2 Fabrication of nanocomposite films and porous scaffolds

In all the nanocomposite film and scaffold samples, the weight ratio of PVA to PAA was
fixed at 93:7, and the contents of sepiolite nanofiller in the nanocomposites were 0%, 2%,
4%, 6%, 8% and 10% by weight (wt.%). These weight percentages were chosen because clay

enhancements are typically achieved at loadings below 10wt.% as previously mentioned, and



they represented even distribution of the loadings in order to obtain the optimum clay content
for this type of materials. The solutions for fabrication of the nanocomposite films and
scaffolds were prepared using the following process: 20g of PVA material was completely
dissolved in 200mL of distilled water at 80°C under constant stirring. Sepiolite clay was dried
in an oven at 60°C for two hours before use, weighed to the percentage concentration and
added to distilled water at room temperature for formation of 3wt.% dispersion by mixing on
a rolling table for 1 day. The dispersion was then sonicated for 45 minutes and left on the
rolling table again for 2 hours to ensure even dispersion of sepiolite nanofibres in water. After
that, 1.506g of PAA was added to the dispersion, followed by a further mixing of 4 hours to
allow PAA molecules to be adsorbed onto the clay surface. Finally the PAA/sepiolite
dispersion and PV A solution were combined and mixed by magnetic stirring for 4 hours for
subsequent uses.

To obtain uncrosslinked nanocomposite films, the PVA/PAA/sepiolite solutions were
poured into large petri dishes and placed in an oven at 60°C until the water had evaporated
leaving a thin film in the base of the dish with a target thickness of approximately 0.5mm.

The preparation of uncrosslinked nanocomposite porous scaffolds from the
PVA/PAA/sepiolite solutions involved the following process. First, the solutions were
degassed in a vacuum oven at 60°C for 30 minutes, which were then poured into a stainless
steel mould for freeze—drying. Freezing was carried out in a freeze—dryer (FreeZone Triad,
Labconco Corp. MO USA), with a cooling rate of 0.9°C min" and a final freezing
temperature of —40°C. When the temperature of -40°C was reached the samples were held for
3 hours to ensure complete freezing of the contents. Then, the temperature was raised at a rate
of 1°C min™ to -5°C, the set point where the sublimation of the ice crystals began to happen,
and held at -5°C for 17 hours before increasing the temperature to 35°C and holding at this
temperature for a period of 3 hours to ensure complete drying of the samples.

For crosslinking, all the film and foam samples with varying concentrations of sepiolite
were operated under vacuum at 150°C for 30 minutes to improve their stability and
mechanical properties according to the methods described in the literature [26, 27, 30]. PAA
with a low molecular weight of 2,000 g/mol was chosen as the crosslinking agent due to its
chain mobility in PVA, as previously mentioned. The crosslinking reaction between the
hydroxyl groups in PVA and the carboxyl groups in PAA to form an ester may not occur if a

high molecular weight PAA is used, because of the high inflexibility of the PAA chain in the



PVA network [26]. All the results presented in this work are for crosslinked films and foams,

noted as PVA/PAA/sepiolite foams and films with varying sepiolite contents.

2.3 Morphological characterisation

The morphology of the scaffold samples was analysed by using SEM and uCT. SEM was
carried out on a Tescan MIRA-XMU scanning electron microscope using secondary
electrons operated with an accelerating voltage of 5kV. Samples were prepared in advance by
cutting 2mm sections from the scaffold sheet using a sharp razor blade. They were then
mounted to SEM stubs, followed by sputter coating of platinum—palladium of 10nm for
improved conductivity during imaging. The morphology of pristine sepiolite nanofibres was
also investigated as a control.

uCT analysis was performed by using a desktop X-ray tomography scanner (uCT 40,
Scanco medical AG, Switzerland). Using an energy of 50kVp, a current of 177uA and a
spatial resolution of 8pum, a homogenous area of approximately 20mm? from the centre of the
scaffold was analysed and resulting Voxel data were recorded. Quantitative analysis of the
pore size and porosity was obtained from structural indices measured from bone scaffold
samples. Total Volume (7V) was calculated as the overall volume of the measured sample.
Bone scaffold Surface (BS) was calculated from triangulation of the scaffold surface while
Bone scaffold Volume (BV) was calculated using tetrahedrons corresponding to the enclosed
volume of the triangulated surface. The sample porosity, P, can then be expressed as (1—
BV/TV). Similarly, strut or pore wall thickness (7b.Th) and trabecular separation or pore size
(Th.Sp) were calculated by measurements in the 3D space [41].

