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Abstract

The production of complex inorganic forms, based on naturally occurring scaffolds offers an exciting avenue
for the construction of a new generation of ceramic-based bone substitute scaffolds. The following study reports
an investigation into the architecture (porosity, pore size distribution, pore interconnectivity and permeability),
mechanical properties and cytotoxic response of hydroxyapatite bone substitutes produced using synthetic polymer
foam and natural marine sponge performs. Infiltration of polyurethane foam (60 pores/in2) using a high solid
content (80wt %), low viscosity (0.126Pas) hydroxyapatite slurry yielded 84-91% porous replica scaffolds with pore
sizes ranging from 50pum - 1000um (average pore size 577um), 99.99% pore interconnectivity and a permeability
value of 46.4 x10-10m2. Infiltration of the natural marine sponge, Spongia agaricina, yielded scaffolds with 56-
61% porosity, with 40% of pores between 0-50um, 60% of pores between 50-500um (average pore size 349 ym),
99.9% pore interconnectivity and a permeability value of 16.8 x10-10m2. The average compressive strengths and
compressive moduli of the natural polymer foam and marine sponge replicas were 2.46+1.43MPa/0.099+0.014GPa
and 8.4+0.83MPa /0.16+£0.016GPa respectively.

Cytotoxic response proved encouraging for the HA Spongia agaricina scaffolds; after 7 days in culture medium
the scaffolds exhibited endothelial cells (HUVEC and HDMEC) and osteoblast (MG63) attachment, proliferation on
the scaffold surface and penetration into the pores.

It is proposed that the use of Spongia agaricina as a precursor material allows for the reliable and repeatable
production of ceramic-based 3-D tissue engineered scaffolds exhibiting the desired architectural and mechanical
characteristics for use as a bone 3 scaffold material. Moreover, the Spongia agaricina scaffolds produced exhibit no

adverse cytotoxic response.

Introduction

Given the well documented limitations of traditional bone repair
(auto-, allo- or xeno-grafts) such as limited availability, donor site
morbidity and risks of an adverse immune response, biomaterial
researchers have a responsibility to develop alternatives that will
enhance the functional capabilities of bone graft substitutes and
eliminate the need for traditional grafting procedures [1]. In recent
decades a variety of bone scaffold manufacturing techniques have been
developed in an effort to address these limitations. Using ceramics,
polymers or combinations of the two, solvent casting and particulate
leaching [2], gas foaming [3], fibre meshes and fibre bonding [4], phase
separation [2], melt moulding [5], emulsion freeze drying [6], solution
casting [7], freeze drying [4], fused deposition modelling [8], rapid
prototyping [9], membrane lamination [10], microsphere sintering
[2], supercritical fluid technology [11] and various preform replication
techniques [12-22] have all been employed to produce scaffolds with
variable pore size, porosity and connectivity.

With the emergence of new techniques and materials hard tissue
replacement has evolved from the use of biomaterials to repair or
replace tissue into the development of controlled three-dimensional
scaffolds to guide the proliferation and spread of cells in vitro and in
vivo [23]. To achieve this, scaffolds should comply with the following
criteria;

1. Scaffold architecture should mimic that of the tissue it aims to
replace. The scaffold should (a) be highly porous; while Best et al
recommend relatively high levels of 70-4 80%, scaffolds with porosity
between 45-90% have successfully induced bone growth [24] (b)

have an appropriate pore size distribution; while the majority of
pores should lie between 50 - 500um [21,25,26], according to Yang
et al pores of 5 - 50 um are essential for neovascularisation and
fibroblast and osteoblast in growth [27] and (c) have a high degree
of interconnectivity between the pores; interconnectivity through
openings of approximately 50pum is necessary to promote fluid
circulation providing sufficient blood and cellular material to the
core of the implant, enhancing bone deposition, nourishment of
new bone and removal of waste products [28-30].

2. Obtaining the optimum pore architecture should not be achieved
at the expense of structural integrity. A TE bone scaffold should
have sufficient stability to maintain its architecture during in
vitro culturing and handling throughout implantation. After
implantation, the scaffold must possess similar mechanical
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properties to the bone it has been designed to replace [31-33]. Once
integration has occurred, the implanted scaffold should function
in tandem with neighbouring healthy bone and assume a shared
function, reducing the risk of rejection and failure.

