
Synthesis Rates and Binding Kinetics of Matrix Products in
Engineered Cartilage Constructs Using Chondrocyte-Seeded
Agarose Gels

Robert J. Nims, M.S.1, Alexander D. Cigan, M.S.1, Michael B. Albro, Ph.D.2, Clark T. Hung,
Ph.D.1, and Gerard A. Ateshian, Ph.D.1,2

1Department of Biomedical Engineering, Columbia University, 1210 Amsterdam Avenue, MC
8904, 351 Engineering Terrace, New York, NY 10027

2Department of Mechanical Engineering, Columbia University, 500 West 120th Street, MC4703,
220 Mudd, New York, NY 10027

Abstract

Large-sized cartilage constructs suffer from inhomogeneous extracellular matrix deposition due to

insufficient nutrient availability. Computational models of nutrient consumption and tissue growth

can be utilized as an efficient alternative to experimental trials to optimize the culture of large

constructs; models require system-specific growth and consumption parameters. To inform models

of the [bovine chondrocyte]-[agarose gel] system, total synthesis rate (matrix accumulation rate +

matrix release rate) and matrix retention fractions of glycosaminoglycans (GAG), collagen, and

cartilage oligomeric matrix protein (COMP) were measured either in the presence (continuous or

transient) or absence of TGF-β3 supplementation. TGF-β3’s influence on pyridinoline content and

mechanical properties was also measured. Reversible binding kinetic parameters were

characterized using computational models. Based on our recent nutrient supplementation work, we

measured glucose consumption and critical glucose concentration for tissue growth to

computationally simulate the culture of a human patella-sized tissue construct, reproducing the

experiment of Hung et al., (2003). Transient TGF-β3 produced the highest GAG synthesis rate,

highest GAG retention ratio, and highest binding affinity; collagen synthesis was elevated in TGF-

β3 supplementation groups over control, with the highest binding affinity observed in the transient

supplementation group; both COMP synthesis and retention were lower than those for GAG and

collagen. These results informed the modeling of GAG deposition within a large patella construct;

this computational example was similar to previous experimental results without further

adjustments to modeling parameters. These results suggest that these nutrient consumption and
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matrix synthesis models are an attractive alternative for optimizing the culture of large-sized

constructs.
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Introduction

Osteoarthritis (OA) is a debilitating disease causing significant pain and immobility as the

cartilage of the diarthrodial joints degrades to expose the underlying bone. The low

cellularity and avascular nature of adult articular cartilage contribute to the limited capacity

of the tissue to heal from minor injuries and defects, eventually developing into

symptomatic OA (Stockwell, 1979). Cartilage tissue engineering (CTE) is a promising

strategy targeting the replacement of defective native cartilage with mechanically and

biochemically similar engineered cartilage. In CTE, systems usually consist of a cell species

embedded in a biocompatible polymeric scaffold (Langer and Vacanti, 1993). The scaffold

maintains the cells in a three-dimensional environment with access to a nutrient rich culture

media and retains the extracellular matrix (ECM) products synthesized by the cells. In

particular, agarose is a well-characterized, bio-inert scaffold that shows great promise in

CTE systems as chondrocytes elaborate a functional ECM when cultured in the 3D agarose

environment, reaching native levels of glycosaminoglycans (Benya and Shaffer, 1982;

Buschmann et al., 1992; Byers et al., 2008; Lima et al., 2007).

A remaining challenge in CTE is the development of clinically relevant-sized tissue

constructs, which are required to repair the large surface defects (> 5 cm2) present in

symptomatic OA (Hung et al., 2003; Hung et al., 2004; Moisio et al., 2009). Engineered

constructs of this size suffer from inhomogeneous ECM deposition as the transport of

critical nutrients to the interior of the construct is hindered by consumption by peripheral

cells. Lacking a homogenous and structural ECM, these constructs are unable to support

physiologic loads and are therefore unlikely to function successfully upon implantation. In

an effort to reduce ECM heterogeneity, strategies for enhancing nutrient transport have been

employed such as direct media perfusion, dynamic mechanical loading, and the introduction

of nutrient channels into the tissue (Bian et al., 2009; Buckley et al., 2009; Davisson et al.,

2002a; Davisson et al., 2002b; Lima et al., 2007; Mauck et al., 2000). However, quantitative

predictive methods for optimizing the culture of large-sized constructs remain unexplored.

