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A B S T R A C T

The mechanical properties of individual collagen fibrils of approximately 200 nm in

diameter were determined using a slightly adapted AFM system. Single collagen fibrils

immersed in PBS buffer were attached between an AFM cantilever and a glass surface

to perform tensile tests at different strain rates and stress relaxation measurements. The

stress–strain behavior of collagen fibrils immersed in PBS buffer comprises a toe region up

to a stress of 5 MPa, followed by the heel and linear region at higher stresses. Hysteresis

and strain-rate dependent stress–strain behavior of collagen fibrils were observed, which

suggest that single collagen fibrils have viscoelastic properties. The stress relaxation

process of individual collagen fibrils could be best fitted using a two-term Prony series.

Furthermore, the influence of different cross-linking agents on the mechanical properties

of single collagen fibrils was investigated. Based on these results, we propose that sliding of

microfibrils with respect to each other plays a role in the viscoelastic behavior of collagen

fibrils in addition to the sliding of collagenmolecules with respect to each other. Our finding

provides a better insight into the relationship between the structure and mechanical

properties of collagen and the micro-mechanical behavior of tissues.
c⃝ 2011 Elsevier Ltd. All rights reserved.
d

1. Introduction

The mechanical properties of tissues like tendons, ligaments,
and bone are directly related to the arrangement of
their constituent components. Collagen type I is the most
abundant protein in the human body, and is the principal,
tensile stress-bearing component, crucial for the strength
and stability of a wide range of tissues. In this fibrillar
type collagen the collagen triple helices, also called collagen
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molecules, are assembled in fibrils and cross-linked via the
amino acids lysine and hydroxyl lysine present in their
telopeptide regions (Silver et al., 2003; Ottani et al., 2002). The
fibrils in turn are assembled in fibers, which depending on the
type of tissue are assembled in fascicles like in tendon. The
existence of other sub-structures in collagen fibrils has been
debated for years. The D-periodic five-stranded microfibril,
an assembly of five triple helices as a sub-structure, was
first proposed by Smith (1968). Some recent studies suggest
the presence of these microfibrils in fibrils. A longitudinal
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microfibrillar structure with a width of 4–8 nm was visualized
in both hydrated (Raspanti et al., 2001; Habelitz et al., 2002)
and dehydrated (Baselt et al., 1993) collagen type I fibrils
using tapping mode AFM imaging. Three-dimensional image
reconstructions of 36 nm-diameter corneal collagen fibrils
also showed a 4 nm repeat in a transverse section, which was
ascribed to the microfibrillar structure (Holmes et al., 2001).
Using X-ray diffraction culminating in an electron density
map, Orgel et al. (2006) suggested the presence of right-
handed supertwisted microfibrillar structures in collagen
fibrils.

As this hierarchical organization of collagen was revealed,
many studies were initiated in an attempt to understand
the relation between this structure and the mechanical
properties as measured for tissue (Silver et al., 2003; Ottani
et al., 2002; Puxkandl et al., 2002; Hulmes, 2002; Mosler
et al., 1985; Sasaki and Odajima, 1996; Wang, 2006; Dowling
and Dart, 2005; Magnusson et al., 2003; Silver et al., 2000).
In this respect, it is of utmost importance to obtain the
mechanical behavior of collagen fibrils, and to determine its
contribution to the overall mechanical behavior of tissues.
Stress–strain curves of collagen fibers and those of collagen-
based tissues (such as tendon) in a hydrated state reveal
a typical low stress, or ‘toe’ region, at low strains (<2%),
followed by a ‘heel’ region where the slope slowly increases,
and then followed by a linear region at higher strains (>3%)
(Silver et al., 2003). Experimentally determined elastic moduli
are typically between 0.1 and 1 GPa for these fibers and
tissues (Butler et al., 1986; An et al., 2004; Pins and Silver,
1995). Applying tensile testing combined with synchrotron
radiation diffraction on tissue samples, Mosler and co-
workers (Mosler et al., 1985; Folkhard et al., 1987a,b) suggested
that stretching of the collagen molecules and their sliding
with respect to each other are the two major mechanisms
to account for the elongation of collagen fibrils. This also
forms the basis for the basis for simulation work done by
Buehler (2006, 2008). In recent years, the development of
micro- and nanomanipulation techniques like the atomic
force microscope (AFM), offers a novel and direct means to
measure the mechanical properties of materials on a micro-
and nanometer scale (Smith et al., 2006; Kis et al., 2002;
Guzmán et al., 2006; Oliver and Pharr, 2004), for example in
the case of stretching individual DNA and protein molecules
(Fisher et al., 1999; Carrion-Vazquez et al., 2000). With respect
to collagen-based materials, studies have been initiated
on the mechanical properties of individual collagen fibrils
(10–500 nm in diameter) (Thompson et al., 2001; Graham
et al., 2004; van der Rijt et al., 2006; Eppell et al., 2006;
Strasser et al., 2007; Wenger et al., 2007; Svennson et al.,
2010; Svensson et al., 2010). Most of the reported tests are
limited to low strain ranges of typically a few percent, which
provide very little information on the possible mechanism
of the mechanical behavior of collagen fibrils. Eppel and
coworkers have developed a specific MEMS device for tensile
testing individual collagen molecules, that allows testing up
to strains of 100% (Shen et al., 2008). Tests up to these
strains are sufficient to break the fibrils, and thus determine
the stress and strain at break. Although the presence of
viscoelasticity of individual collagen fibrils was expected
and has been observed by many researchers already, it
had not been discussed and/or quantified in detail. Only
recently, Svensson et al. studied this viscous behavior in
more detail (Svensson et al., 2010). By stretching individual
human patellar tendon fibrils at different strain rates and
comparing the stress–strain curves with one recorded using a
step-wise stress relaxation test (zero strain rate), the authors
have separated the elastic and viscous component. Shen et al.
using amicroelectromechanical systems platform, performed
in vitro coupled creep and stress relaxation tests on collagen
fibrils isolated from the sea cucumber dermis (Shen et al.,
2011). The time dependent behavior fitted well assuming a
relaxation process described with two time constants.