3. The scaffold should be biocompatible i.e. it should have “the ability to
perform with an appropriate host response in a specific application”
[34]. The prerequisite for any potential biomaterial is successful
vascularisation of the implanted TE scaffold [35].

4. Ideally the scaffold should resorb at a rate equal to the
growth of new bone, allowing gradual transfer of load.
5 .The production technique utilized in this investigation, ceramic
infiltration and replication of porous performs, has been reported
by others with varying results as demonstrated in Table 1 [12-21].
According to theliterature discussed, thelarger pore size distribution
attainable via the replication of commercial cellulose sponges (Table
1) should yield greater bone in growth than scaffolds produced via
polymer foam replication. However, without quantification of pore
interconnectivity, and, in all but Mastrogiacomo et al, any biological
validation, it is difficult to accurately determine the performance of
these scaffolds in vivo.

The authors have previously developed a 3-D hydroxyapatite (HA)
scaffold production technique involving the replication of various
porous preforms. Using an optimized high solid content 80 wt% (55.9
vol%) low viscosity HA slurry, polyurethane foams and marine sponges
were infiltrated, squeezed to remove any excess ceramic and sintered to
1300°C to produce 3-D porous scaffolds [36, 37]. The aim of the present
study is to fully validate these scaffolds in terms of their architectural,
mechanical and biological properties.

Materials and Methods
Hydroxyapatite slip and scaffold production

Ceramic slip [36] and scaffold [37] production have been reported
in previous publications. Briefly, predominantly spherically shaped
particles of HA grade ,,S-BM” (Batch P260/S/BM/192; Plasma Biotal
Ltd, UK) between 820 nm and 16.2 um were mixed with 2 wt%
ammonium polyacrylate (Darvan 821A; R.T Vanderbilt Company,
USA), an anionic polyelectrolyte.Through the addition of ever
decreasing amounts of HA powder to a mixture of distilled water and
Darvan 821A over a period of 4d, 50% of the total amount to be added
on day 1, 25% on day 2, 15% on day 3 and the final 10% on day 4,
an 80 wt% (55.9 vol%) solid loaded slip with a viscosity of 126 mPa
s was achieved. In order to fully homogenise the suspension it was
continuously rotated on powered rollers for one week.

Scaffold production involves submerging the flexible polyurethane
(PU) packaging foam (©10mm, 10mm height; 60 pores/in2; density,
30 kg/m3) (Craftworld Ltd, UK) and the marine sponge (10 x 10
X 7-12mm), Spongia agaricina (Pure Sponge UK Ltd, UK), in the
optimized 80wt% HA slurry followed by squeezing in a Collin W-100-T
Two Roll Mill (LRS Planung and Technologie GMBH, Germany) with
the rollers fixed at 3.5mm apart. The specimens were then dried for
4h, turning every hour, followed by sintering in a box furnace (Elite
Thermal Systems Ltd, UK) at 1300°C. A ramp rate of 5 deg C min-1, a
cooling rate of 3 deg C min-1, and a dwell time of 5h were determined
as the optimal sintering regime [38]. HA sintered using this regime
exhibited a highly dense structure with minimal surface porosity phase
change, the formation of microcracks, and the effects of coarsening
(increased porosity around the grain boundaries compromising
mechanical stability) have been successfully avoided [38].

SEM/Image analysis

Lucia Image Analysis software, version 4.82 (Laboratory Imaging,
Czech Republic), was used to analyze the micrographs attained with a
Jeol 6500 FEGSEM (Advanced MicroBeam, Inc). Pore dimensions were
characterized by taking single measurements, in the case of spherical
pores, and measurements of both the maximum and minimum for
elliptical pores (5 measurements on 3 micrographs of 5 specimens).
Additional relevant features were also measured such as micropores (<
20pm) and pore clusters.

