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Abstract

The influence of glutaraldehyde as a
crosstinking agent to increase the strength of
collagen matrices for cell culture was
examined in this study. Collagen solutions of
1% were treated with different concentrations
(0%-0.2%) of glutaraldehyde for 24 h. The
viscoelasticity of the resulting collagen gel
solution was measured using Dynamic
Mechanical  Analysis (DMA), which
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demonstrated that all collagen gel solutions
examined followed the same model pattern.
The creep compliance model of Voigt-Kelvin
satisfactorily ~described the change of
viscoelasticity expressed by these collagen
gel solutions. These crosslinked collagen gel
solutions were freeze-dried to form a matrix
with a thickness of about 0.2 to 0.3 mm. The
break modulus of these collagen matrices
measured by DMA revealed that the higher
the degree of crosslinking, the higher the
break modulus. The compatibility of
fibroblasts isolated from nude mouse skin
with these collagen matrices was found to be
acceptable at a cell density of 3 x 10°
cells/em® with no contraction, even when
using a concentration of glutaraldehyde of up
to 0.2%.

KEYWORDS: Collagen > Viscoelasticity
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Introduction

The necessity of artificial skin substitutes for
wound healing or model membranes for
penetration  studies has promoted  the
development of a two-layered design with a
sheet of keratinocytes attached to a
biocompatible  collagen-based  substrate
within which fibroblasts grow [1]. Collagen
and 1its derived matrices have, therefore,
become a popular biomaterial for this
purpose and have been suggested as
broprostheses for burn wound dressings [2],



tissue templates, etc, due to their
compatibility [3]. The desired properties of
these matrices which facilitate wound-
healing processes are stimulation of cell
migration and infiltration, support of cell
proliferation, as well as the non-
contractibility of the matrices [4].

Glutaraldehyde (GA) is commonly used as a
crosslinking  agent for  collagen-based
materials. A major reaction pathway involved
in this crosslinking is the aldehyde groups of
GA (II) with the e-amine groups of lysine or
hydroxylysine residues (I) as shown in
Scheme 1 [5]. The main purpose of chemical
crosslinking using GA is to minimize
contraction of the collagen matrices during
cell growth, but its use is associated with
marked cytotoxicity  [6,7]. Further
incorporation of glycosaminoglycans (20%
chondroitin sulfate) [8,9] or hyaluronic acid
into [10] collagen gels, and subsequent
crosslinking  with  carbodiimides and
diamines or glutaraldehyde is able to enhance
the strength of the collagen gels, thus

inhibiting  fibroblast contraction of the
collagen matrices [11].

The  relationship  between  collagen
crosslinking  techniques and  dentinum

reinforcement has been examined [12] by
various methods including the modulus of
elasticity, elongation at breaking point, and
stiffness. The tensile behavior of fibroblasts
cultured in collagen gel has also been studied
with the use of a time-Japse video recording
system. It was demonstrated that fibroblasts
generate tension and change their orientation
along the tensile direction [13]. Couette flow,
shear creep, uniaxial creep, and porous bed
flow all revealed that cross-linked collagen
was more resistant to deformation and flow
than was non-crosslinked collagen [14]. This
seems to indieate that the rheological
behavior of collagen-based biomaterials and
their tensile strength will determine the
resistance  to contraction. Dynamic
mechanical analysis (DMA) can provide
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valuable information for this purpose.

In this study, collagen was modified by
crosslinking with various concentrations of
glutaraldehyde. Physical properties of these
crosslinked collagen gel solutions and the
resulting freeze-dried collagen matrices were
characterized and evaluated for compatibility
with fibroblasts. Optimally, a minimal
concentration of glutaraldehyde could be
elucidated to produce acceptable contraction
with minimal cytotoxicity

RESULTS AND DISCUSSION

The extent of crosslinking after treating the
collagen gel solutions with various
concentrations  of  glutaraldehyde  was
measured, and the values are listed in Table 1.
Results show that the extent of crosslinking
of terminal amino groups on collagen
increased with increasing concentrations of

glutaraldehyde. Complete crosslinking was

approached when the concentration of
glutaraldehyde used was higher than 0.12%
at a 1% w/w concentration of collagen.

