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Functional cartilaginous constructs for scientific research and e®entual tissue repair
were culti®ated in bioreactors starting from chondrocytes immobilized on polymeric
scaffolds. The scaffolds gradually degraded as the cells regenerated tissue matrix consist-

( )ing of glycosaminoglycan GAG and type II collagen. To facilitate data interpretation
and optimize culti®ation conditions, a mathematical model was de®eloped which yields
the concentrations of oxygen and GAG as functions of time and position in growing
tissue. Calculated GAG concentrations were qualitati®ely and quantitati®ely consistent
with profiles measured ®ia high-resolution image processing of tissue samples cultured
at two different oxygen tensions for ®arious periods of time.

Introduction
More than one-million patients per year require treatment

Ž .of damaged cartilage Langer and Vacanti, 1993 , a relatively
Ž .simple structural tissue with one main function load bearing

and very limited capacity for self-repair. However, none of
the available treatment options can predictably restore a
durable articular surface to an osteoarthritic or injured joint
Ž .Buckwalter and Mankin, 1998 . In ®itro tissue engineering
has been investigated as a potential source of functional tis-
sue constructs for cartilage repair, as well as a model system

Žfor controlled studies of cartilage development chondrogen-
. Žesis , and normal and pathological function Freed and Vun-

.jak-Novakovic, 2000a; Freed et al., 1999 .
Cartilage constructs have been successfully grown in tissue

culture bioreactors starting from chondrogenic cells attached
Žto biodegradable polymeric scaffolds Freed and Vunjak-

.Novakovic, 2000b; Vunjak-Novakovic et al., 1999 . Improve-
ments in construct composition, such as increased fractions

Ž .of glycosaminoglycan GAG and collagen, the main cartilage
components, were observed when either the scaffold thick-

Žness was decreased or the cell density was increased Freed
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kovic.

.et al., 1994a . This apparently reflected diffusion-limited sup-
Žply of nutrients andror oxygen Freed et al., 1994b; Bursac et

.al., 1996 . More efficient gas transport in both the culture
medium and at the construct surfaces stimulated rapid tissue
growth, while cultivation at low oxygen tension suppressed

Ž .chondrogenesis Obradovic et al., 1999 . Mixing during cell
seeding and tissue cultivation resulted in both greater
amounts and more uniform distributions of tissue compo-

Ž .nents Vunjak-Novakovic et al., 1996 . Use of rotating biore-
actors with dynamic laminar flow accelerated chondrogene-
sis, compared with either static culture, which yielded
mechanically weak constructs with only peripheral matrix de-
position, or unidirectional turbulent flow in mixed flasks,
which yielded constructs with fibrous outer capsules
Ž .Vunjak-Novakovic et al., 1999 .

In constructs cultured in bioreactors, tissue regeneration
proceeded from the tissue periphery both outward and to-
ward the construct center, and resulted in cartilaginous ma-

Ž .trix comprised of glycosaminoglycan GAG and type II colla-
Ž .gen Freed et al., 1998 . Cells proliferated over the first 5]7

days. Only after cell growth ceased did the cells begin to sep-
arate themselves by synthesizing matrix components. After 6
weeks of cultivation, the constructs’ GAG wet weight frac-
tions and equilibrium moduli, respectively, attained 78%
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and 25% of the values measured in freshly explanted native
Ž .cartilage Vunjak-Novakovic et al., 1999 ; after 7 months, the

GAG fractions and equilibrium moduli of engineered and
Žnative cartilage were indistinguishable Freed et al.,

.1997 .
ŽConstruct function such as mechanical behavior in static

.and dynamic compression was correlated with overall con-
struct composition, which itself depended on the conditions

Ž .of bioreactor cultivation Vunjak-Novakovic et al., 1999 . Em-
pirical relationships like these are fundamentally instructive.
However, the spatial averaging intrinsic to measurement of
overall construct properties filters out potentially significant
information regarding internal gradients and associated
mass-transfer limitations upon cell metabolism andror tissue
growth. Furthermore, global property data does not provide
a severe test of distributed-parameter models of cartilage
growth.

To simulate cell proliferation in cell-polymer constructs,
Ž .Galban and Locke 1997 developed a distributed-parameter

model based on a moving boundary analysis of cell growth
coupled to a pseudosteady-state analysis of nutrient diffusion
and utilization. They tested it against early global data from

Ž .our laboratory Freed et al., 1994b . The displacement of the
cellrmedia interface as a function of time could be made to
fit the data, but this required adjustment of the nutrient’s
cell-phase diffusivity and external mass-transfer coefficient for
each new value of scaffold thickness. In a followup article,

Ž .Galban and Locke 1999 refined their model by introducing
terms for nutrient and product inhibition and cell death into
their expression for cell growth kinetics. However, regressed
parameters remained dependent upon scaffold thickness.
Their pioneering efforts demonstrate both the potential and
challenges of mathematical modeling of in ®itro cartilage
growth.

