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Abstract

We describe the production of collagen fibre bundles through a multi-strand, semi-continuous
extrusion process. Cross-linking using an EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide),
NHS (N-hydroxysuccinimide) combination was considered. Atomic Force Microscopy (AFM)
and Raman spectroscopy focused on how cross-linking affected the collagen fibrillar structure.

In the cross-linked fibres, a clear fibrillar structure comparable to native collagen was observed
which was not observed in the non-cross-linked fibre. The amide 111 doublet in the Raman spectra
provided additional evidence of alignment in the cross-linked fibres. Raman spectroscopy also
indicated no residual polyethylene glycol (from the fibre forming buffer) or water in any of the
fibres.

In 1989 Kato and Silver first described the extrusion of an acid swollen collagen gel under
aqueous conditions on a laboratory scale[1]. Since then there have been several studies of
this process of self-assembly [2], with production parameters and cross-linking treatments
[3-6] considered in order to optimise mechanical and biological characteristics. The acidic
collagen suspension is typically extruded into a bath containing neutral fibre forming buffer,
the collagen gels on contact with neutral pH as the fibrils, reconstitute and the macroscopic
fibres form. Along the length of the bath the thread dehydrates due to the osmotic gradient
between the collagen and the fibre forming buffer[7].

When collagen is generated in vivo, cross-linking occurs enzymatically and covalent inter
and intramolecular bonds are formed that provide sufficient mechanical strength and
proteolytic resistance [3]. These same cross-links are not formed during the self-assembly of
collagen in neutral pH and as such cross-linking routes are a particular area of consideration
in the production of artificial collagen fibre based structures. Cross-linking approaches
include chemical (glutaraldehyde, isocyanates or carbodiimide based) [6], physical
(dehydrothermal) [8, 9] and enzymatic [10]. The authors have previously settled upon the
use of the zero length cross-linker carbodiimide 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) in combination with N-hydroxysuccinimide
(NHS) as an effective route for the cross-linking of extruded collagen fibres [11-13]. This
route results in a lower cross-linking density than other chemical and physical cross-linking
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routes but it has been shown to exhibit a favourable biological response [14] unlike more
aggressive techniques that have been associated with inflammatory response and reduced
bioactivity [15].

Whilst the mechanical properties [3, 4, 6, 16], degradative characteristics [14,17,18] and
surface microstructure [3, 6] of extruded fibres have been considered quite extensively, any
rigorous investigation into the fibrillar structure and the effect of cross-linking is more
limited. Polarised light microscopy has been carried out to provide a qualitative indication of
alignment [11, 19] and Transmission Electron Microscopy (TEM) [6] and Small Angle X-
Ray Scattering (SAXS) [11, 19] have also been applied to a limited extent, however not with
a view of investigating the effect of cross-linking on collagen structure. Atomic force
microscopy (AFM) has been considered quite extensively for the characterisation of native
collagen [20-24] but can also provide evidence as to the effect of cross-linking on the
collagen order and alignment in extruded collagen fibres. Raman spectroscopy may also
provide a useful route for investigating orientation and alignment within the collagen
structure [25-27]. A recent study investigating bundles of collagen fibres from bovine
achilles tendon demonstrated that even non-polarized Raman measurements (i.e. where a
polarisation analyser is not present between the sample and detector) are sensitive to the
laser polarisation direction [28]. The amide 11l doublet at 1245 and approximately 1270
cm~1 was shown to be highly sensitive to the orientation of the fibre [28].

The aim of the work was to study the effects of cross-linking of collagen fibres extruded
through a semi-continuous process [13] using AFM and Raman Spectroscopy. These
techniques allowed the alignment of the collagen fibres as well as the banding and chemistry
to be analysed. This understanding of the basic structure is key to better understand fibre
mechanics, degradation and ultimately the biological response to the material.

