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SPECIFIC AIM

The present study tested the hypothesis that the me-
chanically active environment present in rotating bio-
reactors mediates the effectiveness of 3-dimensional
(3-D) scaffolds for cartilage tissue engineering.

PRINCIPAL FINDINGS

Cartilaginous constructs were engineered by using bo-
vine calf chondrocytes in conjunction with two scaffold
materials (SM) (benzylated hyaluronan or Hyaff-11®
and polyglycolic acid or PGA) and three scaffold struc-
tures (SS) (sponge, nonwoven mesh, or NWM and
composite mesh or CM) (Fig. 14) using two culture
systems (CS) (a bioreactor system and Petri dishes).
Individual and interactive effects of model system pa-
rameters (SM, SS, CS, SM*CS, and SS*CS) on construct
structure, function, and molecular properties were
evaluated.

1. Bioreactors improved cell seeding of 3-D scaffolds

Bioreactors yielded 3-day constructs with spatially uni-
form cell distributions, whereas dishes yielded 3-day
constructs in which cells were located at the bases of the
pores of the sponge or the bottom surface of the mesh.
Bioreactor-grown 3-day constructs had significantly
higher cell numbers (76-132% of the number initially
seeded) than the corresponding dish-grown constructs
(47-63% of the number initially seeded) due mainly to
the effect of CS (Table 1).

2. Bioreactors improved in vitro chondrogenesis

Bioreactors yielded I-month constructs that were large,
thick, and contained more uniformly distributed GAG
than dish-grown constructs, which were relatively small,
thin, and inhomogeneous (Fig. 1B vs. C). Bioreactor-
grown, 3-day constructs stained intensely and homoge-
neously for collagen type I and II mRNAs; 2-wk and
lI-month constructs stained intensely and homoge-
neously for collagen-II mRNA and only weakly and
peripherally for collagen-I mRNA. Type-specific colla-
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gen mRNA and protein staining patterns were well
correlated. Bioreactor-grown, 1-month constructs made
using mesh-based scaffolds had compressive moduli
that ranged from 0.40 to 0.54 MPa (Table 1), values
comparable to those previously reported for native
bovine calf cartilage.

3. CS was the parameter with the greatest effect on
1-month construct properties

The individual effect of CS was significant for five of the
six properties assessed in l-month constructs [cell
number, wet weight (ww), amount and ww fraction of
GAG, and amount of collagen] (Table 1). CS*SM
interactions affected five of the six properties (ww and
amounts and ww fractions of glycosaminoglycans
(GAG) and collagen) and CS*SS interactions affected
three of the six properties (ww and ww fractions of GAG
and collagen) (Table 1). Bioreactor-grown l-month
constructs also had better molecular properties than
corresponding dish-grown constructs, as shown by rel-
atively higher levels of cartilage-specific collagen type II
and lower levels of the nonspecific collagen type I.

4. SS had a greater effect than SM on 1-month
construct properties

The SM individually affected only one property as-
sessed in l-month constructs (ww fraction of total
collagen), whereas the SS individually affected all seven
of the assessed properties (cell number, ww, amounts
and ww fractions of GAG and collagen and modulus)
(Table 1). In bioreactors, PGA CM was superior to PGA
NWM with respect to construct size and cell number,
and Hyaff-11® NWM was superior to Hyaff-11®° sponge
with respect to construct cell number, ww, and ww GAG
fraction (Table 1). Bioreactor-grown constructs based
on Hyaff-11® NWM had fourfold higher compressive
moduli than corresponding constructs based on
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Figure 1. Scaffold structures and histo-
logical appearances of constructs cul-
tured in bioreactors or Petri dishes. A)
Scanning electron micrographs of 1)
sponge made of Hyaff-11%; 2) non-
woven mesh (NWM) made of Hyaff-
11%; 3) nonwoven mesh made of PGA;
and 4) composite mesh made of PGA

(a composite with one piece of PGA
woven fabric on each side of a piece of
PGA NWM). Scale bars: 500 wm; inset
scale bars: 50 pm. B, C) Size and
distribution of glycosaminoglycans in
1-month constructs made using the

four scaffolds in bioreactors (B) or
Petri dishes (C). Representative cross
sections of constructs based on scaf-
folds I-4. Stain: safranin-O/fast
green; counterstain: hematoxylin.
Scale bar: 1 mm.

Hyaff-11® sponge, which had relatively higher levels of
collagen type L

CONCLUSIONS

We have shown that the mechanically active environ-
ment present in rotating bioreactors mediated the
effectiveness of 3-D scaffolds for cartilage tissue engi-
neering, which implies that the judicious selection of
model system parameters (i.e., CS, SM, and SS) can be
used to improve in vitro chondrogenesis and yield
larger cartilaginous constructs with better structure,
function, and molecular properties.

