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Bioreactor Cultivation Conditions Modulate the Composition

and Mechanical Properties of Tissue-Engineered Cartilage
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Summary: Cartilaginous constructs have been grown in vifro with use of isolated cells, biodegradable polymer
scaffolds, and bioreactors. In the present work, the relationships between the composition and mechanical
properties of engineered cartilage constructs were studied by culturing bovine calf articular chondrocytes on
fibrous polyglycolic acid scaffolds (5 mm in diameter, 2-mm thick, and 97% porous) in three different en-
vironments: static flasks, mixed flasks, and rotating vessels. After 6 weeks of cultivation, the composition,
morphology, and mechanical function of the constructs in radially confined static and dynamic compression
all depended on the conditions of in vitro cultivation. Static culture yielded small and fragile constructs, while
turbulent flow in mixed flasks yielded constructs with fibrous outer capsules; both environments resulted in
constructs with poor mechanical properties. The constructs that were cultured freely suspended in a dynamic
laminar flow field in rotating vessels were the largest, contained continuous cartilage-like extraceilular ma-
trices with the highest fractions of glycosaminoglycan and collagen, and had the best mechanical properties,
The cquilibrium modulus, hydraulic permcability, dynamic stiffness, and streaming potential correlated with
the wet-weight fractions of glycosaminoglycan, collagen, and watcr. These findings suggest that the hydrody-
namic conditions in tissue-culture bioreactors can modulate the composition, morphology, mechanical prop-

erties, and electromechanical function of engineered cartilage.

Articular cartilage derives its form and mechanical
function from its matrix, which consists of tissue fluid
and a framework of structural macromolecules (col-
lagens, proteoglycans, and noncollagenous proteins
and glycoproteins). During the development, main-
tenance, and remodeling of cartilage, chondrocytes
synthesize appropriate types and amounts of macro-
molecules and assemble them into a highly organized
matrix (4). Adult articular cartilage has a limited ca-
pacity to repair damage resuiting from injury or dis-
case, and there have been many different approaches
to restorc tissue composition, structure, and function,
including the development of engineered cartilage
for potential implantation (5,27). Cartilaginous con-
structs have been grown in vitro with use of isolated
chondrocytes, biodegradable polymer scaffolds, and
bioreactors and implanted in vivo to form subcutane-
ous cartilage or to promote joint repair (16). Fibrous
polyglycolic acid scaffolds permitted chondrocytes to
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maintain their differentiated phenotype and provided
a three-dimensional framework for tissue regeneration
(14), and bioreactors provided control over the condi-
tions of ccll seeding and tissuc cultivation and affected
construct structures and compositions (19,31).

We hypothesized that conditions of flow and mixing
in tissue-culture bioreactors could be utilized to mod-
vlate the mechanical function of enginecred cartilage.
In particular, cnhanced rates of mass transfer and hy-
drodynamic effccts associated with dynamic laminar
flow patterns in rotating vessels were expected to
stimulate chondrocytes to regenerate a functional ex-
tracellular matrix. Although chondrocytes cultured on
polyglycolic acid scaffolds in bioreactors have been
shown to regenerate a cartilaginous extracellular ma-
trix containing glycosaminoglycan and type-1I colla-
gen (18), mechanical and electromcchanical behaviors
of newly synthesized matrix have not yet been well
characterized. Functional assessment would both per-
mit evaluation of whether constructs grown in vitro
might withstand physiological loading and enable fur-
ther optimization of the cultivation of cartilage-like
tissue substitutes.

