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? Warsaw University of Technology, Faculty of Materials Science and Engineering

? Warsaw University of Technology, Faculty of Chemistry

Abstract

The analysis of scaffold degradation is a promising strategy for understanding the
dynamic changes in texture and pore morphology ~which accompany polymer
resorption, and for collecting same fundamental indicators regarding the potential fate
of the scaffold in the biological environment. In- this study, we investigate the
morphology and degradation properties of three composite scaffolds based on poly(e-
caprolactone) (PCL) embedded with benzyl ester of hyaluronic acid (HYAFF11®)
phases, and, in turn, different reinforcement systems - i.e, calcium phosphate particles
or continuous poly(lactic acid)(PLA) fibres. Scanning electron microscopy (SEM) and
p-tomography supported by digital image analysis enabled a not invasive investigation
of the scaffold morphology, providing a quantitative assessment of porosity (which
ranged from 63.1 to 82.8), pore sizes (which varied from 170.5 to 230.4 um) and pore
interconnectivity. Thermal analyses (DSC and TGA) and Raman spectroscopy
demonstrated the multi-scale degradation of the composite with highly tailoring
degradation kinetics depending on the component material phases and scaffold
architecture changes, due to their conditioning in simulated in vivo environment (i.e,
SBF solution). These results demonstrate that the judicious mixing of materials with
faster (i.e, Hyaff11) and slower (i.e, PLA and PCL) degradation kinetics, different size

and shape (i.e, domains, particles or long fibres), certainly concurs to design a smart



composite scaffold with time-controlled degradation which can support the regeneration

of a large variety of tissues, from the cartilage to the bone.

Introduction

The architecture and the structural organization of scaffolds are critical factors to assure
the functionality of tissue engineered constructs and their appropriate and effective
application in health care. It is commonly recognized that porosity actively influences
the biological behavior of seeded cells during in vitro culture, through the provision of
an adequate surface area for cell attachment, stimulating the free circulation of
biological fluids and oxygen transport for their maintenance and, subsequently,
influencing the in vivo conductive response of the structure after its implantation
[1][2][3]. In this context, the synchronization of polymer degradation with its
replacement by natural tissue produced from cells would be desirable. As a
consequence, the degradation properties' of a scaffold are relevant both to the
biomaterial design and to the long-term success of a tissue engineered construct [4].

To date, much effort has been dedicated to the design of a variety of composite
materials for tissue engineering scaffolds with tailored degradation properties, based on
biocompatible and bioerodible polymers [5][6]. Recently, several authors have focused
their attention on polyester-based composite systems. [7][8][9] The influence of several
factors.on degradation kinetics are considered [10], including molecular factors (e.g.,
chain orientation, molecular weight, M,,, and polydispersity) supramolecular factors
(crystallinity, the spatial distribution of chemically reactive filler [11]) and
environmental factors (e.g., mechanical stimuli). The various influences of these
factors potentially generates a wide range of resorbable properties for custom-made
systems. However, the evolution of structural properties in connection with the selective

degradation of one of the components of the scaffold matrix has not been adequately



explored, despite its significant contribution to the activation and the requisite enabling
and support of specific biological mechanisms on an appropriate time-scale.

In the current work, polymeric composite scaffolds based on poly(e-caprolactone)
(PCL) and esters of hyaluronic acid have been proposed because of the encouraging
pre-clinical results which similar systems have exhibited as in vivo scaffolds for tissue
regeneration [12][13]. PCL shows a remarkably slow degradation rate — from 6 months
up to 3 years for its complete removal from the host body - as a function of the starting
molecular weight [14][15]. Firstly, this preserves mechanical integrity over the
degradation lifetime of the device, so allowing adequate mechanical support during the
post-implantation period. Secondly, the absence of toxic.response, due to the reduced
release of acidic products, assures enhanced bone ingrowth into the porous scaffolds
supported by the progressive increase of pore size as-the erosion mechanism advances
[16]. The integration of highly degradable materials, obtained by chemical modification
of purified hyaluronan (HA), namely HYAFF1 1%, formed by the partial or total
esterification of the carboxyl groups of glucuronic acid with different types of alcohols
— provides the opportunity toaffect directly the cell activities, either favouring or,
conversely, inhibiting the adhesion of certain cell types [17][18][19]. Here, partially
esterified HYAFF11® with reduced hydrophilic, negatively charged, carboxyl groups
along the polymer backbone, - esterification degree equal of 75% - has been selected for
its optimal hydrophilic/hydrophobic character which confers an adequate biological
recognition, without drastically penalizing the structural integrity of the composite
scaffold at the preliminary stage of the culture [20]. Finally, either PLA fibres or
bioactive ceramic particles were added to the polymer matrix in order to satisfy specific
structural requirements of scaffolds for load bearing applications.