In our recent research, we havemeasured the stress–strain
behavior and time dependent mechanical properties of
single native and crosslinked collagen fibrils to get more
information on the viscoelastic behavior of the fibrils.
Tensile tests at different strain rates and stress relaxation
measurements of collagen fibrils have been performed using
a home-built AFM system which has been adapted to allow
stretching of collagen fibrils (initial length between 40 and
100 µm) up to 400 µm. The micro-tensile tests and stress
relaxation measurements of collagen fibrils were performed
on native fibrils and fibrils either cross-linked with 1-ethyl-3-
(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC)
or glutaraldehyde. Cross-linking with EDC results in “zero-
length” cross-links, which in the case of collagen will lead
to additional inter- and intra-molecular cross-links within
the collagen fibrils (Olde Damink et al., 1996; Everaerts et al.,
2007). Cross-linking with glutaraldehyde, however, introduces
cross-links which can be at least 1.3 nm in length, leading to
not only intra- and inter-molecular cross-links but also cross-
links between microfibrils (Olde Damink et al., 1995). The
differences obtained in the viscoelastic properties of these
two differently cross-linked collagen fibrils, does not only
provide additional evidence for the existence of microfibrils
in the collagen fibril, but also indicates that the microfibrillar
structure contributes significantly to the viscoelastic behavior
of collagen fibrils.

2. Materials and methods

2.1. Sample preparation for micro-tensile tests

The general procedure for the isolation of (non)cross-linked
collagen fibrils was described previously (Yang et al., 2008,
2007). In brief, a suspension of collagen fibrils was prepared
from bovine Achilles tendon collagen type I (Sigma-Aldrich,
Steinheim, Germany) by homogenization and filtration.
Analysis of this suspension showed a high concentration of
collagen fibrils. FTIR and DSC analysis indicated that these
fibrils were not denatured in the isolation process (Yang
et al., 2008). We therefore use the term native collagen fibrils.
This suspension was further diluted to obtain a suitable
suspension (∼1 mg/ml) for depositing individual fibrils on a
substrate, that are not crossing one another.

Furthermore, suspensions containing chemically cross-
linked fibrils were prepared. Cross-linking of the fibrils was
performed in the diluted suspensions (to avoid cross-linking
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between the fibrils) using either the water-soluble carbodi-
imide 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide hy-
drochloride (EDC) in the presence of N-hydroxysuccinimide
(NHS) or glutaraldehyde as previously described (Yang et al.,
2008, 2007). The degree of cross-linking of the collagen fib-
rils is related to the increase in the denaturation (shrinkage)
temperature (Td) and decrease of free amino group content
after cross-linking. Td values were determined by DSC (DSC
7, Perkin Elmer, Norwalk, CT, USA). Free amino group con-
tents of native and cross-linked samples were determined us-
ing the 2, 4, 6-trinitrobenzenesulfonic acid (TNBS) assay (Yang
et al., 2007).

