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Abstract Cartilage implants for potential use in reconstructive or orthopedic surgery can be created by growing 
isolated cartilage cells (chondrocytes) in vitro on synthetic, biodegradable polymer scaffolds. The scaffolds provide 
specific three-dimensional structures which support cell proliferation and biodegrade in a controlled fashion in parallel 
to cellular regeneration of cartilaginous tissue. Cartilage implants based on chondrocytes and fibrous polyglycolic acid 
scaffolds were recently shown to closely resemble normal cartilage histologically as well as with respect to cell density 
and matrix composition (collagen, glycosaminoglycan) [Freed et al., J Biomed Mater Res 27:ll-23, 1993al. These 
findings form the basis for developing straightforward procedures to obtain implants for clinical use from small, 
autologous cartilage specimens without any limitations in terms of availability of donor tissue or implant dimensions. 

Chondrocyte growth and cartilage matrix regeneration on polymer scaffolds are interdependent and also depend on 
in vitro tissue culture conditions. Under static culture conditions, cell growth rates are diffusionally limited due to 
increasing cell mass and decreasing effective implant porosity resulting from cartilage matrix regeneration. Optimiza- 
tion of the in vitro culture environment is t h u s  essential for the cultivation of large, clinically useful cartilage implants. 
Preliminary studies indicate that major improvements can be achieved using bioreactors that provide efficient mass 
transfer and controlled shear rates at the cell and implant surfaces. c 1993 WiIey-Liss, Inc 
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Reconstructive plastic and orthopedic surger- 
ies are done on a daily basis at major medical 
centers in order to treat the many patients with 
damaged cartilage due to congenital abnormali- 
ties or trauma [Bently, 1989; Zukor et al., 19901. 
Current therapies include 1) transplantation 
(i.e., excising healthy host cartilage, carving it 
into the desired shape and reimplanting it where 
needed) and 2) implantation of artificial pros- 
thetic devices. However, the amount of donor 
tissue available for transplantation is limited, 
and it is often not possible to  form delicate 
three-dimensional (3-D) implants from the har- 
vested tissue. Artificial prostheses are compli- 
cated by infections and a high incidence of adhe- 
sive breakdown at the host/prosthesis interface. 
Also, a prosthesis cannot adapt in response to 
environmental stresses as does living cartilage 
tissue. The clinical need for improved treatment 
options in reconstructive surgery has motivated 
research aimed at the in vitro cultivation of 
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isolated chondrocytes on polymer scaffolds to 
regenerate cartilage for clinical implantation. 
The ability to  use autografts eliminates the need 
for potentially dangerous immunosuppressive 
drugs in the envisioned clinical application. 

Cartilage regeneration has been reported in 
vivo using systems based on isolated chondro- 
cytes [Chesterman and Smith, 1968; Grande et 
al., 1989; Takigawa et al., 19871, organic sup- 
port matrices [Nevo et al., 1992; Wakitani et al., 
19891, and synthetic polymer scaffolds [Freed et 
al., 1993; Vacanti et al., 19911. Subcutaneous 
injection of isolated chondrocytes resulted in 
small cartilaginous nodules [Freed et al., 1993; 
Takigawa et al., 19871. Entrapment of isolated 
chondrocytes within a focal cartilage defect (us- 
ing a perichondrial flap) resulted in cartilage 
regeneration, but this method was technically 
difficult and the dimensions of the repair tissue 
were limited [Grande et al., 1989; Brittberg et 
al., 19921. In order to  resurface a larger cartilage 
defect, a scaffold can be used to provide a 3-D 
structure for in vitro chondrocyte proliferation 
and to control the shape of a regenerated carti- 
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lage “implant” for in vivo use. A damaged joint 
surface could potentially be repaired with such 
an implant, if its form and function resembled 
those of normal cartilage (i.e., it contained sul- 
fated glycosaminoglycans (GAG) and type I1 col- 
lagen, and had appropriate biomechanical 
strength). 

In our laboratory, cartilage implants have been 
created using chondrocytes cultured on syn- 
thetic, biodegradable, 3-D polymeric scaffolds 
(Fig. 1) [Freed et al., 19931. Fibrous polyglycolic 
acid (PGA) proved to be an excellent scaffold for 
tissue engineering. Within PGA scaffolds, bo- 
vine and human chondrocytes proliferated and 
regenerated cartilaginous “implants” both in 
vitro (in Petri dishes) and in vivo (subcutaneous- 
ly in nude mice). 6 weeks in vitro implants 
reached a cellularity equal to that of the parent 
cartilage specimen, contained GAG and colla- 
gen, and had the histological appearance of nor- 
mal cartilage. 1-6 months in vivo implants ap- 
peared glistening white macroscopically, and 
consisted only of cells and cartilaginous matrix 
[Freed et al., 19931. 