The recent development in our laboratory of a high-resolu-
tion image processing technique to monitor local concentra-

Žtions of cell and GAG in histological tissue sections Martin
.et al., 1999 allowed us to explore oxygen-dependent deposi-

Ž .tion of GAG a marker of chondrogenesis in growing tissue,
and motivated development of a mathematical model of the
associated diffusionrreaction processes. The conditions we
chose to model were those identified as most favorable for
engineering metabolically and mechanically functional carti-
lage: free suspension of constructs in dynamic laminar flow
within rotating bioreactors. To minimize the number of ad-
justable parameters, cell density data was inserted directly
into the algorithm. Our main objectives were to calculate
GAG concentrations as a function of position within the tis-
sue and cultivation time, and test them against data yielded
by the high-resolution image processing.

Materials and Methods
Engineered cartilage constructs were obtained by culturing

bovine chondrocytes on biodegradable polymer scaffolds in
bioreactors at two different oxygen tensions in the culture
medium. Constructs were sequentially removed at different
stages of cultivation for assessment of spatial distributions of

Ž .the cartilage marker glycosaminoglycan GAG , via high-res-
olution image processing of histological sections. Additional

Figure 1. Model system.
Chondrocytes were isolated from bovine calf articular carti-
lage, seeded onto fibrous, biodegradable polyglycolic acid

Ž .scaffolds 5-mm-dia.=2-mm-thick discs, 97% void volume
and cultured in rotating bioreactors. The vessel rotation rate

Žis adjusted over the time of cultivation such as 15 rpm at 3
.days, 45 rpm at 6 weeks to maintain each tissue construct

settling at an approximately steady position within the ves-
sel.

data was obtained, as indicated, from tissue samples grown in
previous studies. GAG concentration profiles were used to
validate the mathematical model, as described below.

Cell isolation
Engineered cartilage was obtained by culturing articular

chondrocytes on biodegradable polymer scaffolds in bioreac-
Ž . Žtors Figure 1 as described previously Freed and Vunjak-

.Novakovic, 1995; Freed et al., 1998 . Full-thickness articular
cartilage was harvested aseptically from femoropatellar
grooves of 2]3-week-old bovine calves within 8 h of slaughter
Ž .Buschmann et al., 1992 . A total of six knee joints was used.
Chondrocytes were isolated with type II collagenase
Ž .Worthington, Freehold, NJ and resuspended in a culture

Žmedium Dulbecco’s Modified Eagle Medium, DMEM, con-
taining 4.5 grL glucose and supplemented with 10% Fetal
Bovine Serum, 10 mM N-2-HydroxyEthylPiperazine NX-2-
EthaneSulfonicAcid, HEPES, 50 UrmL penicillin, 50 mgrmL
streptomycin, 0.1 mM nonessential amino acids, 0.4 mM pro-

.line, 50 mgrmL ascorbic acid and 0.5 mgrmL fungizone
Ž .Freed et al., 1993 .

Scaffold seeding
Scaffolds were fibrous disks, 5 mm diameter = 2 mm, made

Ž . Žfrom polyglycolic acid PGA by Albany International Mans-
. 3field, MA as highly porous mesh with 65 mgrcm bulk den-

Ž .sity and 97% void volume Freed et al., 1994c . A total of 24
scaffolds were seeded dynamically with freshly isolated chon-

Ždrocytes as described previously Vunjak-Novakovic et al.,
.1998 . Briefly, scaffolds were prewetted in culture medium

and threaded 5 mm apart onto 8-cm-long No. 22 gauge nee-
dles. Four needles with three scaffolds each were positioned
symmetrically and affixed to a silicone stopper in the mouth
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Ž .of a spinner flask Bellco, Vineland, NJ . The flasks were filled
with 120 cm3 of culture medium and mixed at 50 rpm by a

Žnonsuspended magnetic stirring bar 4 cm = 0.8 cm diame-
.ter , while housed in a humidified 378C, 10% CO incubator;2

gas exchange was promoted by surface aeration through loos-
ened side-arm caps. After 18 h, medium was replaced with a

Ž 3 5suspension of freshly isolated chondrocytes 120 cm , 5=10
3 6 .cellsrcm , corresponding to 5=10 cells per scaffold .

Tissue culture
After three days of seeding in flasks, cell-polymer con-

Žstructs were transferred into rotating bioreactors two ves-
3 .sels, each containing ns12 constructs in 110 cm medium

and cultured for up to six weeks. Rotating bioreactors
Ž .RCCV-110, Synthecon, Houston, TX were each configured
as the annular space between a 5.75-cm-ID outer polycarbon-
ate cylinder and a 2-cm-OD hollow inner cylinder with a
porous wall that was covered with a 175-mm-thick silicone
membrane. Each vessel was rotated as a solid body in a hori-
zontal plane around its central axis. The rotation rate was
adjusted so as to suspend each tissue construct in rotational
flow about a fixed position within the vessel as viewed by an
external observer. In order to establish dynamic equilibrium

Žof the operative forces gravity, buoyancy, drag, and centrifu-
.gal force , while maintaining each tissue construct in a state

of continuous free fall, the rotation rate was increased gradu-
ally from 15 to 45 rpm over the period of cultivation to ac-

Žcommodate the increase in construct weight Freed and Vun-
. Ž .jak-Novakovic, 1995 . Sterile incubator gas 10% CO in air2

was blown through the inner cylinder at 700]1,200 cm3rmin;
culture medium was supplied with oxygen and purged of ex-
cess CO by diffusion through the silicone membrane.2
Medium was exchanged batchwise at a rate of 50% vrv, every
other day. The resulting culture medium oxygen tension was