In this work, we focus on the evolution of morphology and degradation properties of

proposed composites for underlining the contribution of single material phases and their



peculiar chemical and physical properties on the dynamic changes of scaffold features

within simulated in vivo conditions.

Materials and Methods

Materials and scaffold preparation

Poly e-caprolactone pellets (MW 65 kDa, p= 1.13 g/cm® Aldrich) were dissolved in a
solvent mixture to form a solution by stirring for 2h at 40°C. Two different solvents
were used, respectively, tetrahydrofurane (Sigma Aldrich, Italy) and dimethylsulfoxide
(Sigma Aldrich, Italy) by 80/20 weight ratio. A benzyl ester of hyaluronic acid with
75% of esterification degree (HYAFF11®-75p — p= 1.387-g/cm® [21]) supplied by Fidia
Advanced Biopolymers in powder form, was then mixed to the polymer solution
imposing a PCL/HY AFF1 1° weight ratio equal to 80/20.

Depending on scaffold type, NaCl crystals (Fluka) with specific size ranges (212-300
pum or 300-500 um) were employed as templating agent by using different PCL/NaCl
volume ratio. Furthermore, a mixture of Ca,NaK(PO4), (CSPP) and, monocalcium
phosphate monohydrate (MCPM) supplied by the Technical University of Catalunia
(UPC) under the name of R-cem or polylactid acid fibres (PLA - 75/24 dtex) supplied
by Sofradim have been used as reinforcing agent.

Three different PCL and HYAFFI11® based composite scaffolds typologies were
prepared via phase inversion and salt leaching technique, labelled respectively as PH,
PHR and PHF. The PH type was developed as from the PCL/HYAFF11® solution
described above. Sodium chloride (NaCl) crystals, in the 212-300 um size range, were
then incorporated as templating agent into the polymer solution by using a PCL/NaCl
volume ratio of 9/91 v/v. The mixture was placed into Teflon moulds reproducing the
final dish shape, Smm as diameter, of the scaffold for in vitro degradation tests. Finally,

ethanol washings for 24h at room temperature were performed to completely extract the



used solvents whereas daily washing in bi-distilled water for 7 days were used to leach
out NaCl crystals as well as to remove other contaminants.

Filler-loaded scaffolds (PHR) have been prepared as previously described, by further
adding the R-cem ceramic powder to the PCL solution by using a PCL/R-cem weight
ratio equal to 80/20. As a precautionary measure, R-cem powder and NaCl crystals were
premixed before the introduction into the polymer solution to minimize the cluster
formation.

Finally, fiber reinforced composite scaffolds (PHF) were obtained by combining the
phase inversion/salt leaching and filament winding technology ‘as-described elsewhere
[22]. Briefly, PLA fibres impregnated through the PCL/HYAFF11® solution, were
wound on a polypropylene tubing coated stainless steel mandrel with 1 mm of diameter
by using a specific winding parameter set (winding angle WA=45°, winding pitch
WP=500um). In this case, a less viscous polymer solution by changing the
PCL/solvents (12/88 wt/wt) and the PCL/NaCl ratios (32/68 v/v) was selected in order
to optimize the fibre/matrix adhesion, maintaining the same PCL/HYAFFI11 ratio.
Moreover, NaCl crystals with-bigger sizes (300-500 um) were used to minimize the
effects of crystal fragmentation on the pore size, expected during the process. Once
tubular shaped scaffold was obtained, conventional procedures involving ethanol and
water washings, for 24 hours and 7 days, respectively, were employed. Cylindrical
samples with 5mm as outer diameter and 10 mm as height were used for porosity
investigations (n=5) while dish shaped samples, thickness of 3 mm, for degradation

tests (n = 4).

