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Abstract

The aignment of collagen fibres in tissue has a maor influence on their mechanical properties. This study
investigated the ability of Reflection Anisotropy Spectroscopy (RAS) to determine the degree of alignment of
collagen fibres deposited onto surfaces and secreted by mouse fibroblast cells in vitro. Aligned nanofibres of
polytetrafluoroethylene (PTFE) were deposited on glass coverdips using a simple friction transfer method.
These linear parallel nanofibres were used as topographical cuesto orientate and align L929 fibroblasts and their
deposited collagen. The strength of the RAS signal was demonstrated to correlate with the degree of collagen
alignment. Immunochemical staining and atomic force microscopy were used to visualise the topography of the
fibres and confirm that the RAS signal was as a result of collagen fibres. Collagen deposited onto glass
coverdips from a solution that had been subjected to dialysis that caused ‘nanofibrillar’ collagen to form also
resulted in a strong RAS signal whereas collagen absorbed from a simple solution of collagen in which collagen
fibres are not formed resulted in no RAS signal. It was concluded that the RAS signal could be used to
determine the degree of alignment of collagen and that this could have a potentia application in the assessment

of collagen orientation in tissue repair.

PACS: 87.14.em; 87.64.Dz; 78.68.+m

1. Introduction



Collagen provides strength and stability to many human tissues including connective tissue, bone and
tendon [1]. It has a diverse history as a biomaterial and in recent times composites based on collagen
have been used in artificial bone substitutes [2] as well as the use of collagen-like proteinsin matrices
with hydroxyapatite as a framework for effective in-situ drug release [3]. Collagen has a hierarchical
structure [4] and is shown in figure 1. The primary amino-acid sequence of the polypeptide chainsis
predominantly composed of glycine, proline, hydroxyproline and aanine with a smaller number of
phenylalanine and tyrosine residues. The secondary structure is constructed from triple helices of the
polypeptide chains that are stabilized by interchain hydrogen bonding [5]. The triple helical collagen
(tropocollagen) molecules pack together to produce collagen microfibrils which ultimately aggregate
to form macro-structural collagen fibres. The major collagen component in tendons is type | collagen
and the mgor cell type is the fibroblast. The fibroblasts are sandwiched between the collagen fibres
and oriented aong the fibres. Their role isto synthesize extracellular matrix (ECM) proteins resulting
in an organised collagen matrix and remodelling during tendon healing. It has been shown that in
regular soft tissue, irregular organisation of collagen fibres |eads to poor healing and repair [4].
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Figure 1. Diagrammatical representation of collagen structure (a) polypeptide molecule, (b) triple

helical tropocollagen, (c) collagen fibrils and (d) collagen fibre.

In the development of effective biomaterias, the relationship between the cells and the
surface of the material is important. Therefore, development of materials which can lead to correct
organization and structure of tissue is crucial. It has been shown by many authors that chemical and
topographic substrate surface patterning can be used as a method to control cellular organisation [6,7].
Over the past decade, nanomaterials have been shown to be good candidates for improving traditional
tissue engineering materials [7]. The unique properties of nanomaterials have helped to improve the
growth of tissue, as decreasing materia size into the nanoscale increases surface area, roughness and
surface area/volume ratio which can lead to superior physiochemical properties[8]. It has been shown
that using nanofibre coated scaffolds potentialy increases tissue regeneration in damaged human
bladders due to the increased cell densities observed on the nanofibre coated scaffolds compared to
uncoated scaffolds [9]. More recently human skeletal muscle cells seeded on to blended collagen
nanofibre oriented meshes exhibited greater alignment and organization than those observed on
randomly oriented nanofibre surfaces[10].

The influence of a nanopatterned surface on collagen orientation as well as the intrinsic
anisotropy of collagen on both a microscopic and macroscopic scale makes it an ideal system for
study with Reflection Anisotropy Spectroscopy (RAS). RAS could then be used as an analysis tool to
determine the alignment of collagen in tissue repair and development of tissue engineering constructs.
The RAS technique has been used to study metal surfaces [11-14], the orientation of molecules at
metal/vacuum interfaces [15,16], the orientation of biological molecules at metal/liquid interfaces
[17-19] and polymer materias [20,21]. In the work presented here RAS was used to probe the
influence of oriented nanofibres on glass substrates on the anisotropy and alignment of collagen
produced by fibrablast cells in comparison to the anisotropy and alignment intrinsically present in
collagen from solution and collagen which has been prepared using dialysis to form fibrils referred to
herein as ‘nanofibrillar’ collagen. A large RAS signal was found related to the preferential alignment

of collagen.