Ž .approximately 80 mm Hg 77.6"3 mm Hg .
Additional data from our previous cartilage tissue engi-

neering studies were used as follows. In one study carried out
Ž .for a period of 5 weeks Obradovic et al., 1999 , gas exchange

in rotating bioreactors was either continuous as described
above, or eliminated by replacing the hollow inner cylinder
with a solid one. The resulting culture medium oxygen ten-
sions, p values of 86.5 " 7.3 and 42.7 " 4.5 mm Hg, re-O2

spectively, reflected O supply primarily from the hollow2
cylinder or by diffusion through the vessel walls. The profiles
of GAG concentration C in construct sections after five-G
week cultivation at low medium p which are reported hereO2’

for the first time, were used to test the model under hypoxic
conditions. In addition to samples from the present study,
constructs cultured for up to 6 weeks at a p of approxi-O2

Ž .mately 80 mm Hg Freed et al., 1998 were analyzed to deter-
mine the maximum C value. Additional data obtained inG
the latter study were used in the present study to determine
the cultivation-time dependence of the parameter k in the
kinetic expression for GAG synthesis.

Analytical assays
Constructs were sampled at timed intervals for biochemical

Ž . Ž .n s 3]4 and histological n s 2 analyses. Samples for
biochemical analysis were frozen, lyophilized, and digested

for 15 h at 56TC with 1 mgrcm3 protease-K in buffer solution
Ž 350 mM Tris, 1 mM EDTA, 1 mM iodoacetamide, 10 mgrcm

. 3pepstatin A , using 1 cm of this solution per 4]10 mg dry
Ž .weight Hollander et al., 1994 . The chondrocyte number was

obtained from the amount of DNA measured spectrofluoro-
Ž .metrically Aminco, Urbana, IL using Hoechst 33258 dye

Ž . ŽKim et al., 1988 and conversion factors of 7.7 pg DNA Kim
. y10 Ž .et al., 1988 , as well as 10 g dry weight Freed et al., 1994c

per chondrocyte. The total amount of glycosaminoglycan
Ž .GAG was determined spectrophotometrically after reaction
with dimethylmethylene blue dye, using bovine chondroitin

Ž .sulfate standard Farndale et al., 1986 .
Samples for histological analysis were fixed in 10% neutral

buffered formalin, embedded in paraffin and cross-sectioned
Ž .5-mm thick . The sections were stained with hematoxylin and
eosin for cells, and safranin-Orfast green for GAG.

GAG distributions in constructs and construct dimensions
were assessed from histological sections stained with
safranin-O, via high-resolution image analysis as described

Ž .previously Martin et al., 1999 . In brief, images were ob-
Ž .tained using a solid-state 3 CCD camera Hitachi HV-C20

mounted on a Nikon Diaphot inverted microscope. Red,
Ž .green and blue RGB image planes were digitized on a scale

Žof 256 values using an LG-3 frame grabber Scion Corpora-
.tion, Frederick, MD and analyzed using IPLab Spectrum

Ž .software Sigma Analytics Corporation, Vienna, VA . Red
Žcolor intensity of a histological section average value for

.whole section was correlated to construct GAG wet weight
fraction. Experimental GAG distributions were determined
by automated measurement of average red intensity in 41.7-
mm-thick concentric annular regions of whole tissue sample
cross-sections. For each region, the wet weight fraction of
GAG was determined using the previously established corre-
lation between the red intensity and biochemically measured

Ž 2GAG fraction r s 0.952, p - 0.0001, for GAG fractions
.ranging from 0.5 to 7.0% ww; Martin et al., 1999 . Thickness

and diameter of each construct section were determined by
averaging 5 measurements.

Cell distributions within constructs were determined from
H&E-stained histological sections as previously described
Ž .Vunjak-Novakovic et al., 1998 . In brief, black and white im-

Ž .ages ns15]20 per sample were acquired at successive tis-
sue depths as described above, digitized by a CG-7 frame

Ž .grabber Scion Corp., Frederick, MD and analyzed using
Ž .Scion-Image software Scion Corp., Frederick, MD . The to-

tal area of each image, 0.245 mm2, was divided automatically
into 24 windows, 20.4 = 500 mm each. Cell number was de-
termined by counting of all objects darker than background,
except for undegraded polymer fibers, which were manually
excluded from each image. Spatial and temporal changes in
cell density were determined from average numbers of cells
per unit image area.

Spatial and Temporal Patterns of Matrix Deposition
Progressive structural changes were consistent with previ-

ously reported spatial and temporal patterns of in ®itro chon-
Ž .drogenesis Freed et al., 1998 . Freshly seeded constructs

consisted of uniformly distributed cells attached to polymer
fibers. Cells at the construct periphery proliferated more
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rapidly, presumably due to direct contact with medium. Con- 
comitant deposition of GAG and collagen also started at  the 
construct periphery, and progressed apositionally, both in- 
ward and outward. After 10-12 days of cultivation, each con- 
struct consisted of a layer of compact peripheral cartilaginous 
matrix surrounding a central region which still contained large 
empty pores (Figure 2).  Construct size and shape remained 
approximately constant over the first 12 days of cultivation, 
reflecting comparable rates of polymer degradation and ma- 
trix synthesis. Further deposition of e+xtracellular matrix, 
ECM, depended strongly on oxygen availability. 

