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Abstract

Extruded collagen fibres are a promising platform for tissue engineering applications.
Ensuring that the functional properties of the engineered tissues possess similar
structural properties as native tissues is important for biomedical applications.
Advanced imaging tools including scanning electron microscopy (SEM) and atomic
force microscopy (AFM) have revealed the structural features of collagen fibrils within
such fibres; however, these techniques often require modification steps that can alter

the sample in the process. Here, lateral piezoresponse force microscopy (LPFM), which


https://scholar.google.com/citations?user=aJeoZoUAAAAJ&hl=ar

is sensitive to the polar orientation of piezoelectric collagen fibrils, is demonstrated as
a promising tool to assess the width of individual fibrils and moreover map their
organisation and polar orientation without altering the sample. Within the fibres
studied, the collagen fibrils showed a highly anisotropic arrangement with preferred
alignment along the length of the fibre. Fibril widths of 74 + 18 nm and 73 £ 19 nm in
untreated and bleached fibres, respectively, were measured from LPFM amplitude
images. These values agreed with values from SEM (70 £ 10 nm) and AFM (71 £ 19

nm) measurements that could only be obtained from bleached fibres.

1. Introduction

Collagen-based scaffolds that possess similar functional properties to native tissues
provide a promising template for tissue engineering applications such as nerve repair,
wound healing, and vascular grafts [1-5]. Fibril size and organisation significantly
affect the properties of such scaffolds and recent efforts to optimise the structural
properties of extruded collagen fibres have been made [6-11]. Scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD), and atomic force microscopy (AFM) have all been used successfully to measure
structural properties of collagen, revealing such properties as D periodicity and fibril
size and alignment. Depending on the sample and information desired, destructive
sample preparation may be required. For instance, SEM is typically operated in
vacuum, requires surface coating, and collagen samples are sometimes subjected to
chemical treatments including bleaching, which may alter the structure [12, 13]. TEM
is operated in vacuum, samples must be transparent to electrons, and staining is required
to determine fibril polarity, as defined by the amino- (N) and carboxylic (C) termini of

the constituent collagen molecules [14-19]. XRD provides non-destructive structural



characterisation typically of highly-ordered collagen fibrils; randomly oriented arrays
lead to weak diffraction patterns and peak broadening [20-24]. Of these techniques,
AFM can uniquely provide high-resolution imaging of collagen in physiological
conditions and has been used to measure D periodicity and fibril size and organisation.
Striking examples of imaging collagen fibrils without sample bleaching have been
reported [25-27]; however, for certain samples, including extruded fibres, some
chemical treatments (e.g., cross-linking [13] and bleaching [28, 29]) are needed to
observe, e.g., D periodicity. While standard AFM modes can provide information on
fibril alignment, they do not provide a measure of fibril polarity. Second harmonic
generation (SHG) imaging is an optical technique that has been used in recent years to
map polar organisation and determine fibril size without the need for surface treatments
[30-32]; however, SHG is unable to resolve D periodicity. Similar to SHG, an AFM
mode called lateral piezoresponse force microscopy (LPFM) can be used to map polar
orientation and, in addition, reveal D periodicity and local electromechanical activity

of collagen fibrils [33-36].

Electromechanical coupling in bone and collagenous tissues has been investigated
extensively since the first report by Fukada and Yasuda [37]. Significant effort has been
directed toward a complete understanding of how piezoelectricity in collagen-based
materials, which was subsequently also found in many other biological systems, is
related to bio-functionality [38-40]. LPFM is a contact mode, voltage-modulated AFM-
based technique that detects bias-induced surface deformations via the converse
piezoelectric effect [41]. LPFM allows evaluation of the piezoelectric properties of a
wide variety of native and engineered biological materials [41, 42]. In this work, we
utilise LPFM to determine fibril size, organisation, orientation, and D periodicity in

extruded collagen fibres.