2. Experimental

RAS isalinear optical technique that measures anisotropy at surfaces. In RAS, linearly polarised light
illuminates the surface at horma incidence and the difference in reflectivity in two orthogonal
directions of the surface is measured. For a cubic substrate this geometry results in cancellation of the
bulk signal by symmetry and RAS becomes a probe of surface anisotropy. The technique was
developed initially to probe the surfaces and growth of semiconductors [22,23] and has been recently
reviewed[24].

The RA spectrometer used in this work follows Aspnes design [22] and the measured RA

Re[ﬁj 0 Re{w] (1)
r r,0r,

where r, and ry, are the complex Fresnel reflection coefficient for the surface x and y direction

signal is given by

respectively. The experiment was arranged such that the x direction was parallel to the direction of the
nanofibres and the y direction perpendicular to the fibres. RA spectra of the real part of the complex
RA were taken over a photon energy range of 1.5eV to 5.5 eV with an illuminated sample area of
~14mm® The angular variation of the RAS response was investigated by performing angular
dependent RAS (ADRAS) [25]. The sample was rotated by an angle [] about the plane of polarisation
of theincident light and the RA spectrum recorded.

A simple friction transfer method [26] was used to deposit adigned PTFE
(polytetrafluoroethylene) nanofibres onto borosilicate glass slides. A PTFE blade of 20 mm width and
1 mm thickness, bevelled at the edge to contact the glass slides, was used as the source of nanofibres.
The glass dides were placed on a heated stage (230°C) until they reached thermal equilibrium. The
PTFE blade was brought into contact with the glass slide under a load of 1 kg and the dide was
moved under the blade at a constant velocity to deposit linear nanofibres. Following the deposition,

the glass dides were removed and allowed to cool in air.



L929 murine fibroblasts cells were obtained from European Collection of Cell Cultures
(ECACC). Cells were cultured at 37°C in a 5% CO, atmosphere in Dulbeccos Modified Eagles
Medium (DMEM) (Sigma) supplemented with 5% Foetal Bovine Serum (Invitrogen) and 1%
Penicillin/Streptomycin antibiotics (Sigma) until they reached 60-70 % confluence. Culture medium
was replenished at 2-3 day intervals.

The coverdips with and without the PTFE nanofibres were sterilised using ethanol and rinsed
with ultra pure water and left to air dry overnight. The coverdips were irradiated with UV for 30 min
to ensure sterility. Coverdips were then placed in each well of a tissue culture six well plate
(Corning). L929 mouse fibroblast cell culture (1x10° cells/ml) were seeded on each coverdlip and
incubated in a 5% CO, incubator at 37°C for 1, 2, 3 and 4 week intervals. Culture medium was
replenished at 2-3 day intervals. The plates were removed from incubation and refrigerated for
approximately 30 min. Coverslips were removed from the culture medium and washed with
Dulbecco’'s Phosphate Buffered Saline (DPBS, Sigma). The cell layer was dispersed in 0.05 %
Trypsin/EDTA (Sigma) incubated for 3 min, and subjected to gentle agitation to remove the cells
without damaging the collagen layer. Control samples were treated the same minus the trypsinisation
step to maintain the cell layer. Coverslips were fixed with ice-cold methanol at -18°C for 3-4 minutes
then stored in PBS a 4°C prior to further analysis.

Dry diaysis tubing was prepared to remove glycerol and sulfur compounds. Removal of
glycerol was accomplished by washing the tubing in running water for 3-4 hours. Sulfur compounds
were removed by treating with 0.3 % (w/v) solution of sodium sulfide at 80°C for 1 minute. The
tubing was immersed into hot water (60°C) for 2 minutes followed by acidification with a 0.2 % (v/v)
solution of sulfuric acid this was then rinsed with fresh water to remove the acid. Preparation of the
tubing in this way ensures that it retains most proteins of molecular weight 12000 kDa (Spectra/Por®
dialysis membranes molecular weight cut off 12,000 to 14,000 kDa) or greater which includes
collagen type |, whilst allowing the passage of acid causing neutralisation of the solution. Fibrils have
been shown to form from this dialysis method of the collagen solution against water at approximately

35°C[27].



