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Enhanced stabilization of
collagen-based dermal
regeneration scaffolds through
the combination of physical
and chemical crosslinking

Q.B. Wessels** and E. Pretorius*

The use of collagen in the biomedical device industry has led to
major advances in soft tissue repair. This is attributed largely to the
favourable biological and physiochemical properties of collagen.
Regenerative medicine and tissue engineering favoured the use of
this biomaterial and various commercial products have become
available in the past few decades. This study aims to develop a
collagen and chondroitin-6-sulphate dermal regeneration scaffold
with enhanced resistance against enzymatic degradation. Frozen
slurries (0.5% collagen) were dried under vacuum, coated with
silicone, crosslinked and then thoroughly rinsed. The scaffolds
were subjected to a range of quantitative and qualitative tests that
included: scanning electron microscopy analysis, collagenase
enzymatic degradation, and cytotoxicity assessment. Scaffold
resistance to enzymatic degradation was manipulated after
dehydrothermal treatment by employing combinations of
crosslinking agents, such as glutaraldehyde and/or carbodiimide,
with or without the presence of L-lysine. Results indicate that highly
porous (mean pore diameter of 87.3 um), bioactive, non-cytotoxic
tissue engineering matrices were obtained. Enhanced stability of
these scaffolds was achieved through extensive crosslinking
and suggests the potential to prevent in vivo wound contraction
sufficiently.

Introduction

Reparative medicine employs current technology and various
materials in its aim to replace, repair or enhance tissue and
organs. The clinical need to address injuries, birth defects and
degeneration beyond the scope of a single scientific discipline
has become the driving force behind reparative medicine.
Several strategies are employed in reparative medicine and
include: substitution of one body part with another; the use of
synthetic materials and devices; the application of allografts
or xenografts; the use of an external device to augment or replace
a non-functioning organ; and the allocation of living cells. The
last strategy is known as tissue engineering and serves to repair,
preserve, or improve the function of tissues and organs through
the synergy of molecular biology (including biopolymer chemis-
try) and engineering.'

The need for advanced wound care products is motivated by
the pathophysiology of severe dermal injuries. Adult dermal
regeneration does not occur spontaneously.”” Unassisted
wound closure of deep dermal injuries results in excessive
scarring and wound contraction.* This in return impairs or
inhibits the mobility of the affected area. The representa-
tive epidermal and dermal components of engineered dermal
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regeneration matrices, such as Integra®, are known to enhance
wound healing and closure of deep dermal injuries.” The stable
extracellular matrix is placed on the excised wound bed and is
overgrafted after a few weeks. A very thin skin graftis used from
an appropriate donor site such as the posterior aspect of the
thigh. This method has been shown to resist the recurrence of
scarring, compared to the use of traditional skin grafts.® In so
doing, skin substitutes, in general, not only save lives, as in the
case of full-thickness burn wounds, but also improve the quality
of life of those affected.

The efficiency of tissue engineering scaffolds rests upon a few
essential features. They include biocompatibility, controlled
biodegradability, low or non-antigenicity, and a suitable
microstructure or architecture. The scaffold architecture in turn
relies on three variables, namely, the pore size, pore structure,
and the surface area of the scaffold. These variables must be
manipulated in order to yield a suitable homogeneous three-
dimensional lattice that will allow cellular phenotype, growth,
migration and adhesion.” This has been confirmed, based on
studies conducted on endothelial cells, fibroblasts, osteoblasts,
vascular smooth muscle cells, rat marrow cells, chondrocytes,
preadipocytes, and adipocytes."*"

The in vivo and in vitro rate of degradation of collagen porous
scaffolds has become the most critical design consideration in
research and for clinical applications.” Research has shown that
scaffolds with enhanced resistance towards enzymatic degrada-
tion prevent wound contraction adequately and promote tissue
regeneration.”” This in turn will ensure minimal impairment or
inhibition of the mobility of the affected area. The rate of scaffold
degradation depends largely on the method of crosslinking
used. Crosslinking of collagen-derived medical devices is
achieved through two established methods, namely, chemical
crosslinking and physical crosslinking.” Chemical crosslinking
is the most popular® and most thoroughly studied of these
methods.

