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Abstract

Few options exist to replace or repair damaged articular cartilage. The optimal solution that has 

been suggested is a scaffold that can carry load and integrate with surrounding tissues; but such a 

construct has thus far been elusive. The objectives of this study were to manufacture and 

characterize a non-degradable hydrated scaffold. Our hypothesis was that the polymer content of 

the scaffold can be used to control its mechanical properties, while an internal porous network 

augmented with biological agents can facilitate integration with the host tissue. Using a two-step 

water-in-oil emulsion process a porous poly-vinyl alcohol (PVA) hydrogel scaffold combined with 

alginate microspheres was manufactured. The scaffold had a porosity of 11–30% with pore 

diameters of 107–187 μm, which readily allowed for movement of cells through the scaffold. 

Alginate microparticles were evenly distributed through the scaffold and allowed for the slow 

release of biological factors. The elastic modulus (Es) and Poisson’s ratio (υ), Aggregate modulus 

(Ha) and dynamic modulus (ED) of the scaffold were significantly affected by % PVA, as it varied 

from 10% to 20% wt/vol. Es and υ were similar to that of articular cartilage for both polymer 

concentrations, while Ha and ED were similar to that of cartilage only at 20% PVA. The ability to 

control scaffold mechanical properties, while facilitating cellular migration suggest that this 

scaffold is a potentially viable candidate for the functional replacement of cartilage defects.

Introduction

Articular cartilage is a hydrated and lubricated tissue that allows for the relative movement 

of opposing joint surfaces under high loads 1–4. Adult articular cartilage is avascular and 

lacks a source of mesenchymal cells4–7, the consequences of which include impaired 

healing ability. Surgical techniques used to treat cartilage defects are aimed primarily at 

alleviating pain and have thus far not succeeded in preventing the progression to 

osteoarthritis8–10. Implantable scaffolds are being developed in an attempt to engineer 

replacement cartilage ex vivo by stimulating a cell-seeded scaffold prior to implantation11–
18 However, the ability of isolated chondrocytes to regenerate and organize extraceullar 
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matrix components that mimic the complexity of native tissue either in vivo or ex vivo is 

unclear. Furthermore, the mechanical properties of the initial day 0 scaffolds developed so 

far have not yet matched that of the intact native tissue 19–21. Thus, it is unknown if the 

scaffolds are able to carry joint loads at the time of implantation.

A non-degradable synthetic scaffold has been suggested as a potentially viable treatment to 

stabilize the site of a local defect8. The scaffold would ideally carry and distribute loads 

much in the way of the native tissue while providing a mechanism for long-term fixation. To 

this end, non-degradable hydrogel scaffolds (hydrophilic, crosslinked, hydrated, polymeric 

networks) have demonstrated promising in vivo animal model results22,23 although an 

inability to integrate with the surrounding tissue has been problematic24. A possible solution 

to this dilemma is to design a non-degradable hydrogel-based construct (to assist with load 

carrying ability) with an internal interconnected porous network (that can facilitate cell 

migration) and an ability to release biological agents (to encourage cell migration).

The objectives of this study were to manufacture and characterize a non-degradable 

hydrated scaffold combined with a degradable drug-delivery vehicle, a composite scaffold 

that we termed “semi-degradable.” Our hypothesis was that the polymer content of the 

scaffold could be used to control its mechanical properties, while an internal porous network 

augmented with biological agents could facilitate integration with the host tissue.

Materials and Methods

Scaffold Manufacture

Manufacture of the scaffold required a two-phase process which included (i) formation of 

the alginate microparticles and (ii) construction of the PVA-alginate composite scaffold (Fig 

1).

