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SUMMARY 
We present the preliminary results of a novel nano-tensile 
testing technique for determining the Young’s Modulus of 
individual collagen type I fibrils and bundles of fibrils from 
the intervertebral disc. One end of the fibril was anchored to 
a mica substrate using varnish. The opposite end was cut to 
length and picked up by an AFM tip via electrostatic forces. 
The fibril was then subjected to non-destructive tension. 
Fibrils tested in ambient conditions were shown to have 
modulus values similar to those previously reported.  
 
INTRODUCTION 
Collagen type I is a structural protein that constitutes at least 
50 per cent of the dry weight of the anulus fibrosus, the 
fibrous, layered region that lies on the periphery of the 
intervertebral disc [1]. As a major component, it is a strong 
contributor to the anulus’ overall mechanical behaviour.  
 
Collagen type I fibres consist of several smaller structures, 
called fibrils, bundled together. Knowledge of collagen type 
I’s mechanical behaviour at these different structural levels 
could lead to the development of more accurate finite-
element models of the disc, contribute to tissue engineering 
research, and provide a better understanding of the origins 
of disc degeneration.  
 
Whilst the mechanical behaviour of collagen type I fibrils 
has been investigated previously, the methods employed 
have had limited success. Among these methods, atomic 
force microscopy (AFM) has been widely used, as it can 
perform topographical imaging at the nanoscale and 
measure material properties.  
 
In terms of AFM, two general approaches can be used to 
investigate collagen’s mechanical behaviour: 
nanoindentation, wherein the modulus is indirectly derived 
from the indentation of the fibril by a probe, or tensile 
testing, wherein the fibril is subjected to tension and the 
modulus derived directly. Although the former method is 
arguably simpler to implement, the derivation of Young’s 
Modulus relies upon several assumptions which may not be 
valid, such as the fibril being a purely elastic cylinder. As 
such, the direct, tensile approach is favourable.  
 
Several attempts at tensile testing have been made at the 
fibril level; however, modulus values have been 
inconsistent. One study relied upon the inherent electrostatic 
nature of collagen to tether a fibril between a glass substrate 
and AFM tip [2]. The modulus was calculated to be 32 MPa, 
though the validity of this result is questionable, as the 
location of fibril attachment appeared to be ambiguous, and 

the fibril may not have been securely fastened to the 
substrate, causing it to peel off during tension. Others have 
explored the use of epoxy adhesives to hold the fibril at both 
ends, producing a significantly higher modulus value (2-8 
GPa in ambient conditions) [3]. However, this is a 
complicated technique that requires days of preparation and 
several different types of cantilevers for imaging and tensile 
testing.  
 
We describe a simple, AFM-based tensile testing technique 
for stretching collagen type I fibrils, which requires minimal 
preparation and offers greater control over fibril selection 
and attachment.  
 
METHODS 
Collagen fibre extraction 
An ovine lumbar spine obtained from the local abattoir was 
frozen at -20°C and dissected transversely through the L1-
L2 intervertebral disc. A surgical scalpel was used to 
gradually scrape the frozen anulus from the vertebral bone, 
carefully avoiding the nucleus pulposus centre. The resultant 
finely-ground anulus fibres were suspended in phosphate-
buffered saline (PBS) (Australian Chemical Reagents) and 
stored at 4°C.  
 
Sample preparation 
Collagen fibres were lifted out of solution with a dissecting 
needle, deposited onto freshly cleaved mica discs, and left to 
dry overnight. Optical microscopy revealed that fibrils were 
located on the edges of the fibres. One half of the discs were 
coated with a thin layer of nail varnish (Cutex, MO, USA) 
and left to dry for several hours, effectively anchoring the 
fibrils at the varnish-mica interface. An AFM (MultiMode 8, 
Nanoscope V controller, Bruker, NY, USA) was fitted with 
a ‘J’ scanner and rectangular AFM tip (FMV, nominal 
spring constant = 2.8 N/m, Bruker, NY, USA), and 
calibrated using thermal tuning. The fibrils were cut to 
approximately 2.5 µm by scanning in contact mode with 
increased force in a single line, perpendicular to the fibril 
axis. Samples were stored at 4°C.  
 
