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Abstract A wet-spinning approach was used to extrude
ribbon-like micrometer-thick fibres comprising chitosan
with 1, 3, 5, 7 and 9% (w/w) polyhedral oligomeric sils-
esquioxanes (POSS). ANOVA reveals significant variations
in the maximum stress (o), stiffness (E), elastic energy
storage (1) and fracture toughness () of the microfibres with
respect to POSS concentration: ¢, u’ and u peak at 7% (w/w)
but POSS concentration has no effect on E. Scanning elec-
tron microscopy of the ruptured microfibres reveals fracture
and detachment of POSS precipitates from the chitosan
matrix. Bioactivity test using simulated body fluids reveals a
net gain in mass (by day 4) and grossly distorted morphology
caused by apatite deposition on the microfibre surface.
Fourier transform infrared spectroscopy reveals that chitin is
partially deacetylated into chitosan and it further shows the
presence of POSS in the microfibres. Thermogravimetric
analysis shows that the microfibres are thermally stable up to
240°C in a nitrogen atmosphere.

1 Introduction

This report presents a study on the synthesis, character-
isation and analysis of the underlying structure—property
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relationship of bioactive and thermally stable chitosan-
based microfibres reinforced by polyhedral oligomeric
silsesquioxanes (POSS) particulates. Increasingly, natu-
rally occurring materials such as chitosan, being native to
the local environment, have been used to fabricate micro-
fibres with properties mimicking those of extracellular
matrix of connective tissues [1-5]. From structural point of
view, these are suitable for tissue engineering applications
such as tissue repair or regeneration [6]. In particular, these
microfibres can be assembled to form a scaffold with
enhanced surface to volume ratio (compared to a mono-
lithic material) for cell attachment and proliferation into
the microstructure [7-9]. Chitosan is a deacetylated linear
polysaccharide found in high abundance in the exoskeleton
of crustacean (e.g. shrimps). From tissue engineering point
of view, chitosan is useful owing to its ability to clot blood
rapidly, promote healing and produce hypoallergenic
response, biocompatibility, bio-degradability and nontox-
icity [10-12]. For manufacturing purposes, chitosan is
easily molded into a wide variety of shapes, such as beads,
filaments and membranes [10].

Of major concern in the engineering of biomaterials as
scaffolds for connective tissues is the mechanical com-
patibility with the host tissue [13]. Here, the aim is to
minimize regions of mismatch in mechanical properties
that could otherwise induce high stress concentration when
the repaired tissue is loaded. The tensile strength and
modulus of elasticity of chitosan membrane ranges
3-10 MPa and 4-8 MPa, respectively (depending on the
degree of branching, i.e. ranging 1.6-80 kDa [14]). It is
important to note that on order of magnitude comparison
the strength and stiffness of chitosan is mechanically
compatible with cartilage; the latter is characterized by a
maximum stress of 0.5-2.5 MPa [15, 16] and a compres-
sive stiffness of 0.45-0.80 MPa [17], depending on the age
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of the individual and the anatomical location of the tissue.
However, this is not the case with bone which exhibits a
flexural modulus of elasticity of 10-18 GPa and a flexural
strength of 120-180 MPa [18, 19]. One approach to over-
come the mechanical incompatibility is to reinforced
chitosan by an inorganic compound. POSS are cage-like
hybrid inorganic—organic molecules (1-3 nm in size) with
chemical composition of silicon and oxygen (of the form
SigOy,) which can accommodate various functional groups
by binding each group to the respective Si atom [20, 21].
The POSS nanostructures are resorbable, bioactive and
biocompatible; in vitro immuno-histochemistry experi-
ments have shown that POSS encourages the proliferation
and differentiation of bone stroma cell and the deposition
of apatite [22]. POSS and chitosan do not exist together as
blends in nature, but the specific properties of each may be
used to produce blends that yield unique structural and
mechanical properties.