The objectives of the present study were (a) to as-
sess the effects of cultivation conditions on construct
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FIG. 1. Experimental setup. Cells isolated from bovine articular cartilage were seeded on S-mm-diameter, 2-mm-thick, polyglycolic acid
scaffolds (5 X 10° cells/scaffold) in well mixcd flasks. The resulting cell-polymer constructs were cultured for 6 weeks in static flasks, mixed
flasks, or rotating vessels. F, Fy, and F, refer 1o centrilugal, drag, and net-gravity forces, respectively. Hydrodynamic conditions in each

vessel are summarized in Table 1.

composition, morphology, and mechanical function
and (b) to identify some of the relationships between
the composition and mechanical properties of engi-
neered cartilage. Bovine calf articular chondrocytes
were cultured for 6 weeks on polyglycolic acid scaf-
folds under three sets of hydrodynamic conditions:
static, turbulent, and laminar. The constructs were
analyzed structurally to determine the amounts and
distributions of tissue components and functionally
(in static and dynamic confined compression) to de-
termine the equilibrium modulus, dynamic stiffness,
hydraulic permeability, and streaming potential. Me-
chanical properties of 6-week constructs were corre-
lated to wet-weight fractions of glycosaminoglycan,
collagen (hydroxyproline), and water and compared
with properties of freshly explanted bovine calf artic-
ular cartilage.

MATERIALS AND METHODS

Tissue Harvest and Cell Isolation

Full-thickness articular cartilage was harvested from the femo-
ropalellar grooves of 2-3-week-old calves (six knee joints from dif-
ferent animals) within 8 hours of slaughter. Cells were isolated with
use of type-II collagenase (Worthington, Freehold, NJ, U.S.A.) and
resuspended in Dulbecco’s modified Eagle medium containing 4.5
g/L glucose, 584 mg/L glutamine, 10% fetal bovine scrum, 50 U/em?
penicillin, 50 pg/cm? streptomycin, 10 mM HEPES, 0.1 mM nones-
sential amino acids, 0.4 mM proline, and 50 wg/cm?* ascorbic acid
(16). Control samples of natural cartilage (discs 5 mm in diameter
and 2-mm thick) were harvested from the middle sections of full-
thickness plugs with use of a dermal punch (Miltex Instruments,
Lake Success, NY, U.S.A.), a custom-made vacuum holder, and a
razor blade; rinsed in phosphate buffered saline supplemented with

100 Ufcm?® penicillin and 100 pg/em?’ streptomycein; and analyzed
immediately after explant.

Scaffold Seeding

Scaffolds were produced as previously described (14) at Albany
International (Mansfield, MA, U.S.A.) by the exirusion of poly-
glycolic acid (weight-average molecular weight of 69 kDa) into
13-um-diameter fibers and the processing of these into fibrous
disks 5 mm in diameter and 2-mm thick (void volume: 97%; bulk
density: 62 mg/cm?). In brief, the fibers were (a) formed by polymer
extrusion, stretching, and relaxation at elevated temperatures, (b)
crimped and cut, (¢} carded into a lofty web. (d) needled to form
a nonwoven mesh, and (e) punched into discs (14).

The scaffolds were seeded with freshly isolated chondrocytes
in well mixed [lasks (Bellco, Vineland, NJ, U.S.A.) as previously
described (31,32). Tn brief, the scaffolds were pre-wet in culture
medium and threaded onto 8-cm-long, 22-gauge needles. Flasks
containing four needles with three scaffolds apiece and 120 cm? of
culture medium were mixed at 50 rpm with use of a nonsuspended
magnctic stir bar (4-cm long and 0.8 cm in diameter) in a humid-
ified, 37°C, 10% CO, incubator. Each flask was inoculated with
60 x 10°chondrocytes, corresponding to 5 X 10° cells per scaffold.
Over 3 days, the cells attached throughout the scatfold volume,
with an essentially 100% yield as previously demonstrated (32).

Construct Cultivation

After 3 days of cell seeding, the cell-polymer constructs were
cultured for 6 weeks at 37°C in 10% CO, in three groups: static
flasks, well mixed flasks, or rotating vessels (Fig. 1). The study was
done with use of nine vessels (three per group), each containing
12 constructs in 110-120 c¢m® of culturc medium. In the static and
mixed flasks, the constructs were fixed in place and exposed to
either static or turbulently mixed culture medium; gas was ex-
changed through loosened side arm caps. In the rotating vessels
(Rotary Cell Culture System; Synthecon, Houston, TX, U.S.A.), the
constructs were freely suspended in the annular space between an
outer 5.75-cm-diameter polycarbonate cylinder and an inner 2-cm-
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TABLE 1. Hydrodynamic conditions in static and mixed flasks and rotating vessels