The study reported here aims to develop a dermal regenera-
tion scaffold composed of a silicone-based artificial epidermis
and a collagen-GAG (glycosaminoglycan) dermis for cutaneous
tissue engineering applications. We also aim to enhance the
stabilization of collagen-based scaffolds through the unique
combination of physical crosslinking and various chemical
crosslinkers.

Materials and methods

Collagen-GAG scaffold preparation

Bovine Achilles tendon atelocollagen, obtained from Southern
Cryoscience (Pty) Ltd, was used to prepare the scaffolds. Atelocollagen is
collagen extracted by using proteolytic enzymes, such as pepsin, which
retains the intact tertiary super-helical structure of collagen, free from
telopeptides. The non-helical terminal telopeptides are regarded to be
the predominant antigenic determinant of this biomaterial. >*

Bovine type I atelocollagen suspensions (0.56%) were prepared in
0.05 M aqueous acetic acid according to the methods of Yannas and
colleagues.””* Chondroitin-6-sulphate in 0.05 M aqueous acetic acid
was added to each of the prepared collagen suspensions to give a final
collagen: GAG mass ratio of 92:8. The final solutions, with constituent
collagen concentrations of 0.5%, were blended for an additional 90 min
to form a homogeneous co-precipitate. The co-precipitates were sub-
jected to either controlled or uncontrolled (also known as conventional
quenching) freezing.”” The frozen slurries were dried under vacuum for
17 hours.

The silicone epidermal portion, aimed at temporary restoration of
barrier function of each of the scaffolds, was prepared as follows. Bio-
medical grade silicone rubber (Q7-4840 Silastic®, Dow Corning) was
used according to the manufacturer’s specifications to form a film with
an approximate thickness of 0.5 mm on an acetate-based backing. The
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surface of the collagen sponge that was in contact with the atmosphere
was placed onto the wet, unpolymerized silicone. The selected silicone
thickness not only ensured adequate bonding with the collagen but also
pliability. The acetate backing ensured easy removal after the silicone
had polymerized. Polymerization was induced at 105°C for 30 min as
directed by the manufacturer. The dried scaffolds were crosslinked and
examined as described below.

Scanning electron microscopy and pore analysis

The uncrosslinked dry scaffolds were prepared by fixation with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 90 min.
Post-fixation was done in a 0.5% aqueous osmium tetroxide solution for
60 min. Critical point CO, freezing followed, in order to dry the samples,
after which they were coated with gold. The samples were viewed and
photographed using a JEOL (JSM-840) scanning microscope.®* Each
sample was examined for the presence of the following: collagen fibre
aggregates or strands, collagen sheets, and polygonal shapes of open
pores.” The pore diameters were determined through measurement of
the largest distance between adjacent vertices (Fig. 1). These diameters
were measured after calibration, and analysed using the UTHSCSA
ImageTool program (developed at the University of Texas Health Science
Center at San Antonio, Texas, and available from the Internet by anony-
mous ftp from maxrad6uthscsa.edu)

Crosslinking

Initial crosslinking of the scaffolds was achieved through dehydro-
thermal treatment (DHT) at 105°C and c. 0.2 mbar for 24 h.***! The forma-
tion of crosslinking bridges was induced by the addition of 2.5 uM
L-lysine in solution at a pH of 5.5.%' Scaffolds were then immersed in
EDAC/NHS (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and
N-hydroxysuccinimide) at room temperature for 24 h.** The final
crosslinking was achieved through the use of 0.5% glutaraldehyde as
described by Olde Damink et al. ** The control group of collagen-GAG
scaffolds were only glutaraldehyde (GA) crosslinked post-DHT.

The known cytotoxicity of residual GA in these medical devices is well
documented. The procedure that was followed to remove any unbound
GA was based on the work of Speer et al.** The samples were washed in
three changes of 500 ml MilliQ water which had been through a 0.2-um
filter. The water is available from Glycar (Pty) Ltd, and a Stuart orbital
shaker was used to ensure efficient rinsing. Each wash cycle lasted
10 min. An additional wash was carried out in Dulbecco’s phosphate
buffered saline (DPBS), available from Whitehead Scientific (Pty) Ltd, to
ensure that the scaffold equilibrated to a pH of about 7. The pH was veri-
fied with a CRISON pH meter. The final wash entailed the use of Fibro-
blast Basal Medium (FBM) supplemented with 10% fetal calf serum for
10 min. The efficacy of the wash procedure was verified through expo-
sure of sample extracts to normal foreskin dermal fibroblasts.

