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Abstract
The challenge of designing a construct for the repair of focal cartilage defects such that it mimics
the mechanical properties of and can integrate with native cartilage has not been met by existing
technologies. Herein we describe a novel construct consisting of a non-degradable poly-vinyl alcohol
scaffold to provide long-term mechanical stability, interconnected pores to allow for the infiltration
of chondrocytes and poly-lactic glycolic acid microspheres for the incorporation of growth factors
to enhance cellular migration. The objective of this study was to characterize the morphological
features and mechanical properties of our porous PVA-PLGA construct as a function of PLGA
content. Varying the PLGA content was found to have a significant effect on the morphological
features of the construct. As PLGA content increased from 10 – 75%, samples exhibited a six-fold
increase in average percent porosity, an increase in average microsphere diameter from 8 – 34 µm,
and an increase in average pore diameter from 29 – 111 µm. The effect of PLGA content on Aggregate
Modulus and Permeability was less profound. Our findings suggest that that morphology of the
construct can be tailored to optimize cellular infiltration and the dynamic mechanical response.

Introduction
Over 800,000 patients undergo various non-arthroplasty treatments for articular cartilage
damage in the United States annually, at a cost to the economy of approximately $400 million
(Jackson, et al., 2001). However, patients diagnosed with articular cartilage defects are at
increased risk for the early development of osteoarthritis (Gillogly et. al., 1998). Successfully
treating the defect has the potential to halt this progression. The clinical standard-of-care
involves the transplantation of autogenous osteochondral plugs from non-weight bearing areas.
This approach has had reasonable short-term success (Sanders et al., 2001; Fitzpatrick and
Morgan, 1998; Horas et al., 2000) but also faces many unresolved technical challenges
including defect size limitations, donor site morbidity, the challenge of matching donor site
and host site curvature (Bartz et al., 2001) and regional differences in cartilage properties
(Lane et al., 2001, Jurvelin et al., 2000). Microfracture of the subchondral plate is another
clinically performed procedure that attempts to elicit a fracture healing response (Gillogly et
al., 1998), but results have been variable (Mithoefer et al., 2005) with complications such as
dislocation of the tissue that fills the defect (Gudas et. al., 2005). Expanded autogenous
chondrocytes have been implanted into defects in an attempt to grow cartilage in situ, but
problems of uncontrolled tissue overgrowth have been reported (Wood et. al. 2006) and results
appear to be heavily dependent on surgical technique (Gillogly and Myers, 2005).
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The concept of growing articular cartilage ex vivo and implanting the tissue into cartilaginous
defects has become a major area of research. Typically, cells are seeded into degradable
hydrogels, such as chitosan (Griffon et al., 2006; Li et. al., 2004; Sechriest, et al., 2000) or
alginate (Elisseeff et al., 2002). The constructs are cultured in the presence of chondroinductive
growth factors (Yasuda et al., 2006; DeFail et al., 2005) or under deformational loading
conditions (Hung et al., 2004) in an attempt to optimize matrix generation within the scaffolds.
In order for the newly formed cartilage to function as a load supporting structure when
implanted, its mechanical properties should ideally approach that of native tissue. Furthermore,
integration with surrounding tissues is vital for long-term fixation. To date however, despite
the wide range of conditions to which cell-seeded constructs have been exposed, their
mechanical properties have been far inferior to that of articular cartilage (Hung et al., 2004)
and integration between the constructs and surrounding native tissue has been problematic
(Ramaswamy, et al 2006; Giurea, et al 2002; Obradovic, et al 2001).

The use of non-degradable synthetic materials to repair cartilage defects has been suggested
and explored in animal models (Noguchi et al., 1991, Oka et al., 1997). Non-degradable
synthetics are potentially attractive because of an ability to define mechanical characteristics
by controlling manufacturing processes. However, integration with surrounding tissue remains
an unsolved problem (Ushio, et al 2004). In this study we describe a partly-degradable porous
hydrogel construct to replace damaged cartilage. The construct is made of non-degradable
poly-vinyl alcohol (PVA) to provide long-term mechanical stability and the interconnected
pores will allow for the infiltration of chondrocytes and thus construct/tissue integration. In
addition, degradable poly-lactic glycolic acid (PLGA) microspheres are seeded within the
construct for incorporation of growth factors to enhance cellular migration and matrix
generation (Figure 1). Manufacture of the PVA-PLGA constructs herein proposed involves
producing an emulsion of PLGA dissolved in dichloromethane, and PVA dissolved in de-
ionized water. We hypothesized that the post-solidification morphology of the constructs
would be affected by the relative amounts of PLGA and PVA solutions. The objective of this
study was to characterize the morphology and mechanical behavior of porous PVA-PLGA
constructs as a function of PLGA content.