The viscoelasticity of these collagen
solutions was measured by following the
creep compliance curve, and results are
shown in Tables 2 and 3. The curvature
portion (A-B curve) of all creep compliance
plots can be described by a Voigt-Kelvin
model: Compliance = Strain (£)/Stress (§) =
[1/Young’s modulus (£))*(1 - exp(-/7)), in
which tis designated as n/E. Nonlinear
regression of the compliance with respect to
time t, Young's modulus (E), and retardation
time (1) were calculated from. the
corresponding equations. Results in Table 2
indicate that both the elastic modulus and
viscosity (n) of the collagen ge! solutions
increased with increasing concentrations of
glutaraldehyde. A significant increase in
viscosity (p < (0.05) was noticed when the
concentration of giutaraldehyde used was
higher than 0.12%. Results in Table 3
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illustrate that retardation time increased with
increasing concentration of glutaraldehyde,
indicating a gradual transformation of the
liquid characteristics of the collagen gel
solution into solid characteristics as the
extent of crosslinking by glutaraldehyde
increased.

The break modulus of the collagen matrices
crosslinked with various concentrations of
glutaraldehyde was monitored by DMA at
the break point, and the results are shown in
Table 4, which clearly illustrates that the
break modulus of the collagen matrices
increased with increasing concentrations of
glutaraldehyde. A higher break modulus
means a higher stress is needed to achieve a
constant strain, thus indicating a higher
resistance of the collagen matrices to
deformation with an increasing extent of
crosslinking. Further, the break moduli of
these collagen matrices become higher when
they were incubated with FCM (Fibroblast
Culture Medium) before measurement. This
is probably a result of reinforcement of the
mechanical strength by increasing hydrogen
bonding between collagen fibrils. This is
further demonstrated in Figure 3 by the SEM
photographs of collagen matrices crosslinked

with various concentrations of glutaraldehyde.

Denser structures of collagen films were
obtained with increasing concentrations of
glutaraidehyde for the same concentration of
1% w/w collagen.

Figure 4 shows the growth of fibroblasts
within the collagen matrix crosslinked with
various concemrations of glutaraldehyde.
The cell numbers of growth at 48 h are all
comparable, and no sign of cytotoxicity to
fibroblasts was shown, even within a
collagen matrix  crossiinked with a
concentration of glutaraldehyde as high as
0.2%. Figure 5 “{ljustrates that at the two
highest concentrations (0.15% and 0.20%) of
crosslinking agent, the number of fibroblast
cells gradually increased with time. The
compatibility of the collagen matrix with
fibroblasts was  demonstrated.  The

contraction of collagen matrices by
fibroblasts was minimal as determined by
comparing the measurement of length and
height before and after cuituring (data not
shown).

CONCLUSIONS

Complete crosslinking was approached when
the concentration of glutaraldehyde used
exceeded 0.12% at a 1% w/w concentration
of collagen. A significant increase in
viscosity and a gradual transformation into
solid characteristics were noticed when the
conceniration of  glutaraldehyde used
exceeded 0.12%. A higher resistance of the
collagen matrices to deformation with an
ncreasing extent of crosslinking was also
demonstrated. Furthermore, the number of
fibroblasts gradually increased with time
within the collagen matrices crosslinked with
all  concentrations of  glutaraldehyde
examined. The compatibility of the
crosslinked collagen matrix with fibroblasts
was demonstrated. In conclusion, the
crosslinking of 1% w/w collagen with
glutaraldehyde at a concentration of 0.12%
seems to be optimal in terms of contraction
and cell cytotoxicity.
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