Enzymatic degradation assay

The assay that was performed was based on earlier work done by
Moore and Stein in 1948% as well as that of Mandl et al.* in 1948 and more
recent (2004) work by Pek et al.” The principle of the test rests on the fact
that collagenase I cleaves two of the three helical chains of collagen.
Concentrations of released peptides and amino acids are measured by
ninhydrin-colourimetric absorbance at 570 nm.** Freshly prepared
collagenase (0.1 mg/ml PBS, Sigma, St Louis, MO) was used. Scaffold
samples were cut into 10 mm X 10 mm pieces, thoroughly washed and
placed in 15 ml centrifuge tubes. Buffer (5 ml of a 50 mM TES buffer) with
calcium chloride with a final pH of 7.4 was added to the sample material.
This was done in triplicate and the average of the three representative
results of each sample was used for the data analysis. Collagenase was
added to the sample material and incubated at 37°C for 12 and 24 h. The
light absorbance of each ninhydrin-treated sample was read at 570 nm
using a Bio-Tek, model ELx800 plate reader. A standard curve was pre-
pared using 4.0 mM L-leucine in 10 mM hydrochloric acid and used to
determine the quantity of L-leucine equivalents liberated through the
enzymatic action of collagenase for each sample.

Cytotoxicity assay

Normal human foreskin dermal fibroblasts were used to determine
the efficacy of the free aldehyde removal after GA crosslinking. Second
passage cells were counted and cell viability was assessed using the
trypan blue dye exclusion assay. These cells were then seeded into
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Fig. 1. The pore diameters of the prepared scaffolds (line AB in the above micro-
graph) were obtained through measurement of the largest distance between
adjacent vertices. Each micrograph was analysed, post-calibration, using the
UTHSCSA ImageTool program.

24-well plates at a density of 5 x 10* cells per well. Incubation for 48 h (at
37°C and 5% CO,) in supplemented FBM followed. Extracts were pre-
pared by placing 1 mm X 1 mm sample pieces in test tubes containing
8 ml supplemented FBM. The samples were incubated for 24 hat 37 °Cin
order to obtain extracts. The culture medium of the incubated cells was
replaced after the 48-h incubation period with sample extract. Further
incubation for 48 h followed, after which the MTT assay was performed.
The assay relies on the mitochondrial reduction of yellow MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to
purple formazan by viable cells. This assay thus provides an indication of
the number of viable cells remaining after exposure to the extracts. Light
absorbance at 450 nm was read using a Bio-Tek, model ELx800 plate
reader.®®” The data were graphically depicted to represent the cell
viability versus sample type. The standard deviation of each data set was
included and a P-value of less than 0.05 was accepted as being statisti-
cally significant.

Statistical methods

Quantifiable data were statistically analysed and any compari-
son made included the calculation of means, standard devia-
tions and P-values (confidence interval of 95%).

Results and discussion

Scaffold architecture

Results indicate that highly porous bioactive tissue engineer-
ing matrices have been obtained by either controlled freezing or
uncontrolled freezing. The average pore diameter of the most
homogeneous scaffolds (Fig. 2) ranged between 52.5 and
136.4 um, with a mean of 87.3 um. These templates were formed
by using a 0.5% collagen concentration and a controlled freeze
rate of 0.92°C/min. The scaffolds show large amounts of sheets,
fibres and polygonal pores.

Uncontrolled freezing (1.3°C/min) of a 0.5% collagen concen-
tration resulted in the formation of an irregular scaffold (Fig. 3)
with a pore diameter ranging between 93.4 and 278.1 um (aver-
age = 174.1 = 54.2 um).

Scaffolds presented with an open structure, with few collagen
sheets and numerous collagen fibres.

Statistical analysis (Fig. A in supplementary material online) of
the two data sets showed that the rate of freezing significantly
influenced the resulting average pore diameter of the scaffolds
(P < 0.001).