Parameter Static flask Mixed flask Rotating vessel
Vessel diameter (cm) 6.5 6.5 Outer/inner = 5.75/2
Vessel volume (cm®) 120 120 110
Construct Fixed in place Fixed in place Dynamically suspended
Stirring/rotation rate (s=1) 0 0.83 0.25 (3 days)-0.67 (6 weeks)
Flow conditions Static fluid Turbulent? Laminar®
Mechanisms of mixing/mass transfer Diffusion Convection? Convection®
Fluid shear at construct surfaces None Steady, turbulent Dynamic, laminar

*The fluid was magnetically stirred in the mixed flasks and underwent solid-body rotation in the rotating vessels.
PThe smallest turbulent eddies had an estimated diameter of 250 um and a velocity of 0.4 cm/sec, calculated according to Cherry

and Papoutsakis (7) as shown in Vunjak-Novakovic et al. (31).

“The constructs were freely suspended and settling in a tumble-slide regimen in a rotational field, as predicted with use of nondi-
mensional drag and inertia calculated with construct dimensions and settling velocity according to Clift et al. (8) as shown in Freed and

Vunjak-Novakovic (15).
4Convection due to turbulence.

¢Convection due to fluctuations in fluid velocity and vortex shedding around settling constructs.

diameter hollow cylinder covered with a 175-um-thick silicone
membrane; gas (10% CO, in air) was pumped through the inner
cylinder at 0.7-1.2 L/min and exchanged by diffusion through the
silicone membrane. The rotation speed of the vessel was adjusted
throughout the period of cultivation to balance the forces acting
on the growing constructs (i.e., gravity, buoyancy, and centrifugal
and drag forces) to maintain each settling construct at a relatively
steady position within the vessel (15,18). In all groups, the cul-
ture medium was replaced at a rate of 50% every 2-3 days, i.e.,
approximately 3 cm® per construct per day. The constructs were
sampled at both 3 days and 6 weeks for structural and functional
assessment.

Structural Analyses

Histological samples were fixed in 10% neutral buffered for-
malin, embedded in paraffin, and sectioned (8-pm thick). The sec-
tions (eight sections from two constructs per group) were stained
with hematoxylin and eosin for cells and with safranin-O/fast
green for glycosaminoglycan. Samples for biochemical analyses
(six constructs per group) were frozen, lyophilized, and digested
for 15 hours at 56°C with 1 mg/cm?® proteinase-K solution in buffer
(50 mM Tris, 1 mM EDTA, 1 mM iodoacetamide, and 10 pg/cm?
pepstatin A) with use of 1 cm® of enzyme solution per 4-10 mg dry
weight of the sample (21). The number of chondrocytes per con-
struct was assessed from the DNA content measured with use of
Hoechst 33258 dye, a spectrofluorometer (QM-1; Photon Technol-
ogy International, South Brunswick, NJ, U.S.A.), and the following
conversion factors: 7.7 pg DNA per chondrocyte (22) and 1070 g
dry weight per chondrocyte (14). Glycosaminoglycan content was
determined spectrophotometrically (Perkin Elmer, Norwalk, CT,
U.S.A.) with use of dimethylmethylene blue dye (10). Total colla-
gen content was determined from the measured hydroxyproline
content after acid hydrolysis (6 N HCI at 115°C for 18 hours) and
reaction with p-dimethylaminobenzaldehyde and chloramine-T
(36) with use of a hydroxyproline-to-collagen ratio of 1 to 10 (21).
The amount of undegraded polyglycolic acid was calculated from
the initial scaffold weight (2.8 mg) according to previously deter-
mined kinetics of polymer degradation in virro (14).