The porosity of the bone scaffold or foam, P, was also calculated from the density of

foam, py, and the density of film, p;, according to Eq. 1:

P=(1-ps/ps)x100% (1)

The density of foam was determined by measuring the volume and mass of a section of
foam from each filler concentration. A section of foam of approximately 20mm x 20mm x
Smm in dimensions was cut and the volume was calculated from accurately measured
dimensions using a digital microscope (Micropak 5 Mk2, Mitutoyo Japan). The mass was
measured using a four—place laboratory balance (AB204-S, Mettler Toledo, Switzerland).

This was repeated for three pieces of foam and an average density was acquired.



The density of the solid material (film) was calculated according to the mass fractions (M
where x refers to the constituent material) and densities of the constituent materials (o), by

assuming the total mass and volume remain the same before and after reaction, using Eq. 2:

_ Mg, + Mpyy + Mpyy
(Msep/psep) + (Mpya/ppva) + (Mpaa/Ppaa)

Ps (2)

The densities of the constituent materials are 1.27Mg m >, 1.09Mg m > and 2.38Mg m°
for PVA, PAA and sepiolite, respectively, with the first two taken from the supplier, Sigma-
Aldrich, and the last one determined by helium pycnometry using a MicroMeritics AccuPyc

1330 Pycnometer [34].

The dispersion of sepiolite nanofibres in the polymer matrix was characterized by
performing SEM and Energy Dispersive X-ray Analysis (EDX) on the polymer and polymer
nanocomposite films. Back scattered electron imaging and EDX were carried out on carbon-
coated specimens by using the same microscope as above-mentioned, a voltage of 7kV and

Oxford INCA software with an Oxford X-Max X-Ray detector.

2.4 Fourier Transform Infrared Spectroscopy

FT-IR was performed on a Perkin Elmer Spectrum One NTS analyzer (resolution 4cm )
with a wavenumber range of 650-4000cm . FT-IR spectra were obtained from PVA, PAA,

sepiolite, and the crosslinked polymer and nanocomposite films.
2.5 Tensile testing

Tensile testing was carried out on a Zwick Z050 mechanical tester at ambient temperature
(20°C) at a constant speed of 1.6mm min™". Load cells of 5kN and 50N were used for films
and scaffolds respectively, given the differences in their properties. Dog—bone specimens of
the shape and size in accordance with ISO 20753:2008 were cut from the films and foams
using an aluminum template and used for testing. Before testing the specimens were
conditioned by being placed in an oven at 24°C for 4 hours, in accordance with ISO
291:2008. Five specimens were tested for each material. The results are expressed as mean

value + standard deviation with the confidence level of 95%.



3. Results and discussion
3.1 Morphologies

The densities, porosities and microstructures of the crosslinked PVA/PAA/sepiolite
nanocomposite foams containing sepiolite contents from Owt.% to 10wt.% were investigated
by density measurement, SEM and puCT. Table 1 shows the densities of PVA/PAA/sepiolite
nanocomposite foams (py) and films (p,) as well as the porosities of the foams calculated by
Eq. 1. The density of the PVA/PAA foam decreased monotonously with increasing sepiolite
content from 0.19Mg m” to 0.09Mg m” for the nanocomposite foam containing 10wt.% clay.
The density of PVA/PAA film, calculated from Eq. 2, increased slightly by additions of
sepiolite due to the higher density of the nanofiller compared to the polymers. The porosity
of the PVA/PAA foam was found to increase monotonously with increasing sepiolite content,
namely from 84.6% up to 93.2%. Such change does not agree with the results for
gelatin/sepiolite foams [38] where the addition of sepiolite did not increase the porosity due
to the high starting value of the porosity. However, it is coincident with the general trend for
polymer/clay foams that the incorporation of clay enhances the porosity [42,43].

