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This article describes properties of composites of collagen- 
hyaluronic acid shaped to layered materials. According to 
the results, interactions of these two polymers are very 
strong. The properties can be influenced by chemical 
crosslinking using glyoxal and starch dialdehyde. The dif- 

ferent behavior during enzymatic degradation by collage- 
nase and in swelling experiments is discussed in relation to 
material composition. The valuable properties of the com- 
posites observed in this study show the possibility of their 
use as biomaterials. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Composite structures of collagen with glycosami- 
noglycans (GAGs) are not unknown in the branch of 
collagen engineering. Both mentioned components 
are able to interact in organisms creating highly or- 
ganized structures with special properties: a water 
binding ability that takes effect on swelling of tissues, 
a high maximum tensile stress and elasticity, and an 
ability to create gels that regulate transport pro- 
cesses. 

The first attempts to isolate these complexes from 
connective tissues were realized by Ogston and 
Stanier3 by ultrafiltration of bovine synovial liquid. It 
is possible to prepare similar synthetic materials by 
reacting of GAG chains and collagen. The inoculation 
of GAG chains into the collagen and the formation of 
the precipitate in the acid support4 is the most com- 
mon method used. This is the result of the creation of 
ion complexes between the sulfate and/or carboxylate 
groups of GAGs and amino groups of collagen. The 
new material does not lose the biological activity typ- 
ical for both components; in fact, it is possible to se- 
lect the desired properties of the created material by 
altering the ratio of both efficient components, colla- 
gen and GAG. In our case the composites hyaluronic 
acid (HA) and collagen, beginning with an acid dis- 
persion of insoluble atelocollagen, were prepared ac- 
cording to a patent.5 

The chemical substances that have the ability to 

*To whom correspondence should be addressed. 

chemically crosslink6 were used to change some ma- 
terial properties of the original composite. The po- 
rous collagen sponge in combination with HA as a 
healing component promotes the restoration of skin, 
replication of tissue cells, and biosynthesis in vitro. 
Therefore these materials may prospectively be used 
in dermatology. The chemically modified materials 
give the opportunity to control the resorption of ma- 
terial with tissue cells and to regulate mechanical 
properties of the biomaterial. 

EXPERIMENTAL 

Materials 

The atelocollagen used was prepared from bovine 
Achilles tendon (Hypro, Czech Republic) and is crys- 
talline, native, and uncrosslinked atetocollagen, type 
I, in the form of felt with a content of noncollagenous 
peptides < 0.5 wt %, and inorganic substances < 0.5 
wt %. Collagen does not contain bacteriostatic sub- 
stances; however, it is resistant to microbial growth. 

HA produced by Streptococcus zooepidermicus (Con- 
tipro, Czech Republic) was in the form of sodium salt 
with molecular weight of 1.4 X lo6. 

For chemical crosslinking we used glyoxal in the 
form of a 40% water solution and starch dialdehyde 
(SD) prepared by a reaction of corn starch and so- 
dium meta-iodate(VI1) in water.7 

Substances for enzymatic degradation were: bacte- 
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rial collagenase (Sigma, St. Louis, MO), type C 7926, 
produced by Clostriditlm hystolyticum, activity 1.8 
FALGPA/mg, one unit hydrolyzes 1.0 kmol of fu- 
rylacryloyl-Leu-Gly-Pro-Ala (FALGPA, F5135) per 
minute at 25°C at pH 7.5 in the presence of calcium 
ions; Tris-HC1; ninhydrin (Lachema Brno, Czech Re- 
public); hydrintandin (Sigma); propanol (Lachema 
Brno); L-leucine (Lachema Brno); and acetic acid 
(Lachema Brno). 

Methods 

Preparation of collagenous materials 

Insoluble atelocollagen was suspended in a 0.5M 
solution of acetic acid, pH 3.2. A water solution of 
HA was added into the acid dispersion and kept for 5 
min for complexation. A coagulate was created, fil- 
tered, and rinsed with water and ethanol. The com- 
posite material was dried at 35°C under constant 
pressure into the membrane shape with a fibrous 
structure and smooth surface. 