Ideally, a chondrocyte-polymer system for car- 
tilage regeneration should be based on 1) a small 
quantity of donor tissue, 2) a cell-compatible 
scaffold with a clinically useful structure, and 3) 
a bioreactor in which the cells can efficiently 
proliferate and regenerate cartilage matrix in 
vitro, where a bioreactor is defined as a tissue 
culture vessel in which the contents are well 
mixed, and the culture conditions can be con- 
trolled over the entire cultivation period. Specif- 
ically, for (1143) above: 

1) Cells obtained from small needle-biopsy 
specimens (-50 mg) of donor tissue must be 
amplified in order to generate large autograft 
implants for clinical use. This is because chondro- 
cytes must be cultured at high cell densities to 
maintain their differentiated phenotype [Bruck- 
ner et al., 1989; Solursh 1991; Tachetti et al., 
19921. Cells can be amplified either by serial 
passage using petri dishes, or in a single pass 
using bioreactors. However, the former is labor 
intensive and causes chondrocytes to dedifferen- 
tiate [Bruckner et al., 1989; Solursh, 19911, 
while bioreactors can support higher cell growth 
rates due to  more efficient mass transfer of 
nutrients and wastes [Bugarski et al., 1992; 
Posillico, 1986; Thilly et al., 19821. 

2) A biocompatible scaffold is required to  pro- 
vide a 3-D structure for the regeneration of a 
cartilage implant from isolated chondrocytes 

[Freed et al., 1993; Nevo et al., 19921. The 
presence of the scaffold is only required for the 
first 2-3 weeks of cell culture during which time 
enough extracellular matrix is formed to give 
the implant mechanical integrity. After this, the 
scaffold should biodegrade, to permit the regen- 
eration of a compact tissue, and to minimize the 
host inflammatory response upon in vivo implan- 
tation. Highly porous scaffolds are required to  
minimize diffusional constraints during chondro- 
cyte growth, and to provide sufficient space for 
cartilage matrix regeneration; 3-D scaffolds with 
clinically relevant dimensions and structures 
are more reproducibly formed using synthetic 
(e.g., PGA) instead of naturally occurring bioma- 
terials (e.g., agarose). 

3) An in vitro tissue culture environment is 
required which can support the growth of clini- 
cally useful cartilage implants. These can be 
quite large, for example, the cartilage surface of 
the femur in the human knee can be considered 
as a 5 cm diameter cartilage disc with variable 
thickness (0.1-0.5 cm) and a volume of about 5 
cm3. The four processes which are occurring 
simultaneously during the in vitro cultivation of 
such an implant are 1) chondrocyte prolifera- 
tion, 2) cartilage matrix regeneration (GAG, col- 
lagen), 3) scaffold degradation, and 4) decreas- 
ing porosity and increasing mass transfer 
limitations due to processes (1) and (2) above. 

IN VITRO CARTILAGE REGENERATION 
Effects of Cell and Scaffold Parameters 

A chondrocyte-polymer system for the regen- 
eration of cartilage implants for in vivo use 
depends on 1) cell density, 2) scaffold degrada- 
tion rate, 3) scaffold porosity, and 4) scaffold 
thickness [Freed et al., 1993 in preparation]. 

High cell densities were required to regener- 
ate compact, functional cartilage tissue [Freed 
et al., 1993al. This finding is consistent with 
previous reports that chondrocytes cultured at  
high densities express more differentiated phe- 
notypes [Bruckner et al., 1989; Solursh, 1991; 
Tachetti et al., 19921 and can be attributed to  
cell-to-cell and cell-to-extracellular matrix inter- 
actions known as the “community effect” [Gur- 
don, 19881. High implant GAG contents were 
associated with high chondrocyte densities and 
vice versa (Table I). Implant GAG contents were 
also related to implant biomechanical proper- 
ties: the higher the GAG content, the less the 
implant was deformed when subjected to  con- 
stant compressive stress [Freed, in prepara- 
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Fig. 1. Proposed therapy: A cartilage sample is enzymatically digested to  yield component chondrocytes which are 
cultured in vitro on synthetic, biodegradable scaffolds in Petri dishes or bioreactors, and then implanted in vivo 
where needed. 
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TABLE I. Chondrocyte-Polymer Implants in Petri Dishes 

Scaffold dimensions Implant properties Chondrocyte growth kinetics 

Thickness Volume Cell density GAG content Cell growth ratea Doubling timeb 

(cm) (cm3) (cells/cm3 implant) (mg/cm3 implant) (cells/cm3/day) (days) 
initial initial 23 days 23 days 2 days 23 days 2 days 