Optimal porosity and homogeneity, as previously described,”*
has been achieved through the use of a controlled freeze rate,
based on previous work done by O’Brien et al. in 2004.” The scaf-
folds presented with average pore diameters of 87.3 = 26.1 um
(Fig. A). This falls within the critical range of 20 and 120 um as
required for dermal regeneration.”*
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Fig. 2. SEM micrograph of the scaffold produced by a controlled freeze rate of
0.92°C/min. Pore diameters range from 52.5 to 136.4 pm with an average of
87.3 um. The scaffolds present with collagen sheets (S), pores (P) and fibres (F), as
indicated.
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Fig. 3. SEM micrograph of the scaffold produced by the conventional quenching
technique. The pore diameter ranges between 93.4 and 278.1 pm with a mean of
174.1 £ 54.2 ym. The scaffold presents with an open pore (P) structure, few colla-
gen sheets (S) and numerous collagen fibres (F).

Enzymatic degradation assay

Results from the collagenase-induced scaffold degradation
assay show that the GA crosslinked scaffolds (Fig. B online) liber-
ate the largest amount of L-leucine equivalents after 12 h (7.4 +
1.1 umol) and 24 h (19.1 = 2.0 umol) of incubation. Thus, GA
crosslinking alone provided insufficient resistance to enzymatic
degradation, with a high rate of degradation over 24 h. The high-
est resistance against enzymatic degradation was achieved
through a combination of L-lysine (K) bridging, and EDC/NHS
and GA crosslinking. Only 3.4 = 1.0 umol L-leucine equivalent
was liberated after 12 h and 3.4 + 1.8 umol after 24 h. The rate of
degradation after 24 h was more constant than the scaffolds
crosslinked with EDC/NHS in the presence of K, which released
4.4 + 1.5 umol and 4.9 = 1.2 umol L-leucine equivalents after 12
and 24 h of enzyme exposure, respectively.

Work done by others™® has found that EDC/NHS treatment
provides greater resistance to collagenase degradation com-
pared with non-crosslinked or only DHT-treated matrices. The
pre-treatment of scaffolds with L-lysine is known to enhance
EDC/NHS crosslinking.”
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Cytotoxicity assay

The results of the cytotoxicity assay (Fig. C online) confirmed
effective removal of unbound aldehydes. There was no signifi-
cant difference in the cell viability between the control group
and the test group (P = 0.098). The data obtained match the
study by Speer et al.”

Concluding remarks

The use of collagen in the biomedical device industry hasled to
major advances in soft tissue repair. This is largely attributed
to the favourable biological and physiochemical properties of
collagen. Regenerative medicine and tissue engineering has
favoured the use of this biomaterial, and various commercial
products have become available in the past few decades.”

The implications for the design and development of an artifi-
cial skin or tissue engineering scaffold are vast. The key elements
of biocompatibility, pore volume and diameter, effective
crosslinking, and the optimal rate of degradation are influenced
by a multitude of factors. The rate of scaffold degradation has be-
come the most critical design consideration for both research
and clinical applications.”® Research has shown that scaffolds
with enhanced resistance towards enzymatic degradation suffi-
ciently prevent wound contraction.”

We report on homogeneous, highly porous, non-cytotoxic, col-
lagen-GAG tissue engineering scaffolds that are a first for South
Africa. This was achieved through the use of a constant freeze
rate of 0.92°C/min, with well-established crosslinking methods.
Initial crosslinking was achieved through dehydrothermal treat-
ment and was followed by the employment of combinations of
crosslinking agents, such as glutaraldehyde and/or carbo-
diimide, with or without the presence of L-lysine. Results show
that enhanced resistance against enzymatic degradation was
obtained after DHT, treatment with L-lysine, followed by
crosslinking with EDC/NHS and GA, respectively. This particu-
lar scaffold would thus have a longer life of structural integrity
in vivo. The combination of physical and chemical crosslinking,
as has been described, will thus have the potential to reduce
wound contraction in vivo.
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Fig. A. Statistical analysis shows that the rate of freezing significantly (P < 0.001) influences the average pore diameter of the scaffolds produced. Conventional quenching
results in scaffolds with an average pore diameter of 174.1 pm (s.d. = 54.2). Controlled freezing, on the other hand, produces scaffolds with an average pore diameter of

87.3 um (s.d. = 26.14).
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Fig. B. Results show that GA crosslinking alone provides insufficient resistance towards collagenase degradation. The combination EDC/NHS and GA crosslinking in the

presence of L-lysine showed more resistance to degradation and has a constant rate of degradation after 24 hours.
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Fig. C. The results obtained from the cytotoxicity assay indicates no significant difference (P = 0.098) in cell viability between the test group and the control group.
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