Fig. 1 (a) shows the SEM micrograph of pristine sepiolite, illustrating its unique
nanofibrous structure. The sepiolite fibers used in this work has a length of 0.5-5um and a
width of 17-55nm. This is in accordance with the results from transmission electron
microscopy of sepiolite nanofibres reported in our previous work [34]. SEM micrographs of
PVA/PAA/sepiolite nanocomposite foams demonstrate that the foam materials are
characterised by an interconnected and highly porous structure. Ribbon-like structures can be
seen in Fig. 1 (b) and (c), from the neat PVA/PAA foam and the nanocomposite foam with
2wt.% sepiolite. More elongated and directional porous structures are illustrated in Fig. 1 (d)
and (e) for foams with 4wt.% and 6wt.% sepiolite, which can be attributed to the nanofibrous
structure and high aspect ratio of sepiolite.

At higher magnifications, tubular structured micro and macro pores of various sizes can be
seen in for example Fig. 2 for the neat PVA/PAA foam and the nanocomposite foam with
10wt.% sepiolite. The images also revealed an internal ladder-type structure which is typical
of polymer foams formed by a thermally induced phase separation method, with channels
appearing parallel to the uniaxial direction of solidification (heat transfer direction) [44],
while the uniformly spaced pores are largely perpendicular to this direction [45]. This
structure is formed by an initial liquid—liquid phase separation forming the vertical channels

while localised depletion of the polymer from the solution ahead of an additional phase



separation front leads to the creation of the horizontal tubular pores [46]. Furthermore, the
structure for the neat PVA/PAA foam featured much smaller pores compared to the foam
with 10wt.% sepiolite clay, which agrees with the results for chitosan/titania and poly(L-
lactic) acid/bioglass nanocomposite foams [47,48] but in contradiction to the work for
polyurethane/fluor-hydroxyapatite [49], gelatin/sepiolite [38] as well as gelatin/
montmorillonite/chitosan nanocomposite foams [50]. Pore size and pore structure are
controlled by the ice crystals formed during the freeze-drying process, which are dependent
on the freezing and drying conditions (e.g. temperatures and rates), concentration and solute
of the solution as well as the material and design of the freeze-drying container [38]. Due to
the fact that all PVA/PAA/sepiolite nanocomposite foams were fabricated using the same
processing conditions, the difference in the pore size can be ascribed to the presence of
sepiolite in the PVA/PAA nanocomposites foams that affects formation and growth of ice
crystals.

To expose the 3D internal structure of the PVA/PAA/sepiolite foams, pCT scans were
performed to analyse the effect of sepiolite on the foam structure, as demonstrated in Fig. 3.
The results for the pore size, porosity, bone surface to volume ratio (BS/BV), degree of
anisotropy (DA), trabecular spacing (7b.Sp) and thickness (7h.Th) were assessed from each
foam type, as seen in Table 2. The threshold value, while being subjective, was set at 22 as
this reflected the density value that was obtained by direct measurement of the neat foam. As
a result, the porosities are similar to the measured values presented in Table 1 and are shown
in Table 2 only for verification of the threshold setting.

uCT results demonstrate that the pore size and the porosity increased with a higher amount
of sepiolite from 50um (Owt.% sepiolite) up to 92um (10wt.% sepiolite; rise of 84%) and
from 84.4% (0Owt.% sepiolite) to a maximum value of 96.2% (8wt.% sepiolite; rise of 14%),
respectively. The bone surface to volume ratio increased from 152.4mm™" (0Owt.% sepiolite)
to 225.6mm "' (10wt.% sepiolite) with increasing sepiolite content, which describes a
enhancement of 48%. In respect to the geometrical degree of anisotropy (the ratio between
the maximum and minimum radii of the ellipsoid fitted to the mean intercept length [51,52];
DA value of 1.0 indicates overall material isotropy), the nanocomposite foams presented
similar DA values to that of pristine PVA/PAA foam except for those with 4wt.% and 6wt.%
where DA increased from 1.15 to 1.34 and 1.26 respectively showing increased directional
porous structures. This finding is coincident with the SEM results as discussed above and is
due to the presence of sepiolite nanofibers which may, along with the heat transfer, direct the

growth of ice crystals during freeze drying. An increase of the sepiolite content from 6wt.%