Morphological investigation by SEM/FESEM
Scaffold morphology was investigated via Scanning Electron Microscopy using a

scanning electron microscope (Stereoscan 440, Leica, UK). Briefly, specimens were



fractured in liquid nitrogen using a razor blade along preferential directions, parallel and
perpendicular to the surface, respectively. The resulting transverse and longitudinal
sections were gold-coated under vacuum by using an automatic coating sputter set at 15
mA for about 20 minutes (Emiscope SC500, Italy). The porosity was assessed in terms
of pore size, shape and spatial distribution by images at different magnifications:
Further investigations on the scaffold morphology have been performed with the
support of field emission scanner electron microscopy (FE-SEM, FEI Quanta200, The
Netherlands) able to recognize material phases with different chemical and physical
properties by the detection of back scattered (BSE) electrons and secondary electrons

(SE) at low acceleration voltage (4kV).

Quantitative u-tomographic analysis

The samples were scanned using a SkyScan 1072 micro-CT desk scanner supported by
micro-tomographic reconstruction software (Skyscan) [23][24]. The reconstruction of
the three-dimensional objects was achieved through a serial reconstruction of cross
sections or 2-D slice maps [20]: The output format for each sample was 300 serial 1024
x1024 bitmap images with a resolution of 10.14 um. After the serial reconstruction, the
stack of the 2-D slice maps was elaborated to construct a realistic view of the 3D-object
with possibilities to "rotate" and "cut" the object model through dedicated software
(SkyScan pack— Belgium) as illustrated by Sun et al. [25]. By the accurate adjustment
of brightness and image contrast and the manipulation of the grayscale thresholds, a 3-D
model of the positive (direct reconstruction) and negative spaces (reverse
reconstruction) was obtained, on which to calculate basic morphological parameters
such as porosity (i.e, porosity degree, pore size) and bulk structure (i.e, strut size and
distribution). The detailed assessment of pore morphology in term of pore size and

distribution was performed by CTan Skyscan software whereas the evaluation of strut



parameters was performed by ANT Skyscan software. Moreover, further morphometric
parameters were evaluated to complete the scaffold morphology characterization: the
anisotropy degree (DA) and the Structure Model Index (SMI) respectively — which refer
to preferential pore orientations, density and pore interconnection [26]. High DA values
(generally over 1) indicated high anisotropy of the trabecular structure [27] where low
SMI values usually referring to poor interconnection degree of porous network [28].

Finally, further analysis on individual 2-D slice permitted to distinguish single
radiopaque phases through differences in contrast of local regions, offering an
estimation of the spatial distribution of inclusions and reinforcing elements within the

polymer matrix.

Degradation studies

a) In vitro degradation assays

In vitro degradation studies were carried out in a simulated body fluid (SBF) at a
controlled temperature of (37£1)°C. SBF was prepared by dissolving the reagents NaCl,
NaHCO;, KCl, K,HPO,4-3H,0, MgCl,-6H,0, CaCl,-2H,O and Na,SOy into distilled
water, as described by Kokubo et al [29]. The solution was buffered to pH 7.25 at 37 °C
with tris(hydroxy-methyl)aminomethane and hydrochloric acid. Samples were
immersed in SBF solution for time periods of 1, 4 and 8 weeks. The ratio of SBF
volume to polymer mass was 1:100. The medium was not changed over the whole
testing period. After a given time, the samples were extracted from the solution, rinsed
gently with distilled water and left to dry at 37 'C to a stable mass.

b) Mass loss measurements

The mass loss during immersion in SBF was calculated as

Mass loss [%] = [(mo — m;y/mg] x 100



where my and m; are the masses of the samples before and after degradation,
respectively. At least 4 samples per data point were measured.
c) DSC analysis
DSC measurements were performed with a TA Instrument model DSCQ1000 equipped
with a liquid nitrogen cooling unit. The instrument was calibrated using indium and
sapphire standards. All measurements were performed in a helium atmosphere using
standard crimped aluminum pans. Samples, with average weights of 9.2-10.8 mg, were
scanned at a heating rate of 10 °C min"'. The glass transition temperature, Tg, was
measured at the mid-point of the heat capacity inflexion point: The crystallization
temperature, Tc, and melting temperature, Tm, were determined from the peak value of
the respective endotherms and exotherms. The .degree of crystallinity (Xc) was
evaluated according to the following equation:

Xc % = (AH/AH®) X (100/w)
Where w is the weight fraction of PCL or PLA in the composite, AH,, is the measured
enthalpy of melting and AH°is the enthalpy of melting of a 100% crystalline (PCL
139.5 J/g) [30] and (PLA 93 J/g) [31]
d) TGA analysis
Thermal gravimetric analysis (TGA) was performed on a TA Instrument Q 500 under
nitrogen atmosphere, from room temperature up to 700°C, with a heating rate of
10°C/min.
e) Raman spectroscopical analysis
A visible Raman Microscope Spectrometer (Nicolet Almega XR; laser 532 nm; laser
power level: 100%; exposure time 30 sec; spectrograph aperture: 50 um pinhole) was
used to emboss changes in chemical structure of the scaffolds, after the degradation

studies.



Results

Morphology

The morphology of the three composite scaffolds was first assessed by scanning
electron microscopy (SEM) (Figs.l and 2). In each case, high structural porosity,
characterized by a bimodal pore size distribution, was observed. In the case of PH and
PHR, cross-section images indicate a homogeneous spatial distribution of macropores
of undefined shape and with sizes ranging from 150 to 500 micrometers (Fig.1"/A-B). In
the case of PHF scaffolds (Fig.1C), a more ordered structural organization is observed,
with a well-defined arrangement of pores between adjacent fibres. PLA fibres are well
integrated into the PCL porous matrix and appear to influence pore morphology. In all
cases, micropores with sizes of ca 10 um may be easily recognized, both in the bulk and
on the scaffold surface (Fig 2A-B). Marked differences in micro- and macropore
morphology are also apparent on comparing scaffolds with and without fibres. More
specifically, a reduction in macroporosity as well as concomitant increase in
microporosity have been revealed in the case of PHF, ascribable to the different amount
of templating agent and polymer solution concentration used during the preparation. A
more accurate investigation of scaffold morphology by FESEM allowed investigation of
the distribution of different polymeric and ceramic phases into the scaffold matrix as a
function of the chemical and physical properties. Topographic images of scaffolds (Fig.
3A - square) highlight the presence of the HYAFF11® hydrophilic phases (dark grey)
embedded in the PCL hydrophobic matrix (light grey). The lower brightness of the
Hyaff11 phases arises from the higher electron density of polymer due to the presence
of benzylic groups, which cause higher scattering of secondary electrons compared to

the PCL.



Higher magnification images (Fig. 3B) show the distribution of R-cem calcium
phosphate particles with micrometric and sub-micrometric sizes, and their tendency to
form micrometric clusters into the polymer matrix.

A quantitative investigation of scaffold morphology was carried out using microCT for
all scaffold types (Fig. 4). First, the stack of X-Ray images radiographs was rendered as
planar 2D slices (Figs 4, right side) in order to describe the scaffold architecture<and to
correlate structural differences with chemical composition changes. These slices
confirm the preliminary indications obtained by SEM regarding pore size and
homogeneous spatial distribution of pores. By comparing 2D slices from PH, PHR and
PHF scaffolds (Fig.4, right side), the presence of localized domains with different
radiopacity as a function of material density are recognized. In Fig 4, white regions
indicate pores, whereas slightly contrasted regions (cyan regions) identify the PCL
matrix, which shows a lower susceptibility to' X-ray adsorption due to its reduced
density. In turn, blue and orange regions are representative of HYAFF11® inclusions
and calcium phosphate particles, respectively, as a function of the increasing material
density.