An overarching aim of our research is to develop and implement continuum growth models

to optimize the culture of large-sized constructs with sufficient nutrient availability for ECM

deposition throughout the construct’s interior. Such models may prove insightful and

efficient in analyzing how nutrient distribution and ECM deposition are affected by culture

conditions (Nikolaev et al., 2010; Obradovic et al., 2000; Sengers et al., 2004b, 2005; Zhou

et al., 2008). System-specific CTE modeling requires knowledge of: (1) the nutrient(s)

essential for cell viability and concentrations of the nutrient(s) necessary for tissue growth,

(2) consumption rates of the nutrient(s), (3) matrix constituents critical to mechanical
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integrity, and (4) synthesis rate and binding kinetics for essential ECM constituents. In

cartilage, proteoglycans (PGs) and type II collagen are the major ECM structural

components. PGs, predominantly consisting of aggregated glycosaminoglycans (GAG),

contribute to the compressive stiffness while the fibrillar collagen network contributes to the

tensile behavior (Jurvelin et al., 1988; Kempson et al., 1973). Pyridinoline cross-links

between collagen fibrils act to retain and strengthen the PG-collagen network (Eyre and Wu,

2005; Williamson et al., 2003a; Williamson et al., 2003b). In addition, cartilage oligomeric

matrix protein (COMP) is a high molecular weight (~500 kDa) matrix protein that may play

a structural role in cartilage given its concentration (0.4% ww) in the tissue and binding

affinity for both PGs and type II collagen (Chen et al., 2007; DiCesare et al., 1996; Hedbom

et al., 1992; Rosenberg et al., 1998; Roughley, 2001).

Previously, we have identified that tissue growth is diminished at a glucose concentration of

7.5 mM as compared to 25 mM in the [bovine chondrocyte] – [agarose gel] system (Cigan et

al., 2013). The present study, therefore, focuses on the remaining tasks of experimentally

measuring ECM synthesis and retention to determine the matrix binding kinetics, measuring

the rate of glucose consumption for this system, and refining the glucose concentration

threshold required for ECM synthesis. The synthesis rates, retention fractions, and binding

constants of GAG, collagen, and COMP were examined in the continuous and temporary (2

week) supplementation, as well as absence, of transforming growth factor β3 (TGF-β3)

(Byers et al., 2008; Lima et al., 2007). Pyridinoline content was also assessed under the

influence of TGF-β3. Biochemical composition was correlated to the mechanical properties

to investigate the ECM’s influence in the growth of this culture system. To preclude the

confounding influence of heterogeneous nutrient availability present in large constructs, the

experimental work of this study was performed with small constructs. To illustrate the utility

of these parameters, we modeled the growth of a human patella-sized construct replicating

the experiment by Hung et al. (2003), by incorporating glucose transport from a periodically

refreshed bath, cellular glucose consumption, matrix synthesis based on glucose availability,

and binding and release of matrix products.

Materials and Methods

Cell isolation, construct culture, mechanical characterization and biochemical analysis

follow standard methods employed in our previous studies and are summarized in the

Supplementary Material. Briefly, juvenile primary bovine chondrocytes were encapsulated

in 2% agarose at a density of 30 × 106 cells/mL. Constructs (∅4 mm × 2.3 mm thick) were

cultured in chemically defined chondrogenic media. Media were supplemented with 10

ng/mL TGF-β3 (R&D Systems, Minneapolis, MN) for either the entire culture period (β3+

group) or for only the first 14 days of culture (β3– group). A control was cultured without

TGF-β3 supplementation. Constructs were removed and characterized after 14, 28, and 45

days (n = 4 per group, time point).

