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Abstract

Focal cartilage defects reduce the ability of articular cartilage to resist mechanical loading and
provide lubrication during joint motion. The limitations in current surgical treatments have
motivated the use of biocompatible scaffolds as a future treatment option. Here we describe a
second-generation, macroporous, polyvinyl alcohol (PVA) scaffold with independently tunable
morphological and mechanical properties. The compressive moduli of the PVA scaffold increased
with increasing polymer concentration and applied compressive strain, with values in the range for
human articular cartilage (Ha >1000 kPa, Ey >500 kPa). Scaffolds also possessed strain-
dependent permeability and Poisson’s ratio. The interconnected macroporous network was found
to facilitate chondrocyte seeding and proliferation through the scaffold over 1 week in culture.
Overall, these promising characteristics demonstrate the potential of this macroporous scaffold for
future studies in focal cartilage defect repair.

Localized damage to articular cartilage alters its mechanical properties and impairs its
ability to provide lubrication and distribute mechanical loads during joint motion (Gratz, et
al., 2009). These focal cartilage defects can result in debilitating pain and the size of the
defects can progressively increase over time, leading to extensive osteoarthritis in the joint
(Heir, et al., 2009; Davies-Tuck, et al., 2008). Though current surgical treatments such as
microfracture, mosaicplasty, and autologous chondrocyte transplantation can relieve pain
and restore joint function in the short-term (< 2 years), recent studies have reported
deteriorating clinical outcomes at longer follow-up times (>5 years post-operatively)
(Solheim, et al., 2010; Moseley, et al., 2010; Mithoefer, et al., 2009). The limitations of
current treatments have motivated the development of implantable scaffolds to encourage
cartilage regeneration as a treatment for focal cartilage defects.

Our laboratory developed a non-biodegradable porous scaffold intended to repair focal
cartilage defects. Our concept was that the scaffold would have a porous structure conducive
to integration with the host tissue via cell migration into the scaffold and matrix generation
at the interface, while the non-biodegradable component would provide both short-term and
long-term mechanical stability in the defect site. Our polymer of choice for this concept was
polyvinyl alcohol (PVA) hydrogel because of its biocompatibility (Maher, et al., 2007) and
prior use in FDA approved medical devices such as contact lenses, wound dressings,
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orthopaedic devices, and drug delivery vehicles (Hyon, et al., 1994; Bourke, et al., 2003;
Kobayashi, et al., 2001; Yamagata, et al., 1979). The polymerization of PVA is readily
achieved via freeze-thaw cycling of aqueous PVVA solutions, which introduces physical
cross-links in the monomer via hydrogen bonding, polymer crystallization, and phase
separation (Stauffer, et al., 1992). We previously developed a method of manufacture to
allow control over the composition and the mechanical properties of the scaffold that also
facilitated cell viability and matrix generation (Scholten, et al., 2011). However, the pores
generated using this first generation method of manufacture were dependent on the release
of dichloromethane during the polymerization process, which resulted in a variable and at
times non-interconnected pore structure. In this paper, we present an improved, second
generation method of manufacture of a PVA scaffold intended to provide enhanced control
over porosity and pore interconnectivity for ease of cell-seeding, while retaining our ability
to control scaffold mechanical properties.

To create the macroporous PVA scaffolds, surgical gelatin sponges (Ethicon — Johnson &
Johnson, Somerville, NJ) were saturated in deionized water and then incubated in a graded
series of PVA (Sigma Aldrich, St. Louis, MO) solutions made with deionized water until
reaching either 10% or 20% wt/vol PVA concentration. PVA-soaked sponges were frozen to
—20°C for 20 hours and thawed at 25°C for 4 hours and this freeze-thaw process was
repeated 4 additional times. The PVVA sponges were subsequently frozen for storage at
—20°C and thawed for final processing at a later time, resulting in 6 total freeze-thaw cycles
at which the PVA mechanical properties plateau (Holloway, et al., 2011). Disks (@5mm
diameter) were cored out of the PVA sponges with biopsy punches and cut to a thickness of
2.5 mm on a freezing stage sledge microtome to ensure parallel flat surfaces. The disks (&5
x 2.5mm) were then thawed and digested for 14 hours with 500 units/ mL of collagenase
(Type 11, Worthington Biochemical Corp., Lakewood, NJ) at 37°C to completely remove the
gelatin sponge. The resulting macroporous PVA scaffolds were washed under gentle
agitation 3x for 30 minutes in deionized water to remove the collagenase solution and
equilibrated in phosphate buffered saline (PBS) under gentle agitation for 30 minutes prior
to analysis.