Materials & Methods
Manufacture

The PVA-PLGA constructs were manufactured by mixing 10 g of PVA powder (Elvanol©
71-30, Mw ~ 96,000; DuPont, Wilmington, DE) with 90 g of double distilled de-ionized water.
The mixture was autoclaved for one hour at 120 °C to produce 10% weight PVA solution. The
solution was allowed to cool to room temperature. PLGA powder (Medisorb® 5050DL 3.5A,
Alkermes Inc., Cambridge, MA) was dissolved in dichloromethane, DCM (Sigma Aldrich, St.
Louis, MO) to create a solution of 10% weight PLGA. The PLGA solution was sonicated in
an ultrasonic cleaner (Branson 1510, Branson, Danbury, CT) for 10 minutes, then added drop-
wise to the PVA solution. The amount of PLGA solution added was varied as a weight percent
of PVA to produce the following groups: 10%, 20%, 50%, and 75% PLGA (n=10 per group).
The combined mixture was magnetically stirred at 300 rpm for 10 minutes. The emulsion was
poured into wells of a 24-well polystyrene plate, sealed with parafilm and subjected to five
cycles of 23 hours of freezing (−20°C) followed by 1 hour of thawing at room temperature
(25°C) in a MicroClimate™ chamber (Cincinnati Sub-Zero, Cincinnati, OH). Samples were
kept in a −20°C freezer until testing.

Morphology
A disc of material approximately 5 mm thick was sliced from the middle of each construct for
morphological analysis (n=5 per group). The discs were placed in an environmental chamber
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of a scanning electron microscope (FEI Philips, Hillsboro, OR). Two images, one at 250× and
one at 500× magnification were analyzed using J-image (National Institutes of Health,
Bethesda, MD). Using the 500× images, pores in the PVA were identified and the diameters
recorded. Similarly, using the 250× images, microspheres were identified and diameters
measured. The percent porosity of the PVA was calculated from the 250× images, as the ratio
of the total area of pores to area of the field of view.

Mechanical Testing
Constructs (n=5 per group) were cored using a 5 mm diameter biopsy punch and sliced to a
thickness of 2–3 mm on a freezing stage microtome to ensure flat parallel surfaces. A creep
test (figure 2) was performed using a custom-made test apparatus, the Compression Computer
Automated Soft Tissue Test System (CCASTTS), (Torzilli, 1990). Samples were confined in
a 5 mm diameter stainless-steel well and compressed by a porous 5 mm diameter brass filter.
The confined samples were rapidly compressed at a rate of 150 µm/s to a load of 50 g. Thereafter
the load was held constant and samples were allowed to creep for one hour. Throughout testing
the creep displacement was recorded. The data was analyzed using the biphasic theory (Mow
et al.) to calculate the Aggregate Modulus, Ha, and Permeability, κ. The stress (σ) vs. strain
(ε) relationship for the initial phase of rapid loading was linear up to 8 % strain for all samples,
thus the slope was defined as the Dynamic Modulus.

Full thickness discs of articular cartilage (n=5, 5 mm diameter × 1.5 mm height) were harvested
from the trochlea of mature bovine knees. A biopsy punch was used to core the tissue, after
which a scalpel was used to remove the cartilage disk from a close as possible to the underlying
bone. A freezing stage sledge microtome was used to remove a small amount of tissue from
the base of the plug to ensure that the top and bottom surfaces were parallel.

Methods of Statistical Analysis
The relationships between PLGA content and morphological features (porosity, pore diameter,
microsphere diameter) and mechanical properties (Aggregate Modulus, Dynamic Modulus and
Permeability) were analyzed as follows. Aggregate Modulus, Dynamic Modulus and
Permeability and porosity were analyzed using a one way ANOVA with %PLGA as the
independent variable and Bonferroni corrected post-hoc comparisons were run on the data.
Pore diameter and microsphere diameter data were logarithmically transformed to produce
normally distributed data. A one factor ANOVA with samples nested within the factor, PLGA
content, was run. The results for the multiple comparisons were corrected with a Bonferroni
adjustment.