Synthesis Rates and Retention Fractions

For each synthesized ECM constituent (GAG, collagen, COMP) two distinct rates were

measured: (A) the constituent scaffold accumulation rate and (B) the constituent media
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release rate. The scaffold mass accumulation rate, mc, was the slope of the linear regression

of the mass of matrix within each construct (normalized to the construct day 0 reference

volume) over the culture period (typical data set and linear regression shown in Figure 1A).

The media mass release rate, mm, was the slope of the linear regression of the mass of matrix

released into the media (normalized to the construct day 0 volume) over the culture period

(typical data set and linear regression shown in Figure 1B). The linear regressions for the

β3+ and control groups were calculated over the entire 45-day culture period (days 0 to 45)

and the regressions for the β3− group were calculated after discontinuing TGF-β3

supplementation (days 14 to 45). The total synthesis rate was the sum of mc and mm. The

retention ratio, Rc, of each matrix constituent was calculated by dividing mc by the total

synthesis rate:

(1)

The uncertainties of both the total synthesis rates and retention ratios were calculated

according to standard uncertainty analysis from the standard deviations associated with the

linear regression fits.

Binding Parameters

The reversible binding kinetics of each matrix constituent were assessed based on the

following assumptions: the synthesis rate was based on experimental results; each

constituent was synthesized in soluble form and bound reversibly according to the law of

mass action; when in soluble form, matrix products underwent Fickian transport with a

diffusivity negligibly altered by matrix deposition; soluble matrix products diffused out of

the construct into a well-mixed bath; there were no nutrient limitations in these small

constructs; electric charge effects were neglected; construct swelling as a result of matrix

growth was also neglected. All model simulations were performed in the open-source finite

element code FEBio (www.febio.org), customized for this application (Ateshian, 2007;

Ateshian et al., 2013; Maas et al., 2012). Models consisted of a construct (∅4 mm × 2.3 mm

thick, cell density: 30 × 106 cells/mL) in a 0.5 mL bath, similar to the day 0 experimental

conditions (Figure S1A in Supplementary Material). The governing equation for soluble

matrix product was the mass balance relation in the presence of chemical reactions,

(2)

where c is the solute molar concentration and j = −Dgradc is the molar flux of the solute

relative to the construct solid matrix, with D representing the diffusivity. Here, ĉ is the net

rate of molar supply to the soluble constituent from chemical reactions, combining synthesis

and reversible binding according to ĉ = ĉsyn + ĉrb, where the synthesis rate ĉsyn is prescribed

from experimental measurements and was computed assuming a molar mass of 513 Da for

GAG, 500 kDa for collagen, and 524 kDa for COMP. The reversible binding rate is

(3)
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Here, kf is the forward reaction rate, kr is the reverse reaction rate, Kd = kr/kf is the

dissociation constant, Nt is the total binding site concentration, and cb is the concentration of

bound matrix product whose temporal evolution is given by dcb / dt = −ĉrb, with initial

condition cb(t = 0) = 0. Literature values for D (Table 1) were used for GAG and collagen

(Dimicco and Sah, 2003; Silver and Trelstad, 1980) and D for COMP was estimated from

500 kDa dextran (Leddy et al., 2004). The synthesis rate was evaluated from ĉsyn =(mc

+mm)/M where M is the molar mass. Nt for GAG and collagen were set roughly equal to the

average day 45 concentration of the supplementation group with the highest GAG and

collagen content, respectively, and Nt for COMP was equal to 10 times the day 45

concentration of the group with the highest COMP concentration; at these levels the matrix

accumulated in a linear fashion, as observed experimentally. With these parameters taken as

constants, kf and kr for each constituent were determined by a custom MATLAB

optimization wrapper code that matched the experimental matrix release pattern over 45

days to the computationally predicted matrix release.