Environmental scanning electron micrographs of the hydrated scaffolds using a Quanta 600
microscope (FEI, Hillshoro, OR) showed that both 10% and 20% PVA scaffolds (n=6 per
concentration group) possessed a randomly oriented, fibrous appearance with numerous
interconnected, open pores (Figure 1A, only 10% PVA shown). To quantify the
morphology, images were taken at 5 different positions along the surface and processed in
ImageJ (NIH, Bethesda, Maryland) to determine pore size and apparent porosity for each
individual scaffold. Given the skew in the pore size data, a non-parametric Wilcoxon sum-
rank test was performed to compare data between concentration groups and a parametric t-
test was performed to compare the apparent porosity data (a=0.05). There was no significant
difference in pore diameter (10% PV A average pore diameter: 15.7 um, range 8-304 um;
20% PVA average 17.5 um, range of 7.5-410 um; p>0.05) or in apparent porosity (10%
PVA: 81 £ 5%, 20% PVA 74 + 6%; p>0.05) between the 10% and 20% PV A scaffolds
indicating that the scaffold morphologies were statistically similar.

Confined and unconfined compressive testing (n=5 per concentration group) using methods
previously described (Scholten, et al., 2011) found that both 10% and 20% PVA scaffolds
possessed strain-dependent aggregate (confined) modulus (Hp), Young’s (unconfined)
modulus (Evy), permeability (k), and Poisson’s ratio (v) (Table 1). Scaffolds were tested in
unconfined compression with applied strains (g) from 10% — 70% of the original scaffold
height. After unconfined tests, scaffolds were allowed to recover in PBS for 30 minutes to
their original heights and then tested in confined compression up to € = 70% for 10% PVA
scaffolds and € = 60% for 20% PVA scaffolds (due to limits of the load cell). Data from
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both mechanical tests were curve-fit (Jurvelin, et al., 1997; Mow, 1980) to determine k and
v values. Material properties were compared using two-way ANOVA with Scheffe post-hoc
tests (a=0.05) and dependent variables being Hp, Ey, k, v and the independent variables
being scaffold polymer concentration and e. Both the Ha and Ey for scaffolds increased
significantly with applied strains of greater than or equal to 40%, with 20% PVA scaffolds
having significantly higher values at all tested strains compared to 10% PVA scaffolds
(p<0.05). The Poisson’s ratio increased from ~0.20 for both 10% and 20% scaffolds to ~0.40
at 60% applied strain. Permeability decreased by several orders of magnitude with
increasing strain. No significant differences in k or v existed between the scaffold groups.

The strain-dependent changes in the material properties of the scaffold are likely due to the
collapse of the macropores at higher compressive strains. Indeed, at low strains, the
compressive moduli and Poisson’s ratio of the macroporous scaffold were lower than
reported values for non-macroporous PVA scaffolds whereas the permeability was several
orders of magnitude higher (Stauffer, et al., 1992; Scholten, et al., 2011; Fromageau, et al.,
2007; Urayama, et al., 1993). With increasing strain and collapse of the macropores, these
values approach those reported in the literature for non-macroporous PVA hydrogels. The
highest measures values for Hp and Ey for 10% PVA (Ha: 2165.81+254.56 kPa, Ev:
711.754£33.42 kPa; @ ¢ = 70%) and 20% PVA (Ha: 1694.52+157.01 kPa @ & = 60%, Ey:
1807.32+51.22 kPa @ & = 70%) are in the range of reported values for distal and proximal
femoral articular cartilage in humans (Ha: ~1000 kPa, Ey: ~500 kPa) (Armstrong, et al.,
1982; Athanasiou, et al., 1994; Jurvelin, et al., 2003). As all scaffolds recovered to their
original dimensions after testing and exhibited elastic (linear) stress-strain behavior during
the compression ramps, there is no evidence from the mechanical testing that any plastic
deformation is occurring within the scaffold at strains up to 60—70%. However, direct
visualization under high power EM is needed to confirm the presence/absence of micro-
damage within the scaffold. In addition, at the higher strains, the values of k and v derived
from the models may not be accurate. Further direct measurements of these parameters are
planned.