Imaging and tensile testing 
The anchored fibrils were located by imaging the samples in 
contact mode using the same FMV tips. To perform the 
tensile tests, the AFM was set to force spectroscopy/force 
volume mode. The FMV tip was precisely positioned over 
the end of the fibril and held in contact for 20 seconds to 
allow fibril-tip adsorption. The tip was then retracted at a 
rate of 1.00-1.18 µm/s to a height of 1.21-1.80 µm, 
effectively subjecting the fibril to non-destructive tension on 
a diagonal axis. This procedure was repeated on the same 



fibril 25 times. All images and tensile tests were conducted 
in ambient conditions at 21°C. Data were collected using 
Nanoscope 8.10 software (Bruker, NY, USA) and analysed 
using MATLAB v7 (Mathworks, MA, USA).   
 
RESULTS AND DISCUSSION 
Contact mode images showed numerous collagen fibrils 
cleanly cut and securely anchored at the varnish-mica 
interface (Figure 1). The fibrils were identified as collagen 
type I due to the characteristic 67-nm banding visible on 
their surfaces. Results in this study refer to two selected 
fibrils: Fibril A and Fibril B (Figure 1, right). Note that 
Fibril A is a single fibril, whilst B is composed of 4-5 fibrils 
bundled together.  
 

 
Figure 1: Topographical images of collagen fibrils anchored 
with varnish and cut to approximately 2.5 μm in length. The 
67 nm-banding can be seen on the fibril surfaces in the 
zoomed image.  
 
The contact images allowed the fibril’s original length (LO) 
to be measured, and height (h) and width (w) to be 
calculated using cross-sectional analysis in the Nanoscope 
software. The fibril’s cross-section was assumed to be 
elliptical, and the area, A, calculated using ))(( 2
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For the tensile tests, the AFM tip was lowered onto the end 
of the cut fibril. The tip with the attached fibril was lifted 
from the surface and retracted to a distance, R (Figure 2). 
Assuming the tip was retracted 90° to the surface, the final 

length of the fibril, LF, was calculated by 22 RLL OF  . 

The test parameters for Fibrils A and B are given in Table 1.  

 
Figure 2: AFM tensile testing procedure. (A) Tip is lowered 
onto the end of cut fibril. (B) Tip is retracted, and fibril is 
stretched diagonally.  
 
Table 1: Summary of test parameters for Fibrils A and B. 

 Fibril A Fibril B 

LO [μm] 2.50 2.56 

w [nm] 148 248 

h [nm] 12 36 

Rmax[μm] 1.21 1.80 

Retract rate [μm/s] 1.00 1.18 

 
Figure 3: A typical stress-strain plot for a collagen fibril 
undergoing tension. Note the two shaded regions denoting 
the different response to loading. 

 
Adhesion of the fibril to the tip was indicated by increasing 
downward deflection of the cantilever, d, as it was retracted 
from the surface. The pulling force, F, was found using 
Hooke’s Law, kdF  , where k is the cantilever spring 
constant. Stress, σ, and strain, ε, were then calculated using 
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A typical stress-strain plot is shown in Figure 3. The 
relationship appears to have two notable areas, depicted by 
the different shaded regions. The first region may be 
representative of the behaviour of collagen as it is being 
stretched, and the second region a combination of collagen 
stretching and fibril-tip sliding. Under these assumptions, 
and having taken scanner drift and cantilever stiffness 
tolerances into account, Young’s Modulus for the first 
region was calculated to be 0.84 ± 0.11 GPa for Fibril A and 
1.95 ± 0.21 GPa for Fibril B.  
 
The long-term objectives of this research are to examine the 
multi-scale mechanical properties of collagen type I in the 
anulus fibrosus. To improve fibril-tip adhesion, the use of 
AFM tips functionalised with collagen antibodies will be 
explored. It is postulated that factors such as hydration, 
strain rates, fibril dimensions and degenerative states may 
have an effect on collagen behaviour.  
 
CONCLUSIONS 
The calculated modulus values from this preliminary work 
were comparable to those previously reported, 
demonstrating the potential of this simple tensile technique. 
Future investigations include the use of collagen antibodies 
and testing in hydrated conditions.  
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