Results
We successfully manufactured porous, microsphere seeded PVA-PLGA constructs using the
methods herein described and measured the morphological changes in the constructs as a
function of PLGA content (Figure 3). Porosity increased from 8 ± 3 % to 54 ± 19 %, pore
diameter from 29± 21 µm to 111 ± 85 µm and microsphere diameter from 9 ± 2 µm to 33 ±
35 µm as PLGA content increased from 10 % to 75 % (Table 1).

Porosity, pore diameter, and microsphere diameter were not significantly different between
the 50 % and 75 % PLGA samples, nor between the 10 % and 20 % PLGA samples (see Table
2). The 50 % and 75% PLGA constructs had a higher porosity, larger pores and larger
microspheres than the 10% and 20% PLGA constructs.

The biphasic-theory fitted creep response of the PLGA/PVA constructs and mature articular
cartilages are illustrated in Figure 4. The Aggregate Modulus ranged from 0.086 ± 0.0075 to
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0.102 ± 0.013 MPa and was independent of PLGA content, p=0.15 (Table 3). Articular cartilage
had a significantly higher Aggregate Modulus (0.311 ± 0.062 MPa) compared to all PLGA-
PVA constructs, regardless of PLGA content.

The Permeability ranged from 1.39 ± 039 × 10−14 to 4.32 ± 1.05 × 10−14 m4/Ns (Table 3). The
75% PLGA construct had a higher permeability when compared to the other constructs (10,
20 and 50% PLGA). However, there were no other inter-group differences. The articular
cartilage was an order of magnitude less permeable when compared to all constructs.

The Dynamic Modulus for 20% PLGA constructs was significantly lower than that or articular
cartilage (p=0.03), but all other constructs had Dynamic Modulus values similar to that of
articular cartilage (p>0.06). Dynamic Modulus values are presented in Figure 5.

Discussion
The challenge of designing a construct for the repair of focal cartilage defects such that it
mimics the mechanical properties of and can integrate with native cartilage has not been met
by existing technologies. Our concept is to utilize a porous non-degradable construct capable
of providing immediate and enduring load carrying ability to the defect site, while at the same
time encouraging cellular infiltration from adjacent tissue. The ability of the construct to meet
these criteria will depend on its morphology and mechanical properties. Our objective was to
characterize the morphological features and mechanical properties of a new class of porous
PVA-PLGA constructs as a function of PLGA content.

In choosing materials for the manufacture of a non-degradable porous construct, long-term
biocompatibility is a requisite. PLGA is a biodegradable and biocompatible polymer
commonly used to encapsulate growth factors for drug delivery (Mercier et al., 2005; Kang et
al., 2005; Elisseeff et al., 2001). PVA is a non-degradable biocompatible hydrogel that has
been used in several biomedical applications including contact lenses, ophthalmic materials
and tendon repair (Corkhill et al., 1990; Noguchi et al., 1991; Chang et al., 1994; Oka et al.,
2000; Oka et al., 1997). Non-degradable poly(vinyl alcohol) has long been suggested for the
repair of articular cartilage defects (Peppas and Merrill, 1977). Non-porous PVA hydrogel
plugs have also been used for the repair of focal cartilage defects in animal models (Noguchi
et al., 1991, Oka et al., 1997), but lack of integration with surrounding tissue has been
problematic. The concept of using a porous PVA scaffold to encourage integration with
articular cartilage is new.

The manipulation of the mechanical properties of non-porous PVA by altering its composition,
structure and method of manufacture has been well characterized (Moroni et al, 2006;
Woodfield et al. 2004). For example, dehydration has been shown to increase compressive
stiffness (Thomas et. al., 2004). Decreasing the water content (Stammen, et al, 2001) and
gamma-irradiating the material have also been shown to increase Compressive Modulus
(Peppas & Merrill, 1977). Methods to control the mechanical properties of porous PVA have
been less characterized. The mode of manufacture of the PVA/PLGA construct herein
described is such that PLGA is first dissolved in an organic solvent (DCM) and then added to
a PVA solution. As the solutions are emulsified, the DCM evaporates leaving pores. By varying
the PLGA content, a corresponding change in DCM content is required and results in changes
in the morphology and mechanical properties of the composite.