Purified collagen can be made to reconstitute in vitro into fibrils, referred to here as
‘nanofibrillar collagen’. To create nanofibrillar collagen, solid collagen type | from calf skin (Sigma)
was dissolved in 0.05% (v/v) acidified water (acetic acid in water). Typicaly 5mg of collagen in
5 ml of acidified water was made for each set of experiments. This was maintained between 2-8°C for
3 days and was then put into the dialysis tubing and placed in alarge beaker of water which was left
to stir overnight. The resultant collagen solution was then deposited onto borosilicate glass coverdips
neat, and also at concentrations of 1:10, 1:100 and 1:1000 (v/v) in distilled water. The samples were
left overnight to evaporate in air. The same dilutions of collagen from solution (Sigma) were also
prepared and deposited on to the glass coverslipsin the same way.

M ethanol-fixed samples (unmodified glass coverdlips or glass coverslips modified with PTFE
nanofibres with either fibroblast derived collagen or fibroblast cells deposited upon the surface) were
incubated with a rabbit anti-collagen | antibody (1:200 dilution; Abcam) or normal rabbit 1gG (Caltag
Laboratories) overnight at 4°C, then for 1 h at 37°C with an Alexa Fluor® 594 anti-rabbit secondary
antibody (1:500 dilution; Invitrogen). Samples were mounted in Vectashield containing DAPI (V ector
Laboratories LTD) and visualised using an LSM 500 laser scanning confocal microscope (Carl Zeiss).

AFM was performed using a Nanoscope |Il (Digital Instruments) in contact mode using
silicon nitride probes of nominal spring constant 0.6 N/m. Images were obtained from the fibroblast
secreted collagen on nanofibres, collagen deposited from solution and from the dialysis method, in all
cases using borosilicate glass coverdips substrates. All images were obtained in ambient air after

rinsing the samples with PBS and allowing to air dry.

3. Results

For glass coverdips, with and without the presence of aligned PTFE nanofibres, arelatively flat RAS
profile was observed (figure 2). This result implies that the aligned PTFE nanofibres do not contribute
any significant optical anisotropy to the RAS measurement. Thus RAS applied to these substrates will
be surface sensitive and any anisotropy observed from collagen (or cells) deposited on these will
result from the collagen (or cells). Similar RA spectra were obtained from fibroblast cells on glass

dides and fibroblasts on PTFE-nanofibre coated glass (figure 2). Both spectra exhibit a positive



feature over the range 4.0 eV to 5.5eV. This signa may originate from the fibroblast cells or from
collagen associated with the cells. The similarity of the signal in the two cases suggested that a similar
degree of alignment was achieved for both these substrates. The RAS signal obtained from collagen

deposited randomly onto glass was small and relatively flat across the spectral range.
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Figure 2. The RA spectra obtained at 6 = 45" of borosilicate glass cover slips +/- PTFE nanofibres.
RA spectra are also shown for fibroblast cells grown for 1 week on glass and glass +/- PTFE
nanofibres as well as fibroblast secreted collagen after 1 week on glass cover dips, obtained at [1= 45
to the edge of the glass coverdlip. Plain glass coverslips (X); PTFE (O); collagen on glass (#);

fibroblasts on glass (A); fibroblasts on PTFE (O).

RAS signals obtained from fibroblast secreted collagen on PTFE coated glass coverslips
(figure 3) were considerably larger than the RAS signals of the control surfaces. RA spectra obtained
from fibroblast secreted collagen are shown at different sample rotation angles about the incident
plane of light polarisation. The RAS response was relatively flat below 3.0 eV whereas above 3.0 eV
there was a large signal which reaches ~ 30 units when the nanofibres are aligned along the RAS x
direction. The RAS data of unaligned collagen on glass (figure 2) showed a similar increase in RAS

above 3.5 eV athough of amuch smaller intensity.
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Figure 3. RA spectraobtained at 6 = 0° (@), 15" (<), 45° (O), 105’ (x), 135° (A) showing minima,
maxima and intermediate profiles for fibroblast secreted collagen after 1 week on PTFE coverdips.
The insert shows ADRAS results for the same data set measured at 4.5€V (O) and 5.0 eV (@®). The
solid line is cos(2+f). The systematic error in the position of zero on the vertical scale of the order of

+ 2 x10° RAS units.