Here, for the first time, we report the synthesis of ribbon-
like POSS-chitosan (PC) microfibres based on a similar
approach implemented for an earlier study for hydroxyap-
atite-chitosan microfibres [3]. The preparation of composite
polymer with the desirable properties is influenced by many
variables including the type of reinforcement particle, sol-
vent, component ratio, temperature, pressure, pH and
preparation conditions [23]. In this study the sensitivity of
the mechanical properties of the microfibres was investi-
gated by varying the POSS concentration. Tensile test was
carried out to determine the tensile strength (o), stiffness
(E), elastic storage energy («') and fracture toughness (u) of
the microfibres. Surface morphology was examined by
scanning electron microscopy (SEM). Compositional study
was carried out using Fourier Transform Infra-red (FT-IR)
spectroscopy. Thermal stability was evaluated by thermo-
gravimetric analysis (TGA). Biodegradation of the micro-
fibres was investigated by immersing the microfibres in a
simulated body fluid (SBF) environment.

2 Materials and methods
2.1 Synthesis

Schematic of the PC microfibre synthesis process is shown
in Fig. 1. De-ionized (DI) water (Milli-Q unit, Millipore,
USA) was used to prepare all the solutions/suspensions in
this study. A solution containing 1.5 w/v% (1 w/v% is
equivalent to 0.01 g/ml) of chitosan to acetic acid was
prepared by dissolving 0.15 g of flake purified chitosan
(approximately 100 kDa, 85% deacetylated, from Sigma-
Aldrich, USA) in 10 ml of 1 wt% acetic acid (the acetic
acid solution was obtained by diluting reagent grade glacial
acetic from Sigma-Aldrich, USA). The mixture was stirred
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Fig. 1 Schematic of the POSS-chitosan microfibre synthesis process

at 700 rpm at room temperature for 4 h to dissolve the
chitosan completely. Any loss of solution by evaporation
was minimized by covering the container with a tight
aluminum foil. Following this, the solution was divided
into six portions. The first portion was designated as con-
trol. The inorganic phase used for blending into the
chitosan solution was aminopropylphenyl POSS (AMO0272,
Hybrid Plastic Inc. USA), which is a white powder.
The molecular formula for aminopropylphenyl POSS is
C45sH43NO1,Sig, comprising two functional groups, ami-
nopropyl (NH,CH,CH,CH;) [24], phenyl (C¢Hs) [25], and
the core cage-like molecule (SigO;,) [26]. Thus, to the
remaining five portions, predetermined amounts of the
POSS compound at 1, 3, 5, 7 and 9% (w/w), corresponding
to 0.0015 g, 0.0045 g, 0.0075 g, 0.0105 g and 0.0135 g,
respectively, were added and the resultant mixtures were
stirred at 700 rpm at room temperature for 18 h to com-
pletely dissolve the POSS.

A predrawn wet spun fiber extrusion approach [3, 27]
was implemented in this study to fabricate the microfibres.
Each of the six portions of PC blend was channeled
through a blunt-end needle (27G) at a rate of 3 cm/min
(single syringe pump, NE1000, BioLynx, Quebec, Canada)
from a 10 ml syringe (BD Medical, New Jersey, US) into a
stream of coagulant solution containing 1 M of NaOH
(Sigma-Aldrich, USA), at a junction 22 cm away from the
exit. Thus, POSS precipitated to form crystallites within
the microfibre inside the tube before they were extruded
through a 1.6 mm (inner) diameter epoxy-cured silicone
tube at a rate of 1 ml/min using a peristaltic pump, together
with the coagulant solution. During this stage, the POSS
aggregates form raft-like and sheet-like particulates within
the chitosan matrix [28, 29]. The flow action during
extrusion facilitated the alignment of these particulates in
the direction of the axis of the PC microfibre so that the
particulates would be able to provide axial reinforcement to
the fibre. At the exit, the microfibres were collected into
another coagulant solution (1 M NaOH) and left in the
solution for 15 min; thereafter they were removed from the
coagulant solution for rinsing with DI water, followed by
soaking in methanol (for 15 min) to remove moisture.
Finally, the microfibres were removed from the methanol
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bath by winding over a 5-cm glass cylinder for air-drying at
room temperature [30]. Winding the microfibres around a
cylinder was also intended to constrain the microfibre by
lateral deformation to achieve a ribbon-like cross section.