The percent of PVA in the final construct was less than 10% weight and the remainder was
water. As a porous, fluid-filled construct, load is carried via the pressurization of the entrapped
fluid within the construct and the solid construct itself. The Aggregate Modulus (Modulus of
the solid construct at equilibrium), Dynamic Modulus (Modulus of the construct during a phase
of rapid loading) and Permeability of the construct, which are well characterized for articular
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cartilage, were measured in this study. The strain vs. time data generated from each creep test
was fit with the biphasic theory of Mow et al., 1980. A key assumption in this theory is that
the solid matrix does not exhibit an intrinsic viscoelastic response. Due to the small percent of
solid PVA included in the construct utilization of the biphasic theory to compute the Aggregate
Modulus and Permeability of the construct is considered appropriate.

The wide range of articular cartilage mechanical properties reported in literature has been
attributed to variability in the species and location from which articular cartilage was harvested
(Armstrong and Mow, 1982; Jurvelin et al., 2000), variation in collagen, water and
proteoglycan content of the tissue (Appleyard et al., 2003), and to variation in the type of test,
rate of loading and % strain to which the sample was loaded (Li et al., 2002; Korhonen et al.,
2002). Given the strong dependency of mechanical properties on test conditions and sample
type, to enable a comparative assessment of the mechanical properties of the hydrogel scaffolds
to that of articular cartilage, all samples were tested under the same loading conditions. Of
note, due to the difficulty of obtaining undamaged human articular cartilage samples, bovine
articular cartilage was tested in this study. This limits our ability to equate the construct
mechanical properties to that of human articular cartilage.

The Dynamic Modulus of the hydrogel constructs measured in this study was within the range
of that measured for the mature bovine articular cartilage (2.5 ± 0.8 MPa) and within the larger
range of a previously reported compressive modulus of human articular cartilage 1.9 – 14.4
MPa (Stammen et al., 2001). Constructs with PLPGA contents of 10%, 50% and 75% had
Dynamic Modulus values similar to that of articular cartilage, suggesting that PLGA content
can be chosen to maximize the release of growth factors without significantly affecting the
time-zero mechanical properties of the scaffold. It is unclear why 20% PLGA constructs had
Dynamic Moduli that were significantly lower than that of articular cartilage; larger sample
sizes may clarify this effect.

The Aggregate Modulus was independent of PLGA content, ranging from 0.087 ± 0.008 to
0.102 ± 0.013 MPa. These values are lower than the Ha measured for mature bovine articular
cartilage in this study (0.311 ± 0.062 MPa), but within the wider range of 0.01 to 0.8 MPa
reported in the literature (Armstrong et al., 1982; Athanasiou et al., 1991; Chen et al., 2001;
Mow et al., 1980; Torzilli, 1976; Wang et al., 2001). Variations in PLGA content of less than
75% had little effect on construct permeability; however at 75% PLGA the construct had a
significantly higher permeability compared to all other groups. Construct permeability ranged
from 1.39 ± 0.39 to 4.32 ± 1.05 × 10−14m4/Ns which is one order of magnitude higher than
that measured for mature bovine articular cartilage 0.42 ± 2.51 × 10−14 m4/Ns, but within the
range of values reported in the literature 0.01 – 0.5 × 10−14 m4/Ns (Armstrong et al., 1982;
Athanasiou et al., 1991; Mow et al., 1980).

The ability of chondrocytes to migrate into, remain viable and synthesize extracellular matrix
within a scaffold is influenced by its pore diameter and porosity (Chang et al., 2003; Oh et al.,
2003). The pore diameter of the constructs was significantly influenced by PLGA content,
where higher PLGA content led to larger pores. Pore diameters in the 50% PLGA (95 ± 82
µm) and 75% PLGA (111 ± 85 µm) groups are within the range of pore diameters used by
others in cell seeded constructs. For example, Lee et al. (2006) used scaffolds with pore
diameters that ranged from 50 – 250 µm, Oh et al. (2003) used scaffolds with pore sizes in the
200 – 300 µm range, and Chang et al. (2003) used scaffolds with average pore diameters of
180 µm. It has recently been suggested that although large pore diameters may be needed to
encourage chondrocyte migration into a scaffold, smaller pores may be better to optimize cell-
cell interactions and chondrogenesis (Vikers et al., 2006).
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The porosity of our constructs also increased with increasing PLGA content, ranging from 8
± 3% at 10% PLGA to 54 ± 19% at 75% PLGA. Scaffolds ranging from 75% (Chang et al.,
2003) to 90% porosity (Oh et al., 2003) have been successfully seeded with chondrocytes,
suggesting that further studies are warranted to determine cell seeding ability in our PVA-
PLGA composite.

