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Abstract: Alginate has been used successfully for three-
dimensional chondrocyte cultures and may be important for
cartilage transplant formation. However, alginate is not a
natural component of the cartilage matrix. The aim of this
study was (a) to supplement alginate with the extracellular
matrix component hyaluronic acid; and (b) to analyze the
hyaluronic acid retention in different alginate gels. Hyaluro-
nan is assumed to improve proteoglycan retention and may
be important for in vitro matrix formation, tissue turgor, and
biomechanical quality. Alginate and hyaluronan were
mixed with chondrocytes and polymerized as were alginate,
hyaluronan, and fibrinogen. [3H]hyaluronan was used to
quantitate the leakage of hyaluronan from the gel beads.
After 28 days in culture, 1.2% alginate beads supplemented
with 0.26% hyaluronan contained only 9% of the initial
amount of hyaluronan whereas 2.4% alginate beads still con-
tained about 55% of the initial 0.22% hyaluronan. Release of

hyaluronan from the beads was significantly lower if the
beads additionally contained fibrin. Alginate beads supple-
mented with hyaluronan or fibrin showed increased chon-
drocyte proliferation compared to controls. Supplemented
hyaluronan greatly diffuses out of alginate gels of lower
densities. It must be assumed also that most of the hyaluro-
nan newly synthesized by chondrocytes in these cells dif-
fuses into the surrounding culture medium. The in vitro de-
velopment of a sufficiently hygroscopic cartilage ground
substance therefore may be very limited. Sufficient hyal-
uronic acid retention can be achieved in alginate gels with
concentrations above 1.2% or by addition of fibrin. © 1999
John Wiley & Sons, Inc. J Biomed Mater Res, 44, 149–155,
1999.
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INTRODUCTION

Recently, many efforts have been undertaken to re-
pair articular cartilage lesions by implantation of
chondrocytes embedded and propagated in a suitable
delivery substance. The suitability of collagen,1–4 fi-
brin ‘‘glue,’’5–9 hyaluronic acid (hyaluronan),10,11 and
synthetic polymers12,13 as delivery substances has
been evaluated. Itay et al. transplanted embryonic
chondrocytes embedded in a biological resorbable ma-
trix consisting of 3.76% fibrin and 0.75% extracellular
matrix.6 Perka et al.7 used as a transport vehicle a
matrix consisting of 3.75% fibrin and 0.2% acid-soluble
collagen type I obtained from chicken skin; and Spec-

cia et al.8 used a fibrin ‘‘glue’’ for the culture of fetal
chondrocytes. Recently, alginate successfully has been
used as an immobilization matrix, with chondrocytes
remaining phenotypically stable after long-term cul-
ture periods.3,14–16

Hyaluronan also is expected to be suitable as a bio-
logical matrix for three-dimensional chondrocyte cul-
tures. Hyaluronic acid can be considered the ‘‘back-
bone’’ of the extracellular ground substance. Hyaluro-
nan molecules are anchored to the chondrocyte
membrane via receptors,17 such as CD44. Proteogly-
can monomers synthesized by chondrocytes interact
extracellularly with hyaluronan molecules to form
large and extremely hydrophilic aggregates with mo-
lecular weights of 100 × 106 kDa. Therefore, hyaluro-
nan should increase proteoglycan retention in alginate
gels. Since hyaluronan gels are difficult to handle in
cell culture, we prepared composite alginate gels con-
taining either only hyaluronan or hyaluronan plus fi-
brin for the culture of chondrocytes. The present study
reports on the stability of these composite alginate gels
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and their potential for tissue engineering and cartilage
repair. The intention of the study is the development
of strategies to engineer cartilage tissues with high
contents of physiologic matrix.

MATERIAL AND METHODS

Cartilage sampling

Human articular cartilage was obtained from patients at
the time of knee joint replacement surgery. Pig articular car-
tilage was obtained from knee joints of freshly slaughtered
young pigs aged 10–12 weeks and weighing 21–23 kg.

Isolation of chondrocytes

Cartilage slices were submitted to sequential digestion
with 0.39% pronase E (Serva 33635) at 37°C for 60 min and
0.05% bacterial collagenase (Serva 17449) overnight at 37°C.
The proteinases were dissolved in Ham’s F-12 medium con-
taining 5% fetal calf serum. The cell suspension was passed
through a 52 mm polyester sieve (Estal mono, Schweiz.
Seidengazefabrik AG Thal, Switzerland). The cells were
washed and resuspended in a solution containing 0.01M
HEPES, 0.14M NaCl, 0.005M KCl, and 0.01M glucose.