Cell-polymer constructs cultivated in this study at a po, of 
80 mm Hg gained significantly in size and weight. The pies- 
ence of undegraded fibers only in the inner zones of con- 
structs, and not in their external regions, suggested growth by 
formation of new tissue at the periphery. Growth in axial and 
radial directions maintained the initial discoidal construct 
shape. Constructs cultivated for 6 weeks appeared uniformly 
cartilaginous and were twice as heavy as those cultured for 10 
days (Figure 2). In our earlier experiments carried out at high 
and low po,  (86.5 f 7.3 and 42.7 f 4.5 mm Hg) under oth- 
erwise ideniical conditions (Obradovic e t  al., 19991, oxygen 
availability markedly affected tissue development. Although 

the respective construct cellularities after 5 weeks of culture 
at high and low oxygen tension were essentially the same (0.97 
f 0.09 and 0.99 f 0.15% ww)., their wet weights were 139 
f 12 and 101 f 8 mg/construct, respectively, and their GAG 
contents were 4.18 f 0.22 and 3.07 k 0.28% ww, respec- 
tively. 

Similar 0, sensitivity had been observed in perfused biore- 
actor cultures of cartilage explants, where a gradual decrease 
in po, from - 80 to - 40 mm Hg resulted in a shift from 
aerobic to anaerobic cell metabolism, and eventually the sup- 
pression of tissue growth (Obradovic e t  al., 1997). Likewise, 
G A G  synthesis rates in cartilage explants were twice as high 
at po3 = 78-180 mni Hg as at 45 mm Hg (Ysart and Mason, 
1994).-However, not all published data were consistent. GAG 
synthesis rates in monolayers of bovine and rabbit chondro- 
cytes were markedly higher at p o ,  = 140-160 than at 20-50 
mm Hg (Clark et al., 1991; Marcus, 1973). Notably, however, 
a low po, of 8 mm Hg stimulated GAG synthesis in a short- 
term study of bovine chondrocyte monolayers (Neitzel et al., 
1998). In uiuo, immature articular cartilage, which is still vas- 
cularized and thus efficiently supplied with oxygen, exhibits 
high biosynthetic activity. In contrast, skeletally mature carti- 
lage, where oxygen must diffuse from the articular surface, 

Figure 2. Progression of cartilaginous matrix deposition. 
Rcprcsentative histological cross-sections of cartilage constructs cultured for (a) 10 days and (b) six weeks at  culturc medium oxygen tension 
of p o ,  = 80 m m  Hg. The corresponding GAG distribution profiles (C(;, wet weight fraction of GAG within a 41.7 p m  thick layer of tissue at 
a distance 6 from the construct surfacc) wcrc dctermined by image processing of histological sections. Stain: safranin-O/fast green. 
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exhibits low biosynthetic activity and practically no capacity
for tissue growth or repair. Taken together, the available data
suggest that immature cartilage, whether native or engi-
neered, has significant biosynthetic capacity for GAG deposi-
tion, and that the rate of GAG deposition is positively corre-
lated to the local oxygen concentration.

Model Equations
A mathematical model was developed in order to rational-

ize the profiles of GAG concentration measured as a func-
tion of cultivation time in disc-shaped cartilage constructs.
The central hypothesis, consistent with the weight of the
above-cited evidence, was that the rate of GAG deposition
depends on local O concentration.2

Temporal changes in local oxygen concentrations CO2

within tissue constructs were assumed to be governed by dif-
fusional transport and cellular consumption at the rate q ,O2

that is,

­ C ­ 2C ­ 2C ­ 2C1O O O O2 2 2 2s D q qO 2 2 22 ž­ t r­ r ­ r ­ z

­ 2C1 O2q y q 1Ž .O2 2 2/r ­u

where D is the effective oxygen diffusion coefficient, r, zO2
Ž .and u are cylindrical coordinates Figure 3a , and t is time of

cultivation.
Oxygen consumption, which includes O utilization for both2

energy metabolism and matrix biosynthesis, was assumed to
follow Michaelis-Menten kinetics as reported previously for

Ž .isolated chondrocytes Haselgrove et al., 1993

Q Cm O 2q s r ? 2Ž .O2 C qCm O 2

where r is cell density, Q is the maximal O consumptionm 2
rate, and C is the C at half-maximal O consumption. Itm O 22

is implicitly assumed that the magnitude of cellular O con-2
sumption is insensitive to the rate of GAG synthesis.

It was also assumed that O promotes deposition of GAG,2
which is synthesized and assembled intracellularly into pro-
teoglycan monomers, then secreted into the extracellular ma-
trix. Although most proteoglycan monomers aggregate, all
proteoglycan species were treated as mobile, since they are
reportedly released into the media of cartilage explant cul-

Ž .tures Bolis et al., 1989; Campbell et al., 1989 . For simplicity,
they were assigned a single effective diffusion coefficient D .G

Ž .Thus, profiles of GAG concentration C were assumedG
to be mediated by diffusion and reaction according to

­ C ­ 2C 1 ­ 2C ­ 2C 1 ­ 2CG G G G G
s D q q q y qG G2 2 2 2 2ž /­ t r­ r ­ r ­ z r ­u

3Ž .