2. Material and methods

2.1. Collagen solution preparation

Type | collagen was extracted from bovine Achilles tendons following a protocol
described previously [6]. Briefly, the tendons were suspended in 0.5 M acetic acid in
the presence of pepsin (2,500 units/mg, Roche Diagnostics, UK) for 72 h at 4 °C. Acidic
soluble collagen was filtered and purified by repeated salt precipitation (0.9 M NacCl)
followed by centrifugation at 4°C for 45 min (Jouan Gr20.22, Thermo Electron
Corporation, Bath, UK) and resuspended in 1 M acetic acid. The final collagen solution
was obtained after dialysis (8,000 molecular weight cut off) against 0.01 M acetic acid
and kept refrigerated until used. Collagen concentration was determined by
hydroxyproline assay (3 mg/ml) and its purity (90% type I) was determined by sodium

dodecyl sulphate—polyacrylamide gel electrophoresis analysis [43, 44].

2.2. Fibre extrusion procedure

Collagen fibre formation was based on previous work [45, 46] and produced as
previously described [6, 10, 11]. Collagen solution was loaded into a 5 ml syringe and
placed into a syringe pump system connected to a silicone tube of 1.5 mm internal
diameter. Fibres were prepared by extruding the collagenous solution at a rate of 0.4
ml/min into a fibre formation buffer (118 mM phosphate buffer containing 20%
poly(ethylene glycol); pH 7.50, 37 °C) for 10 min and were further incubated for 10
min in a fibre incubation buffer (6.0 mM phosphate buffer containing 75 mM sodium
chloride; pH 7.10, 37 °C). Subsequently, the fibres were incubated overnight in
phosphate buffered saline. Thereafter, the fibres were removed and thoroughly washed
three times in distilled water and then were air-dried at room temperature. Some of the
fibres were bleached with an aqueous solution of 4 vol% NaOClyq for 20 s, thus

exposing the fibrils at the fibre surface [28, 47].



2.3. SEM measurements

Field emission SEM (JEOL, JSM 7600F, at an accelerating voltage of 5 kV) was used
to examine collagen fibres before and after bleaching. The fibre was fixed on the SEM
sample holder and gold sputter-coated prior to imaging. The average width of 15
collagen fibril bundles or individual fibrils was determined from the full width at half
maximum between minima of SEM image line profiles using ImageJ from both

untreated and bleached samples.

2.4. AFM and PFM measurements

As collagen is a shear piezoelectric, LPFM was used to measure periodic in-plane
sample deformation upon application of an AC voltage due to the converse
piezoelectric effect. The resulting torsion of the cantilever and corresponding lateral
movement of the laser on the photodetector was demodulated into amplitude and phase
signals using a lock-in amplifier. The magnitude of the sample deformation can be
inferred from the LPFM amplitude signal where larger surface deformations, related to
higher piezoelectric coefficients, correspond to higher values. The phase signal
represents in-phase or out-of-phase electromechanical response to the applied

excitation voltage and allows the polar orientation of the sample to be determined [41].

The LPFM measurements were performed in ambient conditions, using an Asylum
Research MFP-3D AFM equipped with a Zurich Instruments HF2L1 lock-in amplifier.
Prior to imaging, the collagen fibre was placed on a grounded copper substrate using
conductive silver paint. An AC voltage (typically 30 V at 7 kHz) was applied using a
high voltage amplifier power supply (F10A, FLC Electronics AB) via a conductive Pt-
coated tip (Nanosensors, PPP-EFM) with a nominal resonant frequency and spring
constant of 75 kHz and 2.8 N/m, respectively. LPFM phase images were corrected for

phase wrapping when needed.



The average width of 30 collagen fibril domains was calculated from LPFM
amplitude images as full width at half maximum between minima at boundaries
between adjacent fibrils of opposite polarisation, in both untreated and bleached
samples. The alignment of the collagen fibrils was quantitatively determined as the
average anisotropy of LPFM amplitude images, from 3 different 5x5 um? areas along
both the bleached and unbleached fibres, on a scale between 0 (isotropic) and 1 (highly
anisotropic) using the FibrilTool ImageJ plugin, which was developed to quantify the

alignment fibrillar structures in an image [48].