Group 
1 0.088 t 0.005 0.069 14 t 0.56 X lo7 23.2 t 0 8.69 x lo6 2.71 x lo6 1.913 
2 0.116 t 0.005 0.091 10 t 0.52 X lo7 11.1 t 0.85 6.39 x lo6 1.16 x lo6 2.275 
3 0.168 5 0.009 0.132 6.6 ? 0.22 X lo7 7.64 ? 0.33 3.92 x lo6  1.06 x lo6 2.609 
4 0.307 t 0.004 0.241 4.1 t 0.29 x lo7 6.02 t 0.26 2.43 x lo6 0.24 x lo6 5.286 
5 0.384 t 0.013 0.302 3.5 t 0.21 X lo7 4.94 t 0.27 2.29 x lo6 0 5.721 

"Cell growth rates, R(t), were calculated from 2nd order polynomial fits of measured chondrocyte concentration profiles, X(t), 
according to R(t) = R, - kt, where R, equals initial cell growth rate (cells per cm3 implant per day), and k equals the rate at 
which the cell growth rate decreased with cultivation time. 
bDoubling time, td, was calculated according to td = X(t)/R(t) 

Fig. 2. A: Chondrocyte-polymer cartilage implant ( 5  pm thick 
histological section stained with safranin-0, x 100). B: Chondro- 
cytes growing on microcarrier beads (stained with crystal violet, 
X200). 

tion]. This finding is consistent with studies of 
normal cartilage explants and chondrocytes cul- 
tured in agarose gels [Mow et al., 1992; Busch- 
mann et al., 19921. 

Scaffolds which had higher porosities and 
faster degradation rates were better for carti- 

lage regeneration than those with low porosities 
and slow degradation rates. Specifically, chondro- 
cytes proliferated and produced GAG more rap- 
idly within PGA meshes (98% porous, 80% deg- 
radation of mass over 2 months) than within 
polylactic acid (PLA) sponges (91%) porous, no 
degradation over 2 months) [Freed et al., 1993al. 
Thin ( < 0.17 cm) chondrocyte-PGA implants 
grown in vitro for 30 days consisted of uniformly 
distributed cells surrounded by a cartilaginous 
matrix; only microscopic remnants of the PGA 
scaffold were observed (Fig. 2A). The extracellu- 
lar matrix stained positive for glycosaminogly- 
can (GAG) and types 1 and I1 collagens. In 
contrast, thick (> 0.3 cm) implants also grown 
in vitro for 30 days contained large quantities of 
undegraded PGA surrounded by a tissue-like 
periphery. Chondrocyte and GAG densities were 
also significantly higher for thin than for thick 
scaffolds (Table I). 

Under static culture conditions, chondrocyte 
proliferation within polymer scaffolds followed 
the characteristic pattern observed for diffusion- 
ally controlled processes [Chang and Moo-Young, 
1988; Weisz, 19731. Experimentally determined 
cell growth rates decreased with both increasing 
scaffold thickness and increasing cultivation time 
(Fig. 3). Doubling times increased significantly 
with increased implant thickness (Fig. 4). This 
resulted in four times as many cells per unit 
implant volume in thin (0.088 cm) as in thick 
(0.384 cm) 23 d implants (Table I, group 1 vs. 5). 
These findings are consistent with previous re- 
ports that high density cell cultures under static 
culture conditions (Petri dishes) are often lim- 
ited by inadequate supply of nutrients and oxy- 
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gen [Bugarski et al., 1993; Posillico, 1986; Thilly 
et al., 19821. 

Effects of In Vitro Culture Conditions 

Under well-mixed culture conditions, mass 
transfer rates can be maintained at higher levels 
and cell growth is not restricted by the rate of 
nutrient supply, as compared to static culture 
conditions. The importance of in vitro culture 
conditions was demonstrated using a model sys- 
tem: chondrocytes grown on microcarriers in 
bioreactors (Fig. 2B). Specifically, 5 x lo5 cell- 
s/cc were inoculated into bioreactors containing 
5 mgicc of microcarriers (Cytodex I11 collagen 
coated spheres, 175 km diameter). Bioreactors 
which were mixed by magnetic stirring or by 

shaking were compared to unmixed test tubes 
(Table 11). The intensity of stirring or shaking 
was maintained at  the minimum level required 
for spatially uniform suspension of the microcar- 
riers. Growth constraints (nutrients and waste 
toxicity) were minimized by daily medium re- 
newal (50% per day). Under these conditions, 
cells remained viable on microcarriers for 4 
months to  date. In contrast, cultures which were 
not refed were not viable after 2 weeks. 