Micro-CT analysis

Pore size distribution and degree of interconnectivity were
determined using a MicroCT80 (Scanco Medical, Switzerland),
operating at 70kV and 114pA with a voxel size of 50x50x50um3.
The images were segmented using a constant threshold across the
specimens and analyzed using the proprietary software (IPL, Scanco
Medical, Switzerland). The pore diameter distribution was evaluated
by using a distance transform method. The interconnectivity was
calculated by component labelling and ranking the pore regions (of 200
voxels) and determining the percentage size of the largest component.
An output format of serial TIFF images from the MicroCT80 also
enabled 3D volumetric reconstruction to be performed using Mimics
V10 (Materialise GMBH, Holland).

Mercury Intrusion Porosimetry (MIP)

Mercury Intrusion Porosimetry (MIP) was performed using a
Quantachrome Poremaster 33 (Quantachrome Instruments, Florida,
USA). After driving off any moisture by preheating the samples at
300°C for 4hours, mercury (Hg) was incrementally forced through
the porous constructs using between 4-25MPa of pressure. Upon
each incremental rise in pressure an equilibrium time of 10 seconds
was implemented prior to taking readings of mean pore diameter,
incremental and cumulative pore volume (mL/g) and pore area (m2/g).

Permeability

The apparatus used to determine the permeability of the replica
scaffolds was based on that used by Marshall et al. [39]. Cylindrical
scaffolds (©0.01m, height 0.01m) wrapped in PTFE tape (leaving only
the top and bottom exposed) and pre-infiltrated with water to remove
any air bubbles (atmospheric pressure) were inserted into flexible PVC
tubing (©0.01m). One end was then attached to a reservoir capable of
generating various pressure gradients (via changes in water volume);
the other was attached to a burette tube with a measurement bar.
Using the method set out by Marshall et al. [39], the following steps
were taken to determine the hydraulic permeability, k, through Spongia
agaricina and PU foam replica scaffolds (n=>5 for both). The rate of flow
in the absence of specimens and through a series of PVC calibration
plugs (©0.01m, height 0.012m) with between 1-5 cylindrical pores of
(©0.001-0.002m, height 0.012m) was analyzed to determine Darcy
Velocity, VD (m/s), Equation 1.

_ 4~V
P aD, 1)

where V2 -V1 represents the change in water volume (in this
investigation maintained at 10ml), read off the graduated burette at
times t1 (s) and t2 (s) (where t2-tl is flow time measured for rising
water level increase by V2-V1). D represents the scaffold diameter,
in this case 0.01m.The average pressure gradient in kPa/m, Vp, is
determined using Equation 2.
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Vp=L8Rs 3

Equation 2 where p is the mass density of water at room temperature
in Kg/m3 (998), g is the acceleration of gravity in m/s2 (9.81), d is the
specimen thickness in m, and is the average water head (in m) for the
time step Vt = 12 - t1, determined using Equation 3.

hl - h2
Equation 3 where A1 and h2 (in m) are the water heads at times ¢1

and 12 respectively. Finally, the hydraulic permeability, k (m2) can be
calculated using equation 4 Equation 4.

h=

k="Tx10710
m

Where 1 is the viscosity of water at room temperature in unit Pa.s
(0.96%10-3) and m is the slope of the p vs. VD plot.

Compositional Analysis - X-Ray Diffraction (XRD)

It has been suggested that sintering HA at 1300°C can cause
decomposition of the HA to anhydrous calcium phosphates such as
tricalcium phosphate (TCP), which can lead to accelerated in vitro
dissolution rates [40]. To ensure phase change had not occurred within
the HA, XRD was performed using a Philips X” Pert PRO diffractometer
(PANalytical UK, Cambridge, UK) and analyzed using Phillips X” Pert
High Score Software. Samples of pre-sintered HA (3g) and crushed HA
replicas of PU foam and 10 Spongia agaricina (3g) were analyzed and
each trace attained was compared to the stick pattern ICSD-2631 from
the inorganic structural database (ICSD).

Mechanical testing

Mechanical testing allows comparison of the PU foam and Spongia
agaricina replicas with each other, with 3-D constructs manufactured
using similar production techniques and with the properties of natural
healthy bone.

Compression strength and modulus of the ceramic scaffolds
was measured using a Lloyd Instruments EZ50. Advanced Materials
Testing System (Lloyd Instruments Ltd, Fareham, UK). Scaffolds
(n=10) of both the PU foam and Spongia agaricina were loaded under
compression to failure at Imm min-1 using a 1kN load cell.