Afterwards, the volume rendering (Fig.4, left side) was carried out to assess basic
porosity parameters in the three-dimensional space. Typically, by converting the slices
in “black and white” images, a loss of information on the composite materials phases
can occur. However, this was not limitative in the case of the quantitative pore
investigation performed which has been referred only to the calculation of objects on
macrometric scale (i..e, macropores, filler cluster, fibre bundle). In Table 1, a summary
of porosity features for the different scaffolds is reported. Porosity degrees ranged from
63.1 to 82.8 %, pore sizes from 170.5 to 230.4 um, the anisotropy degree from 0.1 to
0.226, moving from fiber reinforced scaffolds to fibreless one. According to the

difference in scaffold porosity, the SMI values change ranging from 0.951 to 2.002.
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Degradation studies

a) In vitro mass loss

The changes in mass loss of the scaffolds as a function of degradation time are shown in
Fig. 5. After 1 week of immersion in SBF, the mass loss was comparable for all three
materials and less than 2%. After 4 weeks of immersion in SBF, a linear weight loss
was observed for all the composites. The highest weight loss — 15.5% - was observed
for PHR whereas the lowest — 10% - for PH scaffold. During the next 4 weeks, the
degradation rate of PHR decreased, so reaching, after 8 weeks degradation, comparable
mass losses at cal7% for all composites (Table 2).

b) Raman Spectroscopy

Fig. 6 illustrates Raman spectra of PH (Fig. 6A), PHR (Fig. 6B) and PHF (Fig. 6C)
scaffolds before and after 8 weeks of in vitro degradation. Bands at 1458 and 2940 cm™
are assigned to carbon — hydrogen (C-H) stretching vibrations in aliphatic chains of
PLA and hyaluronan. The 1740 cm’' band is associated with vibration of carbonyl
groups in lactones. Peaks at 3060, 3080 (valence vibration of C-H band in benzene), and
at about 1600 cm’ (acryl group) are from aromatic ring vibrations. Ester group
vibrations are evident as a pair of bands at 1000 — 1100 cm™ and 1100 — 1300 cm™.

The presented spectral data provide evidence of the hydrolysis of ester bonds in
hyaluronic derivatives. As a result, benzoic acid came into the solution, leading to
changes in pH during degradation. The peaks assigned to aromatic compounds
disappeared after 1 week of degradation in the case of PHF and PH scaffolds and after 4

weeks for PHR scaffold.

c) DSC measurements
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DSC thermograms of all the scaffold typologies are shown in Fig.7A-C. Additionally,
the curves regions showing glass transition are presented in Fig.7D-F. The values of
characteristic temperatures (Tg, Tp) as well as enthalpies (of melting and crystallization)
and the crystallinity degree are summarized in Table 2. The Tg temperatures of
microporous PCL/HYAFF11® -based scaffolds are close to the values quoted for PCL;
i.e. -60°C (Table 2). The T, of PLA of about 55°C [32] cannot be exactly determined for
PHF scaffolds, as it is very close to the Ty, of PCL (Fig. 7C). Relatively minor changes
were observed in T, values over 8 weeks of immersion in SBF for all studied materials.
All the thermograms displayed one sharp melting peak at around 60°C (Fig.7A-C)
associated with the melting of PCL crystalline phase. The total amount of the crystalline
phase of PCL segment increased during soaking in SBF for all samples (Table 2). The
melting temperature remained almost unchanged during in vitro soaking. In addition,
for PH and PHR scaffolds, a second melting peak at 143-149.5°C appeared after 1 and 4
weeks immersion in SBF, respectively (Fig. 7A,B). In the case of PH-based scaffold, a
small and sharp peak located at about 162°C and associated with the melting of PLA
was also observed (Fig. 7C).

d) TGA measurements

TGA curves of PH and PHR showed a two-step degradation process (Fig.8A,B)
whereas for PHF three stages of degradation were observed (Fig.8C). Weight losses and
decomposition temperatures for the composites after different periods of immersion in
SBF are summarized in Table 3. The maximum temperature (peak) of the first stage
thermal degradation related to the HY AFF1 1° decomposition, ranged from 222.8 °C to
255.0°C. The second and third stage of thermal degradation observed in the temperature
range of 333 °C - 361 °C, and 399.6 °C - 403.8 °C, can be attributed to the
decomposition of PCL and PLA macromolecules, respectively. Initial samples of PH