Alginate Microparticles—Alginate microspheres were formed using a standard water-in-

oil emulsification technique. The oil phase – 110 ml of isooctane (Sigma Aldrich, St. Louis, 

MO) and 4 ml of Span 85 (Sigma Aldrich, St Louis, MO) – was added to a 250 ml round 

bottom flask which was submerged in an ice bath and stirred at 1000 rpm with an overhead 

mixer (RW20, IKA, Staufen, Germany). The water phase – 400 mg of alginic acid sodium 

salt from brown algae (Fluka, Sigma Aldrich, St. Louis, MO) in 14 ml of double distilled 

water and 6 ml of insulin (Humulin R 100 units/ml, Eli Lilly, Indianapolis, IN) – was added 

drop-wise to the oil phase and the combined solution was stirred for 10 minutes. A 

surfactant – 12 ml of Tween 85 (Sigma Aldrich, St Louis, MO) – and a crosslinking agent – 

2 g of calcium chloride (Sigma Aldrich, St Louis, MO) in 20 ml of double distilled water – 

were added drop-wise and the solution was stirred for 25 minutes and allowed to rest for 45 

minutes. The upper liquid (organic phase) was decanted from the flask and discarded. The 

remaining solution was twice mixed with isooctane and once with ethanol, centrifuged and 

the supernatant was discarded. The pellet was allowed to air dry at room temperature under 

a chemical hood and the resulting microspheres were stored at 4°C.

PVA-Alginate scaffold—To create the PVA solutions, 3 g (for a 10% wt/vol solution) or 

6 g (for a 20% solution) of PVA powder (Elvanol 71–30; DuPont, Wilmington, DE; 
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Mw~96000) was dissolved into 30 ml of deionized water. The solutions were autoclaved for 

1 hour at 120°C and allowed to cool at room temperature. Alginate microspheres (100 wt% 

of PVA) were added to the PVA solutions and mixed for 5 min at 500 rpm. The solutions 

were allowed to settle for 1 minute, the overhead mixer was set to 150 rpm, and 6 ml of 

dichloromethane (DCM; Sigma Aldrich, St Louis, MO) was added drop-wise as the mixture 

was stirred for 3 minutes. For the 20% PVA scaffolds, a separate mixing station was used 

with the mixing speed increased to 300 rpm due to the higher viscosity of the polymer 

solution. The final emulsions were poured into individual wells of a 24-well polystyrene 

plate and subjected to 5 freeze/thaw cycles (MicroClimate chamber, Cincinnati Sub-Zero, 

Cincinnati, OH), consisting of 23 hours at −25°C followed by one hour at 25°C. Twenty-

four samples of each gel concentration were manufactured in 6 batches using this technique: 

four were used for morphological analysis, six were used for mechanical evaluation, six for 

assessment of growth factor release rate, and eight to assess the cellular response.

Morphology

The top and bottom surfaces of the scaffolds were removed with a scalpel to create a 5 mm 

thick disc for morphological analysis (one from each of 4 different batches of material). The 

scaffold discs were imaged in the environmental chamber of a scanning electron microscope 

(FEI Philips, Hillsboro, OR). The pore diameter and microparticle size distribution were 

measured with ImageJ (National Institute of Health, Bethesda, MD), and percent porosity 

was determined by calculating the total area of the pores to the area of the field of view.

Mechanical Testing

Scaffolds (n = 6) were cored using a 5-mm diameter biopsy punch and sliced to a thickness 

of 2–3 mm on a freezing stage sledge microtome to ensure flat parallel surfaces. Full 

thickness disks of articular cartilage (n=6) were harvested from the trochlea of mature 

bovine knees using a 5 mm biopsy punch. Tissue was removed from the top and bottom 

surfaces of the scaffold using a freezing stage microtome to ensure flat, parallel surfaces. 

This resulted in tissue thicknesses of 1–2 mm. All samples were subjected to a series of 

stress relaxation tests under confined and unconfined conditions using a custom-built test 

apparatus, the Compression Computer Automated Soft Tissue Test System25.

For unconfined compression testing, samples were placed on a stainless steel base and 

loaded with a polished stainless steel platen (d = 10-mm). The surface of each sample was 

detected using a trigger-load of 1.5 g and this position was used to determine the construct 

initial thickness (h0) and defined as the zero-strain, zero-stress state. Then, a tare strain of 

8% h0 was applied in two 4% ramps and held until the load reached a steady-value, defined 

throughout testing as a change in average force of less than 0.5 g for 180 s. Each sample was 

then subjected to 3 sequential step compressions of 4% h0 at a velocity of 20 μm s−1. For 

each step, time-displacement-load data was collected at a frequency of 20 Hz for the first 5 

seconds and at 0.2 Hz thereafter until equilibrium was reached. Samples were kept 

immersed in phosphate buffered saline (PBS) throughout testing. After completion of the 

unconfined test the sample was allowed to return to its original thickness. The confined 

compression test used a confining stainless-steel chamber and a porous 5 mm diameter brass 

filter and followed the same testing protocol used for the unconfined test.
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The equilibrium stress for each step was plotted as a function of the equilibrium strain. 