The RA spectra obtained from solid collagen subjected to dialysis to create ‘nanofibrillar’
collagen diluted with water in aratio of 1:100 (figure 4) showed a similar signal to that of the spectra
obtained from fibroblast secreted collagen on nanofibres (figure 3), athough of lesser intensity. RA
spectra obtained from ‘nanofibrillar’ collagen are shown at different sample rotation angles about the
incident plane of light polarisation. The RAS response is relatively small and flat below 3.0 eV
whereas above 3.0 eV there is an increased signal which reaches ~ 12 units when the fibres are
aligned aong the RAS x direction compared to ~ 30 units from fibroblast derived collagen on a
nanofibre modified surface (figure 3). The ADRAS data are displayed in the insert of figures 3 and 4.
The ADRAS results for fibroblast-secreted collagen on nanofibres (figure 3) and dialysis-collagen
(figure 4) show that in both cases the anisotropic RAS signal follows a simple cog2( #f)] behaviour;
where [1is the angle between the nanofibre alignment direction and the linear polarisation direction of
the incident light. The phase offset angle f = 45°. For example, when [ = 45° the long linear
nanofibres are aligned along the r, direction and the RAS signal reaches a maximum. ADRAS can be

used to distinguish signals that arise from surface components that have different orientations of their



optical axes. The simple rotation behaviour shown in figures 3 and 4 is consistent with the RAS signal

arising from optical dipolesthat have common optical axes
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Figure 4. RA spectraobtained at 6 = 0° (@), 15° (<), 45" (0O), 90° (x), 105° (A), 135" (O) showing
minima, maxima and intermediate profiles for *nanofibrillar’ collagen derived from a dialysis method
after deposition onto glass coverdips. The insert shows ADRAS results for the same data set
measured at 4.0eV (O) and 4.5¢eV (A) and 5.0 eV (®). The systematic error in the position of zero

on the vertical scale of the order of + 2 x 10° RAS units.

The RAS signa from ‘nanofibrillar’ collagen was compared to those obtained from collagen
from solution (diluted to 1:100). RA spectra obtained from collagen solution deposited onto
coverslips are shown at different sample rotation angles about the incident plane of light polarisation.

This collagen on unmodified glass coverdips resultsin ardatively flat RAS profile (figure 5).
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Figure 5. RA spectra obtained at ' = 0" (@), 15° (<), 45° (O), 90° (x), 105° (O), 135° (A) showing

minima, maxima and intermediate profiles for a 1:100 dilution of collagen from solution after



deposition onto glass coverslips. The variation in the level of the RAS signal as a function of angleis

areal effect probably arising from the sinlJ dependence in ADRAS measured noted by Lane et al [28].

Immunochemical visualisation of collagen was performed on samples where collagen had
been secreted by fibroblasts and aligned using nanofibres as well as those samples where collagen had
been secreted by cells on glass without nanofibres. Investigation using confocal microscopy revealed
the presence of collagen confined in particular regions which confirms preferentia alignment of
collagen in the direction of the nanofibres (figure 6(b)), compared to those samples without
nanofibres (figure 6(a)). The negative control using rabbit IgG on surfaces with cells present or
removed and on nanofibre and plain glass surfaces did not show immuno-reactivity with any collagen

present (data not shown).

Figure 6. Immunochemical visualisation of fibroblast derived collagen on (a) unpatterned borosilicate
glass slide demonstrating random orientation and (b) PTFE nanofibres demonstrating directional
orientation. Image colour has been enhanced with ‘glow scale’ feature of LSM image browser (Carl

Zeiss). Scale bar = 20 um on both images.