Human Patella-Sized Construct

As an illustration of the applicability of the binding and synthesis constants, we attempted to

reproduce the results of a previous CTE study on the culture of a human patella-sized

construct, which analyzed the spatial GAG deposition over 35 days of culture (Hung et al.,

2003; Hung et al., 2004). This simulation accounted for nutrient limitations due to the large

construct size. To perform this computational simulation, it was first necessary to determine

the glucose consumption rate and glucose concentration required to sustain tissue growth for

this system. Glucose consumption was measured experimentally by assaying the media

glucose concentrations of constructs cultured over 7 weeks. Glucose concentration threshold

was determined by culturing constructs in media with different glucose supplementation

concentrations and measuring ECM deposition after 6 weeks. Further details of these

additional experiments are included in the Supplementary Material.

Statistics

Briefly, biochemical and mechanical data were compared via analysis of variance (Tukey’s

post-hoc test). Further statistical treatments descriptions are supplied in the Supplemental

Material.

Results

Mechanical Characterization and Biochemical Composition

Constructs cultured over the 45-day period developed EY values that were highest in the β3−

group (Figure 2A; p < 0.001), consistent with previous studies (Byers et al., 2008; Lima et

al., 2007); k was affected by both the course of culture and supplementation (Figure 2B; p <

0.001), as was ET (Figure 2C; p < 0.001); by day 42, construct disk volume was

significantly influenced by TGF-β3 (Figure 2D; p < 0.001) with the most expansion

occurring in the β3− group (p < 0.05). GAG was highest in the β3− group (Figure 3A; p ≤

0.022) and collagen levels in the β3− and β3+ groups were higher than the control on days

28 and 45 (Figure 3B; p ≤ 0.002). Collagen concentration was statistically similar between

the β3− and β3+ groups (p = 0.619). Levels of COMP were similarly affected by TGF-β3
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supplementation (Figure 3C; p < 0.001), with the highest construct COMP concentration

observed on day 45 in the β3− group (p ≤ 0.003), and the highest overall COMP

concentration observed in the β3+ group on day 28 (p ≤ 0.028). Cessation of TGF-β3

supplementation influenced total pyridinoline concentration (Figure 3D; p < 0.001) and

pyridinoline per collagen was influenced by the presence of TGF-β3 (Figure 3E; p < 0.001).

Correlations between mechanical and biochemical properties are presented in the

Supplementary Material.

Experimental Synthesis Rates and Retention Fractions

GAG, collagen, and COMP levels in constructs and media increased nearly linearly over

time (Figure 1), as assessed with the coefficient of determination of the linear regression

(R2; Table 2). Scaffold accumulation rates and media release rates for these constituents

were evaluated from the slope of the linear regression. Matrix release into the media

exhibited a higher R2 than the scaffold accumulation. The lowest coefficient of

determination was the COMP scaffold accumulation for the β3+ group (R2 = 0.37).

Synthesis rates varied with TGF-β3 supplementation (Figure 4). GAG scaffold accumulation

rate was highest in the β3− group (p < 0.001) and GAG media release rates were similar

between the three supplementation groups (p = 0.429). Collagen scaffold accumulation rate

was highest in the β3− and β3+ groups compared with the control (p < 0.001) and collagen

media release rate was lowest in the β3− group (p = 0.002). COMP synthesis was low (~102

µg·(ml·day)−1) compared to the synthesis of the GAG and collagen (~1 mg·(ml·day)−1). The

β3+ group had the highest COMP media release rate (p < 0.001) and the β3− group had the

highest COMP scaffold accumulation rate (p ≤ 0.021).

For all matrix constituents (Figure 5), the β3− group had the highest retention ratio (p <

0.001). GAG retention was high (Rc = 90 ± 2%) in the β3− group. COMP retention was

lowest in the β3+ group (Rc = 7 ± 2%; p < 0.001).

