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Abstract

A consistent lack of lateral integration between scaffolds and adjacent articular cartilage has been 

exhibited in vitro and in vivo. Given the mismatch in mechanical properties between scaffolds and 

articular cartilage, the mechanical discontinuity that occurs at the interface has been implicated as 

a key factor, but remains inadequately studied. Our objective was to investigate how the 

mechanical environment within a mechanically loaded scaffold-cartilage construct might affect 

integration. We hypothesized that the magnitude of the mechanical discontinuity at the scaffold-

cartilage interface would be related to decreased integration. To test this hypothesis, chondrocyte 

seeded scaffolds were embedded into cartilage explants, pre-cultured for 14 days, and then 

mechanically loaded for 28 days at either 1N or 6N of applied load. Constructs were kept either 

peripherally confined or unconfined throughout the duration of the experiment. Stress, strain, fluid 

flow, and relative displacements at the cartilage-scaffold interface and within the scaffold were 

quantified using biphasic, inhomogeneous finite element models (bFEMs). The bFEMs indicated 

compressive and shear stress discontinuities occurred at the scaffold-cartilage interface for the 

confined and unconfined groups. The mechanical strength of the scaffold-cartilage interface and 

scaffold GAG content were higher in the radially confined 1N loaded groups. Multivariate 

regression analyses identified the strength of the interface prior to the commencement of loading 

and fluid flow within the scaffold as the main factors associated with scaffold-cartilage integration. 

Our study suggests a minimum level of scaffold-cartilage integration is needed prior to the 

commencement of loading, although the exact threshold has yet to be identified.
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Hyaline cartilage has unique mechanical and biological characteristics that enable its role in 

joint function. However, a lack of vascularization, low cell population, and dense 

extracellular matrix result in an inability to self-repair after injury.1,2 Localized articular 

cartilage damage can alter joint function, spread over time to involve the remainder of the 

joint, and lead to the development of osteoarthritis (OA). Many approaches intended to 

repair articular cartilage have been developed based on the premise that scaffolds can be 

engineered to have the capacity to regenerate cartilage-like tissue. The degradation profiles, 

morphology, and cell-seeding protocols for scaffold-assisted repair approaches can be 

widely varied, resulting in a design space with almost unlimited possibilities. However, a 

design that creates a functional and durable repair for articular cartilage defects has not yet 

emerged.

Ideally, scaffolds for articular cartilage repair should mechanically withstand in vivo loads 

and integrate with adjacent articular cartilage, to create “lateral integration.” But a consistent 

lack of lateral integration has been exhibited in vitro and in vivo.3 Many attempts have been 

made to address this problem, including the use of enzymatic digestion,4 growth factor and 

cytokine release,5 cell seeding,6 and the use of adhesion peptides.7 The feasibility of each 

approach is most often assessed in static tissue culture models, where the scaffold is inserted 

into a cartilage explant and the construct is cultured without any mechanical stimulus. Such 

studies neglect the role that loading might play in the response of the interface; a critical 

omission in a tissue designed to withstand high applied forces.8,9 There exists a need for a 

deeper understanding of the relationship between the mechanical environment at the 

scaffold-cartilage interface, the biological response of the cells at that interface, and 

subsequent integration.10 Bioreactor models offer the opportunity to stimulate the scaffold-

cartilage interface response with controlled loads. Computational approaches such as finite 

element (FE) models are capable of quantifying the stresses, strains, and fluid flow within 

mechanically loaded tissue and scaffolds.11,12 By applying FE models to the analysis of 

bioreactor studies, an opportunity to relate mechanical conditions to cell response arises.

The objective of this study was to investigate how the physical environment within a 

mechanically loaded scaffold-cartilage construct relates to lateral integration. We 

hypothesized that the mechanical discontinuity at the scaffold-cartilage interface would be 

related to decreased scaffold-cartilage integration. To test this hypothesis, we subjected 

cartilage-scaffold explants to a range of loading conditions by varying applied force and 

peripheral confinement. Stress, strain, and displacements at the cartilage-scaffold interface 

and throughout the scaffold were quantified by computational biphasic finite element models 

(bFEMs). Interface strength, and scaffold collagen, GAG, and DNA content were quantified 

after 28 days of bioreactor loading. The relationship between the outputs from the 

computational model and the physical bioreactor model were compared using multivariate 

regression analyses.
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MATERIALS AND METHODS