Elastic modulus (Es) and Aggregate modulus (Ha) were determined for each sample from 

the slope of the best fit line from the equilibrium stress-strain response for the three 

compression steps for unconfined and confined conditions, respectively. Poisson’s ratio (νs) 

was calculated using the following formula 26: . Displacement-load 

data for the confined condition was further analyzed using the biphasic theory27 to 

determine the permeability at each step. In addition, the slope of the stress-strain curve 

during the ramping phase for each compression step for both unconfined and confined 

testing was calculated and defined as the dynamic modulus (ED).

Release of growth factors

The scaffolds (n=6) were sliced on a freezing stage microtome to a thickness of 8.5 mm and 

cored to a diameter of 10 mm. The samples were placed in 5 mL of phosphate buffered 

saline solution and incubated at 37°C. The entire solution was mildly vortexed, collected, 

stored and replaced with another 5 mL of PBS at the following time-points: every hour for 

the first seven hours, every 24 hours for the first 14 days, and once a week for the first four 

weeks. Using a Coomassie Plus protein assay (Pierce, Rockford, IL), the amount of insulin 

in the collected solution was quantified as a function of time. Non-linear regression was 

used to model the time dependent release of growth factors (SigmaPlot, Systat Software, 

Inc., San Jose, CA).

Cell Response

Scaffolds (n=8) containing alginate microparticles without insulin were sliced and pre-

soaked in DMEM/F12 media containing 10% antibiotics/antimycotic and washed at 4°C for 

24 hours. Ten million ATDC5 cells (a murine chondrogenic cell line28) were injected at 

three evenly spaced locations along the side of the scaffolds with a 18 gauge syringe, placed 

in media containing 10% fetal bovine serum and 1% antibiotics/antimycotic, and incubated 

at 37°C. The samples were collected after 14 days, washed, fixed overnight with 4% 

paraformaldehyde containing cacodylate buffer, washed in double distilled water, paraffin 

embedded, sliced (longitudinally & transversely) to a thickness of 7 μm, and stained using 

hematoxylin and eosin.

Analysis of Data

A Mann-Whitney Rank Sum Test was used to assess differences in Elastic modulus, 

Aggregate modulus, Dynamic modulus, and Poisson’s ratio between scaffolds and mature 

bovine cartilage. A Wilcoxon test was used to assess paired differences in the theoretical 

(from the biphasic theory) and experimental Aggregate modulus and dynamic modulus of 

scaffolds and bovine cartilage. A Spearman rank order correlation coefficient test was 

performed to determine if a relationship exists between permeability and compressive strain. 

Parameters are reported as mean ± standard deviation.
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Results

Morphology

The method of manufacture resulted in a porous scaffold with an even distribution of 

microparticles throughout both gel concentrations (Fig. 2, only 10% PVA shown). Average 

pore diameter was 147 ± 40 μm and the percent porosity determined from these macropores 

under ESEM ranged from 11% to 30% with no significant differences in these parameters 

between gel concentration; alginate microspheres had an average diameter of 15 ± 4 μm. 

Water content of the gels was ~90% for both 10% PVA and 20 % PVA hydrogels.

Mechanical Testing

The biphasic theory provided an excellent fit to the stress-relaxation data (Fig. 3). There was 

a linear relationship between stress and strain at equilibrium for unconfined and confined 

conditions; from which Es and Ha were calculated. Ha was significantly higher for bovine 

articular cartilage (0.21 ± 0.07 MPa) and 20% PVA constructs (0.16 ± 0.02 MPa) compared 

to that of the 10% PVA scaffolds (0.06 ± 0.01 MPa; p=0.002), but there was no statistically 

significant difference between articular cartilage and the 20% PVA scaffolds (Fig. 4). For 

Es, the 20% PVA scaffold was significantly stiffer than the 10% PVA scaffold (0.14 ± 0.02 

vs. 0.04 ± 0.01 MPa, p<0.05), and there was no significant difference between either 

scaffold type and articular cartilage (0.11 ± 0.06 MPa, p>0.10, Fig. 4). ED was significantly 

higher for articular cartilage when compared to that of the scaffolds at each step under 

unconfined testing (Table 1). Under confined compression conditions, however, the 20% 

PVA scaffolds were found to have no statistical differences in modulus values compared to 

articular cartilage at all tested strain levels (p>0.20).