Collagen fibre ‘bundles’ were extruded using a method applied previously by the authors
[13] and based upon the route of Silver et al [29]. The collagen source was an acid swollen
gel type | collagen derived from bovine dermis (Devro Medical, Scotland). Briefly, the
collagen was added to 2mM HCI in a concentration of 6mg/ml and left to swell overnight
before blending and degassing. 6 channels of the collagen slurry were then extruded into a
long trough containing a fibre forming buffer of 20% by weight polyethylene glycol (PEG)
(molecular weight 8000 Sigma Aldrich UK) in 0.01M phosphate buffered saline (PBS)
solution. A peristaltic pump provided a constant flow rate of the fibre forming buffer, the 6
strands were brought together at the end of the trough and wound onto a horizontally
moving spool in the form of a 6 ply fibre. After winding onto the spools, the fibres were air-
dried overnight before washing or cross-linking.

Where bundles were cross-linked, fibres still on the spools were soaked in a cross-linking
solution of 25 mM EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (Sigma-Aldrich
UK) and 12.5 mM NHS (N-hydroxysuccinimide) (Sigma-Aldrich UK) in an 80/20
acetone/PBS solution for 2 hours. After cross-linking, fibres underwent a multi-stage
washing process, with 2 half hour washes in 0.01M PBS solution followed by 2 half hour
washes in deionised water. Bundles where cross-linking was not carried out underwent the
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multi-stage washing process in order to remove any residual PEG. All samples were then
dried overnight before being removed from the spools and stored.

Scanning Electron Microscopy (SEM) was performed on sections of fibre secured onto a
metal stub with carbon tape. Samples were sputter-coated with gold and viewed with a
JEOL 820 SEM in the secondary electron mode.

For AFM imaging, fibres were sectioned and secured onto microscope slides with silver-
dag. Viewing was carried out in tapping mode on a Digital Instruments multimode AFM
(VEECO) with Nanoscope 111 control. ImageJ [30] was used in order to measure the
periodic D-spacing.

Raman spectroscopy was applied to understand the effect of the cross-linking process on the
chemical and structural characteristics of the collagen fibre bundles and to give qualitative
indications of any residual PEG or water within the fibre structure. Raman Spectroscopy
was carried out using a Renishaw Ramascope 1000 Raman spectrometer with a 633 nm He-
Ne laser in combination with a Leica DM-LM microscope. An acquisition time of 10
seconds with 10 acquisitions was applied across a wavenumber range of 800-3050 cm™1 on
fibre samples with the fibre axis both parallel and perpendicular to the direction of
polarization of the incident laser. Particular regions of interest were between wavenumbers
of 1150 and 1350cm™1 (for the amide 111 doublet [28]) and at the higher wavenumbers
(2800-3050 cm™1) where the highest intensity PEG peaks are present [31]. Additionally
literature suggests the & and v modes of the OH absorption within H,0 to be present at 1640
and 3280cm™1 so these regions were considered to investigate any water presence.

The SEM images of Figure 1, suggest that cross-linking had no effect on the surface
structure of the collagen fibres, with all images showing a comparatively smooth surface,
with minimal and regular surface artifacts at the microstructural level. Despite the 6 ply
nature of these fibres, a dense homogeneous fibre resulted, with the individual ply clearly
adhering well during the winding process. Some evidence of the separately extruded
collagen channels is evident across both cross-linked and non-cross-linked fibres, in the
contrast variations observed, probably a result of variations in the tension applied to the
collagen during the winding process. The horizontal motion of the spool throughout the
winding process was designed to minimize overlapping of the collagen fibre, however as
clearly demonstrated in figure 1(b) and (d), fibres, whilst separated over the spool rods could
bind together, away from them, resulting in the creation of a thicker fibre in places.