Deposition of single collagen fibrils on partly Teflon
(Teflon AF, 1601S Dupont, Wilmington, DE, USA) coated glass
substrates (Microscope cover glasses, Ø = 15 mm, Marlenfeld
GmbH, Germany) has been described in detail in our previous
work (van der Rijt et al., 2006).

2.2. AFM imaging

To determine the diameter andmorphology of collagen fibrils,
AFM measurements were carried out with the same AFM
in tapping mode using V-shaped Si3O4 cantilevers (coated
sharp micro-levers MSCT-AUHW, type F, spring constant k =

0.5 N/m, Veeco, Cambridge, UK). At ambient conditions, a
tapping frequency of ∼120 kHz and a tapping amplitude of
∼400–600 nm were used.

2.3. Micro-tensile tests of individual collagen fibrils

A collagen fibril was fixed between the end of an AFM
cantilever (Multi 130 A, k = 35 N/m Veeco, Dourdan, France)
and the glass surface by small glue droplets (Two-component
glue, Araldite 2011, Vantico, Basel, Switzerland) (van der Rijt
et al., 2006). The AFM cantilever was then moved to a position
above the glue droplet on the glass surface to ensure that
the stretching of the fibril is in a vertical direction. After this,
the sample holder was moved downward by a 400 µm piezo-
based positioning stage (nanoMIPOS 400, Piezosystem Jena,
Jena, Germany) until a ∼4 nN deflection signal of the AFM
cantilever was reached. The distance between the AFM tip
and the glass surface at this point was defined as the initial
length of the fibril (L0). To obtain calibrated force data, the
sensitivity of the AFM systemwith the cantilever, i.e. the ratio
between the bending of the cantilever and the deflection as
measured by the quadrant detector, needs to be determined.
This was done by recording a force-distance curve with this
tip on a glass surface in PBS buffer conditions. In order not to
risk any damage to the attached collagen fibril by pressing the
tip against the glass, this calibration is done after the tensile
tests of the collagen fibril.

A saw-tooth loading pattern was provided using the
calibrated 400 µm piezo-based stage controlled by LabView
(Version 6.1, National Instruments, Austin, Texas, USA).
Individual collagen fibrils were extended at different strain
rates ranging from 0.1 to 10 µm/s. For tensile tests of fibrils
in PBS buffer, the collagen fibrils already fixed between the
AFM cantilever and the glass surface were immersed in
∼1 ml PBS buffer and left to equilibrate for 15 min before
starting the tensile tests. Longer equilibration times did not
lead to changes in the results of the micro-tensile tests,
indicating that the collagen fibrils were fully rehydrated. The
elasticity modulus of the collagen fibrils was derived from the
maximum slope of the stress–strain curves.

Using the AFM in force distance mode provides force
versus extension data. Calibration of the force was done by
determining the spring constant of each tip-less cantilever
by pushing it against a pre-calibrated cantilever as described
elsewhere (Torii et al., 1996). Before tensile testing a fibril, the
cross-sectional area of the fibril was determined from tapping
mode AFM images made at different positions along the fibril.
Knowing the force (F) applied on the cantilever, the length (L)
and the cross-sectional area (A) of the fibril, the force versus
extension data were converted into stress (σ) versus strain (ε)
data, using:

σ =
F
A

and ε =
L − L0

L
· 100% (1)

where L0 is the initial length of the collagen fibril.
In case multiple tensile tests were performed on the

same fibril at forces high enough to lead to irreversible
lengthening, the length (L) of the fibril and its cross-sectional
area (A) were corrected after each cycle of loading, in order to
correctly calculate the stress–strain behavior. For irreversible
lengthening of the fibril with 1L, the new length of the fibril
is L = L0 + 1L, where L0 is the length of the fibril during the
previous test. The new cross-section is then A = A0 · L0/L,
where A0 is the cross-section during the previous tensile test
experiment.

2.4. Stress relaxation measurements

Individual collagen fibrils were loaded to approximately
5%–7% strain at a loading rate of 4 µm/s. Then, the strain
was maintained constant and the stress was recorded during
a 5–10 min period. The reduction in stress during this
experiment results in a change in the deflection of the
cantilever, and thus a slight increase in the length of the
fibril, but this is very small in comparison with the total
length of the fibril and therefore neglected. The stress was
measured from themoment the strainwas kept constant. The
normalized stress σ(t)/σ(0) as a function of timewas fitted to a
one-, two- and three-term Prony series model (Wineman and
Rajagopal, 2000) and is expressed by:

g(t) =
σ(t)
σ(0)

= 1 −


i

Ai(1 − e−t/τi ) (2)

where g(t) is the normalized stress at time t, and i is
the number of terms taken into the Prony series. The
dimensionless prefactors Ai, relaxation times τi are the
parameters left variable in the fitting procedure.