Scaffold permeability for the 10% PVA hydrogels was 0.099 ± 0.116 × 10−14 m4/N-sec and 

was not affected by % strain (p > 0.05). As expected, the permeability of bovine cartilage 

decreased as compressive strain increased with average values ranging from 0.20 to 0.005 × 

10−14 m4N/s (Table 2). This strain-dependent behavior was also observed for the 20% PVA 

scaffolds as well (Table 2). There was no statistical difference between the theoretical and 

experimental aggregate modulus and dynamic modulus values (not shown), indicating a 

good fit between the behavior of the biphasic theory and experimental data for all scaffolds 

and cartilage samples. There was no statistically significant difference between the 

Poisson’s ratio of the scaffolds (10% PVA: 0.29 ± 0.10, 20% PVA: 0.22 ± 0.07) and 

articular cartilage (0.37 ± 0.09, p>0.15).

Release of Growth Factors

Insulin release was detected within the first hour of incubation. Nonlinear regression of the 

time dependent release of insulin produced equation (1):

(1)

where b=0.0277/hour ± 0.0086. At 25 hours, 50% of the total encapsulated insulin had been 

released (Fig. 5).
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Cell Response

Histological analysis of the cell seeded scaffolds revealed viable cells within and on top of 

the scaffold. Cells appeared to have started to migrate from their points of injection through 

the scaffold’s open pores by 14 days after seeding (Fig. 6).

Discussion

The objective of our study was to design a porous, hydrated, non-degradable composite 

scaffold that could mechanically function to carry joint loads and encourage host-tissue 

integration when implanted into an articular cartilage defect. A non-degradable porous poly-

vinyl alcohol (PVA) hydrogel combined with degradable alginate microparticles was 

designed and its mechanical properties, ability to release biological agents, and cellular 

response were assessed. The elastic modulus (Es) and Poisson’s ratio of the scaffold were 

similar to that of articular cartilage for both hydrogel concentrations used in the study, while 

the Aggregate modulus (Ha) was comparable to that of cartilage for the 20% PVA 

concentration. Increasing the concentration of the PVA resulted in the scaffold possessing a 

similar dynamic modulus (ED) under confined compression to that of cartilage at all of the 

strains tested. The morphology of the scaffold was reproducible, with pores ranging in size 

from 107 – 187 μm, microparticles from 11 – 19 μm, and a percent porosity of the 

macropores from 11% to 30%. These morphological characteristics lent themselves readily 

to the movement of cells through the scaffold, which occurred after 14 days. Finally, 

biological factors incorporated into the alginate microparticles were released in a controlled 

and reproducible manner, which will likely help encourage cell migration in a controlled 

manner. These suggest that this scaffold is a potentially viable candidate for the functional 

replacement of cartilage defects given the ability to control both mechanical properties and 

overall scaffold morphology.

Polv(vinyl alcohol), PVA, was chosen for the manufacture of the scaffold because it is a 

biocompatible, stable, nontoxic material that is currently used in several biomedical 

applications, including contact lenses29, wound healing30, tendon repair31,32, as a soluble 

stent in microvascular anastomoses33, and in a number of central nervous system 

applications34. Non-porous PVA-based hydrogels have also been previously explored for 

the treatment of cartilage defects. Noguchi et al.23, and Oka et al.35, found that PVA 

scaffolds inserted into an osteochondral defect in rabbits and dogs remained intact after 24 

and 52 weeks of implantation, respectively. However, the response of the underlying bone to 

the scaffold (an indicator of fixation), and the histological appearance of the cartilage 

adjacent to the scaffold (an indicator of wear performance) were not described. More 