To test the ease of cell seeding and ability of chondrocytes to survive in the scaffold, a new
batch of 10% PV A scaffolds (@5x2.5mm, n=10) were created and after the final washing
steps in deionized water, the scaffolds were disinfected in 100% EtOH for 30 minutes. The
ethanol was removed, the scaffolds dried under vacuum and heat for 2-3 hours, and placed
in 24 well plates. Then, 200 pL of a cell suspension containing 20 x 108 juvenile bovine
chondrocytes/mL in Advanced DMEM (Invitrogen, Carlsbad, CA) culture media was
pipetted into the well around the scaffold. The scaffolds quickly absorbed the cell
suspension and began to rehydrate. After the initial absorption, an additional 600 uL of cell
suspension was added, 200uL at a time, until the scaffold appeared to be fully rehydrated.
The scaffolds were incubated at 37°C and 5% CO, for 30 minutes to allow for cell
attachment and settling. Immediately after this seeding protocol, a subset of scaffolds (n=5)
were fixed in 10% neutral buffered formalin, processed and embedded, and stained with
hematoxylin. Cross-sectional/coronal images (schematic in Figure 1) of hematoxylin stained
scaffolds showed chondrocytes were present through the scaffold after seeding (Figure 1B).
The remaining scaffolds (n=5) were cultured for 7 days in ADMEM media and then
incubated for 24 hours in 10 uM BrdU, a molecule incorporated into cells during DNA
synthesis and proliferation. All seeded chondrocytes were positive for BrdU (Figure 1C),
indicating that the cells were actively synthesizing DNA and proliferating within the
scaffold.

The main goal in creating this second-generation scaffold was to incorporate a controllable,
interconnected, macroporous network in a non-biodegradable PVVA scaffold while retaining
an ability to control scaffold mechanical properties. Our previous method of manufacture
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relied on the effervescence of dichloromethane (DCM) out of the scaffold during the freeze-
thawing process to create macropores (Scholten, et al., 2011). However, precise control over
pore interconnectivity was not possible; moreover injection of cells into the scaffold was the
only method to ensure cell seeding, which resulted in a non-uniform distribution of cells.
The improved technique presented in this paper creates a macroporous interconnected
porous network that can be easily rehydrated with a cell suspension for uniform seeding.
Our results show that by increasing PVA concentration, we can increase the scaffold
mechanical properties (specifically modulus) without affecting scaffold porosity or pore
diameter. This would imply that the scaffold mechanical properties and morphology are
independently controlled using this method. Compared to articular cartilage, the values for
Ha, Ev, and k for both 10% PVA and 20% PVA at high compressive strains approximate
the properties of articular cartilage found in humans (Armstrong, et al., 1982; Athanasiou, et
al., 1994; Jurvelin, et al., 2003). This implies that scaffold material properties can be
modified by increasing polymer concentration and/or over-sizing the scaffold such that with
an applied pre-strain, the scaffold elicits higher mechanical properties than at low strain. In
principle, we could use any other degradable materials to generate the pore network such as
polyglyolic acid (Freed, et al., 1994) or polylactic acid (Cao, et al., 1997). Controlled
weaving of the porogenic material (Moutos, et al., 2007) would allow for the creation of
directed channels if such a need arise or if this were found to present some advantage.