Biomechanical and Electromechanical Evaluation

Disks 3 mm in diameter and 2-mm thick were harvested from
the central regions of the explanted cartilage plugs or engineered
constructs (n = 3-4 samples per group) and equilibrated for 10-
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15 minutes at room temperature in 0.15 M phosphate buffered
saline (pH 7.4) supplemented with 100 U/em® penicillin and 100
pg/cm® streptomycin; each disk was mounted in an clectrically
insulating cylindrical confining chamber as previously described
(11). The chamber was mounted in a servo-controlled Dynastat
mechanical spectrometer (Imass, Hingham, MA, U.S.A.), and the
specimen was compressed between a porous polyethylene platen
and an Ag/AgCl electrode, with an identical elcctrode placed in
the surrounding bath. The disks were compressed at sequential
increments of 10% strain to a maximum of 40% strain, which is in
the range where equilibrium stress varied linearly with applied
strain for both the engineered constructs and cartilage explants.
In particular, the equilibrium modulus calculated for strains 10
to 40% was not significantly different from that calculated for
strains 10 to 20%. After stress relaxation, the equilibrium stress
was measured and plotted against the applied strain; the equilib-
rium modulus was determined from the slope of the best linear
regression fit.

At a static offset strain of 30%, sinusoidal strains of 0.5% am-
plitude were applied at frequencies in the range 0.025-1 Hz. In all
tests, the porous platen remained in contact with the sample. The
amplitude of the applied strain was small enough to elicit a linear
mechanical response, and the total harmonic distortion in the mea-
sured load was less than 10%. Dynamic stiffness was calculated as
the ratio of the measured oscillatory load normalized by thc flat
circular area of the disc and the amplitude of the applied displace-
ment. The amplitude of the oscillatory streaming potential was
simultaneously measured and normalized by the amplitude of the
applied strain. The equilibrium modulus and dynamic stiffness
were used in conjunction with the method of Frank and Grodzin-
sky (12) to calculate the effective hydraulic permeability of the
sample.

Statistical Analysis

Structural and functional parameters of engineered constructs
and cartilage explants were expressed as the average * SD of
values measured for three to six individual specimens. Dilferences
among experimental groups were assessed by fully factorial anal-
ysis of variance in conjunction with Tukey’s studentized range test.
The dependence of functional properties on construct composition
was assessed by multiple linear regression. All statistical analyses
were performed with use of Student Systat 1.0 (Systat, Evanston,
IL, US.A)).
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FIG. 2. Tissuc morphology. Histological cross sections of 6-week constructs from static and mixed flasks, rotating vessels, and freshly ex-

planted bovine calf articular cartilage (stain: safranin O/fast green).

RESULTS

Flow Conditions

The conditions of flow and mixing during cultivation
in static flasks, mixed flasks, and rotating vessels are
summarized in Table 1. In the static flasks, the con-
structs were fixed in place and cultured with diffusion-
ally limited mass transfer of nutrients and gases and
without hydrodynamic shear at tissue surfaces. In the
mixed flasks, the constructs were fixed in place and

exposed to a turbulent flow of medium (31), which
enhanced the mass transfer of nutrients and gases but
also caused shear at the construct surfaces. In the rotat-
ing vessels, the constructs were dynamically suspended
in a laminar rotational flow field with their flat cir-
cular areas aligned perpendicular to the direction of
motion (15). The constructs initially settled with small-
amplitude, low-frequency oscillations about their di-
ameters; over the cultivation period, the constructs
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FIG. 3. Tissue growth and composition. A: Total wet weight (mg). B: Dry to wet-weight fraction (dw/ww, %). C: Glycosaminoglycan (GAG,
% wet weight). D: Total collagen (% wet weight). Data represent average = SD (n = 6) for the initial 3-day cell-polymer constructs, 6-week
tissue constructs from static and mixed flasks and rotating vessels, and freshly explanted bovine calf articular cartilage. Numbers above bars
are the p values of pairwise comparison probabilities between the rotaling vessels and other experimental groups. NSD = no significant

difference, p > 0.05.

began to settle with a larger amplitude pitching motion
and tumble around their circular surfaces.