2.2 Electron microscopy

The morphology of the microfibres was examined using a
high-resolution JEOL JSM-6390LA field-emission SEM
(FESEM). Images of the following regions on the micro-
fibres were acquired: (1) the severed ends (prepared using a
surgical blade), (2) the fractured ends (i.e. from mechanical
testing; see Sect. 2.6) and (3) surfaces of the microfibre
(modified by the simulated body fluid; see Sect. 2.5).

2.3 Fourier transform infrared spectroscopy

FT-IR spectroscopic analysis of the compositional char-
acteristics of the functional groups of the microfibres was
carried out using FTS3100 (Varian Inc., USA). Approxi-
mately 2 mg of each sample was embedded in 100 mg KBr
and the mixture was pressed into discs. The FT-IR sample
compartment was continuously purged with dry air to
prevent the formation of water vapor. All spectra were
obtained from 400 to 4000 cm ™" with 36 scans per speci-
men, at 4 cm™' resolution, and averaged to obtain a rep-
resentative plot. Background subtraction was carried out by
software.

2.4 Thermogravimetric analysis

The degradation temperature of the microfibres was
determined by thermogravimetric analysis (TGA) (SDT
Q600 V8.0, Build 95, USA) which was carried out in
nitrogen atmosphere from ambient temperature to 500°C
with a heating rate of 10°C/min. The samples were
placed in a platinum pan and purified nitrogen purge of
100.0 ml/min was introduced into the TGA.

2.5 Simulated body fluids

In order to model the condition in human blood plasma for
investigating the rate of degradation of the microfibre in the
human body, 50 mg of each microfibre was prepared
before immersing in a SBF (pH 7.4) containing ion
concentrations similar to that of human blood plasma.
Here, the SBF was prepared by dissolving the following
reagents in DI water: 0.412 g of NaCl (141 mM), 0.0149 g
of KCl (4.0 mM), 0.0030 g of MgSO4-6H,O (0.5 mM),
0.0102 g of MgCl, (1.0 mM), 0.0176 g of NaHCO;
(4.2 mM), 0.0184 g of CaCl,-2H,0 (2.5 mM), and 0.0680 g
of K,HPO, (1.0 mM) [31, 32]. All reagents were
obtained from Sigma—Aldrich, USA. During the experiment,

the simulated body fluid was buffered using tris(-
hydroxymethyl)-aminomethane ((CH,OH);CNH,) and
hydrochloric acid (HCI), at a temperature of 36.5°C, for a
maximum of 4 days. At the end of the experiment, the
microfibres were washed with DI water, dried at room
temperature, and weighed.

2.6 Mechanical testing

A high-throughput small-scale horizontal tensile test rig
(developed in-house) was used to determine the tensile
properties of the microfibres. For a detailed description of
the rig see Goh et al. [33, 34]. The microfibres were sev-
ered to yield several samples with length of 8§ cm. For each
group, fifteen samples were randomly selected. Each
sample was mounted onto a paper template using a cya-
noacrylate adhesive; grip plates were used to secure the
specimen-template on the rig. The sample was stretched to
rupture at a displacement rate of 0.06 mm/s to model
normal physiological loading [3, 33, 34].

Force (F) and grip-to-grip displacement (A) were
recorded for each specimen; they were used to derive the
corresponding nominal stress (=F/o) and strain (=A/l,)
(Fig. 2). Here, « is the cross-section area of each specimen;
I, is the gauge length of the microfibre which corresponds to
the initial grip-to-grip distance (adjusted until just before
the specimen became taut). Linear regression analysis was
carried out to fit a curve (a third order polynomial equation)
to the points from the origin of the stress—strain plot to
(o, ¢); here ¢ represents the strain corresponding to . From
this curve, we determined the point of inflexion; the gra-
dient at this point is used to parameterize the stiffness of the
microfibre, E [33, 34]. In addition, we have sought to
determine the following areas under the curve: (1) from the
origin to the point of inflexion to parameterize the elastic
stored energy until yielding occurs, ', and (2) from the
origin to (o, &) to parameterize the fracture toughness of
the microfibre, u [34]. Thus «’ is intended to describe the
energy stored in the bonds within the POSS precipitate,
leading to elastic deformation of the microfibre which, upon
removal of the load, will be released as the microfibre
undergoes relaxation. We note that the true elastic energy
could extend beyond the point of inflexion so that the
magnitude of «’ determined by this method may be under-
estimated. On the other hand, u is intended to describe the
stored energy required for creating new crack surfaces.