The effective local GAG synthesis rate q reflects simulta-G
neous GAG production, degradation, and incorporation into

Figure 3. Construct geometry.
Ž .a Concentration profiles of oxygen and GAG within the

Žtissue were modeled using cylindrical coordinates z, r , u s 0
. Ž .at the construct center ; b concentration profiles of GAG

were experimentally determined within 41.7 mm thick annu-
lar rings in tissue cross-sections as a function of the distance
d from the construct surface.

the matrix. In healthy cartilage in ®i®o, cells maintain steady-
state metabolism of proteoglycans by balancing proteoglycan

Ž .synthesis and catabolism Hascall et al., 1999 . In engineered
constructs, GAG deposition begins at the construct periph-
ery, where a high cell density promotes more rapid GAG syn-
thesis than catabolism. Over the time of cultivation, a limit-
ing steady-state concentration Cl is approached at which
there is a balance of production, degradation, and incorpora-
tion. Accordingly, local GAG kinetics were formulated as
product-inhibited, with Cl the maximum GAG concentra-
tion. The dependence upon C was modeled as first-orderO2

based on the relative success of models with Michaelis-
Menten and zero-, first-, and second-order dependence on
C . Thus, GAG synthesis kinetics were formulated asO2

CG
q s r ? k ? 1y C 4Ž .G O 2ž /Cl

where k is the rate constant.
Finally, construct symmetry make composition indepen-

dent of u . The governing equations, coupled by dependence
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of GAG synthesis on C , thereby reduce toO2

­ C ­ 2C ­ C ­ 2C Q C1O O O O m O2 2 2 2 2s D q q y r ?O 2 22 ž /­ t r ­ r C qC­ r ­ z m O 2

5Ž .

­ C ­ 2C 1 ­ C ­ 2C CG G G G G
s D q q q r ? k ? 1y CG O2 2 2ž /ž /­ t r ­ r Cl­ r ­ z

6Ž .

Initial and boundary conditions
Cell-polymer constructs were initially free of GAG and

equilibrated with medium at p , that is,O2

C s0G
ts0; 0F r F dr2; 0F zF hr2 7Ž .0 5C sCO O2 2

where d is construct diameter, h is construct thickness and
C0 is the concentration of physically dissolved O in equi-O 22

librium with p .O2
ŽPeriodic partial medium exchange 50% vrv, every other

.day and continuous gas exchange ensured quasi-steady ex-
Žternal conditions after an initial cultivation period Ob-

.radovic et al., 1999 . Furthermore, settling of tissue con-
Žstructs promoted mixing of vessel contents equivalent to 1.1

.mixed tanks in series; Freed and Vunjak-Novakovic, 2000b .
External mass-transfer resistance was therefore neglected.
Accordingly, solute concentrations at construct surfaces were
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set equal to steady-state values measured in bulk medium, as
follows

C s0G r s dr2; 0F zF hr2
t)0; 8Ž .0 5 zs hr2; 0F r F dr2C sCO O2 2

Finally, symmetry conditions were enforced along con-
struct central axes, that is

­ C ¶G
s0

­ r • t)0; r s0; 0F zF hr2 9Ž .
­ CO2 s0ß

­ r

­ C ¶O2 s0
­ z • t)0; zs0; 0F r F dr2 10Ž .

­ CO2 s0ß
­ z

Construct dimensions d and h were forced to vary with
time in accordance with experimental observations. For the
first 12 days, they were assigned fixed values consistent with
approximation of the geometry of a freshly seeded polymer

Ž .scaffold by a cylinder 5.5 mm diameter=1.9 mm . Between
12 days and 6 weeks, d and h increased at constant rates of
70 and 50 mmrday, respectively, at p s80 mm Hg, andO2

negligibly at p s40 mm Hg.O2

Numerical solution
Equations 5 and 6 were solved using the alternating-direc-

Ž .tion implicit finite difference method von Rosenberg, 1969
which facilitates linearization over small time intervals. Equa-
tion 5 was may be solved independently, because it does not
contain C . The resulting C profiles were inserted in Eq.G O 2

6, which was then solved to derive C profiles.G
To model construct growth, spatial mesh points were added

at appropriate times between points at surfaces and immedi-
ately adjoining locations. Values of C and C at newlyG O 2

added points were initially set midway between those at the
latter two sites.

Calculated GAG concentrations were compared with ex-
perimental values determined by image processing of 41.7-
mm-thick construct sections. For this purpose, calculated
GAG concentrations were averaged over the appropriate re-
gions.

Model Parameters
The mathematical model requires values for the following

parameters: cell density r, diffusion coefficients D and D ,O G2

limiting GAG concentration Cl, Michaelis-Menten constant
C , maximal O consumption rate Q , and GAG synthesism 2 m
rate constant k.

Cell density distributions
Cell density distributions were determined in 4-day, 10-day

and 6-week constructs by image analysis of histological

Ž .cross-sections; the results are shown in Figure 4 data points .
Cell density was measured in each 20.8 mm annular layer
within a construct and presented as a function of the distance

Ž .d measured from the center of the layer to the tissue sur-
Ž .face d s0 . For each time point, cell density was fit by bro-

Ž .ken-line regression as a function of d Figure 4, lines . Then
it was fit as a function of time

r d , t s m eym2 tq m 11Ž . Ž .1 3

Ž .where sets m , m , m were determined at the discreet d1 2 3
values.