Construct Morphology and Composition

Construct morphology was affccted by cultivation
conditions as shown in Fig. 2. Statically grown con-
structs were thin, fragile, and irregular in shape;
glycosaminoglycan accumulated mainly within an
approximately 1.0-mm-thick outer layer. Constructs
grown in mixed flasks contained more glycosamino-
glycan in the inner tissue phase than did those grown
statically. Turbulent mixing also induced the forma-
tion of an outer capsule, 100-400-um thick, after 6
weeks of cultivation, that contained multiple layers
of elongated cells and little glycosaminoglycan. Con-
structs grown in rotating vessels were thick and con-
tained a continuous cartilaginous extracellular matrix
over their entire cross sections, as assessed by visual
inspection.

After 6 weeks of cultivation, the constructs from the
rotating vessels had significantly higher wet weights
than did those from either the static or mixed flasks
or the initial 3-day constructs (Fig. 3A) and all con-
structs contained significantly more water than did the
cartilage explants (Fig. 3B). Cell numbers increased
from the initial five million cells sceded onto each
scaffold to 9.66 * 0.06, 16.6 = 3.3, and 14.4 = 2.0
million cells per construct in the static and mixed
flasks and the rotating vessels, respectively. Glycos-
aminoglycan fractions in the 6-week constructs from
the rotating vesscls were lower, but not significantly,
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than those in the cartilage explants and were approx-
imately 2-fold higher than those in constructs from
either the static or mixed flasks (Fig. 3C). The fraction
of total collagen in the 6-week constructs from the
rolating vessels was comparable with that of the col-
lagen in the mixed flasks, significantly higher than that
in the static tlasks, and significantly lower than that in
the cartilage (Fig. 3D). The amount of polyglycolic
acid decreased by approximately 60% (14), from 2.4
mg at 3 days (approximately 4% wet weight) to ap-
proximately 1 mg at 6 weeks (<0.6% wect weight).
Wet-weight fractions of glycosaminoglycan and col-
lagen in the 6-week constructs cultured in the rotat-
ing vessels were, respectively, 78 and 43% of those in
the freshly explanted cartilage. Biochemically deter-
mined tissue components (cells, glycosaminoglycan,
and collagen) composed 4.63 = 0.13,5.88 = 0.33, and
9.04 = 0.53% of the wet weight of the 6-week con-
structs from the static and mixed flasks and the rotat-
ing vessels, respectively, compared with 15.9 + 2.45%
of the wet weight of the freshly explanted bovine ar-
ticular cartilage.

Construct Function

Mechanical and electromechanical characteristics
of the constructs assessed in static and dynamic con-
fined compression generally improved with increasing
cultivation time and depended on the hydrodynamic
conditions of cultivation. Initial 3-day constructs were
too fragile to allow the measurement of mechanical
properties (data not shown). After 6 weeks of cul-
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TABLE 2. Srructure-funciion relationships for engineered cartilage constructs

Correlation coefficients (%, wet weight)

CGAG Ccoll Cwater
Function r? P SE P SE P SE p
Equilibrium modulus, H, (MPa)® 0.988 <(.00001 0.0053 <0.0001 0.0061 <11 0.00015 <0.001
Dynamic stiffness, H,, (MPa)? 0.956 <(.00005 0.18 <0.01 0.2 NSD 0.0052 <0.05
Hydraulic permeability, k (m*N-s) X 101° 0.845 <0.005 5.9 NSD 6.79 <0.005 017 <0.005
Streaming potential, V {mV/% ) 0.958  <0.00005 0.0047  <0.005 0.0054 NSD 0.00014  <0.05

Ciag = fraction of glycosaminoglycan in the construet, C.; = fraction of collagen in the construct, C,,., = fraction of water in the
construct, SE = standard error, and NSD = no significant difference (p > 0.05).