In bioreactors (Table 11, groups A and B), the 
microcarriers remained uniformly suspended for 
the first 8 days of cultivation, after which they 
formed macroscopic aggregates consisting of 
beads interconnected by cells and extracellular 
matrix. Initial cell attachment to  microcarriers 
depended on the mixing method: cell densities at 
days 2 and 8 in the magnetically stirred flask 
were ten times those in the shaking flask (Table 
11, groups A and B, respectively). As shown in 
Figure 5, initial cell doubling rates were similar 
(1-2 days) in both bioreactors (groups A and B), 
and much slower in the unmixed test tubes (4.9 
days at day 2 increasing to infinite by day 8) 
(Table 11, group C). The overall increase in cell 
mass between days 2 and 8 was 10- to 12-fold in 
bioreactors, but only by 1.5-fold in unmixed test 
tubes. 

In both static Petri dishes and well-mixed 
bioreactors, lower chondrocyte densities were 
associated with shorter cell doubling times and 
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Fig. 5. Effect of mixingconditions on cell doubling time. 
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TABLE 11. Chondrocyte Growth on Microcarriers in Bioreactors 

Cell density 
(cells/cm3 reactor volume) 

Group Bioreactor 2 days 8 days 

A Magnetically stirred flask, (75 rpm) 1.30 x 105 1.58 x lo6  

B Shaking flask (140 rpm) 1.49 x 104 1.54 x 105 

C Unmixed test tubes 1.98 x 105 2.96 x 105 

Doubling time” 
(days) 

2 days 8 days 

1.67 1.67 

1.78 1.78 

4.91 M 

groups A and B, doubling times, td, were calculated from exponential fits of measured cell concentrations according to td = 

(log 2)/k, where k equals the kinetic rate constant. In group C, doubling times were calculated from 2nd order polynomial fits of 
measured cell concentrations, as described in Table I. 
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Fig. 6. 
dishes and b) in bioreactors. 

Effects of cell density on cell doubling time: a) in Petri 

vice versa (Fig. 6, Table 111). It is likely that the 
cells proliferate faster at  lower cell densities in 
order to  establish a critical cell mass prior to 
expressing a differentiated phenotype [Bruck- 
ner et al., 1989; Zanetti and Solursh, 19891. This 
effect was much more pronounced under static 
culture conditions due to even less sufficient 
nutrient mass transfer on a per cell basis. Cell 
growth kinetics were qualitatively similar under 
static and mixed culture conditions; only im- 
plants with low cell densities (<  5 x lo6 cells/ 
cm3) and at the beginning of their in vitro culti- 
vation were not diffusionally limited (Table 111). 
Creation of uniform implants with high cell 
densities thus requires bioreactors which can 
overcome considerable mass transfer limita- 
tions. 

CARTllAGE REGENERATION IN BIOREACTORS 

Bioreactors have been developed in various 
designs and capacities for various biotechnologi- 

TABLE 111. Effects of Cell Density and 
Culture Conditions on Chondrocyte Growth 

Culture Doubling 
conditions Cell density time 

Petri dishes (cellsicm3 implant) (days) 
2 days 2 days 

High 2.92 * 0.18 x lo7  5.205 
Medium 1.45 * 0.08 x lo7  2.275 
Low 0.40 L 0.14 x lo7  0.751 

Bioreactors (cells/cm3 reactor volume) (days) 
2 days 2 days 

High 2.65 x 105 2.24 
Medium 1.30 x 105 1.67 
Low 1.74 x 104 1.00 

cal applications. For example, large bioreactors 
(up to lo5 L) are routinely used for microbial cell 
production of biologicals (e.g., penicillin). Small 
bioreactors ( 5 0.5 L) for tissue engineering are 
currently at  an early developmental stage. The 
use of bioreactors for tissue engineering could 
offer several potential advantages as compared 
to static Petri dishes: 1) uniform and efficient 
mixing coupled with precise control over mass 
transfer rates; 2) regulation of shear stress 
within the vessel; 3) maintenance of constant 
pH, gas partial pressures (PO,, pCOz) and nutri- 
ent levels (e.g., glucose); and 4) process control 
strategies which can match the changing needs 
of a growing implant over the entire duration of 
its cultivation. 