Theoretical Model Synthesis Rates and Binding Kinetics

Curve-fitting of finite element models of small constructs against matrix accumulation and

media release profiles yielded estimates of kf and kr and reproduced the experimental set-up

over the 45 day culture of the system (representative profile in Figure 6), showing mostly

high correlations (Table 1). Synthesis rate for each constituent and group was assumed

constant, consistent with the data. The reversible binding parameters for a single constituent

varied little with supplementation compared with the variations among the different

constituents. These parameters predicted bound constituent concentrations that were reduced

at the periphery and homogenous within the interior of the tissue (representative result in

Figure S1B of bound GAG in the β3− group).

Human Patella-Sized Construct

Tissue engineering simulations of a patella-sized construct used the measured glucose

consumption rate of 1.24 ± 0.35 × 10−13 mol cell−1 hr−1 and a glucose threshold of 12.5 mM

(Supplementary Material), values consistent with prior reports (Marcus and Srivasta, 1973;

Obradovic et al., 1999). The large construct model predicted glucose concentrations within
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the construct interior falling below the 12.5 mM threshold for the majority of the time in

culture (Figure 7A, B, C). Due to this reduced glucose availability, bound GAG developed

solely in the periphery when modeling nutrient-dependent synthesis (Figure 7E, F). This

example qualitatively agrees with our previous experimental findings (Figure 7F from this

study to Figure 7H from Hung, et al. 2004).

Discussion

Engineering cartilage constructs large enough to replace defects seen in symptomatic OA

requires scaling up the current size of constructs. Presently, thicker and wider constructs

experience heterogeneous matrix deposition as steep gradients in nutrient availability

develop between the construct’s periphery and interior due to cellular consumption and

diffusion limitations (Bian et al., 2009; Hung et al., 2003; Leddy et al., 2004).

Computational modeling of the culture conditions may serve as an essential and cost-

effective method for determining the efficacy of techniques aimed at enhancing the

functional ECM homogeneity. This study measured the synthesis and binding parameters of

small [bovine chondrocyte]-[agarose gel] constructs cultured with sufficient media,

obviating severe nutrient heterogeneity within the construct. These results were then

combined with our prior work that identified glucose as a critical nutrient for this CTE

system to model the culture of a human patella-sized construct (Cigan et al., 2013; Hung et

al., 2003).

The synthesis rates of all the molecules examined were affected by TGF-β3 supplementation

(Figure 4). In the experimental part of this study GAG synthesis rate was constant during the

45-day culture of constructs (Figure 1 and Table S1), suggesting a constant GAG synthesis

model was appropriate here. In contrast, other models of GAG synthesis were based on

results suggesting that high GAG content leads to GAG synthesis inhibition (Bruckner et al.,

1989; Buschmann et al., 1992; Sandy et al., 1980). Such a phenomenon may be explained by

inadequate nutrition and was not observed here with constructs given sufficient nutrients.

GAG synthesis was elevated by supplementation of TGF-β3 versus control levels, and was

further boosted by terminating the supplementation after 14 days (β3− group). This

withdrawal not only increased the total synthesis rate of GAG, as shown previously (Byers

et al., 2008; Lima et al., 2007), but also increased GAG retention over the continuous

treatment group (~90% retention in the β3− compared with ~75% retention in the β3+

group). This trend in retention was similar to the trend in the dissociation constants (0.14 µM

for the β3− group versus 10 µM for the control). A similar experimental Kd (0.22 µM) has

been reported for reversible binding between aggrecan and hylauronate (Watanabe et al.,

1997). Previous models of GAG binding kinetics in cartilage have been primarily focused

on the binding and degradation of PGs in native cartilage (Dimicco and Sah, 2003). These

studies used an experimentally determined binding rate between PGs and hyaluronate

(Sandy et al., 1989). The two measures of GAG binding affinity (this study: 2 – 73 × 10−9

mM−1s−1; previously: 1.2 × 10−5 s−1) can be reconciled, however, by multiplying the rate

constant by the density of binding sites (300 mM). This ‘effective forward binding rate’

(Ntkf=0.06 – 2.22 × 10−5 s−1) is similar to previous work. It should also be noted that this

study assumed reversible binding as suggested by studies on the binding of aggrecan and
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hyaluronate (Watanabe et al., 1997), while the prior work resolubilized PG by degradation,

preventing PG from re-binding (Dimicco and Sah, 2003).