Type-specific collagen gene expression varied tempo-
rospatially during in vitro chondrogenesis in a manner
that implied a switch from type I to type II collagen
synthesis. The predominant fraction of total collagen
protein in I-month constructs was the cartilage-specific
type II collagen, consistent with previous studies. Type-
specific collagen protein levels depended on model
system parameters such that collagen-type II levels were
higher in bioreactor than in dish cultures, collagen-
type I levels were lower in bioreactors than dishes, and
collagen-type I was lowest in constructs based on scaf-
folds with mesh structures.

One-month constructs made by using scaffolds with
mesh structures and cultured in bioreactors had com-
pressive moduli that ranged from 0.40 to 0.54 MPa
(Table 1), values comparable with those previously
reported for native bovine calf articular cartilage. One-
month bioreactor-grown, sponge-based constructs had
low moduli (0.13 MPa) and high levels of collagen-type
I, consistent with previous reports of lower moduli of
fibro- than hyaline articular cartilage. Three-day con-
structs, which consist mainly of cells and PGA mesh,
had been found to be too fragile to allow measurement
of mechanical properties.

The CS affected cell seeding of 3-D scaffolds such
that a higher yield of more spatially uniform cells was
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obtained in bioreactor- vs. dish-grown 3-day constructs
and affected subsequent chondrogenesis such that
higher cell numbers, wet weights, wet weight fractions
of GAG, and levels of collagen-type II were observed in
bioreactor- than in dish-grown l-month constructs.
These data were consistent with reports showing a
positive correlation between chondrocyte density and
extracellular matrix (ECM) deposition in monolayers
and 3-D constructs. Our experimental design involved
the use of either a bioreactor system or conventional
Petri dishes for cell seeding and tissue cultivation such
that all reported effects of CS represent the cumulative
effect of these two processes.

The hydrodynamic conditions present in rotating
bioreactors include I) efficient mixing of the bulk
medium, 2) laminar flow, and 3) low flow velocity and
shear stress (<0.01 cm/s and <1 dyn/ch, respec-
tively) in the vicinity of the construct, whereas mixed
Petri dishes provide only limited convection during
construct cultivation. The finding that bioreactor culti-
vation improved certain construct properties is consis-
tent with earlier studies showing beneficial effects of
hydrodynamic and direct mechanical stimulation.
Chondrocytes are known to respond to fluid flow-
related phenomena, and flow-induced shear stress at
the construct surfaces can potentially affect chondro-
cyte proliferation, ECM production, and/or the release
of regulatory factors, which in turn can affect cells in
the interior of the constructs.

The individual effect of SM on construct properties
was lower than that of SS, possibly because all SMs
studied were biocompatible and supportive of chondro-
genesis. The SS individually affected all of the proper-
ties assessed in 1-month constructs, including cell num-
ber and compressive modulus. In bioreactors, scaffolds
with the CM structure yielded 1-month constructs that
were larger and contained more cells than scaffolds
with the NWM structure, which themselves yielded
constructs with higher moduli and lower collagen-type
I levels than the scaffold formed as a sponge. These
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Figure 2. Schematic diagram. Mechan-

Four scaffolds:

two scaffold materials (SM),
three scaffold structures (SS)
(scaffold SEMs shown in Fig. 1A)

Two culture systems (CS):

Bioreactors,

Tissue constructs:

Cartilaginous; properties dependent
on SM and S8 as follows:

ically active culture environments in
bioreactors mediate the effectiveness
of tissue engineering scaffolds. In the
bioreactor system, cells were inocu-
lated into spinner flasks in which scaf-
folds were fixed in place; after 48 h,
constructs were transferred into rotat-
ing vessels and cultured in a dynamic
laminar flow environment. In Petri
dishes, cells were loaded on scaffolds

Hyaff-11%
porous sponge

polyglycolic acid
non-woven mesh

o
Hyaff-11®

non-woven mesh

polyglycolic acid
composite mesh

@ low glycosaminoglycans (GAG),
high collagen-I, low modulus

(2) high GAG, collagen-II, modulus

3) high GAG, collagen-II, modulus

o high GAG, collagen-II, modulus

Petri dishes:
cells
q Inhomogeneous tissue
scaffold-independent
properties

Cell seeding— Construct culture

and cultured with orbital mixing.

Model system parameters (SM, SS, CS) individually and interactively affected
the structure, function, and molecular properties of tissue engineered cartilage

data suggest that the optimal scaffold structure pro-
vides a very high surface area for cell seeding (e.g.,
higher bulk density due to increased fiber entangle-
ment may explain the advantage of the CM over the
NWM) while containing a minimal amount of polymer
(e.g., higher porosity and pore interconnectedness may
explain the advantage of the meshes over the sponge).

Our finding that in vitro chondrogenesis was af-
fected by SM*CS and SS*CS interactions is analogous
to recently reported interactive effects of mechanical
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and biochemical factors on native and engineered
cartilage. Although further studies are needed to
determine mechanism(s) underlying these interac-
tions, the present study adds to a growing body of
evidence that structure, function, and molecular
properties of cartilaginous tissues depend on the
combined effects of biochemical and physical stim-
uli, and suggests that bioreactors can contribute
significantly to the evaluation of promising new tissue
engineering scaffolds.
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