3. Results and discussion

3.1. Sample preparation and characterization

Incubating partly Teflon coated glass substrates in a highly
diluted collagen suspension (∼1 mg/ml) gave a sufficient
amount of fully separated collagen fibrils that crossed the
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Fig. 1 – (A) AFM image of a collagen type I single fibril deposited on a Teflon–glass interface. The surface of the left part of
the image is glass coated with Teflon. (B) AFM image of a collagen type I single fibril. (C) Averaged line section, created by
averaging 11 parallel line sections along the fibril axis, as indicated by the white box in (B). D-period is clearly visible in the
AFM image as a modulation with a depth of about 1 nm (line section has been flattened). The periodicity found for this fibril
is 67.6 nm.
Teflon–glass boundary. Using the inverted optical microscope,
sufficiently long (40–100 µm) and uniformly shaped fibrils
were selected for mechanical testing. In a next step atomic
force microscopy imaging was used to image the fibrils to
verify the presence of the characteristic D-period of 67 nm
and the uniformity of the fibril structure on the nanometer
scale. An AFM image of an individual collagen fibril crossing
the Teflon–glass boundary is presented in Fig. 1(A). The
Teflon–glass boundary is clearly visible in the image. The
Teflon layer has a thickness of 500 ± 200 nm. Fig. 1(B) is a
zoom of the collagen fibril that clearly reveals the 67 nm D-
period.

Glutaraldehyde cross-linking has been widely applied
for the stabilization of e.g. tissue heart valves. Activation
methods used in polypeptide chemistry like EDC/NHS are
well known to cross-link collagen and have the advantage to
overcome problems associated with glutaraldehyde toxicity
(Olde Damink et al., 1996). The two methods were used to
cross-link collagen fibrils and in both cases the D-period of
67 nm was observed using AFM imaging. The degree of cross-
linking was determined through the change in denaturation
temperature (Td) and free amino group content (n/1000) as
a result of the cross-linking reaction. The Td of the native
fibrils was 55.0 ◦C and increased to 75.0 ◦C after cross-linking
with EDC/NHS. The free amino group content decreased from
28 per 1000 amino acids to a value of 9. After cross-linking
with glutaraldehyde, the denaturation temperature increased
to 76.0 ◦C and the primary amino group content decreased
to a value of 8/1000 amino acids. According to our previous
finding (Olde Damink et al., 1996, 1995) these results indicate
a high degree of cross-linking.

3.2. Stress–strain curves of individual native collagen
fibrils

After fixation between the AFM cantilever and the glass
surface using small glue droplets (see details in Fig. 2),
the collagen fibril was straightened to its initial length by
adjusting the position of the AFM cantilever and the height
of the sample holder manually. The length of the attached
collagen fibrils ranged from 40 to 100 µm. A calibrated piezo-
based positioning stage with a maximum extension distance
of 400 µm was added to the AFM setup, allowing the sample
holder to move over that distance in a controlled manner.
This enabled the collagen fibrils to be stretched to larger
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Fig. 2 – Schematic drawing of the procedure of attaching an individual collagen fibril between the AFM cantilever and the
partly Teflon coated glass surface. (A) Two component epoxy glue was mixed and spread onto a microscope glass surface. A
triangular AFM cantilever was dipped into the layer of glue to get a droplet at the end of the cantilever. (B) Using the optical
microscope, a collagen fibril crossing the glass–Teflon boundary was selected. (C) The glue-dipped tip was moved to the end
of the collagen fibril on glass to deposit a small droplet. (D) Similarly, a glue droplet was put onto the other end of the fibril.
(E) The cantilever was replaced with a rectangular one from which the tip has been removed. (F) The end of the cantilever
was brought into contact with the last deposited glue droplet, and left there for 12 h. (G) The cantilever was carefully raised
from the surface. The non-sticking property of Teflon makes the collagen fibril end stick to the AFM cantilever and ready for
the micro-tensile testing. A 400 µm piezo-based positioning stage connected to the sample holder was used to allow large
extensions (i.e. strain) of the fibril.
percentages of strain and even to the breakage of the collagen
fibril.