recently, we reported the formation of a fibrous membrane surrounding the walls of non-

porous PVA scaffolds placed into osteochondral defects in rabbits 24. To avoid the 

formation of a membrane and to encourage robust integration with surrounding 

musculoskeletal tissues we developed a porous version of that scaffold 36. However, the 

challenge of matrix integration across the scaffold-cartilage interface is not trivial. Methods 

such as enzymatically digesting cartilage to help free cells from their dense matrix 37,38, 

encouraging cell migration in response to a growth factor gradient 39, and the adhesives 

have been explored in the literature.
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In designing the third generation scaffold as presented in this study, we chose to integrate 

alginate microparticles for growth factor release along with a porous structure that would 

facilitate inward cellular migration. We have demonstrated the ability to reproducibly 

manufacture a scaffold with an average macropore porosity of 17% and an average pore 

diameter of 147 μm – which is sufficiently large to allow for the migration of chondrocytes 

(10 to 30 μm in diameter 40). In addition, the overall construct permeability was found to be 

in the range of native articular cartilage. The pore size measured in this study was also 

within the range found by Lee et al., who observed chondrocyte proliferation within 

scaffolds containing pore sizes ranging from 50 to 250 μm 13. Optimal pore size for 

chondrocyte migration remains unknown, but Lien et al. have shown that the rate of cell 

growth and amount of GAG secretion increases with increasing pore size in gelatin scaffolds 

with a maximal response observed in scaffolds having the largest pore size tested (250 to 

500 μm)41. Others have suggested that smaller pores may be better to optimize cell-to-cell 

interactions and chondrogenesis 42. Analysis of the cellular response demonstrated cell 

viability within the construct up to 14 days after initial seeding. Cells appeared to migrate 

into the scaffold from the injection ports and then proliferate within the scaffold forming cell 

clusters, further suggesting that the morphology supports cellular viability and migration. 

Cell attachment onto PVA has been shown to be increased with the incorporation of 

fibronectin and other types of cell-surface attachment ligands 43–45. The addition of cell-

ligands is planned for future experiments.

Alginates are water-soluble polysaccharides that can form gels by reaction with divalent 

cations such as Ca2+, Sr2+, or Ba2+ 46. Alginate microparticles were chosen for this study 

because they have been extensively investigated as a hydrophilic-drug delivery system 

owing to their non-toxicity, biocompatibility and biodegradability47,48 and their ability to 

retain the biological activity of biological agents. The inclusion of insulin loaded alginate 

microspheres in our PVA scaffolds facilitated continued insulin release over a 3 week 

period, with 90% of the insulin released within the first 7 days, and a steady-state release 

thereafter. This release profile is similar to that measured in other studies 49, and could be 

used to enhance the ability of cells to migrate through and to synthesize matrix within the 

scaffold when the microparticles are loaded with the appropriate growth factor or chemo-

tactic/attractant factors. This will be explored in future experiments.

Aside from achieving integration with host tissue, any scaffold for placement into a cartilage 

defect should ideally carry loads much in the way of the native tissue. Though other 

researchers have measured the mechanical characteristics of PVA hydrogels 50–54, the 

differences in scaffold manufacture and mechanical tests (e.g., shear, tensile, compressive) 

have limited our ability to directly compare the gel properties with our colleagues in this 

area. Therefore, we evaluated the mechanical properties of the scaffold and compared them 

to that of articular cartilage as a reference. Since undamaged human articular cartilage 

samples are difficult to obtain, for the purposes of this study, the scaffold’s mechanical 

response was compared to that of mature bovine articular cartilage. Samples were tested in 

unconfined and confined compression configurations and subjected to a series of stress 

relaxation tests at three strains. The mechanical properties both under equilibrium and 

dynamic loading conditions were found to increase with increasing gel concentration with 

the 20% PVA having moduli values comparable to the bovine cartilage tested in this study. 
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This is promising in that modifying the gel concentration (tuning) may allow for a wide 

range of stiffness values. In particular, the 20% PVA in confined compression, which 

approximates filling a cartilage defect, had a measured dynamic modulus that compares 

favorably to values obtained for bovine cartilage in our experiments.