“H, = 0.044 Cgag + 0.012 + Copy — 0.00089 Cypere
PHp = 0.63 Cgag + 031 Cogy — 0013 Cppiore

“k =34 Cones — 18 Cug + 070 Coprore

4V = 0.021 Coag + 0.059 oy — 0.00044 Cy e

tivation, the equilibrium modulus was comparable
for the constructs grown in static and mixed flasks
and about 4-fold higher for those grown in rotat-
ing vessels (Fig. 4A). In all of the groups, the 6-week
constructs remained mechanically inferior to the car-
tilage explants. Hydraulic permeability was lower in
the constructs that had higher equilibrium mod-
uli (Fig. 4B). The permeability of the statically grown
constructs was significantly higher than that of the
constructs from rotating vessels and that of thc car-
tilage and was higher, but not significantly, than that
of the constructs from mixed flasks. The permeabil-
ities of the constructs grown in mixed flasks and ro-
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tating vessels were not significantly different from
each other or from that of the natural cartilage. Dy-
namic stiffness and streaming potential increased
monotonically with frequency (Fig. 4C and D) as pre-
viously described for natural cartilage (11,13). At all
frequencies, the dynamic stiffness was significantly
higher for the constructs cultured in rotating vessels
compared with those cultured in static or mixed flasks
(Fig. 4C). The streaming potential was higher, but not
significantly, for the constructs from rotating vessels
comparcd with those from static and mixed flasks.
The dynamic stiffness and streaming potential of the
constructs from all of the groups were significantly
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FIG. 4. Tissue biomcchanics in static and dynamic confined compression. A: Equilibrium confined-compression modulus determined from
the slope of the siress-strain curve between 10 and 40% strain. B: Hydraulic permeability at 30% strain, calculated with use of the equi-
librium modulus and dynamic stiffness according to Frank and Grodzinsky (12). C: Dynamic stiffness calculated from the ratio of dynamic
stress and the applied strain at 30% strain as a function of frequency. D: Streaming potential normalized by the amplitude of the applied
strain at 30% strain as a function of frequency. Data represent average + SD (n = 3-4) for 6-week constructs from static and mixed flasks,
rotating vessels, and freshly explanted bovine articular cartilage. Numbers above bars and lines are the p values of pairwise comparison
probabilities between the rotating vessels and other cxperimental groups. NSD = no significant difference, p > 0.05.
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lower than those of natural cartilage (Fig. 4C and D).

Relationships between Construct Compositions
and Mechanical Properties

Multiple regression analysis of data obtained for the
6-week constructs from all experimental groups de-
tected that the equilibrium modulus (MPa), dynamic
stiffness (MPa), hydraulic permeability (m*N-s) X
105, and streaming potential (mV/%) correlated with
the % of wet-weight fractions of glycosaminoglycan,
collagen, and water (Table 2).

DISCUSSION

Tissue engineering offers the possibility of creating
functional cartilaginous equivalents for joint repair.
Approaches have included transplanting collagen gels
containing chondrocytes (33) or undifferentiated mes-
enchymal cells (34) or chondrocytes combined with
periosteal grafts (3,20). Cartilage-like tissue can also
be regenerated in vitro with use of chondrocytes or
mesenchymal cells cultured on biomaterials (6,15-
19,25,31). The latter approach has the potential advan-
tage of transplanting a preformed functional tissue.
However, cells tend to retain their differentiated phe-
notype in vitro only if cultured under conditions that
resemble their natural in vivo environment (35). The
mechanical and biochemical signals that affect in vivo
tissue development, maintenance, and remodeling are
likely to play similar roles during the in vitro cultiva-
tion of engineered tissue (19).

We previously showed that in vitro chondrogenesis
progresscd from the periphery of seeded scaffolds
both outward and inward by the deposition of glycos-
aminoglycan and type-II collagen (18). After 6 weeks
of cultivation in rotating vessels, the constructs were
continuously cartilaginous over their entire cross sec-
tions (18). With further increase in cultivation time,
the constructs continued to develop such that after 7
months of culture, their wet-weight fractions of glycos-
aminoglycan and their equilibrium moduli could not
be distinguished from those measured for freshly ex-
planted calf cartilage (17). In addition, the cultivation
period of 6 wecks was previously found to be long
enough to show the effects of cultivation parameters
on tissue morphology and composition (19.31). In the
present study, the hydrodynamic conditions during in
vitro cultivation of tissue-ecngineered cartilage were
varied with use of (a) static flasks (constructs fixed
in place, static medium), (b) mixcd flasks (constructs
fixed in place, unidirectional turbulent flow), and (c)
rotating vessels (constructs dynamically suspended in
laminar flow) (Fig. 1 and Table 1). We report the ef-
fects of hydrodynamic factors on the development of
functional cartilaginous matrix over 6 weeks of culti-
vation and the relationships between construct me-
chanical properties and compositions.

