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a b s t r a c t

This study focuses on determining the effect of varying the composition and crosslinking of collagen-
based films on their physical properties and interaction with myoblasts. Films composed of collagen or
gelatin and crosslinked with a carbodiimide were assessed for their surface roughness and stiffness.
These samples are significant because they allow variation of physical properties as well as offering dif-
ferent recognition motifs for cell binding. Cell reactivity was determined by the ability of myoblastic
C2C12 and C2C12-a2+ cell lines (with different integrin expression) to adhere to and spread on the films.
Significantly, crosslinking reduced the cell reactivity of all films, irrespective of their initial composition,
stiffness or roughness. Crosslinking resulted in a dramatic increase in the stiffness of the collagen film and
also tended to reduce the roughness of the films (Rq = 0.417 ± 0.035 lm, E = 31 ± 4.4 MPa). Gelatin films
were generally smoother and more compliant than comparable collagen films (Rq = 7.9 ± 1.5 nm,
E = 15 ± 3.1 MPa). The adhesion of a2-positive cells was enhanced relative to the parental C2C12 cells
on collagen compared with gelatin films. These results indicate that the detrimental effect of crosslinking
on cell response may be due to the altered physical properties of the films as well as a reduction in the
number of available cell binding sites. Hence, although crosslinking can be used to enhance the mechan-
ical stiffness and reduce the roughness of films, it reduces their capacity to support cell activity and could
potentially limit the effectiveness of the collagen-based films and scaffolds.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Research on biomaterial scaffolds for use in soft tissue engineer-
ing reflects their ability to deliver cells whilst acting as a mechani-
cal support [1–5]. Despite the widespread use of scaffolds
composed of extracellular matrix proteins [4,6–9], detailed analysis
of their properties at a cellular lengthscale has not been carried out;
in particular the effect of composition and crosslinking on stiffness,
surface roughness and ability to support cell activity. Previous stud-
ies have concentrated on assessing the individual effect of different
compositions and methods of crosslinking on cell activity [10,11] or
on physical properties [12–15]. However, comparison of the phys-
ical properties and cell reactivity of films of different compositions
before and after crosslinking has not yet been performed. The prior
research has indicated that crosslinking, using a carbodiimide sys-
tem, is an effective way of increasing the mechanical stiffness and
degradation resistance of biomaterials without being cytotoxic.
However, carbodiimide treatment of biomaterials – the formation

of crosslinks between free amine groups, typically on lysine resi-
dues, and free carboxylate anions, typically on glutamate (E) or
aspartate (D) residues – will reduce the availability of cell-binding
sites on scaffold proteins, but knowledge of this direct effect of
crosslinking on the cell activity of biomaterial thin films is incom-
plete. The importance of this question arises from the crucial role
of such glutamate or aspartate residues in the collagens or other
matrix molecules in binding to the relevant integrin cell surface
receptors [16,17].

This research addresses the effect of altering the crosslinking of
films on their physical properties and cell reactivity. In particular,
we have studied collagen and gelatin, proteins commonly used in
soft tissue engineering, to compare the effect of alteration of the
protein structure, and thus available cell binding sites, on the phys-
ical properties and cell reactivity of films. GXOGEX’ motifs in triple-
helical collagen interact with cells via specific integrins, notably
a2b1, and heat-denaturation of collagen, to produce gelatin, destroy
the ordered three-dimensional triple-helical structure, leaving,
after cooling, a mixture of misaligned triple helices, peptide frag-
ments and random coils, unable to fully assemble and form ordered
fibrils [18,19]. This process alters the adhesive cues presented to
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