Figure 2 shows images of regions of collagen fibre taken in the tapping mode, without cross-
linking (a,b) and with the EDC-NHS treatment (c,d). In the cross-linked material the
characteristic banding pattern of collagen fibrils, such as that found in native collagenous
tissue is clearly observed. Measurement of a d-spacing of 66.1+ 1.29 nm was also consistent
with native tissue. Individual collagen fibrils showed a relatively high degree of alignment
within the structure. Slight tangling or clumping of collagen fibrils was evident and this is
likely to explain surface defects observed during electron microscopy. Where fibres were
not cross-linked, the degree of order was much less significant and only in very localized
regions was the characteristic banding evident. It is possible that the non-cross-linked fibres
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are more swollen and hydrated (cross-linking in acetone-based solution could further
dehydrate the fibres). Water content was investigated using Raman spectroscopy.

Figure 3 shows the Raman spectra for fibres oriented parallel and perpendicular to the
direction of polarization of the incident laser between wavenumbers of 1150 and 1350 cm™1
and Figure 4 investigates the presence of PEG and water within the samples.

Anisotropic Raman scattering has previously been observed in collagen bundles from bovine
tendon [26,28] and human skin [26] with differences particularly observed in the amide
doublet at around 1250 cm~L. Consistent with the work of Janko et al [26] only a single peak
was observed at around 1245cm™1 with alignment parallel to the laser alignment (Figure 3)
whilst a clear doublet was observed particularly in the case of the cross-linked fibres where
alignment was perpendicular to the laser polarisation. The second peak of the doublet at
1270 cm~1 was less well defined in the case of the non-cross-linked fibre bundle, suggesting
a lesser degree of alignment in this instance.

The dominant peak for polyethylene glycol occurs at a wavenumber of 2900 cm~1 [31] and
as can be observed from Figure 4, no significant variation was observed between the spectra
of cross-linked and non-cross-linked material in this region. This clearly indicates both that
the cross-linking process did not offer additional advantage in terms of PEG removal and
that the structure of the non-cross-linked collagen fibres was not a result of residual PEG
presence. Whilst the presence of adsorbed water in the samples was not rigorously
investigated, the absence of significant peaks at either 1640cm-1 or 3280cm-1 [32], suggests
water content even in the non-cross-linked fibres was not significant and thus differences in
structure as observed with AFM are unlikely to be attributable to water content.

This study builds on a body of literature that has focused on the extrusion of collagen fibres
and the effect of cross-linking, not least the previous work by Kew et al which applied
almost the same approach to fibre production [11]. Whilst previous papers have considered
the effect of cross-linking agents on surface structure, mechanics and biological response [2,
3, 6,11, 16, 33, 34], this paper additionally considers an investigation of fibrillar
arrangement using AFM and Raman spectroscopy and for the first time clearly shows that
cross-linking brings about alignment of the collagen and shows characteristic banding
similar to native collagen with a d-spacing of 67 nm.

Although a multi-strand approach was taken to the extrusion process, the resultant fibres
were dense and homogeneous contrary to the earlier work by Kew et al [11]. Surfaces were
relatively smooth with the different strands identified only by a change in contrast both with
and without cross-linking. Figure 5 taken from Kew’s paper shows a fibre section cross-
linked with the same EDC/NHS chemistry and in this image the individual strands that make
up the fibre are very clearly differentiated. Whilst the early fibres were produced by
overlaying once on the spool, in this current study 6 individual strands were brought
together before being placed onto the spool and wound. It appears likely that the tension
during winding brings the strands together forming a better integrated structure.