J Orthop Res, Vol. 17, No. 1, 1999

Fluid flow and mixing markedly affected the histo-
morphology and composition of engineered cartilage.
In the static flasks, low diffusional rates of mass trans-
port resulted in small constructs with low collagen and
high water contents and glycosaminoglycan accumu-
lation only at the periphery. In the mixed flasks, mag-
netic stirring generated turbulence at an intensity
below that previously reported to cause cell damage
(7,31), which induced the formation of fibrous cap-
sules at the construct surfaces (Fig. 2) and increased
the fractions of the tissue components, in particular
that of collagen, as compared with constructs grown
statically (Fig. 3). In the rotating vessels, fluid mixing
was generated by the discoid constructs settling in the
tumble-slide regimen as observed visually and pre-
dicted on the basis of the estimated values of incrtia
and drag (8,15) (Table 1). The associated fluctuations
in fluid velocity (8,19) appeared to permit the chon-
drocytes to maintain their differentiated phenotype
and form large cartilaginous constructs (Fig. 2) with
glycosaminoglycan fractions not significantly different
from those measured for natural cartilage explants
(Fig. 3).

The effects of mixing on the composition of engi-
nccered cartilage can be compared with previously re-
ported effects of hydrodynamic forces on cultured
chondrocytes and cartilage explants. Steady hydro-
dynamic shear enhanced glycosaminoglycan synthesis
in chondrocyte monolayers (30), whereas intermittent
motion of medium in roller bottles stimulated chon-
drocytes to form cartilaginous nodules (23). Mixing
during cell seeding and tissue cultivation resulted in
incrcased [ractions of tissue components in three-
dimensional cartilaginous constructs (31). In partic-
ular, the constructs grown in rotating vessels had a
continuous cartilaginous matrix with glycosamino-
glycan fractions ranging from approximately 5% wet
weight after 6 weeks of cultivation (18) (Figs. 2 and 3)
to approximately 8.8% wet weight after 7 months of
cultivation (17). Constructs cultured in rotating ves-
sels were uniformly cartilaginous throughout their en-
tire cross sections and had a very high, stable fraction
of type-II collagen (92-99% of the total collagen of the
construct) (18). It is possible that dynamic changes
in hydrodynamic forces acting on freely settling con-
structs in rotating flow resemble some aspects of the
dynamic mechanical loading, which enhanced glycos-
aminoglycan synthesis in cartilage explants (28), in
contrast to static loading or the absence of loading,
which caused cartilage matrix degradation (5). Fluid
flow and mixing during in vitro cultivation generate
forces (15,19,26,30,31) that are different in nature
(mechanical compared with hydrodynamic) and sev-
eral orders of magnitude lower than those resulting
from physiological compression and shear in arficular
joints (1,5). Cultivation of constructs in the presence
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of directly applied dynamic compression (28) or shear
would allow a more direct comparison of tissue re-
sponses to acting forces in vivo and in vitro.