10



to 8wt.% or higher presumably led to poorer dispersion of sepiolite nanofibres in PVA/PAA,
thus decreasing the value of DA. The trabecular spacing (average of all non-material parts of
the foam which are filled with maximum spheres to estimate a mean value [53]) increased
with increasing sepiolite content from 55um (Owt.% sepiolite) to a maximum value of
97.9um (8wt.% sepiolite; rise of 78%), while the trabecular thickness (average of all material
parts of the foam which are filled with maximum spheres to estimate a mean value [53])
decreased from 21um (Owt.% sepiolite) to a maximum of 15.8um (10wt.% sepiolite; decline
of 25%).

Table 2 and Fig. 3 clearly show that the increasing addition of sepiolite clay had a
profound effect on the foaming process, leading to more porous foams with larger pore sizes,
decreased strut thickness and increased specific surface area. For instance, the neat
PVA/PAA foam featured the lowest pore size, porosity and specific surface area while these
parameters increased with increasing sepiolite content, with 10wt.% addition displaying the
largest pore size, one of the highest porosity and the largest measured specific surface area.
The fact that the bone surface to volume ratio increased with the higher amount of sepiolite in
general, indicates that the specific cell surface area of the open—cell foams rose. As a result,
the trabecular spacing enhanced and trabecular strut thickness reduced. Regarding the
geometrical degree of anisotropy, the data obtained from each scan revealed that the longest
axis of the pores was in the z or vertical axis, in keeping with the results obtain from SEM

images.

3.2 Interfacial interactions

FT-IR spectra of the PVA/PAA/sepiolite nanocomposite films are shown in Fig. 4. The
results illustrate that the characteristic bands of the PVA/PAA shifted with the additions of
sepiolite. The O—H stretching band for the neat PVA/PAA at 3270cm ' increased slightly to
3272cm ™ for 2wt.% and 4wt.% sepiolite but reduced to 3267cm ' for 6wt.% and 8wt.% and
further to 3257cm' for 10wt.% sepiolite addition. Such shifts indicate the formation of
hydrogen bonds between the silanol groups (Si—OH) on the sepiolite surface and the
hydroxyls of PVA, demonstrating strong interactions between the polymers and the clay [54]
and hence positively influencing the mechanical properties as discussed below. Furthermore,
the peak designated to C—O stretching mode moved from 1086cm ™' to 1071cm ™, in relation
to the neat PVA/PAA and the PVA/PAA/sepiolite nanocomposite with 10wt.% sepiolite,

again due to formation of hydrogen bonds with the Si-OH groups on the sepiolite surface.
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The introduction of two new peaks to the spectrum of the PVA/PAA can be seen for the
PV A/PAA/sepiolite nanocomposites with 6wt.%, 8wt.% and 10wt.% sepiolite. The peak at
980cm ' can be assigned to the stretching of Si—O bonds of the pristine sepiolite, while the
peak at 1021-1028cm ' is related to Si—O-Si in-plane vibration [55]. Variations in the latter
peak further indicate strong interactions between sepiolite and PVA/PAA. The interactions
between sepiolite and PVA/PAA, via formation of hydrogen bonds, are depicted in Scheme
1. This scheme was drawn based on the reaction mechanisms proposed by Rhim et al. [24]
for thermally crosslinked PVA/PAA but also taking into account the residual hydroxyl bonds

presented on PVA owing to the shorter crosslinking time.