There were limitations in our study. The processes used to manufacture the scaffold, 

involves the used of dichloromethane (DCM), which is a toxic organic solvent. The scaffold 

must be washed in media for at least 24 hours prior to use and, though no negative cellular 

response was noted, this washing would allow for the loss of some of the included growth 

factor. Other authors have demonstrated that techniques such as the addition of polyethylene 

glycol 55 or salt/particle leaching methods 56 can create porous networks within the PVA 

hydrogels and similar approaches will be explored by our laboratory in the future. 

Furthermore, the mechanical properties of the scaffold were compared to that of bovine 

cartilage. Given that the mechanical properties of articular cartilage are highly dependent on 

the source of tissue, its extracellular matrix content 57, and the conditions under which it is 

tested 58,59, comparison with human cartilage would be ideal. In regards to the dynamic 

moduli values measured in our study, we used the slope of the stress-strain curve during the 

ramping phase of compression to calculate the unconfined and confined dynamic moduli. 

Other testing methods to determine this structural property for both cartilage and tissue 

engineered scaffolds have involved subjecting the material to oscillatory compression59–61 

which may provide a better estimate of the in vivo dynamic modulus. Also, no mechanical 

tests were performed to determine the tensile properties of our scaffold. Our cell-based 

studies were designed to ensure that scaffold morphology was sufficient to support cell 

migration; as such we did not assess the response of cells to the release of the insulin from 

within the alginate microparticles. It may be possible that there was an effect of the insulin 

on cell motility similar to that reported for insulin-like growth factor I 62,63. Finally, further 

analysis is needed to study the degree of interconnectivity of the pores, such as via mercury 

porousimetry or other techniques.

In conclusion, we have demonstrated the ability to reproducibly manufacture a porous, 

hydrated composite scaffold as a replacement for articular cartilage defects. The scaffold 

contained pores sufficient for cellular migration, had mechanical properties that within the 

realm of that of articular cartilage, and could support the long-term release of bioactive 

agents. This scaffold is a suggested as a viable candidate for the functional replacement of 

cartilage defects.
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Figure 1. 
Method of scaffold manufacture. A water-in-oil emulsion technique (A) was used to create 

the alginate microparticles. These drug-delivery particles were then added during PVA 

hydrogel fabrication (B) to create the final semi-degradable scaffold.
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Figure 2. 
Using ESEM, macropores and embedded alginate microparticles were evident in the 

hydrated PVA scaffolds. The scaffolds had an average pore size of 147 ± 40 μm; percent 

porosity of these macropores ranged from 11% to 30%. Alginate microspheres had an 

average diameter of 15 ± 4 μm.
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Figure 3. 
Response of scaffold to stress-relaxation tests in confined and unconfined configuration of a 

representative construct. The experimental data and theoretical fit as per the biphasic theory 

for the confined tests are illustrated. The first two ramps represent the 8% tare strain 

(applied in two 4% strain steps) and were not used for calculations.
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Figure 4. 
Aggregate Modulus (HA) and Elastic Modulus (ES) of 10% PVA constructs and 20% PVA 

constructs vs. that of mature articular cartilage (n=6 samples per group). *p<0.05 vs. 

cartilage, †p<0.05 vs. 10% PVA
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Figure 5. 
The cumulative release of insulin from n=6 scaffolds up to 28 days. The release profile 

followed an exponential curve with a half-life of 25 hours.
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Figure 6. 
Photomicrographs of Alcian Blue-stained cells present in the center of the PVA hydrogels at 

(A) 20× magnification and (B) 40× magnification. After 14 days of seeding, cells were seen 

to migrate inward from the injection sites.
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Table 2

Cartilage and construct permeability (k) as a function of % strain as determined from curve-fits of confined 

compression data

Permeability k (m^4/N-s)

Strain Cartilage 10% PVA 20% PVA

4% 2.04E-15 ± 2.99E-15 1.41E-15 ± 6.45E-16 1.33E-15 ± 1.32E-15

8% 5.46E-16 ± 6.19E-16 5.48E-16 ± 2.57E-16 7.83E-16 ± 5.92E-16

12% 1.15E-16 ± 8.72E-17 1.12E-15 ± 7.61E-16 3.12E-16 ± 2.02E-16
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