Cytotoxic response after cell seeding

Prior to cell seeding, the scaffolds were sterilized by immersion in
70% ethanol for 15-20mins followed by rising 2-3 times with sterile
phosphate buffered saline (PBS). Ceramic scaffolds (n = 12) of Spongia
agaricina (10x10x7-12mm) and PU foam (@10x10mm) were placed
into 24-well culture plates and pre-soaked in medium for 24h. Three
cell types were used; primary human endothelial cells derived from
umbilical vein (HUVEC), human dermal microvascular endothelial
cells (HDMEC) and the osteoblast-like MG63 cell line. HUVECs
were isolated from umbilical vein by collagenase digestion according
to a published method [41] and cultured in M199 medium (Sigma-
Aldrich, Germany) supplemented with 10% fetal calf serum (FCS; Life
Technologies, Germany), 10% FCS (PAA Laboratories, Germany), 100
U/100 mg/mL Pen/Strep (Sigma-Aldrich, Germany), 2mM glutamax I
(Life Technologies, Germany), 25 mg/mL sodium heparin 11 (Sigma-
Aldrich, Germany) and 25 mg/mL endothelial cell growth supplement
(ECGS, BD Biosciences, USA). HDMECs were isolated from juvenile
foreskin as previously described [42] and were cultured in endothelial

basal medium MV (PromoCell GmbH, Germany) supplemented with
15% fetal bovine serum (Invitrogen GmbH, Darmstadt, Germany), 100
U/100mg/ml Penicillin/Streptomycin (Invitrogen), sodium heparin
(10 mg/mL) and bFGF (2.5 ng/mL). MG63s were also cultured in M199
medium supplemented with 10% FCS, 100 U/mL penicillin and 100
mg/mL streptomycin.

1x105 cells were seeded onto each scaffold and the viability and
morphology was assessed after 1, 3, 5 and 7d. Medium was replaced
every 3 to 4d. At each time period scaffolds (n = 3) were placed in fresh
medium and 2-3pL calcein-AM (Mobitec, Germany) was applied. In
viable (living) cells calcein-AM was converted into a fluorescent dye,
resulting in the distribution of green fluorescence throughout the cell
cytoplasm [35]. Specimens were incubated for 30mins at 37°C and
analyzed using a confocal laser scanning microscopy (CLSM) (Leica
TCS NT, Wetzlar, Germany).

Results

SEM/Image analysis of preform and scaffold architecture

Having analyzed the micrographs in Figure 1 with Lucia Image
Analysis software; the mean PU foam pore size (Figure 1b) was 520 um
(SD=115). The polymer struts which form the walls of these pores were
120um (SD=40).

Pores within the PU foam replica scaffolds were a mean of 550pum
(SD=50pum) separated by 85um (SD=15pum) struts (Figure 1h). There
was evidence that the ceramic slip has pooled in regions, filling the
pores of the preform, while in other areas the desired coating and
replication of the struts has been achieved (Figure 1h). Figure 1(c-d
and e-f) exhibit what Pronzato et al term as “inhalant” and “exhalent”
surfaces of Spongia agaricina respectively, referred to as such due to
directionality of water flow in the sponge”s natural habitat [43]. The
intertwined fibrous struts, which are 16um (SD=8um) thick and 25um
(SD=5pm) apart, form a mesh with regular macro pores of 470pum
(SD=120pum) on the inhalant surface, and regular clusters of 5-7 pores
of 510um (SD=140um) on the exhalent surface. The macro pores on
the inhalant surface are typically 275um (SD=75um) apart. The pore
clusters on the exhalent surface are 600um (SD=200um) apart. Figure
1(i-1) shows the surface features typically found on the Spongia agaricina
replica scaffolds. While the majority of the space between fibrous struts
was filled with the ceramic slip, macro pore patterns found on both the
inhalant and exhalent surfaces of the natural preform were replicated
in the ceramic scaffold. Pores on the replicated inhalant surface are
480um (SD=127pum) and are 450pm (SD=250um) apart.