Preparation of the Scaffolds

To avoid the complexities of modeling the time-varying change in properties of degradable 

scaffolds, we used non-degradable macroporous poly(vinyl alcohol), PVA, hereafter referred 

to as “scaffold,” that was previously developed as a candidate material for cartilage repair.13 

As previously described,14 surgical gelatin sponges (Ethicon-Johnson & Johnson, 

Somerville, NJ) were saturated with deionized water and incubated in gradations of 1–10% 

PVA (MW ~195,000; Sigma Aldrich, St. Louis, MO) solution in deionized water. The 

sponges were placed into 100 × 20 mm Petri dish and subjected to six freeze-thaw cycles 

(−20°C for 20 h followed by 25°C for 4 h). Cylinders were cored out from the frozen 

sponges using biopsy punch (diameter Ø5 mm) and cut to desired height of 2.5 mm using 

freezing stage microtome. The cylinders were digested in 400 U/ml collagenase type II 

(Worthington Biochemical Corp., Lakewood, NJ) for 8 h at 37°C to remove the gelatin 

sponges. The resulting macroporous PVA scaffolds were washed in deionized water to 

remove collagenase, washed in 70% ethanol for 20 min, followed by a wash in 100% 

ethanol for 20 min, and then air-dried in a laminar flow hood.

Isolation of Chondrocytes

Cartilage was harvested from the trochlear grove and femoral condyles of 2 month old 

calves (n = 6) (Max Insel Cohen, Livingston, NJ) dissected into small pieces and then 

digested for 10 h using collagenase type II (400 U/ml, Worthington Biochemical Corp) in 

7.5 ml/g tissue of high glucose DMEM (hgDMEM) supplemented with 5% fetal bovine 

serum (FBS) and antibiotics. The suspension was filtered through a 70 μm pore size cell 

strainer and plated at high density of 2.5 × 105 cells/cm2 in chondrocyte growth medium 

(hgDMEM supplemented with 10% FBS, 100 U/ml antibiotic-antimycotic (Fisher Scientific, 

Fair Lawn, NJ)).

Preparation of Scaffold-Cartilage Defect Model

Juvenile bovine cartilage was cored out from the trochlear grove and femoral condyles using 

a 10 mm diameter “Donor” Harvester (Arthrex Inc, Naples, FL). Superficial and deep zones 

of cartilage were removed using a custom sectioning device to create uniform cartilage disks 

2.5 mm in height. Cylindrical through-thickness defects of 3.5 mm diameter were created at 

the center of the cartilage disks using a biopsy punch. Dried macroporous PVA scaffolds 

were placed into the defects and rehydrated with 0.25 × 105 chondrocytes in 50 μl of DMEM 

pipetted directly onto the scaffold. All explants were maintained in static culture (unloaded 

conditions) either in unconfined or confined conditions for 28 days. Explants in the confined 

groups were placed in polydimethylsiloxane (PDMS) rings to simulate the properties of the 

surrounding cartilage. Chondrogenic medium (Advanced DMEM supplemented with 100 

nM dexamethasone, 50 μg/ml ascorbate, and 10 ng/ml TGF-β315 was used, with medium 

changes every 3 days.
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Bioreactor Physical Model

After 28 days of static culture, cell-seeded scaffold-cartilage constructs were subjected to 

either no load (0N) or prescribed sinusoidal loads of 1N (stress = 12.7 kPa) or 6N (stress = 

76.4 kPa) at 0.5 Hz for 450 cycles/day, 5 days a week for 2 weeks. Mechanical loading was 

applied using a Tissue Growth Technologies Cartigen Bioreactor (Minneapolis, MN), into 

which each construct along with 750 μl of chondrogenic medium was placed. The 

magnitude of load (0, 1N, and 6N), and peripheral confinement of the cartilage explant 

(confined, “C” and unconfined “U”) were controlled to result in six groups as follows (Fig. 

1): (i) Unconfined, 1N load; (ii) Unconfined, 6N load; (iii) Unconfined, Static (Control); (iv) 

Confined, 1N load; (v) Confined, 6N load; (vi) Confined Static (Control). n = 6 samples per 

group, per time point for push-out testing and biochemical analyses, which were the primary 

outcome measures. Histological analyses and microCT were used as secondary outcome 

metrics and applied to a sub-set of samples. The experiment was run in duplicate.