3.3 Mechanical properties

To investigate the reinforcement mechanisms in the nanocomposite foams, the
nanocomposite films that have the same compositions as in the foams were tested and
considered as the materials construct the cell surfaces, edges and walls. Table 3 illustrates the
average values of the Young’s modulus, tensile strength, elongation at break and energy at
break for all PVA/PAA/sepiolite nanocomposite film samples. The results for the Young’s
modulus were calculated from stress-strain graphs using strains of ¢ = 0.0005 and 0.0025 in
the initial linear zone in accordance with ISO 527-1:1996. The Young’s modulus increased
with increasing clay concentration from 111.0MPA (Owt.% sepiolite), by a maximum of
327% (8wt.% sepiolite), to a value of 474.2MPa. At a higher sepiolite content (10wt.%
sepiolite) the Young’s modulus decreased to 216.4MPa. The tensile strength also increased
with increasing sepiolite content from 19.0MPa (Owt.% sepiolite) by a maximum of 103%
(6wt.% sepiolite), to a value of 38.7MPa. At higher sepiolite contents a tendency of
deterioration can be seen in which the tensile strength decreased to a minimum of 16.1MPa
(10wt.% sepiolite). Decrease in the tensile strength supports the previous hypothesis of
poorer dispersion of the nanofibres in PVA/PAA at higher filler contents, which hinders
effective stress transfer. The elongation of the film samples decreased with higher sepiolite
contents from a maximum of 329% (Owt.% sepiolite) to a minimum of 101% (10wt.%
sepiolite), resulting in more brittle materials. The results of the energy at break (calculated as
the area under the curve on the stress-strain graph) indicate no tendency and oscillate around

a value of 900-1200M1J mf3, for samples which contain 0-8wt.% sepiolite content. At a
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higher sepiolite content (10wt.% sepiolite) a significantly lower value was measured, of only
261.7MJ m™, suggesting catastrophic reduction in toughness.

The results showed that the best overall mechanical properties were achieved at a sepiolite
content of 6wt.%. At higher sepiolite concentrations the results showed a tendency of
deterioration which may be explained by the aggregation of clay particles, leading to possible
stress concentrators and a resultant reduction in the mechanical properties.

Such a hypothesis about clay distribution was verified by the results from SEM and EDX
on polymer and polymer nanocomposite films which are depicted in Fig.6. With
backscattered SEM, the organic matrix and inorganic filler were clearly distinguished on the
images, with the latter shown as white particles. This was confirmed by the EDX spectrum on
the clay nanofibre (Fig.6b1) which demonstrated the elements of Si, Mg and O, characteristic
of sepiolite. The presence of Al on the spectrum was mainly due to the aluminium sample
stub, and the small peak assigned to Fe may be attributed to the impurity in the as-received
sepiolite. No particles were detected on the image for the unfilled PVA/PAA (Fig. 6a). When
the clay content was 6wt.% (Fig.6b), white particles with sizes typically smaller than Sum
and similar to the lengths of sepiolite nanofibres were uniformly distributed in the polymer
matrix, indicating good dispersion of nanofibres at this clay loading. In contrast,
agglomerates of particles with sizes up to 38um were visible on the image for the
PVA/PAA/sepiolite when the inorganic filler was of 10wt.% (Fig.6¢), suggesting poorer
dispersion of the filler.

The tensile testing results confirm clearly the FT—IR analysis, which indicates strong
interactions between the PVA/PAA matrix and sepiolite, influencing the overall mechanical
properties of the PVA/PAA film samples. The results also ratify previous work of polymer-
clay nanocomposites [38, 56-60] that show significant enhancement of the mechanical
properties of the polymer based on the good dispersion of sepiolite in the polymer matrix at
low clay contents, the strong interactions between the components, and the intrinsic
properties of sepiolite nanofibres such as a high strength, modulus and specific surface area
[34].

Table 4 demonstrates the mean and standard deviation values of the Young’s modulus,
tensile strength, elongation at break and energy at break for all the PVA/PAA/sepiolite
nanocomposite foams prepared. The highest values of 29.9MPa and 0.85MPa for the
Young’s modulus and tensile strength were achieved by the PVA/PAA foam without clay.
With additions of sepiolite, both the Young’s modulus and tensile strength were decreased

with the nanocomposite foams containing 8wt.% and 10wt.% sepiolite exhibiting the lowest
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values. In contrast, the nanocomposite foam with 8wt.% sepiolite obtained the highest
elongation at break, demonstrating an increase of 64% in respect to the neat PVA/PAA foam.
The foams with 2wt.% and 4wt.% clay also showed increased values of elongation at break
while those containing 6wt.% and 10wt.% clay presented decreases of 14% and 24%,
respectively. The energy at break results indicate a tendency of deterioration with higher
amounts of sepiolite, from 1.62MJ m~ (Owt.% sepiolite) to a minimum of 0.47MJ m
(10wt.% sepiolite) respectively.