TGF-β3 increased collagen synthesis over control, although termination of supplementation

did not subsequently alter the total synthesis rate. This observation suggests that TGF-β3

primes the chondrocytes for greater collagen synthesis but is not needed continuously, as

chondrocytes retain a memory of this exposure; similar behavior has been observed in

fibroblasts (Varga et al., 1987). Both supplementation groups also have a high retention ratio

(Figure 5) potentially due to TGF-β3 upregulating small PGs, such as decorin and

fibromodulin (Burton-Wurster et al., 2003; Roughley, 2001). Prior studies have analyzed the

binding of PGs with collagen (Obrink, 1973a, b; Obrink et al., 1975); specifically, Kd of the

collagen-PG interaction is on the order of 30 – 1000 nM under low osmotic conditions

(Obrink et al., 1975). This study predicts Kd between 0.2 – 387 nM. As reaching native

levels of collagen remains a problem in CTE, these results suggest that increasing collagen

content will be more greatly impacted by techniques that increase total collagen synthesis

(Eleswarapu and Athanasiou, 2013) rather than those which solely increase construct

retention (Grogan et al., 2003).

COMP synthesis was stimulated by TGF-β3. In contrast to GAG and collagen, COMP

synthesis does not appear to retain a memory of past exposure to TGF-β3 and was elevated

only in the presence of exogenous TGF-β3; studies of superficial chondrocytes have also

demonstrated COMP expression and synthesis are upregulated in response to TGF-β

(Motaung et al., 2011; Recklies et al., 1998). Despite the high COMP synthesis of the β3+

group, retention was much lower than that of GAG and collagen, resulting in much of the

COMP (~93%) to be released into the media. Earlier studies have shown that COMP binds

to both aggrecan and chondroitin sulfate under Ca2+ concentrations similar to those present

in the culture media used in this study Kd ~ 73 nM with heparin, Kd >10 µM with keratan

sulfate, and Kd ~102 nM with chondroitin sulfates (Chen et al., 2007)). COMP has also been

observed to bind with type II collagen, Kd = 1.5 nM, although the conditions under which

binding is favorable (2 mM Zn2+) were not present in this study; (Rosenberg et al., 1998). In

our theoretical model, Kd ranged from 0.23 to 2.4 nM.

COMP levels have rarely been measured quantitatively in engineered cartilage constructs,

thus these results offer a novel finding that merits closer analysis. By day 45 the COMP

content in the β3− group was 0.09 ± 0.02 %ww, approaching native levels (native

healthy/OA: ~0.4 %ww; rheumatoid arthritis: ~0.1 %ww; (DiCesare et al., 1996)). Despite

this similarity, a strong correlation between COMP levels and compressive mechanical

properties was not observed (Figure S4C). Additionally, COMP content did not show a

strong correlation to construct growth (Figure S4G).

Pyridinoline, while not synthesized directly by cells, was also measured (Figure 3D, E).

Pyridinoline is a mature cross-link connecting multiple collagen triple helices; these bonds

spontaneously form between hydroxylysine residues in the collagen triple helix (Eyre et al.,

1984). Previous studies on engineered cartilage have reported that pyridinoline content

typically falls below that seen in native tissue (Riesle et al., 1998; Yan et al., 2009). This

study presents the first quantitative assessment of pyridinoline content in the [bovine
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chondrocyte]-[agarose gel] system. While the total pyridinoline content was below that

typically seen in calf bovine cartilage (~98 nmol/g), the ratio of pyridinoline to collagen was

similar to native calf bovine cartilage (~0.46 mol/mol; (Williamson et al., 2003a)). The

constructs in this study displayed a moderate correlation between pyridinoline content and

EY (Figure S4D); similar correlations have been observed in native tissue (Williamson et al.,

2003a; Williamson et al., 2003b; Yan et al., 2009). These results suggest that cross-linking

occurs at native levels relative to collagen (Figure 3E) and therefore the low pyridinoline

content (Figure 3D) of the construct may suffer from low substrate (collagen)

concentrations. As suggested from the correlation between ET and pyridinoline content

(Figure S4L), and demonstrated recently (Makris et al., 2013), engineered cartilage

mechanical properties may benefit from techniques used to increase cross-linking density.