The stage of an inverted light microscope (TS100,
Nikon) was used for accommodating the rig for monitoring
the microfibre during tensile loading. The microscope was
also used for quantifying o. Here, we note that the micro-
fibre has ribbon-like shape (Fig. 3a) with a near-triangular
cross section. The thickness (f) and width (w) of cross
sections at five different locations were recorded to
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Fig. 2 Determining the stress—strain parameters for a POSS-chitosan
microfibre. Using linear regression analysis, a third-order polynomial
equation, described by a non-linear line (ABC), was fitted to the data
points from the origin until maximum stress (o) at point C, which
represents the strength of the microfibre. The gradient at the point of
inflexion (B) is used to describe the stiffness of the microfibre.
The shaded area corresponds to the elastic strain energy density («').
The total strain energy density to fracture () corresponds to the area
under the fitted line from A to C

calculate o (=[1/2]tw); the average of o was designated as
the representative value of the test sample.

2.7 Statistical analysis

As the deviations of the data from the regression line
(residuals) follow a normal distribution have uniform
variance, one-way ANOVA, together with Tukey’s com-
parison of the mean values (family error rate = 0.01), was
used to analyze for sensitivity of the respective mechanical
parameter to POSS concentration. Differences due to
the treatment were considered significant if the P-value <
0.01. To test for evidence of a relationship, namely o
versus POSS concentration, linear regression analysis,
otherwise known as Pearson’s correlation, was used. The
test statistics F-ratio (ANOVA) was evaluated at a level of
significance = 0.01. For informational purposes, repre-
sentative values (mean =+ standard error) of the mechani-
cal parameters, namely o, E, 1’ and u, were determined for
each POSS concentration and plotted using bar charts.

3 Results
3.1 Microscopic appearances

All microfibres reveal a bulging axis which tapers off
towards the edges (Fig. 3a); consequently they appear
translucent near the edge but become increasingly opaque
towards the fibre axis (Fig. 3a). All microfibres reveal no
appreciable deformation (such as necking) at the fractured
ends (Fig. 3a); the edge and surface of these ends are near
perpendicular to the axis of the microfibre. All these sug-
gest that the microfibres fail by brittle fracture. At high
magnification, SEM images of the fractured ends reveal
numerous fissures and projections across the cross section
(Fig. 3b); these may be attributed to the detachment of
POSS crystallites from the chitosan matrix (intergranular
failure) or fracture of POSS crystallites (transgranular
failure). Figure 3c shows the morphology of the ends of
microfibres that was severed using a blade; in this case, the
cross section features a relatively smoother texture, albeit a
few ridges which are attributed to scratches caused by the
blade.

3.2 Mechanical properties

The stress—strain response for all microfibres exhibits a
non-linear relationship from initial loading until fracture
(Fig. 2). The mechanical response is characterized by a
gradual non-linear increase in the stress as the stress
increases from zero until the point of inflexion. Corre-
spondingly the gradient is small at initial loading and
increases until it reaches a maximum at the point of
inflexion. Thereafter the gradient decreases to a minimum
value as the stress increases to . Beyond o the microfibre
fractures catastrophically as is portrayed by the rapid
decrease to zero stress value.