Biosynthesis of [3H]hyaluronic acid

[3H]Hyaluronic acid ([3H]hyaluronan) was synthesized
by rabbit synovial cells in Dulbecco’s modified Eagle’s me-
dium supplemented with 3H-labeled sodium acetate and fe-
tal calf serum, as described earlier.18 The specific activity of
the purified [3H]hyaluronan was 1.3 kBq mg−1 hyaluronan.18

Preparation of 4.8% alginate solution

Two hundred forty mg of alginic acid (sodium salt, Sigma,
A-0682) were added successively to five mL of isotonic so-
dium chloride solution in a small glass vial. Afterwards the
vial was shaken vigorously and rolled for several hours.
Small alginate lumps sticking to the glass wall were spun
down and then solubilized by further rolling of the vial.
After that the vial was autoclaved at 115°C for 20 min.

Preparation of composite alginate beads

Alginate, hyaluronan (Hyalartt, Bayer, Leverkusen),
[3H]hyaluronan, cell suspension, and fibrinogen (Tissucolt,
Immuno GmbH, Heidelberg) were pipetted into a silicon-
ized glass vial. The final volume was 800 mL. The mixture

obtained was dropped slowly into a solution of 0.102M of
calcium chloride using a yellow pipette tip (10–100 mL, Ep-
pendorf). Subsequently, the beads were allowed to polymer-
ize in this solution for 10 min. The beads were washed se-
quentially once in 0.15M of sodium chloride and twice in
Ham’s F-12/HEPES medium. The entrapped chondrocytes
were cultured in Ham’s F-12 containing 10% fetal calf serum.

In the case of the fibrinogen-containing alginate solution,
the mixture was dropped into 0.102M of calcium chloride
solution containing 46 IU mL−1 of thrombin (Tissucolt) and
55 NIH units mL−1 of thrombin (LCA-Feinchemie Sebnitz),
respectively. The fibrinogen-containing beads were allowed
to polymerize for 15 –20 min. Degradation of fibrin during
the incubation was inhibited by the addition of 250 KIE
mL−1 of Trasylolt (aprotinin) to the culture medium.

Hyaluronan preparations available commercially may
contain a chemotactic hyaluronan fraction.19 Therefore, we
have used Hyalartt, a noninflammatory hyaluronan that is
used therapeutically in the treatment of osteoarthritis.

Cell counting

Chondrocytes were recovered from the beads for cell
counting by incubating them with 30–50 mL of 1% trypsin
(3x crystallized, Serva 37273) in 0.055M of sodium citrate
solution containing 0.15M of sodium chloride and 0.03M of
EDTA, pH 7.0, at 37°C. Recovered cells were counted in a
Neuberger hemocytometer chamber using a phase-contrast
microscope.

Measurement of 3H-radioactivity

Samples containing [3H]hyaluronan have to be digested
by hyaluronidase before mixing with the scintillator. With-
out this preceding digestion, the hyaluronan slowly would
precipitate and no reproducible count rates could be ob-
tained.

Alginate beads containing [3H]hyaluronan were solubi-
lized in 20 mL of 0.055M of sodium citrate solution, pH 6.8,
containing 0.15M of sodium chloride and 0.03M of EDTA
and then incubated (37°C, 4 h) with 1 mL of 0.01% hyaluron-
idase (sheep testes, Sigma H-2251) in 0.1M of phosphate
buffer, pH 7.4, containing 0.15M of NaCl, 0.02% NaN3, and
0.5% human serum albumin. One hundred mL digest and
400 mL of the same buffer were mixed with 5 mL of Ready
Gelt (Beckman Instruments, Inc.) and measured in a liquid
scintillation counter (LSC 6000 SC, Beckman Instruments,
Inc.).

Fibrin-containing alginate beads were incubated with 20
mL of 0.055M of sodium citrate solution containing 0.15M of
sodium chloride and 0.03M of EDTA, pH 6.8, at 37°C for 5
min. Subsequently, 10 mL of a solution of 0.29% trypsin (3x
crystallized, Serva 37273) in the above-mentioned buffer
were added. After digestion of the fibrin at 37°C, 10 mL
0.73% soybean trypsin inhibitor (Fluka, 93619) as well as 1
mL of 0.01% hyaluronidase (sheep testes, Sigma H-2251)
were added and incubated for 4 h.
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One mL of culture medium, of CaCl2 solution or wash
solution, containing [3H]hyaluronan, was digested with 10
mL of 1% hyaluronidase solution (from sheep testes, Sigma
H-2251). After incubation for 4 h at 37°C, 500 mL of the
digest were mixed with 5 mL of Ready Gelt to measure the
3H radioactivity.