The model presented here extends previous models that have examined ECM synthesis and

nutrient consumption (Chung and Ho, 2010; Dimicco and Sah, 2003; Nikolaev et al., 2010;

Obradovic et al., 2000; Sengers et al., 2004a; Sengers et al., 2004b, 2005; van Donkelaar et

al., 2011). In the model employed here, glucose was selected as the limiting nutrient. In

order to customize these models to optimize tissue culture of anatomically-sized constructs,

model parameters must be customized for each CTE system. Two critical sets of parameters

of the current model are (a) the synthesis rates and retention of the ECM constituents and (b)

the essential nutrients which limit ECM. This study provides the matrix synthesis and

binding parameters and glucose consumption rates for the [agarose gel]-[bovine

chondrocyte] system, identifying a local glucose threshold concentration of 12.5 mM as a

requirement for tissue growth and a glucose consumption rate similar to other chondrocyte-

scaffold systems. As an illustration of the use of these parameters, we predicted GAG

distribution throughout a human patella-sized construct and compared it to a prior

experiment (Hung et al., 2003; Hung et al., 2004). The similarities between the model

simulations and experimental results suggest that these models can have great predictive

power for the optimization of culture conditions for large constructs.

The modeling aspect of this study focused on the elaboration of ECM constituents and did

not account for the mechanical changes associated with enhanced ECM deposition, as done

with other cartilage growth models (Khoshgoftar et al., 2013; Nikolaev et al., 2010; Sengers

et al., 2004b). Moreover, simplifying assumptions of the model, which neglects ECM

degradation or the influence of ECM density on transport properties and ECM synthesis,

may not remain valid for other CTE systems or over longer culture durations (Buschmann et

al., 1992; Dimicco and Sah, 2003; Leddy et al., 2004).

The findings of this study will inform our ongoing modeling investigations on the optimal

density and placement of nutrient channels for engineering large tissue constructs with

homogeneous material properties, based on our earlier experimental finding of the

effectiveness of such channels (Bian et al., 2009). Further experimental validations of these

model predictions will be conducted using a reduced set of configurations identified from

the optimization analyses.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative synthesis profiles for (A) matrix accumulation in the construct and (B)

cumulative matrix release in the media. Synthesis rates were calculated from the slope of the

linear regression.
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Figure 2.
Curve-fit mechanical properties (A) EY (kPa), (B) k (mm4 N−1 s−1), (C) ET (kPa) and (D)

the experimentally determined normalized disk volume of constructs over the course of

culture. * denotes group significantly differ from indicated group(s) at same time point (p <

0.05); + denotes group significantly differ from day 0 properties (p < 0.05); # denotes the

indicated groups differ significantly (p < 0.05).
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Figure 3.
Biochemical properties of constructs over the culture period: (A) GAG concentration

(%ww), (B) collagen concentration (%ww), (C) COMP concentration (µg/ml), (D)

pyridinoline concentration (nmol/ml), and (E) pyridinoline to collagen ratio (mol/mol). *

denotes group significantly differ from indicated group(s) at same time point (p < 0.05); §

denotes group significantly differ from previous time point (p < 0.05; day 7 control and β3+

compared to day 0 and day 28 β3+ and β3− compared to day 14 β3+).
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Figure 4.
Synthesis rates of GAG (mg ml−1day−1), collagen (mg ml−1day−1), and COMP (102 µg

ml− 1day−1). The total synthesis (total column) is divided between media release rate (light,

bottom) and construct accumulation rate (dark, top). * denotes significant differences

between media and construct synthesis rates (p < 0.05); upper case letters denote groups of

significance of construct accumulation for each matrix constituent (p < 0.05) and lower case

letters denote groups of significance of media release for each matrix constituent (p < 0.05);

thus for each matrix constituent, groups with the same upper or lower case letters had

statistically similar construct matrix accumulation or matrix media release, respectively.
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Figure 5.
Retention ratio of the matrix constituents COMP, collagen, and GAG for each of the TGF-