Micro - computerised tomography: Approximately 35 and 91%
of pores, for the PU foam and Spongia agaricina replica scaffolds
respectively, fall within 50-500um (Figure 2), the range cited as
optimum for bone ingrowth [27]. The average pore size was 577pum
(SD=179um) and 349um (SD=109um) for PU foam and Spongia
agaricina replicas respectively. Upon analysing regions of 200 cubic
voxels within the Spongia agaricina and PU foam replica scaffolds
it was determined that 99.92% and 99.99% of the volume of pores
was interconnected and porosity was approximately 55% and 89%
respectively. Good agreement was found when the porosity of the
scaffolds was determined using their 13 dimensions and the theoretical
density of fully densified polycrystalline HA, i.e. 58.5 + 3% and 86.45
+ 6%.

The mean strut size was 54lpym (SD=304pm) and 257pm
(SD=95um) for the PU foam and Spongia agaricina replica scaffolds
respectively. The mean strut size attained for the PU foam replicas may
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agaricina.

Figure 1: (a) Polyurethane foam (60PPI) (b) Typical image analysis showing strut thickness (red), maximum distance between struts (yellow) and minimum distance
between struts (blue) (c) Inhalant surface of Spongia agaricina (d) Micrograph of inhalant surface (e) Exhalent surface of Spongia agaricina (f) Micrograph of typical
pore cluster on exhalent surface of Spongia agaricina (g) Replicated PU foam (h) Porous and non-porous regions of replica PU foam (i) Replicated inhalant surface
of Spongia agaricina (j) Micrograph of inhalant surface (k) Replicated exhalent surface of Spongia agaricina () Typical pore cluster on exhalent surface of Spongia

be misleading, however, as there was evidence in the micrographs in
Figure 3 (bottom line) that the ceramic slip has pooled in regions.

3-D reconstruction of u-CT slices using Mimics version 10 allowed
qualitative assessment of the pore interconnectivity within the replica
scaffolds, providing images of their internal architecture along x, y and
z axes (Figure 3).

Mercury Intrusion Porosimetry (MIP)

MIP data (Figure 4) indicated the Spongia agaricina replicas
possessed a bimodal pore distribution with peaks occurring in both the
micro (<20pm) and macro (>50um) range. Spongia agaricina replicas
comprise 48.2% of pores between 0-50 um and 51.8% between 50-500
um. In contrast the pore size distribution within PU foam replicas
is distinctly mono-modal with the majority of pores (70.2%) ranged
between 400 and 650pm.

Permeability

Figure 5 exhibits average pressure gradient (determined using
Equation 2) versus Darcy velocity (determined using Equation 1). Using
Equation 4 the hydraulic permeability, k, for the Spongia agaricina and
PU foam replicas (equivalent to the gradient of their respective slopes)
was determined to be 16.6x10-10m2 and 45.7x10-10m2 respectively.

Compositional Analysis - X-Ray Diffraction (XRD) Analysis

Peaks present in traces (b), (c) and (d), representing analysis of
HA supplied by Plasma Biotal Ltd and crushed replicas of PU foam
and Spongia agaricina marine sponge, correlate to the HA stick pattern
(Trace a) attained from ICSD-2631 from the inorganic structural
database (ICSD) (Figure 6).

Mechanical properties

After testing three batches of five specimens the mean compressive
strength and compressive modulus of the Spongia agaricina replicas
were 8.4+0.83MPa and 163.6+16.4MPa respectively. The compressive
strength and compressive modulus of the PU foam replicas were
0.95+0.31MPa and 99+13.75MPa respectively. Figure 7 exhibits typical
stress vs. strain curves for both the PU foam and Spongia agaricina
replicas. Comparatively the mechanical performance of PU foam
replicas, which completely disintegrated under stresses and strain rates
of <1MPa and 1-2% respectively, was considerably inferior to replicas
of Spongia agaricina, for which fracture occurred at a stress of 10MPa
and strain values >10%. Even under greater loading conditions Spongia
agaricina replicas only partially fractured.
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Figure 3: Tri-Axial view of PU foam replica scaffold (bottom line) and Spongia
agaricina replica scaffold (top line) Internal architecture and 3-D reconstruction
using Mimics V10.