Whilst a banding structure similar to that of native tendon has been previously observed in
extruded collagen fibres, this has been largely through TEM (for example [6]). The AFM
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images of cross-linked fibres (Figure 4 (c) and (d)) provide a much clearer similarity to the
native banding structure [24]. This banding is observed due to the alternating overlap and
gap zones produced by the specific packing of the 300nm long and 1.5nm wide collagen
molecules [35]. The ability of type | collagen to form striated fibrils is believed to involve
specific charge—charge and hydrophobic interactions and it could be hypothesized this that
explains the much more limited banding observed in the non-cross-linked material compared
to the cross-linked. Cross-linking was carried out in an acetone/PBS mixture meaning any
residual water within the fibres after extrusion would have been removed during this
process. Any water presence could reduce interactions between adjacent fibrils. The whole
premise of fibre extrusion is based upon the dehydration of the acid swollen collagen as it
passes through the neutral fibre forming buffer and it is suggestive that Raman does not
identify significant water presence in either cross-linked or non-cross-linked fibre bundles.
Significant PEG presence in either of the fibre types is also ruled out by Raman
spectroscopy. However, what is not known is the effect of the soaking in the acetone/PBS
mixture independent of the cross-linking and in future efforts this should be considered.

There is a level of disagreement regarding the identification of peaks within the collagen
Raman spectrum. For example the amide 111 doublet of interest at around 1250 cm™1 [28]
has been assigned to: distinct amide I11 vibrations of different secondary structures (random
coil at 1244 cm~1 and triple helix at 1265 cm™1) [36]; to two regions of the polypeptide
strands having different polarities [37]; or to different positions of the proline residues in the
structural motif typical of the collagen triple helix [38]. Bonifacio and Sergio suggest that
because of the sensitivity to orientation, the 2 modes must arise from vibrations taking place
along different directions within the same molecular structure. They found the intensity of
the 1270 cm™1 band to be weaker when the fiber axis is oriented parallel to the laser
polarisation, suggesting that this mode involves vibrations along a direction perpendicular to
the fibril axis [28]. This finding is supported in the current work with the band at 1270 cm™1
being largely absent in the perpendicular direction. The intensity of this band also appears
reduced in the case of the non-cross-linked material supporting the less aligned structure
observed for these fibres with AFM.

While a significant body of literature has investigated the effect of EDC/NHS cross-linking
on fibre mechanics, this is the first work to consider in any real detail the effect of this cross-
linking on the fibrillar alignment. The more aligned structure in the case of the cross-linked
fibre, as demonstrated by both Raman Spectroscopy and AFM is likely to support the
superior mechanics [3, 4, 6], reduced swelling [3, 4, 14] and increased proteolytic resistance
observed in previous studies of extruded collagen fibres [14,17,18].

Homogeneous and dense collagen fibre bundles have been successfully produced through a
multi-strand, broadly continuous extrusion process. Cross-linking with an EDC/NHS
solution resulted in a highly aligned fibrillar structure with banding similar to that observed
in native collagen. The non-cross-linked fibres on the other hand exhibited a more swollen
structure with only isolated regions of banding evident. The difference in order and
alignment between the two fibre types was also evident in the amide Il doublet in the
Raman spectra. It is suggested that it is this difference in structure, in combination with the
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increased cross-linking concentration that explains frequently reported increases in
mechanics and proteolytic resistance associated with cross-linking.
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Figure 1. SEM imaging of extruded collagen fibres: (a,b) with no cross-linking, (c,d) with EDC-
NHS cross-linking
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Figure 2. AFM image of: (a, b) fibres without cross-linking, (c, d) with the EDC-NHS treatment
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Figure 3. Raman spectra of the collagen fibres.
The amide doublet is clearly marked. The doublet appears more prominent where cross-

linking has been applied and the peak at approximately 1270cm~1 absent where the fibre
axis is parallel to the laser polaristion direction.
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Figure 4. Investigation of residual PEG (a) and significant water content using Raman
spectroscopy ((b) and (c)).

None of the fibres demonstrated the characteristic PEG peak at a wavenumber of around
2900 cm~1 [31]. There were also not significant peaks present attributable to the § or v
modes of water absorption at 1640 or 3280 cm™1 [32].
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Figure 5. SEM image of a section of Kew et al’s synthetic collagen fascicle cross-linked with
EDC/NHS.

This single fibre length was produced by a multiple fibre overlayer process where the
individual strands are clearly differentiated. Reproduced from [11]
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