and PHR showed a weight loss of 15% and 14%, respectively, in the first step. As the
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HYAFF11® content of these composites varies from 20% in PH to 17% in PHR, a
correlation can be drawn between HYAFF11® content and weight loss. During soaking
in SBF, the weight loss in the first step of degradation decreased and, after 8 weeks,
only one step degradation at the temperature range 292-499°C was observed for PH. For
PHR the weight loss dropped to 4% in the first stage degradation after 4 weeks
immersion in SBF, whereas, after 8 weeks, a 6% weight loss was observed. The same
situation was also observed for the PHF scaffolds. After 1 week soaking in SBF, a
three-step degradation process was observed (Fig.8C). The weight loss decreased from
9% to 7% in the first degradation step, but increased from 8% to 10% in the second.
After 4 weeks of in vitro degradation, the weight loss further increased to 13% in the
second step of thermal degradation. After 8 weeks immersion only a one step

degradation process, associated with PCL thermal degradation, was observed.

Discussion

The current challenge in scaffold design is to fabricate reproducible bioactive and
bioresorbable 3D scaffolds with tailored porosity and pore morphology, capable of
maintaining structure integrity for a predictable period, even under load-bearing
conditions. ~Through the time-controlled resizing of pores which occurs during
degradation, materials with a predictable degradation rate may guarantee greater
penetration of extracellular substance, improve the nutrient/metabolites exchange and
offer a better connection between neighbouring cells, so encouraging and promoting
the growth of new tissue. Apart from creating the physico-chemical environment and
the structural integrity required for tissue regeneration, scaffolds also should act as a
local regulator to control the release of signals, preferably without the use an additional

drug carrier [33].
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Here, three biodegradable scaffolds, based on PCL as a major component, and with
tailored microstructure and multi-scale degradation rates, were investigated to estimate
the dynamic changes occurring in the pore network during the resorption. Recently, an
upward trend in PCL use in biomaterials for tissue engineering has been observed. This
is due to the high processability of such materials into composite structures with
superior mechanical and biocompatible properties compared to the polymer on its own
[34][35][36].

Three different typologies of composite scaffolds have been proposed by the integration
into the PCL matrix of different material phases: Hyaff11, as a hydrophilic cue; R-cem
(particles) as reinforcement systems by using conventional phase inversion/salt leaching
technique alone (i.e, PH, PHR); or incorporation- of PLA long fibers by filament
winding technique (i.e, PHF). All scaffold prototypes showed a bimodal porosity,
characterised by macropores arising from salt crystal dissolution (Figure 2), and
micropores formed by the controlled removal of solvent via non-solvent exchange
(Figure 2). These characteristics assure an open-pore network, highly capable of
supporting cell adhesion and proliferation, preserving the correct and requisite fluid
transport, and sustaining the external mechanical stress until the regeneration of new
functional tissue is completed. The investigation of morphology by X-ray micro-
computed tomography (microCT, or uCT), whose use has recently been adopted for the
study of soft materials and natural tissues [37][38] in place of invasive intrusion-based
techniques [39], allowed a quantitative assessment of scaffold porosity features (pore
size, structural porosity and degree of anisotropy) as summarized in Table 1. The data
here clearly show the contribution of polymer phases with different chemical and
physical properties on determining the final pore morphology of the scaffold. Porosity
and pore sizes of PH scaffolds are firstly affected by the response of the HYAFF11°®

phases to the water retention, leading to a slight underestimation of pore sizes (around
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170 pm) due to swelling of the hydrogel through absorption of environmental moisture.
The moderate increase of pore sizes in the case of PHR scaffolds may be explained by
the effect of rigid R-cem calcium phosphate particles, which partially constrain the
water induced swelling of the HYAFF11°® phases. However, it should not to be
discounted that the reduced loss of R-cem particles due to the high water retention of
the hydrogel during the drying of the scaffold may also contribute to this effect:In the
case of PHF scaffolds incorporating PLA fibre, a drastic decay of the porosity degree,
from 81.7% to 63.1%, was observed, when a smaller weight amount of sodium chloride
crystals was used in order to reduce the solution viscosity, ‘and thus optimize the
fibre/matrix adhesion, during the winding process.
Accurate microCT investigation also affords the opportunity to identify the spatial
distribution of polymer phases with different chemical properties and so evaluate their
contribution on the composite degradation behaviour. In particular, by regulating the
voltage/current characteristics, microCT enabled the identification of distinct single
phases within the composite (Fig. 4), and their spatial distribution. In turn, this enabled
an informed optimization of the composite preparation process. By comparison domains
with different radiopacity, it has been possible to identify the contributions of:
D a non-homogeneous spatial distribution of calcium phosphate particles in PHR
scaffolds with the clusters formation (orange region), and
1D more dense polymer phases of HYAFF11® (blue region), which seem
preferentially to cover the boundaries of the ceramic particles due to the
adsorption of the water molecules during the scaffold preparation process.
Our studies on in vitro hydrolytic degradation of PCL/HYAFF11® -based scaffolds
indicate the strong influence of the extent, interrelationship and distribution of the
phases of the various polymer components — indeed, the influence of what might be