Oxygen diffusion coefficient
D in constructs was set at 1.5=10y5 cm2rs, or approxi-O2

mately 50% of D in water, in light of values reported forO2

intact cartilage that range from 30 to 80% of D in waterO2
Ž .Maroudas, 1979; Haselgrove et al., 1993 .

GAG diffusion coefficient
D was estimated by inserting values for the GAG concen-G

tration gradient within the construct and the rate of GAG
release into medium, measured under conditions of constant
construct dimensions and essentially uniform medium com-
position, into the equation

dC ­ CGmed G
V s D S 12Ž .med Gdt ­d d s 0

where the medium volume V was 120 cm3 and the totalmed
Ž .surface area S of all constructs ns11 in the reactor vessel

was 0.88 cm2. The possibility of internal convection associ-
ated with GAG release was rejected in light of observations

Ž .of 1 continuous surface layers of compact cartilaginous tis-
Ž .sue within 7]10 days of culture, and 2 decreases in con-
Ž .struct permeability between days 3 and 7 Freed et al., 1994b .

A GAG release rate dC rdt of 1.90=10y5 grdL ?h wasGmed
determined by a least-squares straight-line fit of the cumula-

Ž 2 .tive amount released vs. time r s0.99 . A GAG concentra-
Ž . y3 2tion gradient ­ C r­d d s0 of 9.7 =10 grcm rcm wasG O

Ž 2 .similarly derived r s0.87 from the GAG concentration
profile measured by image analysis of histological cross-sec-
tions. The apparent D value of 7=10y11 cm2rs falls in theG
range reported for proteoglycan monomers and aggregates in

Ž .concentrated solutions Comper and Williams, 1987 . Be-
cause the apparent D is this low, the GAG diffusion time isG
far greater than the maximum cultivation time. It follows that
except for the release of GAG into the culture medium, its
diffusive transport is negligible, that is, in Eq. 6

2­ C ­ CG G4 DG 2­ t ­ x

Maximal GAG concentration in constructs Cl
After 6 weeks of cultivation in rotating bioreactors, Cl was

determined by sectional image analyses to range from 5.0 to
5.7% ww. The value inserted in model calculations 5.5% ww
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is consistent with the 5]6% ww range measured in earlier
Ž .related studies Obradovic et al., 1999; Martin et al., 1999

and the value of 6.1"0.3% ww measured in native cartilage
Žexplants Obradovic et al., 1997; Vunjak-Novakovic et al.,

.1999 .

Michaelis-Menten constant
C was set at the value of 0.006 mM reported for chickm

growth plate chondrocytes in the prehypertrophic zone
Ž .Haselgrove et al., 1993 .

Maximal cellular O consumption rate in constructs2

Q was estimated on the basis of the rate of decrease inm
culture medium C following gas exchange, and the as-O2

sumption that constructs consumed oxygen uniformly at this
Žzero-order rate an assumption borne out by the calculated

.tissue oxygen profiles described below . As eleven cell-poly-
mer constructs were grown in 110 cm3 of medium for 5 weeks,
C was measured in medium samples withdrawn periodi-O2

cally between medium exchanges. The estimated O con-2
sumption rate of 1.86=10y18 molrcell ? s exceeds somewhat
the 0.6]1.6=10y18 molrcell ? s range reported for chondro-

Ž .cytes in bovine articular cartilage Marcus, 1973 .

Rate constant of GAG synthesis
k was estimated using Eq. 4 in conjunction with previously

measured biochemical rates of GAG synthesis in engineered
Ž .constructs Freed et al., 1998 as follows. Equation 4 relates

GAG synthesis rate to the oxygen and GAG concentrations
and cell density. All other factors that may affect GAG syn-

Žthesis to varying degrees over time such as cell metabolism
.and growth factors are presumed to be accounted for by the

kinetic parameter k. Apparent k values were derived indi-
rectly from the sulfate incorporation rates q measured in anS

earlier study at timed intervals over six weeks of construct
Žcultivation in rotating vessels at p ;80 mm Hg Freed etO2

. Ž . Žal., 1998 . Values of q which are proportional to q Kuet-s G
.tner et al., 1982 and biochemically measured construct GAG

concentrations C were inserted into Eq. 4 in order toG,ave
estimate values for the kinetic parameter of sulfate incorpo-
ration kX defined by

CG ,aveXq s k 1y 13Ž .S ž /Cl

Note also that constant average values of C and r wereO2

presumed to be reflected in kX.
X Ž X .Values of k were essentially constant ' k over the first0

12 days of cultivation, then increased linearly with time ac-
cording to

kX s kX 1q A ty t tG t s12 days 14w x Ž .Ž .0 0 0

The parameter A at p s80 mm Hg was estimated atO2

0.11 dayy1 via least-squares fit to the entire set of kX vs. t
Ž 2 .data r s0.96 , and used to calculate the GAG synthesis ki-

netic parameter k as a function of time, that is, by applying
Eq. 14 without primes. The estimated value of A at p s40O2

mm Hg was effectively 0; thus, k corresponds to the ob-0
served constant rate of GAG deposition at these conditions
of construct cultivation.