These results illustrate that with increasing sepiolite content the Young’s modulus and
tensile strength decreased, while the elongation at break increased with exceptions for foam
samples with 6wt.% and 10wt.% sepiolite. Overall, the neat PVA/PAA foam exhibited the
best mechanical properties and the additions of sepiolite deteriorated the mechanical
properties. These results can be partially explained by the fact that the PVA/PAA/clay
nanocomposite foams have a higher porosity and pore size compared to those of the neat
PVA/PAA foam, as seen in Tables 1 and 2. Both factors induced a reduction of the effective
cross—sectional area, therefore destructing the mechanical properties of the neat foam.

In order to eliminate the effect of porosity or foam density, it is necessary to analyse the
specific Young’s modulus (modulus over density) and specific tensile strength (strength over
density), which are presented in Fig. 5. The highest specific Young’s modulus and tensile
strength of 155MPa (Mg m )" and 4.4MPa (Mg m”)' were calculated for the neat
PVA/PAA foam, respectively. The lowest specific Young’s modulus and tensile strength
with values of only 58MPa (Mg m73)'1 and 2.2MPa (Mg mfg’)'1 were obtained for the
PVA/PAA/sepiolite nanocomposite foam with 8wt.% sepiolite content, respectively. The
nanocomposite foam with 6wt.% sepiolite presented the best specific properties among all the
nanocomposite foams investigated, i.e. containing 2-10wt.% clay.

As determined from the mechanical properties of the nanocomposite films, the additions
of sepiolite improve the Young’s modulus and tensile strength substantially with the
exception of 10wt.% clay. This means the solid materials that construct the foams containing
2-8wt.% sepiolite, namely the cell walls and faces, were stiffer and stronger than that for the
neat PVA/PAA foam. It can be assumed, that if all foams have the same pore size and pore
structure the nanocomposite foams would have better mechanical properties compared to the
neat polymer foam. Thus, the reductions in the specific modulus and specific strength can be
attributed in part to the greater pore sizes. As shown in Fig. 5 and discussed previously, the
presence of sepiolite gave rise to a significantly larger pore size. Interestingly, despite the

nanocomposite foam with 6wt.% sepiolite presented higher specific stiffness and strength
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than 2wt.% and 4wt.% clay, it had a greater pore size which is beneficial for potential cell
growth and penetration in bone tissue engineering, particularly for trabecular bone
replacements. In addition to the pore size, the direction of tensile testing in respect to the
orientation of pores could also affect the mechanical properties. Tensile testing was carried
out perpendicular to the direction of elongated pores or internal ladders. Hence, a higher
degree of anisotropy is perceived to affect the mechanical properties more adversely. This,
together with pore size, can be used to explain the fact that 4wt.% foam exhibited lower
specific properties than 2wt.% foam. Despite the adverse effects from the degree of
anisotropy and pore size, the observation that 6wt.% nanocomposite foam gave better
mechanical properties than 2wt.% foam is originated from the remarkably higher modulus
and strength of the solid material that constructs the foam, being 432.9MPa versus 177.9MPa
and 38.7MPa versus 25.5MPa (Table 3). The good combination of the porous structure and
mechanical properties for the nanocomposite foam containing 6wt.% sepiolite suggests this
type of materials have potential to be further developed into trabecular bone scaffolds by for
example changing the material composition and freeze-drying conditions. A biodegradable
and biological polymer such as chitosan [14] or bacterial cellulose nanofibres [61] could be
incorporated to enhance the biodegradability of the crosslinked PV A/sepiolite scaffolds. To

confirm the biocompatibility of these scaffolds, cell culture work should be carried out.