To mechanically test a fibril in the hydrated state, a
collagen fibril fixed between the AFM cantilever and the glass
surface was fully immersed in PBS buffer. The diameter of the
fibrils (the height of the fibril in AFM imaging) increased by
∼50% upon hydration in PBS buffer using tapping mode AFM
imaging. Measuring the force applied on the cantilever, the
length and the cross-sectional area of the fibril, stress–strain
curves of individual collagen fibrils could be derived (see
Materials and Methods). Stress–strain curves obtained from
stretching collagen fibrils up to different maximum strains
are presented in Fig. 3.

A toe region at low strain was found, followed by a heel
region and then by a linear region at higher strains. This ‘toe’
region is consistent with recently published computational
work of Gautieri et al. (2011) that shows that the straightening
of twisted networks in the monomer is responsible for this
part of the stress–strain behavior. These stress–strain curves
reflect the typical stress–strain behavior of collagen-based
tissues and fibers (Wang, 2006). In the toe and heel region,
the slope of the stress–strain curves increased continuously
up to ∼3% strain. From this point on, the stress–strain
behavior of the fibril was linear and an elasticity modulus of
0.6± 0.2 GPa (n = 11) was calculated from themaximum slope
of the stress–strain curves. This value is in the same range
of 0.1 to 1 GPa as reported for tendons and collagen fibers in
a hydrated state (Butler et al., 1986; An et al., 2004; Pins and
Silver, 1995). The toe and heel regions could be ascribed to the
straightening of kinks in the collagen molecules caused by
hydration (Misof et al., 1997). The failure of all tested native
collagen fibrils (n = 11) occurred at 11%–15% strain with
a stress at break of 60 ± 10 MPa. It should be noted that
the fibrils never failed at the glue fixation points, which was
verified by optical microscopy. The mechanical behavior of
the fibrils was reversible below ∼6% strain (Fig. 3(A)). At higher
strain levels hysteresis in the stress–strain curves of the fibrils
was found (Fig. 3(B)).
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Fig. 3 – Representative stress–strain curves of individual collagen type I fibrils in PBS buffer up to 6% (A), 10% (B) and 11%
(C) strain. The strain rate in all stretching-relaxation cycles was 4 µm/s. The elasticity modulus of the fibril was determined
from the maximum slope of the stress–strain curve as indicated with a red dashed line. The stress–strain behavior was
fully reversible at low strain levels (below 6%) (A). Hysteresis of the collagen fibril was observed from the stress–strain plots
especially at higher strain levels (B). Failure of the fibril occurred at 11% strain with a stress of 0.06 GPa (C). The tested fibril
is 50 ± 2 µm in length and 305 ± 10 nm in diameter. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
3.3. Influence of cross-linking on the stress–strain
behavior

For biomedical applications of collagen-based materials
chemical cross-linking of collagen is important. It is an
efficient method to retard the degradation by enzymes like
collagenase and also to inhibit immunological reactions.
Commonly used cross-linkers for collagen are glutaraldehyde
and activationmethods using water-soluble carbodiimide like
EDC. It is known that cross-linkers do affect the mechanical
properties of collagen-based materials (Olde Damink et al.,
1996; Everaerts et al., 2007; Olde Damink et al., 1995) but this
effect on single collagen fibrils has not been studied in detail.

Stress–strain curves have been measured for individual
collagen fibrils fully immersed in PBS buffer cross-linked
with EDC/NHS (Fig. 4(A)) and glutaraldehyde (Fig. 4(B)). The
shape of the stress–strain curves was similar to those
of native collagen fibrils. The slope of the stress–strain
curves increased up to 5%–6% strain. Above a strain of
∼10% hysteresis and irreversible lengthening of the fibril
was observed for both cross-linking agents. The elasticity
moduli determined for the differently cross-linked fibrils,
however were quite different. For EDC/NHS cross-linked
fibrils, the average elasticity modulus of the tested fibrils was
700 ± 100 MPa, which was comparable to native fibrils. For
fibrils cross-linked with glutaraldehyde in PBS buffer, a ∼3
times higher modulus was found compared to the value for
native fibrils.