Integration Testing and Biochemical Analysis

Scaffold-cartilage interface strength was determined using push-out tests (n = 6 per group 

per time point). Using an EnduraTEC ELF 3200 system (Bose, Eden Prairie, MN), a 2.75 

mm diameter stainless steel indenter was displaced at a rate of 10 μm/s,16 and the force 

throughout testing was recorded. The maximum push-out force was recorded and 

normalized to the surface area of the inner wall of the cartilage explant, so that the 

maximum interfacial stress before failure, or interface strength could be computed. Interface 

strength was quantified at D28 (at the end of static culture) and D42 (at the end of bioreactor 

loading). Values from D28 were used as inputs to the bFEM. The scaffolds were then frozen 

and stored at −20°C for biochemical testing for glycosaminoglycan (GAG) content via the 

DMMB assay,17 hydroxyproline (OHP) content via acid hydrolysis assay,18 and DNA 

content via the Picogreen assay (Invitrogen).

Histology and Immunohistochemistry

Due to the technical challenges of processing the porous PVA through histology, a subset of 

samples was chosen for this analysis. Scaffold-cartilage constructs from the 42D 1N and 6N 

confined groups were fixed in 4% formaldehyde at 4°C overnight and dehydrated in a 

graded series of ethanol, embedded in paraffin, and sectioned to 8 μm thick. The sections 

were dehydrated in water and stained with Safranin O/Fast Green to detect 

glycosaminoglycans (GAG). For immunostaining of Collagen type II, antigen retrieval was 

performed by incubating with 0.1% trypsin for 5 min at 37°C. Blocking endogenous 

peroxidase activity was performed by incubating the sections in 0.3% H2O2/methanol for 30 

min at room temperature. The sections were incubated with blocking serum (Vectastain 

ABC, Burlingame, CA) for 30 min at room temperature, rinsed in PBS and incubated 

overnight at 4°C with 1:100 mouse anti-human IgG collagen type II monoclonal antibody 

(CIIC1; Developmental Studies Hybridoma Bank, Iowa City, IA). Biotinylated secondary 

antibody was applied to the sections as described in the manufacture’s protocol followed by 

signal detection using DAB Peroxidase Substrate Kit (Vectastain ABC, Burlingame, CA). 

The sections were counterstained with hematoxylin.
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Micro-Computed Tomography (μCT)

Micro-computed tomography (μCT) was used to visualize the scaffold-cartilage interface in 

n = 3 samples from the 42D 1N and 6N confined groups. Constructs were soaked in Lugol’s 

solution (5% w/w I2 and 10% KI in dH2O) for 24 h and then scanned at 70 kVp with 10 μm 

voxel size, 0.36° rotation step (180° angular range) and exposure time of 400 ms per view 

via Scanco μCT35 (Scanco Medical, Brüttisellen, Switzerland). 3D reconstruction and 

image visualization was performed using The Scanco micro-CT software (HP, DEC-

windows Motif 1.6).

Biphasic Finite Element Model (bFEM)

Axisymmetric inhomogeneous biphasic finite element models (bFEM) were created as 

previously described.10 Articular cartilage was modeled as a biphasic material with depth-

dependent material properties.19 Aggregate modulus, HA, was input as a third-order 

polynomial function from the surface to the depth of the tissue, as follows20:

HA = 3.794 × β3 − 0.646 × β2 + 1.777 × β + 0.203 × 0.69

Where α = 1−z/h, z is vertical axial and h is cartilage thickness. This function approximates 

the depth-dependent properties in the immature bovine cartilage.21 Permeability was input 

as 3 × 10−15m4/Ns and Poisson’s Ratio was 0.018.22 Porous PVA was modeled as a biphasic 

homogeneous material and the confining ring was modeled as an elastic material. The model 

was designed to mimic the mechanical conditions at the start of loading (i.e., D28): material 

properties of the PVA scaffolds at D28 were measured by stepwise unconfined stress 

relaxation tests at strains of 4%, 8%, 12%, and 16%, using an EnduraTEC ELF 3200 system 

(Bose, Eden Prairie, MN).23 Scaffold Aggregate Modulus, HA was0.05 MPa, and 

Permeability was 2 × 10−11m4/Ns. The confining ring properties were HA = 0.971 MPa and 