RESULTS

Beads containing 1.2% alginate, 0.35% hyaluronan,
and 0.0026% [3H]hyaluronan

The use of [3H]hyaluronan as a tracer allowed esti-
mation of the leakage of hyaluronan from the alginate
beads into the calcium chloride solution, wash solu-
tions, and the culture medium. During bead prepara-
tion about 18% of the hyaluronan was lost in the cal-
cium chloride solution and wash solutions. More than
40% of the hyaluronan left the beads during the first 3
culture days. In the course of the following 25 culture
days, about 16% of the hyaluronan added initially
passed into the culture medium.

The hyaluronan concentration of the beads at time
(t) can be calculated from the 3H radioactivity, from
the amount of hyaluronan added initially to the algi-
nate solution, from the number of prepared beads, and
from the 3H radioactivity of the beads at t (see legend
to Fig. 1).

Figure 1 shows the hyaluronan concentration of
beads during the incubation. After an initially fast de-
crease, the hyaluronan concentration decreased slowly.

After 28 days of culture, the beads contained only 9% of
the initial amount of hyaluronan (from day 0).

The loss of hyaluronan from the beads was lower at
higher alginate concentration (Fig. 2). The propagation
of human chondrocytes in alginate gels containing hy-
aluronan revealed a significantly higher cell increase
in comparison with alginate gels (Fig. 3). Addition of
fibrin to the hyaluronan-containing alginate gels
caused a further increase in cell number after 15 days
of culture (Fig. 4).

Pig chondrocytes cultured in 1.2% alginate showed
only a small increase in cell count (Fig. 5). In the presence
of 0.35% hyaluronan, the cell count increased signifi-
cantly from initially 100% to 172% (p < 0.05) on day 17.

Beads containing 2.4% alginate, 0.35% hyaluronan,
and 0.0026% [3H]hyaluronan

With 2.4% alginate, the loss of hyaluronan during
the bead preparation was significantly lower in com-
parison with the alginate concentration of 1.2%. The
hyaluronan concentration in the beads fell from the
initial 0.22% to 0.12% after 28 culture days (see Fig. 6
for the decrease in 3H-radioactivity). After 7 days in
culture many beads not containing cells broke. Broken
beads displayed a considerably lower 3H radioactivity
than unbroken beads (Fig. 6).

Proliferation of human chondrocytes in 2.4% algi-
nate gels containing hyaluronan was significantly
higher in comparison with 2.4% alginate gels (Fig. 7).

Beads containing 2.4% alginate and 0.0044%
[3H]hyaluronan

Using an alginate concentration of 2.4%, the loss of
hyaluronan during the preparation, washing process,

Figure 1. Hyaluronan concentration of alginate beads de-
pendent on culture time. Bead composition: 1.2% alginate,
0.35% hyaluronan, 0.0026% [3H]hyaluronan. s: beads with-
out cells; j: beads with cells (initial cell concentration: 3.3 ×
106 human chondrocytes per mL of gel). The number of
beads examined at each measurement point was between
five and nine. The total amount of [3H]hyaluronan added
initially to the alginate solution was 51.46 kBq, the number
of prepared beads: n = 39. Theoretically, each bead could
contain 1.32 kBq at the most if no hyaluronan was lost. This
3H radioactivity corresponds to the hyaluronan concentra-
tion of 0.35%. But the 3H-radioactivity measured on day 0
was lower due to the loss of [3H]hyaluronan during the bead
preparation.

Figure 2. The decrease of hyaluronan concentration in al-
ginate beads is dependent on alginate concentration. s: 1.2%
alginate, 0.625% hyaluronan, 0.0011% [3H]hyaluronan; j:
1.8% alginate, 0.5% hyaluronan, 0.0011% [3H]hyaluronan.
Initial cell concentration: 3.82 × 105 mL−1 gel and 1.27 × 104

per bead, respectively. The number of beads examined at
each measurement point was between three and five. The
error bars represent standard deviations of the means.