4. Conclusions

Porous PV A/sepiolite nanocomposite scaffolds containing 0-10wt.% sepiolite nanofibres
were fabricated by the use of a freeze—drying process and crosslinked with a small amount of
a low molecular weight PAA. The scaffolds exhibited a ribbon and ladder like foam structure
with tubular micro and macro pores perpendicular to the channels. The addition of sepiolite
altered the degree of anisotropy due to its fibrous structure, and increased the average pore
size from 50um (Owt.% sepiolite) to 92um (10wt.% sepiolite) and the porosity from 84.6% to
93.2%. FT-IR results suggested strong interfacial interactions by forming hydrogen bonding
between the silanol groups on sepiolite surface and the hydroxyls of PVA. Such strong
interactions were verified by the significant improvement on the tensile strength of the PAA-
crosslinked PVA solid material from 19.0MPa up to 38.7MPa that originated from uniform
distribution of sepiolite nanofibres at a content no higher than 6wt.%. The Young modulus

and energy at break were simultaneously increased by 331% and 22%, respectively.
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However, the mechanical properties of the nanocomposites foams made from the same
materials were found to deteriorate with sepiolite additions, attributable to the higher
porosity, pore size and degree of anisotropy. By eliminating the porosity, the nanocomposite
foam with 6wt.% sepiolite presented the best mechanical properties among all the
nanocomposite foams investigated (containing 2-10wt.% sepiolite). This particular PAA-
crosslinked PV A/sepiolite foam had a Young’s modulus of 14.9MPa, a tensile strength of
0.44MPa and elongation at break of 12.7% as well as a porosity of 89.5% and an average
pore size of 79um, demonstrating potential for being further investigated and optimized for

applications as bone scaffolds.
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Scheme 1. Illustration of the interactions between sepiolite nanofibre and thermally crosslinked
PVA/PAA.
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Figure captions

Figure 1. SEM micrographs of pristine sepiolite (Scale bar: 300nm) and PVA/PAA/sepiolite
nanocomposite foams with various sepiolite contents: (a) Owt.%, (b) 2wt.%, (c) 4wt.%, (d)
6wt.% and (e) 10wt.% (Scale bar: 100um).

Figure 2. SEM micrographs of PVA/PAA sepiolite nanocomposite foams with (a) 0% and
(b) 10wt.% sepiolite. Scale bar: 50 um.

Figure 3. Three dimensional pCT images of PVA/PAA/sepiolite nanocomposite foam
sections (al—f1) and thin cross sections (a2—f2) for foams with Owt.% (al, a2), 2wt.% (bl,
b2), 4wt.% (cl, c2), 6wt.% (d1, d2), 8wt.% (el, e2) and 10wt.% (f1, f2) sepiolite. Scale bar:
200pum.

Figure 4. FT-IR spectra of PVA/PAA/sepiolite nanocomposite films with (a) Owt.%, (b)
2wt.%, (c) 4wt.%, (d) 6wt.%, (e) 8wt.% and (f) 10wt.% sepiolite. The FT-IR spectra were
shifted vertically for clarity.

Figure 5. Specific Young’s modulus and specific tensile strength for PVA/PAA/sepiolite
nanocomposite foams with various sepiolite contents.

Figure 6. SEM micrographs of the PVA/PAA/sepiolite nanocomposite films with (a) Owt%,
(b) 6Wt% (Square marks the EDX test area) and (c) 10wt% sepiolite (Scale bar: 200pum). (b1)
EDX graph of sepiolite, taken from the sepiolite block as seen in the SEM micrograph (Scale
bar: 2um).
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Figure 1. SEM micrographs of pristine sepiolite (Scale bar: 300nm) and PVA/PAA/sepiolite
nanocomposite foams with various sepiolite contents: (a) Owt.%, (b) 2wt.%, (c) 4wt.%, (d)
6wt.% and (e) 10wt.% (Scale bar: 100um).