Atomic force microscope investigation of fibroblast secreted collagen on PTFE nanofibres

also revealed alignment of materia along the direction of the nanofibres. Figure 7 shows an areaon a

10



PTFE nanofibres-coated coverdip where features (raised whiter areas) can be seen aligned along the
long axis of a PTFE nanofibre(s). Material assumed to be collagen can be seen on the glass surfacesin

between the nanofibres and on the nanofibres.

§0.0 nm

Figure 7.9 um by 9 um AFM image of fibroblast secreted collagen on nanofibres.

AFM revealed different images of ‘nanofibrillar’ collagen and collagen deposited onto glass
coverdlips from solution. The AFM image obtained from collagen ‘solution” (figure 8(a))
demonstrates the non-uniform deposition of collagen from solution onto the surface. The features in
the image are typically ~30 nm in height, significantly larger than the typical height of 5 nm of the
nanofibrillar collagen (in figure 8(a) and (b) respectively)). The ‘nanofibrillar’ collagen deposited
onto glass (figure 8(b)) revealed coverage of strand like features indicating the presence of collagen

fibrils.

10.0 80.0 nm 15.0 rm

7.5 nm

40.0 rm

0.0 nm 0.0 nm

(a)

(b)
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Figure 8. (8): 10 um x 10 um image of 1:100 collagen from solution deposited on plain glass
coverslips and (b): 0.8 um x 0.8 um image of 1:100 ‘nanofibrillar’ collagen from the dialysis method

deposited on plain glass coverslips.

4. Discussion

RAS is a very sensitive microscopic probe of macroscopic anisotropy. The optical signal arises from
optica dipoles on the molecule length scale. However if these dipoles are orientated perfectly
randomly on a surface then the RAS signal will be zero due to the cancellation of the net optical
response in each direction. Thus macroscopic anisotropy is required in order to yield annon zero RAS
signal and the strength of the signal is proportional to the degree of macroscopic anisotropy.

In order to assess the value of RAS as atool in monitoring the alignment of collagen it isfirst
necessary to establish the RAS profile of collagen. The flat RAS response of the glass coverdips and
aligned PTFE nanofibres establish that the RAS signals observed in this work arise from either
collagen or from fibroblast cells (figure 2). The RAS profiles obtained from collagen secreted by
fibroblasts on PTFE coated glass coverslips (figure 3) and ‘nanofibrillar’ collagen have identica
shapes that are essentially zero up to ~ 3.8 eV and then increase to higher energy. The RAS profiles
also have identical azimuthal angular variations but very different intensities (figure 3 and 4). Since
the method of preparation of the nanofibrillar collagen specimens exclude the possibility of a
contribution from fibroblast cells it is clear that the RAS profiles of figures 3 and 4 arise from
collagen. This conclusion is supported by visualisation of the presence of collagen using
immunochemical staining and the fibre topography by atomic force microscopy.

The absence of a RAS signal from specimens formed by adsorption from a solution of
dissolved collagen in which collagen fibres are not formed is expected since this method of
preparation is unlikely to produce a net anisotropy in the alignment of collagen on the surface. The
strong RAS signal observed from ‘nanofibrillar’ collagen is consistent with the AFM results which
show that, in contrast to the specimens formed from the solution of dissolved collagen, these
specimens consistent of linear strand like features. Although the AFM results do not indicate a

preferred direction of the nanofibrils it is unlikely that the sum of the dignments cancels exactly
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giving rise to a net anisotropy. The AFM images of the collagen deposited on the linear parallel PTFE
nanofibres shows a significant anisotropy which is consistent with the strong RAS signal. The
alignment of collagen aong the direction of the nanofibres is shown by (figure 7) the topographically
higher features in the image. In addition, perpendicular structures were also observed across the
direction of the fibres (figure 7). These perpendicular structures may be due to how collagen
associates to form fibrils. The perpendicular fibre arrangement may reduce the overall RAS intensity
as they will subtract from the RAS signal. Collagen fibrils associate in many tissues to form discrete
fibre structures. Within one collagen fibre, the fibrils are oriented not only longitudinally but also
transversely and horizontally. The longitudinal fibres do not run only parallel but also cross each other
forming spirals [29,30]. A possible explanation for this perpendicul ar feature could be the presence of
what are known as fibrous long spacing collagen fibrils (FLS). These are collagen fibrils that display
atypical periodicities in the range from 150 to 250 nm [29,31]. Work carried out by Rasmusson et al.
in 1994 [32] demonstrates the adsorption of protein macromolecules (fibrinogen) on to PTFE
nanofibres and argues that adsorption of proteins on to hydrophobic surfaces causes the molecule to
change its conformation to expose hydrophobic regions to the hydrophobic surface. In this work
perpendicular molecul e orientation to fibre direction was observed. Rasmusson et al. [32] reports that
if the curvature radius of the fibre is small enough it will be more favourable for the molecule to
adsorb perpendicular to the fibre direction as this will not require extra conformational change to
obtain the same contact area. This could be a possible explanation for the perpendicular features
observed when fibraoblast derived collagen adsorbed on PTFE nanofibres as observed in the AFM
images (figure 7). It is clear from the above that collagen has a characteristic RAS profile the intensity
of which has been demonstrated to correlate with the degree of collagen alignment.