151HYALURONIC ACID IN ALGINATE BEADS



and incubation of the beads was considerably lower.
After 28 days of culture, the beads still contained
about 70% of their initial 3H radioactivity. Approxi-
mately 8% of the cell-free beads broke during the in-
cubation whereas cell-containing beads did not break.
In the presence of chondrocytes, significantly more
hyaluronan was retained in the beads, probably due to
the receptor-mediated binding of the [3H]hyaluronan
to the cells (Fig. 8).

Beads containing 1.8% alginate, 1.25% fibrin, and
0.0044% [3H]hyaluronan

The presence of fibrin in hyaluronan-containing al-
ginate gels caused a significantly slower release of hy-
aluronan from the beads (Fig.9).

Gel chromatography

3H radioactivity released from the composite algi-
nate beads into the culture medium eluted together
with Blue Dextran 2000 (average MW 2 × 106) at the
void volume of the Sepharose CL-6B column (results
not shown), indicating that [3H]hyaluronan released
into the culture medium was not degraded to smaller
oligomers.

DISCUSSION AND CONCLUSIONS

Alginate is one of the most popular entrapment ma-
trices for living cells. Chondrocytes isolated from
adult articular cartilage and cultured in alginate beads
are known to remain phenotypically stable for up to 8
months.14,20 In this negatively charged gel, the chon-

Figure 3. Culture of human chondrocytes in normal and
hyaluronan-containing alginate beads. s: 1.2% alginate; j:
1.2% alginate, 0.35% hyaluronan. *: cell count on day 1 =
100%. The number of beads examined at each measurement
point was four to five. The error bars represent standard
deviations of the means. Nonparametric Kruskal–Wallis
test: p < 0.05 at days 9 and 16.

Figure 4. Culture of human chondrocytes in composite al-
ginate beads. s: 1.2% alginate; m: 1.2% alginate, 0.35% hy-
aluronan; j: 1.2% alginate, 0.35% hyaluronan, 1.25% fibrin.
*: cell counts on day 1 = 100%. The number of beads exam-
ined at each measurement point: n = 4. The error bars rep-
resent standard deviations of the means. Nonparametric
Kruskal–Wallis test: j/m: p < 0.05 on days 16 and 20, m/s:
p < 0.05 on days 9 and 16.

Figure 5. Culture of pig chondrocytes in normal and hyal-
uronan-containing alginate beads. s: 1.2% alginate; j: 1.2%
alginate, 0.35% hyaluronan. Initial cell concentration: 2.5 ×
106 mL−1. Cell count on day 3 = 100%. The number of beads
examined at each measurement point: n = 4. The error bars
represent standard deviations of the means.

Figure 6. 3H radioactivity of broken and unbroken alginate
beads. Bead composition: 2.4% alginate, 0.35% hyaluronan,
0.00264% [3H]hyaluronan without cells. s: intact beads; j:
broken beads. The number of beads examined at each mea-
surement point was three to four. The error bars represent
standard deviations of the means.
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drocytes reestablish a cell-associated matrix rich in
hyaluronan,21proteoglycan, especially aggrecan,20 and
a crosslinked collagen network containing collagen
types II, IX, and XI.22 Newly synthesized macromol-
ecules, including proteoglycans and collagen, are re-
tained within the gel matrix in close association with
the chondrocytes, as occurs in vivo, whereas in mono-
layer culture newly synthesized matrix macromol-
ecules diffuse into the culture medium. 23 According
to Bonaventure et al., human chondrocytes cultured in
alginate fail to become hypertrophic but rather exhibit
characteristics of resting chondrocytes.24

Chondrocytes released from cartilage with typical
proteolytic protocols retain essentially no pericellular
matrix.25 We supposed that the addition of matrix
macromolecules, such as hyaluronan or fibrin, to the
alginate gels would allow the chondrocytes to anchor
to these macromolecules through their integrin and

hyaluronan receptors. Recently, CD44 has been iden-
tified as a glycoprotein expressed by chondrocytes
that has the capacity to function as a hyaluronan re-
ceptor at the chondrocyte cell surface.17 Aggrecan, the
large aggregating cartilage proteoglycan, binds to hy-
aluronan via the N-terminal globular domain of the
proteoglycan core protein. Aggregate size can be very
large, as determined by the chain length of hyaluro-
nan and the number of aggrecan monomers bound to
a single chain.25 High molecular weight hyaluronan
added exogenously binds to matrix-free chondrocytes
in culture26,27 and does not inhibit matrix assembly or
displace intact matrices. 21 CD44 receptors eliminated
during the proteolytic isolation procedure are rapidly
reexpressed on the surface of isolated chondrocytes.28