Figure 2. SEM micrographs of PVA/PAA sepiolite nanocomposite foams with (a) 0% and
(b) 10wt.% sepiolite. Scale bar: 50 pm.
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Figure 3. Three dimensional pCT images of PVA/PAA/sepiolite nanocomposite foam
sections (al—f1) and thin cross sections (a2—f2) for foams with Owt.% (al, a2), 2wt.% (b1,
b2), 4wt.% (cl, c2), 6wt.% (d1, d2), 8wt.% (el, e2) and 10wt.% (f1, f2) sepiolite. Scale bar:
200pum.
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Figure 4. FT-IR spectra of PVA/PAA/sepiolite nanocomposites films with (a) Owt.%, (b)
2wt.%, (c) 4wt. %, (d) 6wt.%, (e) 8wt.% and (f) 10wt.% sepiolite. The FT-IR spectra were
shifted vertically for clarity.
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Figure 6. SEM micrographs of the PVA/PAA/sepiolite nanocomposite films with (a) Owt%,
(b) 6Wwt% (Square marks the EDX test area) and (c) 10wt% sepiolite (Scale bar: 200pum). (b1)
EDX graph of sepiolite, taken from the sepiolite block as seen in the SEM micrograph (Scale
bar: 2um).
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Table 1. Densities of PVA/PAA/sepiolite nanocomposite foams and their corresponding
porosities.

Sepiolite content Foam Densitgf (or) Solid Density (o,)* Porosity (P) / %

/ wt. % /Mgm /Mgm™
0 0.19 1.26 84.6
2 0.16 1.27 87.3
4 0.16 1.28 87.8
6 0.14 1.29 89.5
8 0.10 1.31 92.2
10 0.09 1.32 93.2

* The density of the solid material that constructs the foam which is calculated from Eq. 2.

Table 2. The structural parameters of PVA/PAA/sepiolite nanocomposite foams obtained
from puCT. (A)

Bone surface Trabecular Trabecular

Sc‘:)l:::::te Porosity l; ;)zree to :;):;:)me z::l‘iesg(ffreo([;; spacing thickness
Iwt% '® Jum BS/BV)/ (DA) (T6.5p) (I0.Th)

me! / um / um

0 84.4 50 152.4 1.15 55.0 21.0

2 90.2 60 179.4 1.16 67.7 18.3

4 92.5 72 189.9 1.34 74.6 17.6

6 93.2 79 190.1 1.26 80.2 17.6

8 96.2 84 216.8 1.12 97.9 16.3

10 95.0 92 225.6 1.17 80.2 15.8
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Table 3. Mechanical properties of PVA/PAA/sepiolite nanocomposite films.

SCZI::);:: Young’s Tensile Elongation at Energy at
I wt.% modulus / MPa  strength / MPa break / % break / MJ m™
0 111.0£17.7 190+1.3 329.0 £26.6 1002.4 +53.0
2 177.9 £8.1 255+1.9 314.2 £54.5 1192.4 +£299.9
4 288.6 +£22.5 288+ 1.7 182.4 £25.3 869.6 +£94.5
6 4329 +76.6 387+1.6 185.7+5.9 1227.1 £69.5
8 4742 £73.4 344 +£0.6 183.0+ 18.0 1126.6 £78.0
10 2164 £2.0 16.1 £1.3 101.2+29 261.7+£17.1
Table 4. Mechanical properties of PVA/PAA/sepiolite nanocomposite foams.
Sceol:llz::: Young’s Tensile Elongation at Energy at
I Wi % modulus / MPa  strength / MPa break / % break / MJ m™
0 299+34 0.85 +0.02 148 +0.9 1.62 +0.03
2 12.8 £2.1 0.54 +£0.03 189+ 0.6 1.39+0.16
4 109 £0.8 0.37 £0.02 23.7+14 1.38 £0.21
6 149 +£0.8 0.44 £0.01 12.7+£0.2 0.70 £ 0.06
8 5605 0.22 £0.001 242 +£54 0.92 £0.08
10 9.6 +0.7 0.32 £0.002 11.2+0.1 0.47 £0.01
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Highlights

Novel PAA-crosslinked PV A/sepiolite nanocomposite scaffolds were prepared for the first

time.

e The nanocomposite scaffolds were highly porous with interconnected structures and
exhibited good mechanical properties, demonstrating potential for further developed as
bone scaffolds.

e The effects of sepiolite nanofibres on the structure and properties of the crosslinked PVA
scaffolds were investigated in detail.

e The presence of sepiolite increased the strength, stiffness and toughness of the crosslinked

PVA film simultaneously, demonstrating effective reinforcement in the solid material that

constructs the scaffold.
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