Analysis of cell growth

After 1 day in culture, MG63s attached to Spongia agaricina replicas
were viable but many retained a rounded morphology (Figure 8a). By
3 days however, the majority of cells exhibited a more fibroblast-like
morphology (Figure 8b) and by 7 days, the majority of the scaffold
has been colonised by cells. In comparison with MG63s, HDMECs
showed improved adherence and increased proliferation by 1 day with
typically elongated cells, indicating an affinity with the surface (Figure
8f). Adherence of HUVEC cells were comparable to MG63s.

On the PU foam replicas, many MG63s remained in a rounded
morphology even at 5 days and 7 days by which time they had displayed
an elongated morphology on the Spongia agaricina replicas (Figure 9a-
d). This suggested an inability to efficiently adhere to the scaffold. The
viability of HUVEC cells on the PU foam replicas was comparatively
poor with fewer cells identified at each time point. After a period of
7 days it was apparent that the majority of cells had died (Figure 9h).
Similar results were seen with HDMECs and the cells failed to survive
beyond 3d (Figure 9 i-j).

Discussion

The scaffolds produced using cellulose sponges and synthetic

sponges (Table 1, chosen as representative of similar infiltration
techniques) struggle to attain (or at the very least do not quantify) a
pore size distribution suitable for complete integration into bone, as
defined by Yang et al. [27]. In the current study, SEM/image analysis,
micro-CT, and MIP provided evidence that both PU foam and Spongia
agaricina replica scaffolds contain pores in the micro (<20um),
meso (20-50pm) and macro (>50pum) ranges necessary for complete
integration [27,44,45]. While macropores play a well established role in
osteoid ingrowth and rapid vascularisation [27], the presence of micro
and mesoporosity is also essential, facilitating neovascularisation by
providing increased surface area for protein adsorption and attachment
points for osteoblasts [27,44]. This is reaffirmed by Woesz et al who
state that the nutrition of the cells within any 3-D structure must be
ensured for its viability, and that this is only possible via the flow of
serum through both micro and macropores [45].

While there are discrepancies between the pore size distributions
attained using MIP and micro-CT, (Table 2), the distribution pattern
remains similar. These discrepancies may be due to the 50x50x50um3
voxel resolution utilised for the latter. As such this resolution presents
a limitation and may result in pores <50um being overlooked. MIP
(Figure 4) reduces the discrepancy, providing pore size distribution
data for pores between 1-1000um.

While literature suggests that the pore size distribution of the
PU foam replicas developed will allow successful bone ingrowth it
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speculates they will do so with limited success in comparison to the
Spongia agaricina replicas. This is due to two main reasons; a) 41.8%
of pores within the PU foam replicas fall within the 50-500 um cited as
necessary for bone ingrowth [21,26,46,47] (with >45% falling between
500-1000 pm) as opposed to 61.8% within the Spongia agaricina replicas
and b) mirroring polymer foam replicas cited (Table 1), the PU foam
replicas produced are deficient in pores between 1 and 50pm (<11%)
which may severely limit neovascularisation, fibroblast ingrowth and
bone ingrowth [27]. The literature suggests that Spongia agaricina
replicas would be more successful at integrating with surrounding
tissue [27].

Cited by Bohner et al as more influential to bone ingrowth than pore
size [47], micro-CT quantitatively determined interconnectivity to be
99.99% and 99.92% for the PU foam and Spongia agaricina replicas. In
this instance it could be argued that these values are more meaningful
having used a 50x50x50pm3 voxel resolution, given the consensus that
a minimum pore opening of 50pum is required to facilitate cell and ion
transport, and thus initiate osteogenesis [28,47-50]. While it may cause
discrepancy in pore size distribution data, the determination of almost
complete pore interconnectivity by micro-CT was validated using the
scaffold permeability data. With 55-61% porosity and an average pore
size of 349um measured for the Spongia agaricina replicas, compared

to 89% porosity and an average pore size of 577um within PU foam
replicas, increased permeability in the latter was expected.