Poisson’s ratio of 0.1. The scaffold-cartilage interface was modeled as friction contact with 

cohesion sliding resistance. Interface strength was quantified from D28 samples (Table 1, 

“inputs” column). Sinusoidal loading cycles of 1N and 6N were applied at 0.5 Hz to the 

surface of the simulated confined and unconfined constructs to result in four groups, as 

follows:

1. Unconfined, 1N load

2. Unconfined, 6N load

3. Confined, 1N load

4. Confined, 6N load

Equilibrium was reached when the displacement of the loading plate varied less than 0.5% 

between consecutive cycles,10 at which stage (150 cycles) the simulation was stopped. The 

mechanical discontinuity at the interface was calculated as: peak micromotion, peak 

compressive stress, and peak principal shear stress at the scaffold-cartilage interface at the 

final cycle of loading.
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (La Jolla, CA). Two-way 

ANOVA was used for push-out stress and biochemical content as the dependent variables 

with culture condition (loads and boundary conditions) as independent variables. Bonferroni 

post-test analyses was performed with α = 0.05 to consider statistical significance. All data 

are presented as mean ± SEM of n = 10–12 samples per group. Multivariate regression was 

performed using Systat SigmaPlot (v13, San Jose CA). The independent variables were the 

interface strength at the commencement of loading, the magnitude of the discontinuity 

across the interface in peak compressive stress and principal shear stress, scaffold peak 

compressive stress, and scaffold peak fluid shear stress (Table 1). The dependent variable 

was the output from physical bioreactor model (interface strength). Both forward and 

backward stepwise regression analyses were performed to verify the regression model.

RESULTS

Scaffold-Cartilage Integration

After 28 days of static culture, the confined samples had significantly higher interface 

strength when compared to the unconfined samples, while no difference was found after 42 

days of static culture (0N), Fig. 2. The application of loads of 1N and 6N resulted in the 

confined samples having a significantly higher interfacial strength compared to the 

unconfined samples. The confined group with 1N of loading had significantly higher 

interfacial strength (50.2 ± 1.6 kPa) compared to all other groups (Fig. 2). The unconfined 

group had a significant decrease in interface strength at 1 and 6N of load compared to the 

static group at 42 days.

Biochemical Analysis of PVA Scaffolds: Scaffold GAG Content

After 28 days of static culture there was no significant differences in GAG content between 

the confined and unconfined samples (Fig. 3A), while after 42 days of static culture, the 

confined samples had significantly higher GAG content. The application of load at 1N and 

6N resulted in the confined samples having a significantly higher GAG content compared to 

the unconfined samples. The highest GAG content (42.9 ± 1.1 μg, Fig. 3A) occurred in the 

confined group with 1N load.

Scaffold Collagen content: After 28 and 42 days of static culture, no differences were 

found in collagen content between the confined and unconfined samples (Fig. 3B). The 

application of 1N of load to unconfined samples resulted in significantly increased collagen 

content compared to day 28 static culture (Fig. 3B). Similarly, for confined samples 

mechanical loading at 6N significantly increased collagen content of scaffolds compared to 

the 28 and 42 day static culture groups (Fig. 3B). Of note, confining the specimens resulted 

in an increase in scaffold GAG content for each condition, but did not result in an increase in 

collagen content.

DNA content: DNA content was significantly higher in the confined group at 1N at D42 

compared to that at D28 (Fig. 3C).
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bFEM Results: Micromotion, Stresses, and Strains Within the PVA and Cartilage

At 1N of applied load, vertical displacements for the confined and unconfined conditions 

were homogeneous throughout the depth of the scaffold-cartilage constructs, ranging from 0 

to 40 microns (Fig. 4A). At 6N of applied load, the distribution of vertical displacement for 

confined and unconfined conditions was inhomogeneous through the depth of the cartilage-

scaffold construct: the superficial zone of the articular cartilage experienced higher vertical 

displacements than the deep zones. As expected, higher applied forces result in higher 

compressive stresses within the PVA and articular cartilage. For the confined and unconfined 

conditions at 1N of applied load, compressive stress was homogeneously distributed 

throughout the scaffold and cartilage, close to 0 kPa within the scaffold and 30–35 kPa 

within the articular cartilage (Fig. 4B). However, at 6N of applied load, the distribution of 

compressive stress throughout the articular cartilage was inhomogeneous, ranging from 40 

to 160 kPa, while the distribution throughout the scaffold remained homogenous, ranging 

from 40 to 50 kPa (Fig. 4B). Peak Fluid Shear Stress: Increasing applied load from 1N to 6N 

resulted in an increase in peak fluid shear stress in the scaffold, 2–5 Pa in unconfined and 

68–372 Pa in confined conditions (Table 1).