considered the “design” generated by these chemically distinct phases. Although all the

15



polymeric components (i.e., PCL, PLA, and HYAFF11®) of the composites studied
undergo degradation via random hydrolytic chain scission of the ester linkage, their
individual rates of degradation are considerably different [40][41]. The most significant
differences in mass loss were observed after 4 weeks of immersion. It is assumed that
most of the mass loss at the first 4 weeks of degradation was due to degradation
products of HY AFF1 1®—p75 leaving the system by dissolving into the aqueous medium
[42]. The decreasing amount of weight loss attributable to thermal decomposition of
HYAFF11® segments [43], as immersion time in SBF increases, seems to confirm this.
This is also in good agreement with Raman spectroscopy analysis, which showed an
absence of bands associated with aromatic ring vibrations in all those composite
samples examined after either 1 or 4 weeks immersion in SBF. The rapid degradation
rate of HYAFF11®—p75 correlates very well with the findings of Avitabile et al [44],
who reported that HYAFF11®—p75 based implants were fully resorbed after 15 days
implantation in rabbit.

The higher degradation rate -of PHR composite may be due to the presence of
the highly hydrophilic R-cem particles. The accelerating effect of various ceramic fillers
on PCL degradation rate has been previously reported [45][46]. Hydrophilic fillers can
facilitate water absorption, leading to faster degradation of HYAFF11®
macromolecules, explaining why PHR composites show the highest mass loss of all the
composites studied during the first 4 weeks of immersion in SBF. The mass loss can
arise from the diffusion of the ceramic filler from the sample into solution, so creating
voids and microcracks within the sample. After this initial period, its degradation rate
clearly diminished (Fig.5).

A slower degradation rate directly results from an increased degree of
crystallinity, as revealed by DSC analysis (Table 2). Polyester degradation starts with

water uptake [32].The diffusion of water into loosely packed amorphous regions is
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much easier than its ingress into crystalline domains, and accordingly the first stage of
hydrolytic degradation is located in the amorphous region of the sample. The initial
degree of crystallinity for PH was more than 10% higher than that for PHR and PHS
composites. Also, the crystallinity of PH increased by 10% after immersion in SBF for
1 week (Table 2), whereas for the crystallinity of PHR and PHF samples remained
unchanged over the same period. The slow increase in crystallinity enabled: faster
diffusion of water into the PHR and PHF matrices during the next 3 weeks of soaking in
SBF, and thus faster hydrolysis leading to higher mass loss (Fig.5). As degradation
proceeds by random scission of ester bonds, the remaining chain-segments gain more
space and mobility, leading to reorganization of the polymer chains and an increase in
crystallinity. In the case of PH and PHR, shorter more labile polymer chains retained in
the polymer matrix generated a biphasic crystalline- phase, manifesting itself in the
presence of additional melting peaks at around 147°C, which appeared after immersion

in SBF (Figs. 6 A-B).

Conclusion

Three biodegradable scaffolds based on a PCL and HYAFF11® matrix, with tailored
chemical and physical properties, were developed for bone and/cartilage tissue
regeneration. The combined use of SEM and computer microtomography (mCT),
supported by digital image analysis, enabled a non-destructive investigation of the
diverse porous microstructures of the proposed scaffolds. This investigation
demonstrated the contribution of single composite phases to the basic morphological
features. Furthermore, in vitro degradation studies have demonstrated the need to reach
a compromise between the material chemistry and the composite structural design to

predict ab initio the dynamic changes which may occur as the hydrolytic degradation
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mechanism progressively evolves, paving the way for a more informed use of polymeric

composite scaffolds with multiscale degradation in bone tissue regeneration.
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Captions to Figures

Figure 1: S.E.M. images of cross-sections of PCL/HYAFFI 1° -based composite
scaffolds:. A) PH, B) PHR, and C) PHF.