β3 culture treatments: control (light), β3+ (medium), and β3− (dark). Upper case letters

denote groups of significance (p < 0.05); thus for each matrix constituent: groups with

different capital letters were statistically different.
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Figure 6.
Representative (A) cumulative media release and (B) construct accumulation experimental

data (circles) and the theoretical model results (line) of the GAG constituent in the β3−

group. The inflection at day 14 in (B) reflects changes in synthesis rate and binding kinetics

associated with TGF-β3 cessation.
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Figure 7.
Model simulation results (sagittal plane, G) of the glucose concentration distributions (A, B,

C) and bound GAG distribution (D, E, F) in patella-sized CTE construct (cellular gel region,

“g”, and the cellular gel + porous bone scaffold, “b”) during the 35 days of culture.

Simulations were based on prior experimental work and the GAG synthesis and binding

parameters were taken from the ‘control’ parameters measured in this study. Glucose

distribution images are (A) 1 hr, (B) 12 hrs, and (C) 71 hr after a media change. GAG

distribution images are on (D) day 0, (E) day 17, and (F) day 35. The previous experimental

results of GAG accumulation (saffarin-O stained histological slices) after 35 days of culture

(H) are provided for comparison to the model simulations (F) of this study. (H) from (Hung

et al., 2004) with kind permission from Springer Science and Business Media.
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Table 1

GAG, collagen, and COMP transport and reversible binding parameters for the computational model:

diffusion coefficients, in free solution, Do, and within the construct, D, partition coefficient, κ, matrix binding

site density within the tissue, Nt, forward, kf, and reverse, kr, binding constants, dissociation constant, Kd, and

the model fits of the experimental matrix accumulation, , and media release, , profiles.

Constituent Parameter Control β3+ β3−

GAG

1 ×10−7 1 ×10−7 1 ×10−7

DGAG (mm2 s−1) 5 ×10−8 5 ×10−8 5 ×10−8

κGAG 1 1 1

300 300 300

2.0 ×10−9 9.1 ×10−9 7.4 ×10−8

2.1 ×10−11 1.2 ×10−11 1.0 ×10−11

1.1 ×10−2 1.3 ×10−3 1.3 ×10−4

0.99 0.99 0.99

0.89 0.89 0.85

Collagen

4.5 ×10−6 4.5 ×10−6 4.5 ×10−6

Dcol (mm2 s−1) 2.25 ×10−6 2.25 ×10−6 2.25 ×10−6

κcol 1 1 1

0.3 0.3 0.3

4.4 ×10−5 5.8 ×10−4 9.7 ×10−4

4.0 ×10−9 2.3 ×10−7 1.5 ×10−10

9.1 ×10−5 4.0 ×10−4 1.6 ×10−7

0.99 0.99 0.99

0.72 0.81 0.69

COMP

6.6 ×10−4 6.6 ×10−4 6.6 ×10−4

DCOMP (mm2 s−1) 3.3 ×10−4 3.3 ×10−4 3.3 ×10−4

κCOMP 1 1 1
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Constituent Parameter Control β3+ β3−

0.04 0.04 0.04

1.7 ×10−3 1.2 ×10−3 6.3 ×10−3

4.1 ×10−9 8.8 ×10−10 1.5 ×10−9

2.4 ×10−6 7.3 ×10−7 2.4 ×10−7

0.99 0.99 0.98

0.83 0.35 0.82
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