Mechanical Discontinuities at the Interface

At the interface between the scaffold and articular cartilage a discontinuity was identified in 

the compressive stress and shear stress for all conditions. Specifically, a discontinuity in the 

magnitude of compressive stress at mid-thickness ranged from a minimum of 20 kPa (1N, C) 

to a maximum of 154 kPa (6N, U), Fig. 4C and Table 1. The compressive and shear stress 

discontinuities were lowest in the 1N groups, irrespective of whether or not the groups were 

confined or unconfined. For all loading conditions, continuity in the magnitude of vertical 

displacement in a radial direction through each scaffold-cartilage construct was evident (Fig 

4A). This situation resulted in no relative micromotion between the scaffold and cartilage at 

the interface throughout the depth of the constructs.

Histological and Micro-CT Analysis of Scaffold-Cartilage Integration

Two groups were chosen for microCT and histological analysis, (i) D42 1N confined (the 
group that showed the highest push-out strength) and (ii) D42 6N confined group. The 

bottom regions of the scaffolds of both groups displayed high GAG staining (Fig. 5A as 

indicated by arrows) compared to the lower regions, possibly due to cell sedimentation 

during the cell-seeding process. The 1N confined group had strong GAG staining at 

scaffold-cartilage interface, while disruption at the top of the interface of the 6N confined 

group was detected. A stronger and more uniform of collagen type II staining was also 

observed in 1N confined compared to 6N confined group (Fig. 5B). The micro-CT analysis 

and 3D reconstruction of 1N confined sample showed that the gap between scaffolds and the 

articular cartilage explant was completely filled after 42 days of culture (Fig. 5C), which 

corresponded to strong GAG staining at scaffold-cartilage interface. Conversely, the 6N 

confined exhibited a less physically connected interface and only partial gap filling.

Regression analysis identified that interface strength, prior to the commencement of loading 

(i.e., at Day 28), and peak fluid shear stress within the scaffold, created during loading, were 

responsible for 70.6% (Adj R2) of the variation in the interface strength after 42 days of 
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culture. The coefficients were 1.356 for interface strength at D28: as interface strength at the 

commencement of loading increased, so too did the final interface strength. While the 

coefficient for the peak fluid shear stress within the scaffold was −0.0349 suggesting a weak 

inverse relationship between fluid shear stress and final interface strength, Table 2.

DISCUSSION

The objective of this study was to characterize how the mechanical environment within a 

scaffold-cartilage construct relates to lateral integration. We hypothesized that the magnitude 

of the mechanical discontinuity at the scaffold-cartilage interface would be related to 

decreased scaffold-cartilage integration. To test this hypothesis, we subjected cartilage-

scaffold explants to a range of loading conditions by varying applied force, and peripheral 

confinement. Stress, strain, fluid flow, and displacements at the cartilage-scaffold interface 

and throughout the scaffold were quantified by computational inhomogeneous bFEMs. 

Interface strength, and scaffold collagen, GAG, and DNA content were quantified after 28 

days of bioreactor loading. By applying multivariate regression analyses to compare the 

outputs from the computational model to the physical bioreactor model, we found that the 

strength of the interface prior to the commencement of loading and the shear stresses 

generated within the scaffold during loading were the main factors associated with 

integration.

As the variety of scaffolds suggested for cartilage repair continues to expand,24,25 so do the 

number of design variables that can be chosen within each material combination: 

Morphology, modulus, permeability, porosity, for example.26 A similarly broad number of 

techniques aimed at enhancing the scaffold-cartilage interface have been explored in vitro, 

including the use of nanofibers,27 enzymatic digestion,4,28 and adhesive factors.7 While 

many of these options have shown promise in laboratory settings, the models used so far 

have not included mechanical loading, and instead have focused on static culture analyses. 

This omission is a critical flaw in efforts to translate technologies for cartilage repair to 

clinical use in joints that can experience contact stresses that range from 1 to 8 MPa during 

activities of daily living.29,30 And yet, it is challenging to design bioreactor systems to 

mimic the stresses on cartilage during physiological activities.31 For this reason, bioreactor 

systems, which can apply controlled axial forces10,32,33 or controlled displacements/

translations34 to specimens are used.