The membrane was chemically crosslinked with SD 
by immersion into a solution of crosslinking agent for 
the defined time at ambient temperature. 

For crosslinking with glyoxal, dispersion of colla- 
gen was used. Adding HA and glyoxal (sample ab- 
breviated CHG) or glyoxal and then HA (sample ab- 
breviated CGH), we prepared the different materials. 

Swelling kinetics were measured using a Dogatkin 

apparatus based on the volume of bonded low- 
molecular penetrating agent measurement that de- 
pends on the time of material swelling at a given 
temperature.' Errors of measurement of the incorpo- 
rated swelling agent amount were 0.5 . 10F3 m3 
kg-'. 

The mechanical properties were analyzed in a dry 
state using an Instron Tester 1122 (Instron Ltd., En- 
gland). 

The enzymatic degradation of samples was deter- 
mined with the help of bacterial collagenase 0.08 wt 
%, in a solution of Tris-HC1, pH 7.4, t = 37°C during 
5 h.  After separation of undigested particles, solu- 
tions of ninhydrin and hydrintandin (pH 5.5) were 
added to the filtrate and heated in a boiling water 
bath.','' The mixture of propanol-water (1:l) was 
added and absorbance of samples was measured at a 
wavelength of 600 nm. The quantity of free L-leucine 
was determined by this method and was used to de- 
termine the degree of degradation (mg L-leucine/g 
collagen)." A calibration curve was constructed in 
which absorbance of L-leucine was plotted against 
concentration. 

RESULTS AND DISCUSSION 

A variety of samples of collagen with HA were pre- 
pared. They are described in Table I according to their 
composition, method of preparation, and time of re- 
action. Both system composition and time of reaction 

TABLE I 
Prepared Composite Materials 

Concentration Preparation 
Components (wt %) Conditions Time of Reaction 

Collagen (C) 100 Water dispersion - 
Collagen 98 pH 3.2 
HA (H2) 2 Dispersion 5 min 
Collagen 96 pH 3.2 
HA (H4) 4 Dispersion 5 min 
Collagen 94 pH 3.2 
HA (H6) 6 Dispersion 5 min 
Collagen 92 pH 3.2 
HA (H8) 8 Dispersion 5 min 
Collagen 60 pH 3.2 
HA (H40) 40 Dispersion 5 min 
Collagen 40 pH 3.2 
HA (H60) 60 Dispersion 5 min 
Collagen 93.99 pH 3.2 
HA (CHG) 6 Dispersion 5 min 

Collagen 93.99 pH 3.2 
Glyoxal 0.01 Dispersion 5 min 
HA (CGH) 6 5 min 
Collagen 92.7 Membrane immersed into 
HA (CHSD) 6 solution of crosslinking 5 min 
Starch dialdehyde 1.3 agent 5 h (crosslinking) 

Glyoxal 0.01 
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were selected based on previous ~ t u d i e s . ~  Proof that 
complexation reactions occurred quantitatively came 
from the analytic measurements. 

The enzymatic resistance to the collagenase was 
determined by observing the amino acid L-leucine 
amount liberated from the degraded collagen chains. 
The resistance of prepared material to enzymatic deg- 
radation is demonstrated and compared in Figure 1. 
The amount of degraded collagen in the samples with 
4-8% HA is very similar or slightly higher than that of 
the pure collagen membrane. These results support 
an assumption of creation of physical bonds between 
the components that are competitive with the in- 
tramolecular bonds between amino acid chains of col- 
lagen.” In the case of the sample with 2% HA, we 
can assume that interactions between polysaccharide 
and peptide do not influence a mutual interaction 
between tropocollagen molecules. The amount of re- 
leased L-leucine is lower compared to the composites 
with a higher HA content (40 or 60%). In the case of 
a higher HA content, we can consider a closer phys- 
ical crosslinking of collagen as a consequence of the 
higher glycosaminoglycan amounts. 