Figure 4 shows bar-charts of o, E, ' and u versus POSS
concentration. Results from the control group (0% (w/w))
are included for the purpose of comparison. One-way
ANOVA of each of the mechanical parameter, ¢, ¢’ and u,
shows P-values < 0.01. This indicates that there is strong

Fig. 3 POSS-chitosan microfibre as seen under a light microscope (a). Field-emission scanning electron microscopy reveals the b triangular-like
cross-section (prepared using a razor), and ¢ fractured ends (from tensile testing)
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evidence to conclude that not all the means (i.e. associated
with the different POSS concentration) of the respective
mechanical parameter are equal when the level of signifi-
cance is set at 0.01. Tukey’s test yields five sets of confi-
dence intervals (CIs) for the respective mechanical
parameter. Pair-wise multiple comparison of the Cls for
those that exclude zero yields the following results. No
appreciable difference is observed in the magnitudes of ¢
between the 1% (w/w) and the control groups (the latter
yields ¢ = 5.85 £ 2.45 MPa). From 3 to 7% (w/w), it is
observed that ¢ increases with increasing POSS concen-
tration, attaining a maximum value of 99.46 £+ 4.33 MPa
at 7% (w/w), which is approximately 1.73 times larger than
the control. Beyond 7% (w/w), the magnitude of o
decreases; in particular, it is observed that the magnitude of
o at 9% (w/w) yields no significant difference with the
control group. Similar results have been achieved with u’
and u. The 7% (w/w) group yields ' = 1.23 &+ 0.25 MPa
and u = 7.06 &£ 0.78 MPa. (c.f. the control group, i.e.
u' = 0.36 + 0.07 MPa and u = 2.33 £ 0.32 MPa). Thus
u' and u from the 7% (w/w) group are approximately 3.42
and 3.03 times larger than the control group.

In the case for E, one-way ANOVA shows P-value
= 0.043. This suggests that not all the means of E (i.e.
associated with the different POSS concentration) are equal
when the level of significance is set at 0.01. However, pair-
wise comparison of the Cls from all groups using Tukey’s
test (i.e. at family error rate = 0.01) reveals that the CIs
include the zero value. This implies that all groups yield no
significant difference in E. Owing to the discrepancy
between the results from ANOVA and the Tukey test,
and considering that the P-value = 0.043 is close to
0.01, we recommend interpreting the ANOVA results
conservatively.

Fig. 5 Morphological modifications to a POSS-Chitosan microfibre
(a) by the simulated body fluid. Field-emission scanning electron
microscopy reveals grossly distorted morphology of microfibres,
accompanied by the appearance of highly irregular stumps (b) and (c)

3.3 Bioactivity

After immersing in the SBF over a period of 4 days, the
mass of the microfibres increased by about 1.36 times on
average. Under an optical microscope, the surfaces of the
fibre appear to have been peeled; numerous ‘pin-like” holes
are also observed. Analysis of the SEM images reveals
grossly distorted morphology of microfibres, which is
accompanied by the appearance of highly irregular stumps
(out-growths) protruding outward (Fig. 5b) or running
along (Fig. 5c) the microfibres. These stumps may be
evidence of the deposition of new materials.
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Fig. 6 Fourier transform infra-red spectra for different concentra-
tions (w/w) of POSS reinforcing chitosan-based microfibre

3.4 Compositional characteristics

The FT-IR spectra for different concentrations of PC
microfibres present the characteristic absorption bands of
chitosan, chitin and POSS (Fig. 6). The basic characteris-
tics of chitosan, i.e. H-bonds (3450-3600 Cmfl), C-0O
stretching vibrations (990-1060 cmfl) and amine N-H
bending vibrations (1600—1450 cm™ "), are clearly observed
in all samples. The presence of peak at ca. 1650 cm™',
corresponding to amide C=0 stretching, the main charac-
teristic peak of chitin, suggests that chitosan is a partially
deacetylated product [35]. The band at 1120 cm” ! arising
from the stretching (vibration) of Si—O-Si, has been
observed [36]. This indicates that POSS has been blended
in the chitosan matrix. No significant increase is observed
in the peak intensity at 1120 cm™" with increasing POSS
concentrations and this indicates that POSS has been fairly
uniformly dispersed in the chitosan matrix. All samples
show the presence of peak at ca. 2350 cm ™' which are due
to the ambient carbon dioxide [37]. There is an absence of
peaks associated with new bonds arising from co-poly-
merisation of POSS and the chitosan biopolymer.