3. Results and discussion

3.1. Collagen fibres before NaOClyq treatment

SEM and AFM topography images of untreated collagen fibres (figure 1) displayed no
clear distinction between individual fibrils; however, features parallel to the fibre
(horizontal across the figure) in the SEM image likely represent bundles of fibres with
an average width value of 222 + 42 nm (Table 1). In the AFM topography image of a
5x5 um? area (figure 2(a)) the alignment direction of the fibrils along the fibre was
visible, but the average fibrillar width could not be determined. From the LPFM
amplitude and phase images (figure 2(b) and (c), respectively), the collagen fibrillar
structure was revealed to be organised into domains of uniform polarization with a
significant degree of fibrillar alignment along the length of the fibre (anisotropy score
[48] of 0.64 £ 0.03). Since the conductive probe is scanned in contact with a relatively

soft surface, the increased tip-sample contact area can result in reduced image quality.
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Figure 1. Collagen fibre before treatment. (a) SEM and (b) contact mode AFM topography images (z-scale = 180
nm) from different collagen fibres prior to bleaching.

Figure 2. LPFM images of collagen fibre before treatment. (a) Contact mode AFM topography image (z-scale = 180
nm; scale bar = 1 pm) and corresponding (b) LPFM amplitude and (c) LPFM phase images of a collagen fibre. (d)
Contact mode AFM topography image of smaller area taken from (a) (z-scale = 180 nm; scale bar = 0.5 pm). (e)
LPFM amplitude and (f) LPFM phase image of area in (a).

The average fibrillar domain width was determined from the LPFM amplitude
image in figure 2(b) to be 74 £ 18 nm (Table 1). The LPFM phase image, shown in
figure 2(c), reveals the orientation of each domain, which is dependent on the direction
of the polar bonds in collagen molecules from N to C termini. A change in phase of
180° indicates a change in domain orientation corresponding to the polar order of N
and C groups, e.g., bright (dark) phase indicates N to C polarity is directed to the right
(left). Domain boundaries, visible in the LPFM amplitude image in figure 2(e), coincide

with the change in the polarization evident from the LPFM phase image in figure 2(f).



3.2. Collagen fibres after NaOClyq treatment

After exposure to NaOClaq, collagen fibrils at the fibre surface were revealed. Exposure
to NaOClyq has been previously reported to enable visualisation of collagen fibrils in
collagenous tissues [28]. In the bleached fibre, collagen fibrils with characteristic
banding patterns were present (figures 3 and 4). The D periodicity was determined to
be 66 = 1 nm for both AFM and SEM images following the procedure outlined in
Denning et al. [49]. The average fibril width of the bleached fibre was determined to be
70+ 10 nm by SEM and 71 £ 19 nm by AFM (Table 1). In an extruded fibre, it is likely
that fibrils will not reside neatly side by side, but be positioned slightly out of register
in 3D. Therefore, they will have some degree of overlap, complicating the
determination of fibril size, which would normally be determined by AFM height
measurements of isolated fibrils in a liquid environment with low imaging forces to
prevent dehydration and mechanical deformation. In this scenario, the measured width
of the fibrils might be lower than the real fibril diameter. Note also that the tips used
have a quoted tip radius of less than 25 nm; however, as the fibrils are tightly packed
and the surface corrugation is not well-defined (figure 4(d) has a roughness of ~17 nm),
the effects of tip broadening are minimised. Agreement between tipless SEM and AFM
measurements further supports that tip convolution is negligible in these AFM
measurements. The domain width measured from LPFM amplitude images after
treatment (73 £ 19 nm) agrees with the LPFM measurement before bleaching and
overlaps with the value obtained by AFM within statistical error. AFM and SEM
measurements could underestimate the fibril diameter in extruded fibres in some
samples and width measurements obtained by LPFM are likely more representative of
the real fibril diameter since the minima in the LPFM amplitude images provide a

clearer demarcation of the fibrils than is available in the topographic images.