The resistance of composites to the collagenase was 
substantially increased after adding the chemical 
crosslinking agent. The change described above is the 
most considerable in the case of SD. The crosslinking 
effect is lessened in the case of glyoxal (the concen- 
tration is also lower). The effect of the order of agent 
addition into the collagen dispersion appeared to be 
very interesting. The material prepared in the se- 
quence of collagen-glyoxal-HA (CGH) was more re- 
sistant to enzymatic degradation than the material 
collagen-HA-glyoxal (CHG). This documents a pref- 
erence of chemical binding and its naturally higher 
stability. 

Swelling is the process in which a macromolecular 
material receives liquid and simultaneously enlarges 

sample 

Figure 1. The amount of released L-leucine during the en- 
zymatic degradation of the collagen-HA composite materi- 
als with different portions of HA and chemically modified 
composites. 

its volume. The character of macromolecular 
crosslinking influences the swelling degree of the ma- 
terial. If the binding is physical, the swelling process 
is less limited; in chemical crosslinking, the swelling 
is more restricted. The thermodynamic equilibrium 
state is described by the maximal degree of swelling. 

In Figure 2 we can see how the different amount of 
HA (in percentage) influences the swelling process of 
composites. The swelling degree decreases with the 
increased addition of HA. The behavior of materials 
during swelling can be the result of simultaneous in- 
fluence by at least two antagonistic factors: the polar- 
ity of the composite material and the formation of 
hydrogen bonds between the macromolecular com- 
ponents. The polarity of the material increases with 
an increased amount of HA and influences swelling 
positively. In the other case, crosslinking through hy- 
drogen bonds influences the swelling negatively. The 
first effect (polarity) predominates in the sample with 
2% HA; the second one (hydrogen bond formation) at 
the other samples with a higher concentration of HA. 

The swelling of the chemically modified and un- 
modified composite matrices is compared in Figure 3. 
The swelling degree decreases considerably due to 
bonding between aldehyde groups of the crosslink- 
ing agent and the amino acid groups of the collagen. 
The marked difference in the swelling degree be- 
tween unmodified collagen and the composite 
crosslinked by SD and glyoxal is demonstrated in Fig- 
ure 3 as well. The maximal swelling degree, Q,,,, is 
the lowest for the sample crosslinked by SD. The 
composites modified by glyoxal are more swollen. 
We can see the difference in swelling as a result of the 
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Figure 2. The plots of degree of swelling on time of swell- 
ing for the composite materials collagen (C)-HA with dif- 
ferent portions in 0.5M acetic acid solution: (0) unmodif. C; 
(0) C + 2% HA; (0) C + 4% HA; (W) C + 6% HA; (A) 20% 
HA; (A) C + 40% HA; (0) C + 60% HA. 
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way the crosslinking agent is added. Q,,, of CHG is 
higher than Q,,, of CGH. The results are in agree- 
ment with an understanding of the mechanism of 
crosslinking as we discussed in the explanation of the 
results of the enzymatic degradation. 

We studied the mechanical properties of the com- 
posites by testing tensile strength of the samples in 
the dry state. We found no dependence on the HA 
amount in the composite structure. The maximum 
tensile stress of the composites with HA decreased to 
50%, but the tensile strain increased to 60%. 

Concluding this study, we can assume that com- 
posite materials can be prepared according to the 
known properties suitable for a practical application. 
Combining excellent biological properties of collagen 
and HA polymers as well as obtaining a lower enzy- 
matic degradation and decreasing swelling, this com- 
posite can be a valuable biomaterial. We have com- 
pleted the preliminary testing of cell cytotoxicity and 

have found that the chemical crosslinking agents do 
not have an unfavorable influence on fibroblasts. 
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