3.5 Thermal stability

Thermogravimetric (TG) measurements in nitrogen atmo-
sphere indicate that chitosan and PC microfibres exhibit
quite similar TG trends (Fig. 7). An initial weight loss from
ambient temperature to 240°C corresponds to the evapo-
ration of adsorbed water. The predominant stage of thermal
degradation appears in the range of 240-350°C and it may
be attributed to the degradation of saccharide structure of
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the chitosan composite. TGA shows that the PC microfi-
bers is thermally stable up 240°C. This finding agrees with
that reported by Knaul et al. who revealed that the chitosan
backbone did not experience thermal degradation under
normal conditions at temperatures below 250°C [30].
The residues of chitosan and PC microfibres after heating
at 500°C are around 40 wt%. (Consequently, PC microfibre
may be useful for biomedical applications such as drug
eluting devices and bioscaffolds for tissue implants,
because the degradation temperature is above human body
temperature of 37°C.)

4 Discussion
4.1 Structure—property relationship

An important consideration in the characteristics of the PC
microfibres investigated here is the role of POSS for
enhancing o, ¢’ and u at low POSS concentration and the
diminishing influence of POSS at higher POSS concen-
tration. Before presenting our arguments to support this
observation, namely by addressing the structure—property
relationship of the PC microfibre, we note the following
points on the molecular scale:

(1) The 7 phenyl and 1 ethylamine organic groups of the
co-monomer aminopropylphenyl POSS are covalently
bonded to the respective Si atoms. The ethylamine
groups are reactive and can undergo bulk polymeriza-
tions [38]. Alternatively, it has been pointed out that
interaction among the POSS co-monomers can arise
from van der Waals (VDW) forces between the groups
on adjacent co-monomers, producing clusters of POSS
molecules around a backbone axis [28]. In these
respects, itis to be expected that the interaction increases
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with the number of cages in the POSS cluster, eventually
leading to energetically stable precipitates that sterically
inhibit further reaction with another POSS co-monomer.

(2) At the PC interface, the phenyl groups contribute to
solubilizing the inorganic core and, to a certain
extent, facilitating the interaction of the POSS
precipitates with the surrounding chitosan biopoly-
mers by direct noncovalent bonding involving the
hydrogen bonds with the respective NH, and OH
groups on the chitosan molecule [39, 40]. However,
how the chitosan biopolymer conformation changes
to adapt to the POSS is not clear.

(3) The chitosan matrix is held together by interactions
between the C and O atoms on the respective
molecules, giving rise to three possible pairs, namely
0-0, O—C and C-C in the order of increasing bond
energy [40].

The ability of POSS to provide reinforcement may be
explained by the stress transfer theory [41]. When the
microfibre is loaded, the chitosan matrix deforms and slides
over the surface of the POSS precipitates. In turn, frictional
shear stress (1) is generated at the PC interface. The action of
7 on the POSS precipitate causes the precipitate to deform
and generates stresses. The magnitude of T depends on the
extent of contact between the chitosan matrix and POSS. As
the load increases, when the stress in the POSS precipitate
exceeds the strength of POSS, cracks appear in the precipi-
tate as the interaction between POSS molecules are disrupted
(see # 1). As the cracks grow, the area of high stresses ahead
of each crack propagates to the PC interface. Non-covalent
interactions at the PC interface (see # 2) actually strengthen
the microfibre by deflecting the crack growth when the crack
tip reaches the PC interface. Consequently, a crack trap or
crack stopper is created as the crack is unable to cross this
interface and propagate to the other precipitates rapidly.
However, when the precipitate ruptures into two, the chito-
san matrix surrounding the ruptured precipitate will have to
accommodate higher stress; when this stress reaches the
strength of chitosan, cracks appear in the matrix (see #3). As
cracks propagate and merge with others to grow in size
eventually the microfibre ruptures into two.