The effects of cultivation conditions and time on
the equilibrium modulus, dynamic stiffness, stream-
ing potential, and hydraulic permeability correlated
with changes in the construct compositions (Table 2).
Whereas 3-day constructs contained mostly cells and
were too fragile to be mechanically tested, 6-week
constructs could support load, presumably due to the
accumulation of protcoglycans and collagen and their
assembly into functional cartilaginous matrix. The
constructs grown in rotating vessels, which had the
highest wet-weight fractions of tissue components,
also had the highest equilibrium modulus, dynamic
stiffness, and streaming potential and the lowest hy-
draulic permeability (Figs. 3 and 4). Compared with
those of chondrocytes cultured statically for 5 weeks
in agarose gels (6), the glycosaminoglycan fractions
of the chondrocyte/polyglycolic acid constructs cul-
tured for 6 weeks in rotating vessels were approxi-
mately 3-fold higher and the equilibrium modulus and
dynamic stiffness were approximately 2-fold higher.
Compared with cartilage explants, the 6-week con-
structs from all groups were structurally and function-
ally inferior. In particular, the equilibrium modulus,
dynamic stiffncss, and streaming potential measured
for the constructs from the rotating vessels were 20-
25% as high and the hydraulic permeability was five
times higher than the corresponding values measured
for freshly explanted calf cartilage (Fig. 4). However,
these same 6-weck constructs contained about 78% as
much glycosaminoglycan and 43% as much collagen
as compared with fresh cartilage explants on a wet-
weight basis, implying that either the accumulation
of glycosaminoglycan and collagen preceded their as-
sembly into a functional extracellular matrix or that
extracellular matrix assembly in the constructs was
different from that in the natural cartilage. This appar-
ent lack of functional organization of the extracellular
matrix in engineered constructs may be caused either
by the use of very young cartilage (2-4-week-old bo-
vine calf) or by the absence of specific factors or gene
products in the in vitro culture environment that arc
normally present in vivo.

The mechanical properties of the constructs reflect
the amounts and quality of matrix macromoleccules
and their ability to assemble into a functional extra-
cellular matrix, as well as collagen-proteoglycan and
fluid-matrix interactions. With additional cultivation,
the constructs more closely approximated cartilage
with respect to composition and function: the con-
structs cultured for 7 months in rotating vessels con-
tained markedly more glycosaminoglycan and had
better mechanical properties than those cultured for
3 months (17) or 6 weeks (Figs. 3 and 4). The cell-

polymer-biorcactor system for tissue engineering can
thus provide a basis for studying the structural and
functional properties of the cartilaginous matrix dur-
ing its development because tissue concentrations of
glycosaminoglycan and collagen can be modulated by
the time and conditions of tissue cultivation.

Correlations between matrix composition and me-
chanical function observed in the present study for
engineered cartilage (Table 2) were qualitatively sim-
ilar to those previously reported for natural cartilage
immediately after explant or after in vitro cultivation
(2,29), as well as to those for chondrocytes cultured
in agarose gels (6). In particular, previously reported
relationships include the following: (a) an increase
in equilibrium modulus with increasing fractions of
glycosaminoglycan and collagen in bovine cartilage
explants (29) and with decreasing water content in
human cartilage (2); (b) an increase in hydraulic per-
meability with increasing water content in bovine
cartilage explants and no change in hydraulic perme-
ability with changing fractions of glycosaminoglycan
and collagen (29); and (c¢) an increase in streaming
potential with increasing glycosaminoglycan fraction
and dccreasing collagen fraction in bovine cartilage
explants (29) and increasing glycosaminoglycan frac-
tion in matrix synthesized by chondrocytes in agarose
gel cultures (6). The present study demonstrated sim-
ilar relationships betwecen the compositions (concen-
trations of glycosaminoglycan, collagen, and water)
and physical properties (equilibrium modulus, dy-
namic stiffness, hydraulic permeability, and streaming
potential) of the extracellular matrix synthesized by
chondrocytes on polymer scatfolds (Table 2).

Possible mechanisms that may underlie the de-
tected relationships between construct compositions
and mechanical propertics include the effects of (a)
electrostatic forces, associated with proteoglycans, on
equilibrium modulus (9,29) and (b) fixed-charge den-
sity (which has been correlated to glycosaminoglycan
conceniration in natural cartilage) on streaming po-
tential (13,24,29). The observed effects of water frac-
tion on physical properties of engineered cartilage
may be explained by the decreased concentration of
solid matrix, especially proteoglycan, available to re-
sist the applicd compressive load (2).

In summary, this study demonstrated that the mor-
phology, composition, and mechanical function of
engineered cartilage can be modulated by flow condi-
tions during in vitro cultivation. The observed rela-
tionships between the composition and mechanical
properties of tissue-engineered cartilage appeared
consistent with those previously reported for young
bovine and adult human cartilage.
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