Bioreactors mixed by mechanical stirring are 
routinely used to  culture mammalian cells, as 
long as the impellers are properly designed and 
mixing speeds are slow [Thilly and Levine, 1979; 
Thilly et al., 19821. However, with mechanical 
stirring, the mixing intensity varies widely: the 
shear rate is 10-fold higher at  the impeller 
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surface than elsewhere within the bioreactor 
[Merchuk, 19901. These shear gradients are as- 
sociated with nutrient and pH gradients and 
non-uniform mass transfer rates which could 
adversely effect cell growth and function. In 
addition, the impeller can itself interfere with 
cell-scaffold interactions in the early stages of 
implant cultivation. Thus, bioreactors which rely 
on mechanical mixing may not be optimal for 
growing tissue-like implants for clinical use. 

Novel bioreactor designs which rely on mixing 
by secondary fluid flow instead of mechanical 
stirring have recently been proposed. For exam- 
ple, a uniform microenvironment can be achieved 
in bioreactors mixed by fluid recirculation [air- 
lift reactors (ALR), fluidized bed reactors (FBR)] 
[Hu, 19921. When microencapsulated hybri- 
doma cells were cultured in either ALR or FBR 
designs, both final cell densities and monoclonal 
antibody production levels were 10-fold higher 
than when the same cells were cultured in shak- 
ing flasks [Bugarski et al., 1993; Poscillico, 19861. 
Mass transfer rates were increased over the 
course of the culture by increasing the rate of 
internal fluid recirculation. 

Rotating microgravity bioreactors (RMB) have 
recently been developed in which rotation of the 
inner of two concentric cylinders induces second- 
ary flows in the annularly spaced chamber that 
mix and suspend the bioreactor contents 
[Schwarz et al., 19921. Human colon adenocarci- 
noma cells grown in a RMB formed 0.2-0.5 cm 
diameter cell-microcarrier aggregates in which 
the cells appeared polypoid and contained apical 
microvilli and glands which secreted mucin 
[Goodwin et al., 19911. Differentiated cell func- 
tion was attributed to the microgravity-like con- 
ditions within the bioreactor; the total force per 
unit of cross-sectional area on an aggregate in 
microgravity was about one order of magnitude 
smaller than the corresponding value in unit 
gravity [Tsao et al., 19921. 

In the case of cartilage regeneration, the abil- 
ity to apply small, controlled shear stresses might 
also improve the biomechanical properties of 
the growing implant, since architectural repair 
of damaged cartilage depends in part on mechan- 
ical stresses such as those induced by joint mo- 
tion [Salter, 19901. Bioreactor mixing condi- 
tions should thus be optimized to  maintain the 
proper balance between mass transfer rates and 
shear stresses over the course of chondrocyte 
proliferation and cartilage regeneration. The 
well-mixed bioreactor designs described above 

(magnetically stirred flasks, ALR, RMB) are cur- 
rently being tested with chondrocyte-polymer 
cartilage implants [Freed et al., in preparation]. 

SUMMARY A N D  FUTURE DIRECTIONS 

Biotechnology holds promise for both advanc- 
ing the basic understanding of cell growth and 
function, and developing new tissue implants to  
treat human diseases. A method to repair dam- 
aged cartilage is proposed in which cells and 
polymer scaffolds are used to create clinically 
useful 3-D implants starting from small, autolo- 
gous “needle” biopsy specimens. Our studies of 
chondrocyte-polymer implants to date demon- 
strate the dependence of the size and quality of 
the final cartilage product on the scaffold and on 
the tissue culture conditions. Future work 
should thus focus on two aspects: 1) fundamen- 
tal studies aimed at relating chondrocyte growth 
and differentiation to tissue culture environ- 
ment, and 2) evaluation of the optimal condi- 
tions for bioreactor cultivations of clinically use- 
ful cartilage implants. Major improvements in 
the in vitro cultivation of cells and tissues have 
been demonstrated using bioreactors which are 
mixed either by internal liquid recirculation or 
by external rotation. 

Cartilage regeneration from autologous chon- 
drocytes and degradable scaffolds could repre- 
sent a relatively straightforward procedure to 
make implants with desired characteristics with- 
out any limitations in terms of availability of 
donor tissue or final implant dimensions. A well- 
mixed bioreactor system for the cultivation of 
chondrocytes on polymer scaffolds is expected to 
allow in vitro regeneration of autologous carti- 
lage implants which can meet specific clinical 
needs. Specifically designed, functional cartilage 
implants could form the basis of new cartilage 
repair procedures in reconstructive plastic or 
orthopedic surgery. The same approaches and 
methodologies could also be extended to other 
cell-polymer model systems and should enhance 
our understanding the principles governing both 
normal and cancerous tissue growth and devel- 
opment. Research utilizing bioreactors is thus 
expected to provide new information applicable 
to  basic biological sciences and biomedical engi- 
neering. 
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