4.2 Effects of POSS concentration

Application of the rule of mixtures model for particulate
reinforcement to evaluating the relationship between POSS
concentration and ¢ [42] yields

o =opVp+ocVe (1)
where the relative concentrations of POSS and chitosan are

represented by the volume fractions, i.e. Vp and V, respec-
tively (Vp 4+ Ve = 1); op and oc represent the in situ

strengths of POSS and chitosan, respectively. Given that the
densities of POSS is 1.20 g/lcm® and that of chitosan is
0.3 g/crn3, it is easy to see that 1, 3, 5, 7 and 9% (w/w) POSS
correspond to Vp = 0.003, 0.008, 0.013, 0.018 and 0.024,
respectively. By considering Vp from 0O to 0.018, linear
regression analysis of ¢ versus Vpreveals that o increases at a
rate of 2.22 £+ 0.29 GPa for every unit increase in Vp
(F = 60.51, P <0.01, R = 69.9%). Consequently, this
model (Eq. 1) predicts that gp = 2.28 £ 0.29 GPa. This
model shows that the critical volume fraction, Vi, [42],
beyond which the chitosan matrix will not be able to support
the entire load when the POSS precipitates fragment is 0.018
(7% (w/w)). Hydroxyapatite (HA, Ca,¢o(PO4)s(OH),), a non-
toxic and noninflammatory mineral content comprising 43%
of overall bone weight [43], reinforcing chitosan yields a
much lower in situ strength of 0.13 & 0.02 GPa [3]. Clearly,
at higher POSS concentration the additional POSS that
coalesces among the chitosan biopolymers acts as a filler
with little or low adhesion to the chitosan matrix (Sect. 4.1
[44]). Consequently, little or no stress is transferred to the
precipitates (Sect. 4.1); at sufficiently high load, the pre-
cipitates detach easily among themselves. Thus, the addi-
tional POSS is not only unable to support the microfibre but
also compromise a.

An energy analysis of work done on the microfibre to
cause fracture suggests a possible model for describing
how the work of fracture, G, is influenced by Vi, op, the
diameter of the POSS particulate (D) and the shear stress at
the PC interface (), according to [45]. Scaling G, i.e.
dividing by the length of the specimen (L), yields a
parameter associated to u. Correspondingly, u is related to
Vi, op, D, T and L as follows,

2
Op VPD
~J 2
247L @)

The bonds within POSS absorb energy and stretch (Sect.
4.1) as the microfibre deforms. Clearly the extent of this
elastic disturbance to the fine structure of deep-lying
precipitates is regulated by the concentration of POSS.
Thus, the deeper is the disturbance into the microfibre the
larger is the magnitude of u. Similarly, by considering Vp
from 0 to 0.018 (corresponding to the peak value of u),
linear regression analysis of u# versus Vp (assuming that op,
D and 7 are constants) reveals that u increases at a rate
of 240.6 + 48.0 MPa for every unit increase in Vp
(F=125.13, P<0.01, R*=49.1%). Accordingly, the
P value corresponding to the y-intercept is observed to be
<0.01.

Broadly, E is a measure of the stress to double the length
of the microfibre before yielding occurs. When the
microfibre is loaded initially, local deformation leads to
straightening of the bent, kinked and convoluted bonds
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between the monomers of the flexible chitosan biopolymer
(Sect. 4.1); none of this kind happens in the siliceous
nucleus of the POSS molecule where the load is required to
pull directly on the interatomic bonds. According to the
ANOVA test, since no significant difference in E is
observed with respect to POSS concentration (Sect. 3.2)
this suggests that the molecular flexibility of the biopoly-
mer is not significantly impeded by the interactions with
the neighbouring POSS precipitates (Sect. 4.1).

4.3 Mechanical reliability

Defects arising from within the POSS clusters, or even
local non-uniform dispersion of POSS particulates within
the microfibre, can act as stress intensifiers and initiate
fractures when they induce sufficiently large stresses to
mechanically break chemical bonds (Sect. 4.1). From
Weibull’s empirical law, the cumulative distribution
function (C) of ¢ [46] for determining failure due to flaws
is given by