RAS is known to be very sensitive to surface topography [24]. It is known that surface
topography influences cell attachment and orientation and RAS could be useful to probe these
interactions. Cell-substratum interactions are key to many biological processes and thisisimportant to
the design of medical devices and in tissue engineering. Responses of cells to topographical cues and

the concept of contact guidance are well known. A wide variety of topographical features have been
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presented to cells including fibroblasts and topography has been shown to influence cellular response
from initial attachment to differentiation and production of new tissue [33]. It has long been known
that cells respond to surface topography, thisis the same for nanotopography as it would be for other
scales [7]. Specifically fibroblast cells have been shown to respond to many different types of surface
patterning in the past [34,35]. Fibroblasts cells probe the substrate using nanometre scale filopedia
presented on the cell lamellae [7,36]. It is therefore likely that they will be influenced by nanoscale
patterning. Collagen type | isthe primary constituent of the Extra Cellular Matrix (ECM) of fibroblast
cells and it has been shown elsewhere that nanometer level surface features can be used to control
matrix organisation. Manwaring et al. [37] engineered meningeal cell asymmetry in order to
manipulate the ECM of these cells in culture. It was found that cell morphology was affected by
nanometre topography and alignment increased with increasing surface roughness and in addition
linear arrays of ECM were expressed that appeared to be related to cell orientation. This work
demonstrates that the scarring response, which is inhibitory to the organised healing of the ECM in
injured tendons can be interfered with by surface nanopatterns with at least one dimension smaller
than the size of the material of interest either protein molecules or cells stimulating different
molecular or cell behaviour. Work done by Denis et al. [38] reports the use of anisotropic, flat surface
chemical nanopatterns to direct collagen adsorption. In this AFM study, spontaneous collagen
adsorption on these chemically patterned substrates resulted in the accumulation of collagen on the
hydrophabic tracks which is influenced by the width of the tracks which was smaller than that of the
collagen molecules. Similarly work done by Lee et al. [39] showed that mechanical loading can alter
fibroblast populated collagen fibre tissue constructs on aready anisotropic surfaces. The highly
organised nature of the collagen in tendons is responsible for the biomechanical properties of tendons.
Whilst injured tendons heal naturally, scarring makes them weaker than uninjured tendon. The loss of
mechanical competency is attributed to irregular orientation of collagen in the ECM [4]. Assessing
organisation of collagen fibres in the ECM of tissues is therefore crucial in developing tissue
engineering strategies and the development of biomaterials. RAS could offer the ability to assess the
efficacy of differing tissue engineering strategies such as modification of surface topography but also

assessing alignment as aresult of mechanical stimulation.
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5. Conclusion

This study has demonstrated that the optical RAS technique can be used to characterise the degree of
alignment of collagen when adsorbed on a surface. Dissolved collagen that had no fibrous component
did not produce a RA spectrum. ‘Nanofibrillar’ collagen produced by a dialysis method produced a
weak RA spectrum for collagen which correlated with the random arrangement of the collagen fibrils.
Collagen secreted by fibroblasts aligned by an oriented surface topography produced a strong RA
spectrum with the same features. It is concluded that there is a potential to develop RAS to study the
alignment of collagen which could be useful in the evaluation of tissue repair and tissue growth in

tissue engineering constructs.
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