Figure 2: Microporosity of PCL/HYAFF1 1° based composite scaffolds by SEM
analysis. Micropores (A) along PH scaffold struts and (B) onto PHF outer surface.
Figure 3: Morphology of PCL/HYAFF11® based composite scaffolds by FE-SEM
analyses. (A) Detection of hydrophilic HYAFF11°® (dark gray) patches<(by arrows)
onto the hydrophobic PCL (light gray) architecture, (B) Distribution of R-cem particles
in cluster form within the polymer matrix.

Figure 4: MicroCT analysis: 3D Rendering (left) and 2D slice maps of material phase
density variations (right) of proposed PCL/HY AFF11® -based composite scaffolds: (A)
PH, (B) PHR and (C)PHF.

Figure 5: Mass loss of the composite scaffolds as a function of degradation time in SBF
solution.

Figure 6: Raman spectra of (A) PH, (B) PHR and (C) PHF scaffolds before and after
degradation.

Figure 7: DSC. thermograms of PCL/HYAFFI1 1® composites before and after
immersion in SBFE. (A-D) PH, (B-E) PHR and (C-F) PHF.

Figure 8: Thermogravimetric curves of PCL/HYAFF11® composites before and after

immersion in SBF. (A) PH, (B) PHR and (C) PHF.
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Table 1. Porosity features obtained on the different composite scaffolds by the

MicroCT analysis

Average
Total Porosity Anisotropy Structure Model
Type macropore sizes
degree (%) Degree Index (SMI)
(10-500 pm)
PHS2 81.7 170.4 0.215 1.947
PHRS2 82.8 198.7 0.226 2.002
PHF2 63.1 230.5 0.1 0.951




Table 2. DSC results for the composites after different time immersion in SBF

Degradation Tg,° Tm:° AHm; AHc Tm, AHm, Xc Xc
Type
time, weeks C C JIg JIg °Cc Jg PCL,% PLA, %
0 -59.8 624 711 33.3 - - 59.8 -
1 -60.1 634 88.4 426 147.6 1.3 75.8 -
PHS2
4 -61.0 ©61.6 84.9 55.3 1495 4.1 82.7 -
8 -61.0 634 94.0 60.8 147.6 2.6 90.3 -
0 -61.2 62.3 62.9 36.0 - - 46.8 -
1 -60.4 63.6 64.7 394 - - 49.3 -
PHSR2
4 -59.9 624 76.5 514 146.1 14 61.1 -
8 -61.0 62.8 754 43.0 143.0 115 61.4 -
0 -58.9 629 50.2 48,5 161.0 4.2 49.5 0.5
1 -60.1 634 50.5 48.4 161.2 4.2 49.8 0.5
PHF2
4 -60.3 = 63.3 76.6 53.9 160.7 7.3 65.5 0.9
8 -61.1 644 85.8 58.8 160.5 2.1 72.0 0.2




Table 3. Weight losses and decomposition temperatures for the composites after

different time of immersion in SBF

First degradation

Second

Third degradation

Degradation Weight degradation Weight Weight
Type temperature (°C) temperature (°C)
time, weeks loss, % temperature (°C) loss, % loss, %
Start Peak End Start Peak End Start Peak End
0 177 233 303 15 - 303 400 504 77
1 142 242 296 13 - - 296 400 507 80
PHS2
4 154 222 292 7 - 292 402 529 86
8 - - - - - 292 404 499 91
0 177 239 311 13 - 311 401 576 69
1 150 243 300 14 - - 300 403 548 67
PHRS2
4 161 231 269 4 - 269 402 500 84
8 148 254 286 7 - 286 399 510 76
0 174~ 233 265 9 265 311 334 8 334 403 490 75
1 199 . 247 266 7 266 308 339 10 266 308 339 75
PHF2
4 - - - - 263 339 352 13 352 409 501 85
8 - - - - - - - - 271 409 479 99
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Figure 6
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Figure 7A,B,C
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Figure 7D,E,F
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Figure 8
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