It has been previously found that compressive loading has positive effects on collagen 

synthesis, as demonstrated by the up-regulation of Col2a1 gene in mice chondrocytes 

cultured in agarose hydrogel, whereas the Acan gene encoding the protogylcan (aggrecan) 

was progressively decreased.35 Another study demonstrated mechanical loading increased 

both GAGs and hydroxyproline contents of cell-seeded agarose hydrogel compared to free-

swelling group up to 21 days.36 But since these studies lack a mechanical analysis of 

hydrogel-cartilage interface mechanics, a direct analysis of the mechanical mechanisms 

driving the response at the interface has not been conducted. Moreover, the usefulness of 

parametric studies in which the profile, magnitude, frequency, rest period between loading 

bouts, and duration of application of load are varied,36–38 but a mechanical analysis of the 

interface is omitted, is of questionable usefulness.

Yodmuang et al. Page 8

J Orthop Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is challenging, if not impossible, to directly control mechanical conditions along scaffold-

cartilage interfaces in bioreactor systems. Therefore, in this study, we sought to indirectly 

control interface mechanics by altering peripheral confinement and the magnitude of applied 

load. By applying a computational model, in this case a bFEM to the analysis of specific 

bioreactor loading and boundary conditions, the mechanical environment within the loaded 

construct and at the interface between the cartilage and scaffold can be quantified. FE 

models have been used to quantify the micro-mechanical environment of chondrocytes 

within mechanically loaded tissue,39 and from the nucleus to the pericellular and 

extracellular matrix.40 By mimicking the biphasic characteristics of articular cartilage, an 

analysis of the fluid flow around the cell and through the matrix is possible.12 For the 

current study, the bFEM developed was used to quantify tissue mechanics across a range of 

loading and peripheral confinement conditions, to parallel the physical bioreactor model.

For all loading and boundary conditions, compressive and shear stress mechanical 

discontinuities were found at the scaffold-cartilage interface, the magnitude of which was 

higher in the 6N group for the confined and unconfined conditions. Of note, a displacement 

discontinuity at the interface was not identified. Compressive stresses within the scaffold 

were also higher in the 6N confined and unconfined groups; while peak fluid shear stresses 

within the scaffold were higher for the confined group and 5-fold higher for 6N versus 1N of 

applied load. An unintended consequence of the variation in confined or unconfined 

peripheries was that peripheral confinement during static culture resulted in a twofold 

increase in initial scaffold-cartilage interface strength, prior to the application of bioreactor 

loads. This finding is similar to that reported for peripherally confined cell seeded hydrogels,
41 and was reflected in the inputs to the bFEMs. We previously applied a similar combined 

bFEM/bioreactor system to the analysis of scaffold-cartilage integration10 and identified 

more extreme mechanical discontinuities at the scaffold-cartilage interface, which included 

scaffold-cartilage micromotion of up to 200 microns. While similarities existed between 

both studies (identical scaffolds and pre-incubation times were used), the scaffolds in the 

Chen et al.,10 study were not pre-seeded with cells and, as such, the strength of the interface 

at the commencement of loading was substantially lower than that of the cell-seeded 

scaffolds used in the current study. When taken together, both the previous and the current 

study suggest the existence of a minimum level of scaffold-cartilage integration required 

prior to the commencement of loading, although the exact minimum threshold has yet to be 

identified.

A unique aspect to our study was the comparison of the mechanical conditions quantified 

using the bFEM within the scaffold-cartilage construct, to the mechanical strength of the 

interface and the biochemical contents within the scaffold. Loading, particularly at 1N, in 

peripherally confined specimen resulted in a significant increase in scaffold sGAG, DNA 

content, and scaffold-cartilage interface strength. An important finding is that the 

multivariate regression analysis identified that scaffold-cartilage integration was not affected 

by the extent of the mechanical discontinuity, but rather is influenced by strength of the 

scaffold-cartilage interface at the commencement of loading, and weakly affected by the 

magnitude of the peak fluid shear stresses within the scaffold. When taken in conjunction 

with the results of Chen et al.,42 the need for an, as yet indeterminate, degree of integration 
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prior to the application of load is clear. This result has important clinical implications, as 

rehabilitation protocols for cartilage repair technologies remain under development.