The permeability values determined for both replicas calculated
to be k=46.4x10-10m2 for PU foam and k= 16.8x10-10m2 for Spongia
agaricina are encouraging results. Both are in agreement with values
reported by Nauman et al for vertebral body and proximal femur bone
and by Grimm and Williams for calcaneus bone [51,52].

Interconnectivity between pores has also been demonstrated
qualitatively using 3-D reconstruction of 2-D micro-CT images. While
it provides only qualitative data it is a useful tool providing visual

Figure 8 Calcein-AM stained MG63s seeded on Spongia agaricina replicas
after (a) 1 Day (b) 3 Days (c) 5 Days (d) 7 Days. Calcein-AM stained HDMECs
seeded on Spongia agaricina replicas after (e) 1 Day (f) 3 Days (g) 5 Days (h)
7 Days. Calcein-AM stained HUVECs seeded on Spongia agaricina replicas
after (i) 1 Day (j) 3 Days (k) 5 Days () 7 Days. (All images are representative
of cell coverage over the entire surface).

Figure 9: Calcein-AM stained MG63s seeded on PU Foam replicas after (a) 1
Day (b) 3 Days (c) 5 Days (d) 7 Days. Calcein-AM stained HUVECs seeded on
PU Foam replicas after (e) 1 Day (f) 3 Days (g) 5 Days (h) 7 Days. Calcein-AM
stained HDMECSs seeded on PU Foam replicas after (i) 1 Days and (j) 3 Days
(k) 5days. (Images are representative of cell coverage over the entire surface).
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Replica Replica Pore | Compressive
Scaffold [ | Porosity |Size Distribution| Strength | Ref SEM
Material (%) (um) (MPa)
4585 Polymer 5
Bioglass® | Boam 8992 510-720 027-042 | 13
Glass Polymer
Reinforced ¥ 85-97.5 420 - 560 001-0175 | 12
Foam
HA
HA Polymer - 100 - 200 . 20
Foam
Polymer
HA 70-77 200 - 400 055-5 19
Foam
HA Polymer 8286 500 - 700 021-041 | 16
Foam
Polymer
HA 87 150 - 200 0.16 15
Foam
HA Polymer - 400 - 600 13-105 | 21
Foam
HA Cellulose | oo 5 500 - 1000 N/A 18
Sponge
HA (20% Cellulose
Crystalling)| Sponge 56 50 -2000 16.1 14
HA (45% Cellulose
Crystaline)|  Sponge 67 50- 2000 038 14
HA (80% Cellulose
Crystalline)|  Sponge 30 502000 32.6 14
HA Cellulose 15 100 - 200 6205 17
Sponge

Table 1: Scaffolds Developed via Replication of Porous Preforms.

evidence of pore interconnectivity and their respective tortuosity
throughout each scaffold.

While Best et al have described the ability of several investigators
to achieve bone ingrowth into scaffolds with porosities of 45-90%,
there are well established advantages to having levels at either end of
the spectrum. High levels of porosity result in greater bone ingrowth
while low levels increase mechanical stiffness and strength [53]. While
both the Spongia agaricina and PU foam replicas exhibit porosity
within the limits suggested by Best et al to have experienced bone
ingrowth, its effect on the mechanical properties was evident. The 89%
porous PU foam replica scaffolds possessed a compressive strength
and compressive modulus of 2.46+1.43MPa and 0.099+0.014GPa
respectively. With such relatively high porosity, however, these
results compared favorably with the polymer foam replicas cited
(Table 1). In contrast Spongia agaricina constructs developed have a
compressive strength and compressive modulus of 8.4+0.83MPa and
0.164+0.016GPa respectively. These results are comparable to the
replicated cellulose sponge scaffolds produced by Landi et al, who
reported 45% porous scaffolds with a compressive strength of 6.0+0.5
MPa [17]. Though replicated cellulose sponge scaffolds developed by
Guicciardi et al exhibited a compressive strength of 16.1 MPa their
porosity (56%) and pore size distribution (19um-2mm) are inferior
and interconnectivity was not reported.

Aside from the variation in porosity, the diminished mechanical
properties of the PU foam replicas compared with Sponged agaricina
replicas can be attributed to the disparity between average strut sizes
[541+214um and 257+£95um for the PU foam and Spongia agaricina
replica scaffolds respectively].