If fibrin ‘‘glue’’ is added to the hyaluronan-con-
taining alginate beads, chondrocytes also can use the
cell surface integrin receptors29,30 to interact with fi-
brin and fibronectin (contained in the fibrin ‘‘glue’’).
Chondrocyte integrins ~3b1, ~5b1, and ~vb3 recog-
nize the arginine–glycine–aspartic acid (RGD) amino
acid sequence found in fibronectin31 whereas ~vb3 is
the only known integrin receptor for fibrinogen.31

A beneficial effect of hyaluronan on chondrocyte
and cartilage cultures also has been observed by other
authors. Hyaluronan has been shown to suppress the
release of proteoglycans, fibronectin, and other mac-
romolecules from the cell matrix layer in chondrocyte
cultures.32,33 In chondrocyte cultures, hyaluronan has
been found to reduce cell injury and proteoglycan re-
sorption induced by oxygen-derived free radicals34

arising in culture media due to respirative processes.35

Hyaluronan added to alginate gels diffuses out of
the beads during the incubation dependent upon the

Figure 8. [3H]hyaluronan concentration of alginate beads
is dependent on culture time. Bead composition: 2.4% algi-
nate, 0.0044% [3H]hyaluronan. s: beads without cells; j:
cell-containing beads. Four to five beads were examined at
each measurement point. The error bars represent standard
deviations of the means. Nonparametric Kruskal–Wallis
test: p < 0.05 on days 2 and 21.

Figure 7. Culture of human chondrocytes in normal and
hyaluronan-containing alginate beads. s: 2.4% alginate; j:
2.4% alginate, 0.35% hyaluronan. *: cell count on day 1 =
100%. Number of beads examined at each measurement
point: n = 4. The error bars represent standard deviations of
the means. Nonparametric Kruskal–Wallis test: p < 0.05 on
days 5, 9, and 13.

Figure 9. 3H radioactivity of alginate beads containing hy-
aluronan and fibrin dependent on incubation time. s: 2.4%
alginate, 0.0044% [3H]hyaluronan, chondrocytes; j: 1.8% al-
ginate, 0.0044% [3H]hyaluronan, 1.25% fibrin, chondrocytes.
3H radioactivity of the beads on the day of preparation =
100%. The number of beads examined at each measurement
point was four to five. The error bars represent standard
deviations of the means. Cell culture medium in this experi-
ment did not contain aprotinin. Nonparametric Kruskal–
Wallis test: p < 0.02 on days 8 and 21.
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alginate concentration. In incubating 1.2% alginate
beads, we found a fast decrease from initially 0.26%
hyaluronan to 0.04% hyaluronan for cell-free beads
during the first week. In 1.8% alginate gels, signifi-
cantly more hyaluronan was retained in comparison
with 1.2% alginate beads (Fig. 2). At the alginate con-
centration of 2.4%, the retention of hyaluronan in the
beads was considerably higher, caused by the lower
pore sizes of the gel (Fig. 6). Leakage of hyaluronan
from the beads was found to be significantly lower if
the beads additionally contained fibrin and chondro-
cytes, respectively. In the case of chondrocytes, hyal-
uronan may be retained by binding to the cell recep-
tors.

Further, our results show that human and porcine
chondrocytes cultured in hyaluronan-containing algi-
nate gels increased in cell numbers compared to algi-
nate alone (Fig. 4; results for pig chondrocytes not
shown). The addition of fibrin to the hyaluronan-
containing alginate gels caused an even more pro-
nounced increase in the cell count (Fig. 4).

Engineering of cartilage transplants requires essen-
tially the de novo formation of an organotypic extra-
cellular matrix with specific biochemical and biome-
chanical properties. Meshes of collagen fibrils embed-
ded in viscoelastic hydrogels are the basic structures
in connective tissues. For the regeneration of joint car-
tilage pressure resistance, enormous water content of
the tissue ground substance is extremely important.
Technical approaches that increase the quality of this
hydrogel by supplementation of important compo-
nents or by retention of those components may be
very important to the improvement of the biomechan-
ical quality of engineered cartilage tissues.
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