Figure 3. Collagen fibre after treatment. (a) SEM and (b) contact mode AFM topography images (z-scale = 180 nm)
from different collagen fibres after bleaching.

Figure 4. LPFM images of bleached (treated) collagen fibre. (a) AFM contact mode topography image (z-scale =
180 nm; scale bar = 1 um). (b) LPFM amplitude and (c) LPFM phase image of area in (a). (d) AFM topography
image of smaller area taken from (a) (z-scale = 180 nm; scale bar = 0.5 um). (¢) LPFM amplitude and (f) LPFM
phase image of area in (a).

Polar ordering after bleaching is visible in the LPFM phase images (figure 4(c) and
(). The fibrils show a high degree of alignment along the fibre with an anisotropy
value 0.72 £ 0.01, indicating that bleaching did not drastically affect the fibril
organisation or alignment. Thus, LPFM can reveal the fibril width without bleaching,
providing a non-destructive measurement tool to determine fibril size, organisation, and

orientation.



While this study has revealed the structure and organisation of collagen fibrils at
the surface of the fibre using LPFM, the diameter of individual fibrils within the fibre
could be reliably determined by measuring vertical piezoresponse of a fibre cross
section, as has been previously shown for rat tail tendon [35]. The presented method
can be extended to measure characteristic dimensions and organisation of any
piezoelectric polymer or biopolymer, without the need for destructive chemical

treatments.

Table 1. Determination of collagen fibril width from AFM, LPFM, and SEM images

before and after bleaching.

Fibre SEM [nm]  AFM topography [nm] LPFM amplitude [nm]
Untreated 222+42* — 74 +18
Bleached 70+ 10 71+19 73+19

*corresponding to bundles of fibrils

4, Summary

The functional properties of engineered collagenous tissues are expected to depend on
the size and organisation of the constituent collagen fibrils. Whereas collagen fibril size
cannot be measured for some samples such as extruded collagen fibres, in standard
AFM and SEM imaging without sample bleaching, the electromechanical properties of
collagen provide a route to determine fibril size, organisation, and orientation without
surface treatment. The fibril width obtained from LPFM amplitude images (74 + 18
nm) of the untreated fibre agrees with the widths measured from the AFM topography
(71 £ 19 nm), SEM (70 £ 10 nm), and LPFM amplitude (73 + 19 nm) images of the
bleached sample. Thus, LPFM can be used to measure collagen fibril widths in extruded

collagen fibres without destructive chemical treatments.
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Figure captions
Figure 5. Collagen fibre before treatment. (a) SEM and (b) contact mode AFM

topography images (z-scale = 180 nm) from different collagen fibres prior to bleaching.

Figure 6. LPFM images of collagen fibre before treatment. (a) Contact mode AFM
topography image (z-scale = 180 nm; scale bar = 1 um) and corresponding (b) LPFM
amplitude and (c) LPFM phase images of a collagen fibre. (d) Contact mode AFM
topography image of smaller area taken from (a) (z-scale = 180 nm; scale bar = 0.5

um). (¢) LPFM amplitude and (f) LPFM phase image of area in (a).

Figure 3. Collagen fibre after treatment. (a) SEM and (b) contact mode AFM

topography images (z-scale = 180 nm) from different collagen fibres after bleaching.

Figure 4. LPFM images of bleached (treated) collagen fibre. (a) AFM contact mode
topography image (z-scale = 180 nm; scale bar = 1 um). (b) LPFM amplitude and (c)
LPFM phase image of area in (a). (d) AFM topography image of smaller area taken
from (a) (z-scale = 180 nm; scale bar = 0.5 pm). (¢) LPFM amplitude and (f) LPFM

phase image of area in (a).
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Figure 1, Bazaid et al.
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Figure 2, Bazaid et al.

20



Figure 3, Bazaid et al.
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Figure 4, Bazaid et al.
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