The experimentally determined model parameters are
summarized in Table 1.

Model Calculations
Culti©ation at O tension of 80 mm Hg2

The mathematical model was used to calculate first oxygen
Ž . Ž .Eq. 5 and then GAG Eq. 6 concentration profiles. For

Figure 5. Model predictions of oxygen and GAG distribution in constructs cultivated for ten days and six weeks at
p s80 mm Hg.O2
Ž . Ž . Ža Calculated oxygen concentration profiles; b GAG concentration profiles measured by image processing of construct sections symbols,

. Ž .average "SD, ns 2]4 , and calculated using model equations lines .
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Table 1. Model Parameters

Parameter Value Reference
2 y5Ž . Ž .D cm rs 1.5=10 Haselgrove et al. 1993O 2 2 y11Ž .D cm rs 7=10 This workG

Ž .Cl %ww 5.5 This work
y1 8Ž .Q molrcell ? s 1.86=10 This workm

Ž . Ž .C mM 0.006 Haselgrove et al. 1993m
y1Ž .A d 0.11 This work

constructs grown for up to 6 weeks at p s80 mm Hg, theO2

results are depicted in Figures 5a and b. Calculated C val-O2

ues decreased with time as shown in Figure 5a.

Adjustable parameter k was estimated at 2.3% ww GAG0
y1 y1 w 5 3xday mM r 10 cellrmm by a least-squares fit of modelO2

Žoutput to the C profile measured in 10-day constructs Fig-G
.ure 5b . All remaining model calculations were based on the

fixed parameter set listed in Table 1. As shown in Figure 5b,
Žthe calculated C profile at six weeks by which time k hadG

.increased approximately 4-fold is in excellent agreement with
Ž .the experimental data mean SDs"0.2% ww GAG .

Culti©ation at O tension of 40 mm Hg2

The model was tested further against C profiles mea-G
sured in the constructs grown earlier for 5 weeks at the lower

Figure 6. Model predictions of oxygen and GAG distribution in constructs cultivated for five weeks at p s40 mmO2

Hg.
Ž . Ž . Ža Calculated oxygen concentration profiles; b GAG concentration profiles measured by image processing of construct sections symbols,

. Ž .average "SD, ns 2]4 , and calculated using model equations lines .

Figure 7. Sensitivity analysis.
Ž . Ž .Standard deviations between model predictions and experimental data as functions of model parameters for a ten-day and b six-week

constructs. For each parameter, 0 refers to the base line value used to solve the model equations.
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p of 40 mm Hg. The calculated C profile is shown inO O2 2

Figure 6a. The corresponding C profile, shown in FigureG
6b, is in good qualitative and fair quantitative agreement with

Ž .the data mean SDs"0.3% ww GAG .

Reproducibility and sensiti©ity analysis
Reproducibility of experimentally determined C profilesG

was assessed by comparing 14 histological sections of con-
structs cultivated for either 10 days or six weeks, in three
independent experiments carried out under identical condi-

Ž .tions Freed et al., 1998; Obradovic et al., 1999; this study . A
comparison was made of C values measured after the sameG
cultivation times, in annular rings the same distance from the
construct surface. The overall standard deviation in serial
sections of 14 tissue samples was "13%.

The sensitivities of model C profiles to changes in modelG
Ž .parameters "50% of base line values were evaluated at 10

Ž .days and 6 weeks in terms of both a the standard deviation
Ž . ŽSD between calculated values and experimental data Fig-

. Ž . Žure 7 , and b the appearance of calculated C profiles Fig-G

.ure 8 . With the single exception of Cl, predictions were more
sensitive to parameter changes at the earlier stage of cultiva-
tion. Furthermore, calculated results were, quantitatively,
particularly sensitive to changes in Cl, k , D and Q , and0 O m2

insensitive to changes in C and D , as anticipated above;m G
qualitatively, model predictions were most sensitive to
changes in Cl and D . By definition, Cl determined theO2

Ž .maximum obtainable C Figures 8a and 8b ; D influencedG O 2
Ž .C profiles by way of C Figures 8c and 8d .G O 2

Discussion
To recapitulate, it was anticipated that a simple first-ap-

proach model would be consistent with the observed progres-
sion of chondrogenesis if it faithfully accounted for time-de-
pendent local rates of synthesis, and consumption and diffu-
sion of oxygen and GAG. Production of GAG was taken as a
marker of overall chondrogenesis in light of prior association
of GAG deposition with that of collagen type II, the other

Figure 8. Sensitivity analysis.
ŽExamples of qualitative changes in the appearance of predicted concentration profiles. Experimental GAG concentration profiles symbols,

. Ž . Ž . Ž . Žaverage "SD, ns 2]4 and model predictions lines obtained for ten-day a, c and six week constructs b, d for different values of Cl a,
. Ž .b and D c, d .O2
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Žmajor component of cartilage tissue matrix Freed et al.,
.1998 . The model was based on reasonable assumptions and

Žon parameters that had been determined independently in
the sense that they evolved either from entirely different ex-