Regarding cell-polymer interactions, though the histology confirmed that the seeded
chondrocytes were actively synthesizing DNA, the organization of the cells into clusters
implies the lack of cell-attachment sites on the PVA surface. This lack of cell-attachment
would also impact the seeding efficiency of the scaffold and the potential for fluid flow or
mechanical forces to induce cell loss. With further time in culture, secreted extracellular
matrix molecules may adsorb to the polymer surface facilitating chondrocyte attachment to
the scaffold. Alternatively, the PVA surface itself may be modified to covalently bond to an
attachment protein such as fibronectin to promote cell attachment (Nuttelman et al, 2001),
which is currently being researched by our laboratory to address these limitations. In
conclusion, we have demonstrated a novel method of manufacture of an interconnected,
macroporous non-degradable PVA scaffold, capable of facilitating cell migration, the
mechanical properties and morphology of which can be controlled.
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Figurel.

Representative coronal (cross-sectional) images of the central regions of the scaffolds (top
schematic). Environmental scanning micrographs of the central region of 10% and 20%
macroporous PV A scaffolds (A) revealed a fibrous, randomly oriented morphology with
pores large enough for cell migration. Through a dehydration/rehydration process,
chondrocytes were seeded throughout the scaffold (B, arrows, hematoxylin) and were found
to remain viable and proliferate (C, arrows, BrdU immunohistochemistry) over 1 week in
culture.

J Tissue Eng Regen Med. Author manuscript; available in PMC 2013 November 02.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Ng et al.

Macroporous PVA scaffolds exhibited concentration and strain-dependent material properties.

Table 1

10% PVA
Strain Ha (kPa) Ey (kPa) v k (m¥% N's)
10% 13.20 +1.55 11.67 +0.70 020£0.04 | 1.88E-11+6.20E-12
20% 13.90 +0.97 11.70+0.77 024+002 | 1.56E-11+9.80E-12
30% 18.16 +2.08 15.09 + 1.97 0254001 | 1.99E-11+5.75E-12
40% 5034 +12.64 T 3654+867T | 03120017 | 1.426-14+ 645615 T
50% 112.87+1538 T 7561412837 | 033+001% | 5.48E-16 +550E-17 T
60% 378.99+64.487 | 10483+27.17T | 0380017 | 1.12E-16 + 7.61E-17 8
70% 21658125458 T | 711.75+33.421 | 043+001T | 2.34E-16 + 9.10E-17 8
20% PVA
Strain Ha (kPa)* Ey (kPa)" v k (m* N 's)
10% 66.15 + 7.62 58.36 + 3.49 0214004 | 1.22E-11+4.10E-12
20% 73.66 + 2.72 60.45 + 3.50 0254004 | 1.41E-11+7.70E-12
30% 95.24 + 16.59 75.17 +10.16 0274002 | 1.23E-11+6.10E-12
40% 25367+66.451 | 18434446491 [ 031001 [ 933¢. 1441326157
50% 550.06+79.74 1 | 37474+66651 | 03320017 | 7.83E-16 £ 9.26E-17 8
60% 169452 +157.00 T | 827.11+33641 | 0394001 T | 3.12E-16 + 1.02E-16 8
70% X 1807.32 +51.22 T X X

Page 7

Increased concentration resulted in increased compressive aggregate and Young’s moduli (Ha and EY respectively, *p<0.05 vs. 10% PVA), with
no effect on Poisson’s ratio (v) or hydraulic permeability (k). For both PVA concentration scaffolds, Ha, EY, and v increased with applied strain
whereas k decreased with applied strain. Values of HA and Ey at 60—-70% strain are in the range of human articular cartilage (Armstrong, et al.,

1982; Athanasiou, et al., 1994).

+

p<0.05 vs. previous strains,

ip<0.05 vs. 10 — 30% strains,

8

p<0.05 vs. 10 — 40% strains,

X — Compressive testing was not performed due to limits of load cell
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