Having the ability to stretch the fibril to 400 µm, allowed
to elongate up to the point that the fibril breaks. For native
collagen fibrils the average stress at break was 60 MPa at a
strain of 13%. Collagen fibrils cross-linked with either one of
the agents revealed a strain at break and failure stress higher
than those obtained for native fibrils (Table 1). From the
results presented here it can be concluded that the two cross-
linking agents affect the mechanical properties of collagen
fibrils and do this differently. Shen et al. have determined
the stress and strain at break for collagen fibrils isolated from
sea cucumber dermis (Shen et al., 2008). Fracture strengths of
230 ± 160 MPa and strains of 80% ± 44% were determined.
Both the stress and strain at break are significantly higher
than as for bovine type collagen. Differences in the amount
of crosslinking (not mentioned in Shen et al., 2008) and
the collagen being of a different origin, can explain the
differences in properties.
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Fig. 4 – Representative stress–strain curves of an individual collagen type I fibril cross-linked by EDC/NHS (A) or
glutaraldehyde (B) in PBS buffer. Stretching and relaxation cycles of the fibril up to different percentages of strain are
indicated. The strain rate for all stretching-relaxation cycles is 4 µm/s. For (A), failure of the fibril occurred at 30% strain with
a stress of 0.17 GPa (dotted line) in PBS buffer. The fibril immersed in PBS buffer is 53 ± 2 µm in length and 300 ± 10 nm in
diameter. For (B), failure of the fibril occurred at 22% strain with a stress of 0.29 GPa (dotted line) in PBS buffer. The fibril
immersed in PBS buffer is 90 ± 2 µm in length and 295 ± 14 nm in diameter.
Table 1 – Mechanical properties of individual collagen fibrils immersed in PBS buffer (from tensile tests at strain rate
4 µm/s). Values are means ± SD.

In PBS buffer
E (GPa)a σc (GPa)b σmax (GPa) εmax (%)

Native fibrils 0.6 ± 0.2 0.02 ± 0.01 0.06 ± 0.01 13 ± 2
Fibrils crosslinked with EDC/NHS 0.7 ± 0.1 0.06 ± 0.01 0.17 ± 0.01 30 ± 3
Fibrils crosslinked with glutaraldehyde 1.8 ± 0.3 0.15 ± 0.02 0.29 ± 0.01 22 ± 3

aModuli were determined from the maximum slope of the stress–strain curve of single collagen fibrils.
bThe stress for the transition from reversible to irreversible lengthening of the fibril.
3.4. Strain rate dependency

For tendons and ligaments it is known that the mechanical
behavior depends on the rate of the applied strain (Haut and
Haut, 1997; Usha et al., 2001; Lynch et al., 2003; Robinson
et al., 2004; Komatsu et al., 2004; Wu et al., 2006; Wu, 2006).
This indicates viscoelastic behavior, which may result both
from the interaction between proteoglycans and collagen in
tissues and from collagen itself (Screen et al., 2004). For
collagen fibrils loaded to relatively high stresses, hysteresis
and irreversible lengthening were observed, both indicative
of viscoelastic properties. In the following, the strain rate
dependence of the stress–strain behavior and the stress-
relaxation behavior of single collagen fibrils will be discussed.

A selected collagen fibril was fixed between an AFM
cantilever and a glass surface and stretched at different
rates ranging from 0.1 to 10 µm/s. The typical stress–strain
behavior of the fibrils in PBS buffer at strain rates of
0.1 µm/s, 1 µm/s and 10 µm/s is shown in Fig. 5(A)–(C).
Experiments on (non)cross-linked collagen fibrils immersed
in PBS buffer showed a ∼30% increase in the elasticity
modulus by increasing the strain rate a 100 times. Stretching
the collagen fibril multiple times at one of the selected strain
rates, did not show significant differences in the stress–strain
behavior (difference in modulus <5%, data not shown). This
clearly shows that earlier performed tensile tests had no
significant influence on themechanical properties of the fibril
in the range of strain applied.

3.5. Stress relaxation behavior

The stress relaxation behavior of collagen fibrils was studied
by extending the collagen fibrils to 5%–7% strain and
measuring the force at constant strain for a 5–10 min period.
The normalized stress σ(t)/σ(0) against time gave stress
relaxation curves for native and cross-linked collagen fibrils
immersed in PBS buffer as depicted in Fig. 5(D)–(F). All
samples relaxed rapidly at first and then progressively slower
thereafter.

The Maxwell models with one, two or three terms (Eq. (2)),
also known as the Prony series, were used to fit the stress
relaxation data. Using the quality of the fit, expressed as the
coefficient of determination (R2) as a parameter, the two-
term Maxwell model fitted the data most accurately. The
fitted curves are plotted in Fig. 5(D)–(F). The relaxation times
resulting from the curve-fitting are presented in Table 2. It
is noteworthy to mention that a two-term Prony series that
was initially used for rubber modified polymers, has also been
used to describe the relaxation behavior of tendon collagen
fibers and soft tissues such as skin (Wu et al., 2006).