To encourage construct integration with the surrounding cartilage tissue it is envisaged that
the PLGA microspheres will be filled with growth factors that encourage cellular migration
into the construct. As PLGA content increased from 10–75%, we demonstrated a four-fold
increase in microsphere diameter. Change in sphere diameter will likely influence the kinetics
of drug release (DeFail et al., 2006), the control of which should lead to optimized cellular
infiltration. Furthermore, it is envisaged that by functionalizing the PVA scaffold walls with
adhesion peptides or fibronectin, chondrocytes will be able to adhere to the matrix to further
facilitate scaffold-matrix integration (Oh, et al, 2003; Zajaczkowski, et al, 2003; Nuttelmann,
et al, 2001).

In conclusion, we developed a porous, semi-degradable biocompatible PVA-PLGA construct
with variable porosity and pore diameter and mechanical properties similar to that of articular
cartilage. Varying the PLGA content was found to have a profound effect on the morphological
features of the constructs. As PLGA content increased from 10 to 75%, constructs exhibited a
six-fold increase in average percent porosity, a four-fold increase in microsphere diameter and
a four-fold increase in pore diameter. The effect of the PLGA content on the Aggregate
Modulus, Permeability was and Dynamic Modulus was less profound. This suggests that that
the morphology of the construct can be tailored to optimize cellular infiltration and the release
of growth factors, without detrimentally affecting scaffold mechanical properties.
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Figure 1.
Schematic of porous PVA hydrogel with PLGA microspheres in a cartilage defect.
Chondrocytes from surrounding tissue will ideally migrate into the PVA scaffold.
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Figure 2.
Schematic of the experimental test setup for confined compressive testing. Samples were
confined in a 5 mm diameter stainless-steel well and compressed by a porous 5 mm diameter
brass filter. A pre-defined load was rapidly applied, and thereafter the load was held constant
for one hour to allow the sample to creep.
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Figure 3.
SEM images of 10%, 20%, 50% & 75% PLGA hydrogel surfaces. In these representative
pictures it can be seen that as PLGA content increases, the porosity, pore diameter, and
microsphere diameter also increase.
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Figure 4.
Strain versus time plot for a 10, 20, 50, and 75% PLGA 5mm diameter hydrogel core using a
5mm diameter porous brass indenter in a confined creep test.
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Figure 5.
Dynamic Modulus at 5% strain of mature bovine articular cartilage and PVA-PLGA
composites as a function of %PLGA.
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Table 1
Porosity, Micro-Sphere Diameter and Pore Diameter (average ± standard deviation) as a function of %PLGA content

% PLGA Porosity Micro-Sphere Diameter (µm) Pore Diameter (µm)

10 8±3 8.5±2.1 29 ± 21

20 17±5 10.8±3.9 35 ± 22

50 49±20 25.4±25.5 95 ± 82

75 54±19 33.7±34.7 111 ± 85
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Table 2
Summary of statistical analysis of inter-group differences of porosity, microsphere diameter and pore diameter

% PLGA Porosity Micro-Sphere Diameter Pore Diameter

10 vs. 20 50 =75 (p=1.0) 50 =75 (p=0.2) 20 > 10 (p=0.01)

10 vs. 50 50 > 10 (p=0.002) 50 > 10 (p<0.001) 50 > 10 (p<0.001)

10 vs. 75 75 >10 (p<0.001) 75 >10 (p<0.001) 75 >10 (p<0.001)

20 vs. 50 50 > 20 (p=0.02) 50 > 20 (p<0.001) 50 > 20 (p<0.001)

20 vs. 75 75 >20 (p=0.003) 75 >20 (p<0.001) 75 >20 (p<0.001)

50 vs. 75 50 = 75 (p=1.0) 50 = 75 (p=0.4) 50 = 75 (p=0.2)
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Table 3
Aggregate Modulus and Permeability (average ± standard deviation) as a function of %PLGA content

PLGA % Aggregate Modulus, Ha Ave. Permeability, k (× 10−14 m4/Ns)

10 0.102 ± 0.013 2.74± 0.56

20 0.087 ± 0.0075 1.53 ± 0.68

50 0.101 ± 0.015 1.39 ± 0.39

75 0.097 ± 0.0087 4.32 ± 1.05

cartilage 0.311 ± 0.062 0.42 ± 2.51
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