.periments, or from isolated data sets with the exception of
kinetic parameter k , which was obtained from a best fit to0
the entire set of C data obtained after 10 days of cultivationG
at p s80 mm Hg. The model was tested without furtherO2

parameter adjustment by comparison of calculated C pro-G
files with those measured after cultivation at two different

Ž .p values for different periods of time Figures 5 and 6 .O2

Model predictions were most sensitive to factors control-
Ž .ling GAG synthesis, either directly k , A, Cl or via local0

Ž .values of C D , Q . Deviation of Cl from its experi-O O m2 2

mentally determined base line value markedly affected CG
Ž . Žprofiles, both quantitatively Figure 7 and qualitatively Fig-

.ures 8a and 8b . Deviation of k or A from base line values0
Ž .increased the SD of model predictions Figure 7 without

changing general trends, suggesting that factors other than
Ž .O and GAG such as cell-derived signals may significantly2

affect C profiles.G
The effects of changes in D and Q on model accuracyO m2

were substantial, particularly at early stages of cultivation
Ž .Figure 7a , consistent with the hypothesized direct effects of
oxygen on GAG synthesis. In contrast, changing D had lit-G
tle effect other than in the superficial tissue layer in contact

Ž .with culture medium Figure 7 , consistent with a small role
of GAG diffusion, as was anticipated above in light of the
very small value of D . Similarly, model results were insensi-G

Ž .tive to changes in C Figure 7 , since, as is apparent inm
Figures 5a and 6a, C 4C essentially throughout the tis-O m2

sue.
The proposed model supports a first-order dependence of

GAG synthesis on C , However, the exact mechanisms thatO2

regulate GAG synthesis, catabolism, and deposition remain
largely unknown. It has been suggested that oxygen’s effect is
mediated by aerobic cell metabolism that provides energy to

Ž .enhance GAG synthesis Scott, 1992; Ysart and Mason, 1994 ,
and that oxygen might be involved directly in the sulfation

Ž .step of GAG synthesis Scott, 1992 . Lack of oxygen report-
edly suppresses collagen synthesis in periosteal tissue ex-

Žplants and engineered cartilage O’Driscoll et al., 1997;
.Obradovic et al., 1999 , and causes markedly reduced con-

struct wet weight after five weeks of cultivation without af-
Ž .fecting cellularity Obradovic et al., 1999 . Formation of the

collagen network, the structural template for immobilization
of proteoglycan molecules, is another potential regulator of

Ž .proteoglycan metabolism Hascall et al., 1999 .
The second hypothesis supported by the model is product

inhibition of GAG synthesis, that is, a feedback mechanism
whereby cells control their immediate environment. This may
explain why cartilage engineered in various in ®itro studies

Žunder favorable conditions with respect to p , pH, andO2
.physicochemical regulatory signals attained GAG levels that

differed by less than 13% and approached those measured in
Žnatural cartilage explants Obradovic et al., 1999; Vunjak-

.Novakovic et al., 1999 . Again, the detailed regulatory mech-
anism remains to be elucidated.

The available evidence suggests that GAG metabolism is
Žmediated by several extracellular factors, some of which such

.as serum and growth factors enhance GAG synthesis while

Žothers such as interleukin-1, lypopolysaccharide, and retinoic
. Ž .acid enhance GAG catabolism Hascall et al., 1999 . No-

tably, the kinetic parameter k of GAG synthesis, presumed
here to encompass the above and other factors, remains nearly
constant for the first 12 days of culture, during which time
constructs do not enlarge but nonetheless undergo chondro-
genesis at a rate that depends on oxygen availability. Beyond
12 days, k increases steadily at sufficiently high p , as re-O2

flected in the formation of continuously cartilaginous tissue
Ž .Figure 5b . However, at low p , k remains constant at kO 02

Ž .and GAG production remains low Figure 6b .
A possible explanation is that, at a certain stage of tissue

development, cell-secreted growth factors, not initially pre-
sent in the medium, trigger enhanced GAG synthesis, and
that the appearance andror biochemical effects of these fac-
tors are oxygen-sensitive. Alternatively, the initial rapid syn-
thesis of a protective cartilaginous layer at the construct pe-
riphery might provide core cells with a more ‘‘physiological’’
environment, while promoting accumulation of cell-secreted
growth factors. The greater sensitivity of 10-day as compared
to six-week constructs suggests a pronounced early need for
oxygen.

Ž .The main objectives in modeling were: 1 to rationalize
our experimental data on local accumulation of GAG within
engineered cartilage, obtained via a novel image processing

Ž .technique with ;40-mm resolution, and 2 to relate this data
Žto earlier observations of the dependence of global 2]5 mm

. Žscale tissue properties on cultivation conditions the domain
of the focus in each case being limited by available analytical

.tools . The model presented here grossly approximates the
processes that control tissue development. However, the con-
sistency of model predictions with experimental data suggests
that rate-controlling steps have at least been taken into ac-
count, and that simplifications do not distort actual behavior.
For the model to serve as a predictive tool, it must incorpo-

Žrate other aspects of tissue development such as cell growth
.and collagen deposition . Furthermore, as information is ac-

cumulated about biochemical pathways involved in regenera-
Ž .tion of other tissue components such as type II collagen ,

the model may be refined to facilitate better understanding
of chondrogenesis and optimization of cultivation conditions
for cartilage tissue engineering.
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