The almost two orders of magnitude difference in τ1 and τ2
indicate that there are two distinct processes involved in the
relaxation of individual collagen fibrils, a fast τ1 and slow τ2
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Fig. 5 – (A)–(C) Examples of stress–strain responses of individual native collagen fibrils (A), EDC/NHS cross-linked fibrils (B),
and glutaraldehyde cross-linked fibrils (C) immersed in PBS buffer at strain rates of 0.1 µm/s (filled squares), 1.0 µm/s (open
circles) and 10 µm/s (triangles). (D)–(F) Normalized stress relaxation curves of individual native collagen fibrils (D), EDC/NHS
cross-linked collagen fibrils (E) and glutaraldehyde cross-linked collagen fibrils (F) immersed in PBS buffer. The data (open
circles) were curve fitted to Eq. (2) using 2 terms (fitting: solid lines).
relaxation. For native fibrils a fast relaxation time of 1.8 s and
a slow component with a typical time constant of 63 s was
found. Eppell and coworkers have measured collagen fibrils
isolated from sea cucumbers using a MEMS device and found
also two time components, namely 7 s for the fast relaxation
component and 102 s for the slow component (Shen et al.,
2011).

As can be read in Table 2, different cross-linking agents
affect the relaxation times of the collagen fibrils differently.
For collagen fibrils cross-linked with glutaraldehyde, both
relaxation times τ1 and τ2 were found to be significantly
higher, compared to those of native fibrils, whilst for EDC/NHS
cross-linked collagen fibrils only the slower component τ2
was affected. These differences in the stress relaxation
behavior must be related to the differences in the type
of cross-links formed by glutaraldehyde and EDC/NHS.
Glutaraldehyde cross-linking enables covalent binding of two
amine groups of (hydroxy)-lysine residues at a distance of
1.3 nm (Olde Damink et al., 1995). The distance between
microfibrils as calculated from the triple helix backbone is
1.3–1.7 nm (Ramachandran, 1967). Therefore, it is expected
that glutaraldehyde cross-links generate intra- and inter-
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Table 2 – Characteristic relaxation times derived from
curve-fitting the force relaxation as a function of time
with a two-term Prony series. Each value (mean ± S.D.)
results from measurements of 3 individual fibrils.

Relaxation
time (s)

Nativea EDC/NHSb Glutaraldehydec

τ1 1.8 ± 0.2 2.0 ± 0.6 3.7 ± 0.6
τ2 63 ± 23 216 ± 10 252 ± 82

aNative collagen fibrils.
bCollagen fibrils cross-linked by EDC/NHS.
cCollagen fibrils cross-linked by glutaraldehyde.

molecular cross-links as well as inter-microfibrillar cross-
links. However, “zero-length” amide and ester cross-links
are formed using EDC/NHS (Olde Damink et al., 1996;
Everaerts et al., 2007). In the latter case only intra- and inter-
molecular cross-links can be formed and cross-links between
microfibrils are absent.

3.6. Proposed model for the stress relaxation of individual
collagen fibrils

The sliding of collagen fibrils has proven to be the major
mechanism for the viscoelastic mechanical properties of
tendon (Screen et al., 2004). A similar mechanism can be
responsible for the viscoelastic properties observed on the
level of the individual collagen fibril. Within the collagen
fibrillar structure, the collagen molecule is regarded as an
elastic rod (Engel, 1997). The viscoelastic behavior of a
collagen fibril can be explained by the sliding of individual
collagen molecules as well as the sliding of collagen
microfibrils with respect to each other.

Using tensile testing combined with synchrotron radiation
diffraction for tissue samples, Mosler and co-workers
reported that there are two mechanisms that contribute to
the elongation of collagen fibrils, namely the stretching of
the collagen molecules and their sliding with respect to
each other. By applying a constant load, the continuous
change in the intensity of the diffraction spectra up to 200 s
indicated that sliding of the molecules takes place, which can
be attributed to the viscous behavior of the collagen fibril
(Mosler et al., 1985). From the stress relaxationmeasurements
on rat tail tendon, Usha et al. (2001) suggested that the
relaxation time in the order of 200 s was related to the
sliding between collagen molecules which was hindered by
hydrogen bonding. In our research, by applying a constant
strain, a continuous decay in stress with a fast and slow
relaxation process (τ1 and τ2) was observed. The slow
relaxation process with a characteristic time τ2 of 63 s for
native collagen fibrils can be related to the sliding between
the molecules. Upon cross-linking either with EDC/NHS or
glutaraldehyde, additional intra- and inter-molecular cross-
links are introduced. The additional crosslinks will hinder the
sliding of the molecules, which explains the increase of τ2 to
∼216 s and 252 s for cross-linked collagen fibrils.