C(o) = 1 — exp(—[o/a0]"), (3)

which quantifies the probability of a microfibre surviving at
a stress lower than or equal to ¢. Here, m and o represent
the Weibull modulus and the characteristic strength,
respectively; m parameterizes the variability of o, e.g. low
m values correspond to high variability and vice versa
while g is the stress value at which ~63% of the fibres
have fractured. To estimate the values of m and g for the
different treatment groups, first, the median rank position
(Mg) for each experimentally derived value of o was
evaluated. By ranking the ¢ data in ascending order of
magnitude this yields the corresponding estimates of Mg
(=[i — 0.3]/[n + 0.4]) where n represents the size of the
group and i is the position of the corresponding ¢. For each
group straight lines were fitted to the Weibull plot of
log(log(1/(1 — MRg(0)))) versus log(o) (according to Eq. 3)
to yield the corresponding m and o values (Table 1); here
we note that the value of m is equal to the slope of the

Table 1 Analysis of the Weibull modulus, m, and the characteristic
strength, g, of chitosan-based microfibres reinforced by 1, 3, 5, 7 and
9% (w/w) POSS

Treatment m oo (MPa)
Control 8.77 58.83
1% 14.87 59.15
3% 5.97 81.14
5% 5.76 83.11
7% 9.17 101.38
9% 10.00 50.16

Results from the control group are shown for the purpose of
comparison
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Fig. 8 Plot of Weibull’s cumulative distribution function versus o.
Inset shows a graph of log(log(1/(1 — Mg))) versus log(g) to assess
the variability of ¢ for different POSS concentrations; here My
represents the median rank position as a function of ¢ order number.
The result from the control group (0% (w/w)) is shown here for the
purpose of comparison

regressed line while the value of ¢ was found by equating
—mlog(oy) to the y-intercept (Fig. 8 inset). For plots of the
cumulative distribution function versus ¢ for microfibres of
different POSS concentrations see Fig. 8. Interestingly, this
simple analysis predicts that the microfibres from the group
with 5% (w/w) POSS exhibit the smallest strength vari-
ability of m while those from the 1% POSS group exhibit
the largest strength variability. However, the Weibull
model predicts that increasing POSS concentration yields a
corresponding increase in the magnitude of ¢ (from O to
7% (wl/w)) followed by a decrease at 9% (w/w), consistent
with the trend obtained for ¢ (Sect. 3.2).

4.4 Bioactivity

The mass of the microfibres increases after 3—4 days of
immersing in simulated body fluid. Further examination of
the surface morphology reveals features such as stumps.
Since Ca’" and HPO,”~ ions are present in the SBF
(apart from Nat, K, Mg>*, CI=, HCO;*~, and SO4*"),
it is likely that the stumps are apatites deposits,
(Ca;9(PO4)s(OH),). The mechanism of apatite nucleation
may be similar to those formed on the surfaces of bioactive
glasses and glass—ceramics [47]. In this case, the mecha-
nism addresses the exchange of the amine with an OH on
the POSS molecule, resulting in a silanol group, which is
responsible for regulating apatite nucleation [31]. It is also
likely that chitosan is involved in apatite nucleation [48].
Owing to the abundance of free amine groups, chitosan is
reactive [49], i.e. in this case it undergoes phosphorylation
readily [50] with the SBF. We note that although chitosan
is not dissolvable in water under neutral pH, it is easily
swollen in aqueous solutions; the POSS-Chitosan com-
posite has been known to swell as much as 1.5 times [51].



J Mater Sci: Mater Med (2011) 22:1365-1374

1373

Consequently, this could also contribute to the change in
the shape and mass of the microfibre.

5 Conclusions

A study has been carried out to synthesize and characterize
PC microfibres. A wet-spinning approach was used to
fabricate the microfibres. Tensile testing reveals that POSS
influences o, 1’ and u. (However, POSS has no effect on E.)
In particular, it is observed that o, ¥’ and u increase with
increasing POSS concentration from 0 to 7% (w/w).
However, on further increase in the POSS concentration, it
is observed that o, «’ and u decrease. FESEM reveals that
the PC microfibres fail by brittle fracture. TGA reveals that
high degradation temperature of the PC microfibre (well
above human body temperature of 37°C). Bioactivity test
using SBF reveals appreciable degradation in the PC
microfibres at day 4. The tailorable mechanical properties,
in addition to bioactivity and thermal stability suggest that
the PC microfibres may be useful for biomedical applica-
tions such as drug eluting devices and bioscaffolds for
tissue implants.
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