When engineering substitute bone, unlike the majority of
engineering endeavours, the pursuit of mechanical strength in excess
of what is required should be avoided. Wolff’s law suggests that if a
substitute is introduced with the mechanical capabilities exceeding
those of the surrounding healthy bone, stress shielding may be
induced, resulting in atrophy or tissue loss [54]. As such a scaffold
should possess similar mechanical properties to the bone it has been
designed to replace [31-33].

The average compressive strengths and compressive moduli
of the natural polymer foam and marine sponge replicas,
2.46+1.43MPa/0.099+0.014GPa and 8.4+0.83MPa /0.16+0.016GPa
respectively, fall within the range of properties quoted for healthy
bone at various anatomical locations, Table 3 [31,32]. However, in
the opinion of the author, the instability of PU foam replicas during
routine handling, coupled with their relatively poor performance
during testing limit their use to non load bearing applications. With
regard to using Spongia agaricina replicas in load bearing applications,
further testing under long term cyclic loading conditions is required.

In terms of cellular response, the primary aim of this investigation
was to assess the viability of various primary cells and cell lines seeded
onto the scaffolds. Endothelial cells play a major role, releasing pro-
inflammatory factors and cell adhesion molecules and are the primary
cells involved in the formation of new blood vessels [42]. Consequently,
in addition to colonisation by osteoblasts, the adherence, proliferation
and survival of endothelial cells on and within the implanted scaffolds
are essential for successful integration into the body. It was evident
that all three cell types investigated had a greater ability to adhere and
proliferate on the surface of the Spongia agaricina replicas than on
the PU foam replicas. This variation may be attributed to a number of
factors;

a) Superior pore size distribution, in particular the presence of 1-50pum
pores.

b) The presence of particulate HA on the surface of PU foam replicas;
in the opinion of the author, the fine struts found in the PU foam
replicas, evident in Figures 1(h), do not have sufficient stability to
withstand handling without some degree of fracture. This instability
has contributed greatly to the presence of HA particulate matter
found on and within the constructs and has subsequently induced
cellular phagocytosis and diminished the capacity of cellular
material to adhere and proliferate across the surface. While a lack
of visible cellular material on the surface of the PU Foam replicas

HA Replica | (pm) Percentage 01 Total Pore Volume (%) determined by
micro-CT MIP
0-50 0 10.7
PU Foam 50-500 35.5 41.8
500+ 64.5 475
0-50 0.6 38.2
s. agaricina '50-500 91.5 61.8
500+ (7.9 0

Table 2: Comparison of Pore Size Distribution Data Attained via u-CT and MIP.

Young's Modulus
(GPa)

Anatomical Location |Range

Compressive
Strength (MPa)

Average |[Range Average Reference (s)

Femur 0.044 -1.531 0.389 |0.56-22.9 7.36 [32]
Lumbar Spine 0.001-0.110 0.023 |0.05-8 1.55 [32]
Proximal Tibia 0.061-1.174 0.445 0.68-14.1 5.33 [31, 32]
Proximal Femoral 0.441 6.8 [31]

Table 3: Typical Mechanical Properties of Cancellous Bone.
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may signify migration into the pores the rounded morphology of
the cellular material is indicative of cell death.

c) A combination of a larger surface area at the point of cell seeding
and reduced permeability within the Spongia agaricina replicas
has afforded the cellular material time to adhere increasing their
potential for successful attachment and proliferation.

Conclusions

Both natural and synthetic preforms have been successfully used
to manufacture HA based TE bone scaffolds. However, the natural
marine sponge (Spongia agaricina) has presented itself as a potentially
superior preform material for the production of such scaffolds in
terms of the resulting pore structure and mechanical properties. The
resultant scaffold demonstrated a normal pore distribution, with
over >90% within 1-500um range. Moreover, >99% of the pores
were classified as interconnected and both permeability (k= 16.8x10-
10m2) and compressive properties measured were in agreement with
values reported for healthy cancellous bone. Finally due to the pore
architecture of the marine sponge replicas, they exhibited the ability to
support adherence and proliferation of both primary endothelial cell
types (HUVEC and HDMEC) and the osteoblast-like cell line MG63.
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