Moreover, our results indicate that there is a second
viscous element with a shorter characteristic time τ1
contributing to the viscoelastic behavior of collagen fibrils.
This sliding behavior will occur at all hierarchical levels
within the collagen fibril but predominantly between units
exhibiting the weakest interaction. In native collagen type
I fibrils, molecules are cross-linked at the telopeptide
region (Folkhard et al., 1987a). However, there are only
a few cross-links present between microfibrils, which are
assemblies of five collagen molecules (Orgel et al., 2006).
Based on these results, it is hypothesized that sliding between
microfibrils is the viscous element responsible for the fast
relaxation component during the stress relaxation process.
This hypothesis is further supported by the data of the
stress relaxation experiments with the different cross-linkers.
Collagen fibrils cross-linked by glutaraldehyde likely contain
also cross-links between microfibrils resulting in a clear
increase in the value of the slow relaxation time τ1. EDC/NHS
cross-linking, however, which is a “zero-length” cross-linker
did not affect the value of τ1. This difference can be related
to the formation of cross-links between collagen molecules
but not between microfibrils, since the distance between
collagenmicrofibrils is too large. The sliding between collagen
microfibrils is one of the mechanisms which introduces a
rapid and significant decay of stress in the stress relaxation
process. The sliding between collagen molecules, limited by
the natural cross-linking at the telopeptide region, proceeds
more slowly with relaxation times in the range 60–250 s.
Based on electron density maps of collagen, Orgel et al.
(2006), proposed a topologically right-handed supertwisted
microfibrillar structure in collagen fibrils. As they mentioned
in their model, this supertwisted microfibrillar structure
may allow the structure to absorb torsion effects without
interfering with the superhelix of the collagenmolecule itself.
This can also be the reason for the much slower sliding of
collagen molecules with respect to each other compared to
the sliding of microfibrils with respect to each other.

In our previous work (Yang et al., 2008), we found that
the shear modulus of single collagen fibrils was two orders
of magnitude lower than the elasticity modulus, confirming
themechanical anisotropy of single collagen fibrils. The shear
moduli for native and EDC/NHS cross-linked collagen fibrils
placed in buffer were found to be similar, supporting the
explanation that the sliding of microfibrils with respect to
each other is probably the main factor influencing the shear
modulus of single collagen fibrils, and to a lesser degree
the sliding of individual collagen molecules. In this study,
the results on the stress relaxation behavior of native and
cross-linked collagen fibrils further supported the existence
of a microfibrillar structure and the role of microfibrils in the
mechanical behavior of single collagen fibrils.

4. Conclusions

In conclusion, using an atomic force microscope we have
performed tensile tests at various strain rates and stress
relaxation experiments on native collagen fibrils isolated
from bovine Achilles tendon and collagen fibrils cross-
linked with different cross-linking agents to study the
relationship between the fibril structure and its mechanical
behavior. The stress–strain behavior, elasticity modulus and
the failure stress and strain of individual collagen fibrils
immersed in PBS buffer were determined for the first time.
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A two-term Prony series was used to curve-fit the stress
relaxation behavior of native and cross-linked collagen fibrils.
The results indicate that there are two distinct processes
contributing to the stress relaxation behavior of collagen
fibrils: a fast relaxation process with a characteristic time
τ1 and a slow relaxation process with characteristic time
τ2. The relaxation times were influenced differently by the
cross-linkers EDC/NHS and glutaraldehyde. Based on these
results, it is proposed that the fast relaxation τ1 is related
to the sliding of collagen microfibrils with respect to each
other, as the slow relaxation τ2 is resulting from the sliding
of molecules with respect to each other. The sliding of
microfibrils requires less energy because of the lower number
of cross-links between microfibrils as compared to collagen
molecules. As a result the sliding ofmicrofibrils is much faster
than that of the collagen molecules. This study together with
our previous work supports the existence of microfibrils and
the role of such structures in the mechanical behavior of
single collagen fibrils.
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