Our results further point to the concept of “stress shielding” where load follows stiffness, 

and can lead to under-loading situations; a phenomena most commonly discussed in the 

context of arthroplasty.43 In the case of scaffold-cartilage integration, for example, consider 

a low modulus scaffold implanted into a high modulus rim of articular cartilage. When 

loaded, force will preferentially get distributed through the higher modulus rim, and in doing 

so will prevent the cells within the scaffold from experiencing the mechanical stimulus 

required for them to lay down matrix. But, as the scaffold becomes integrated with the host 

tissue, and its modulus increased, there is more opportunity for loads to be distributed 

through the scaffold and stimulate the continued cells. While a more detailed parametric 

study is required to fully explore this relationship, this study points to the fact that multiple 

and interconnecting mechanical factors affect the integrity of the scaffold-cartilage interface.

Our study had limitations. Once initial integration occurred, which in our case was at D28, 

the strength of the interface over time can be influenced by many factors. For example, if 

interfacial stresses exceed the strength of the matrix that has formed, mechanical disruption 

of that matrix can occur.44 In another scenario, mechanical stresses at that interface can be 

stimulatory45 and encourage interface cells to lay down matrix, or may inhibit biological 

activity.44,46,47 Our study did not identify these contrasting scenarios. To facilitate the 

combined computational-bioreactor approach, we utilized a non-degradable porous scaffold, 

PVA, which avoids the complexity of modeling the changing environment of degradable 

scaffolds in the bFEM.26,48 The use of non-degradable materials for cartilage repair/

replacement remains controversial, and at times has been suggested more suitable for older 

patients, with limited tissue regenerative capacity.49 The porous PVA formulation used 

herein combines some of the advantages of non-degradable materials50—maintaining a 

minimum amount of material to withstand load, while also providing the ability to integrate 

with articular cartilage in both loaded and unloaded explant models,28 but the results of our 

study cannot be directly extrapolated to rapidly degrading scaffolds. Finally, dues to 

challenges in histological processing, especially PVA constructs with low levels of 

integration, histological analysis was restricted to two groups.

In summary, using parallel computational and physical bioreactor models in which the 

applied loading and peripheral confinement were controlled, we were able to identify 

compressive and shear stress mechanical discontinuities at the scaffold-cartilage interface, 

the magnitude of which could be varied by controlling the pre-incubation conditions, 

peripheral confinement, and applied load. Our hypothesis was rejected: the magnitude of the 

mechanical discontinuity (shear stress, compressive stress, micromotion) at the scaffold-

cartilage interface was not solely associated with reduced scaffold-cartilage integration. 

Rather, the strength of the interface prior to the commencement of loading and the shear 

stresses generated within the scaffold during loading were the main factors associated with 

physical integration.
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Figure 1. 
Experimental design of bioreactor physical model: Scaffold-cartilage constructs were 

cultured under unconfined conditions (U), or peripherally confined conditions (C) for 28 

days. Constructs were then subjected to either continued static culture (0 N), or a sinusoidal 

load of 1 N or 6 N, applied at 0.5 Hz once every day for 450 cycles for 5 days per week for 

14 days.
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Figure 2. 
Maximum push-out stress (kPa) as physically quantified at the end of static culture (D28) 

and after 14 days of no loading (0N), loading (1N and 6N) for unconfined (U) conditions 

and confined conditions (C) Data show average ± SEM of n = 12. ϕ indicates significant 

effects of boundary condition/confinement. * Indicates significant effects of loading.
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Figure 3. 
Biochemical content of PVA scaffolds: PVA scaffolds were analyzed for Glycosaminoglycan 

(GAG) (A) collagen (B) and DNA (C) content. Data show average ± SEM of n = 12. ϕ 
indicates significant effects of boundary condition/confinement * Indicates significant 

effects of loading.
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Figure 4. 
Biphasic finite element models (bFEMs): (A) distribution of vertical displacement; (B) 

distribution of compressive stress; (C) compressive stress at mid-vertical height of the 

model, where red lines indicate scaffold and blue lines indicate cartilage, respectively.
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Figure 5. 
Histology and microCT: GAG staining of PVA scaffold and cartilage (A); 

immunohistochemistry of collagen type II (B); and cross-section of 3D reconstruction of the 

defect model (C). Arrows indicate areas of matrix production at the scaffold-cartilage 

interface.
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