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Structural investigations on native collagen type I fibrils using AFM
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Abstract

This study was carried out to determine the elastic properties of single collagen type I fibrils with the use of atomic force microscopy
(AFM). Native collagen fibrils were formed by self-assembly in vitro characterized with the AFM. To confirm the inner assembly of the
collagen fibrils, the AFM was used as a microdissection tool. Native collagen type I fibrils were dissected and the inner core uncovered.
To determine the elastic properties of collagen fibrils the tip of the AFM was used as a nanoindentor by recording force-displacement
curves. Measurements were done on the outer shell and in the core of the fibril. The structural investigations revealed the banding of the
shell also in the core of native collagen fibrils. Nanoindentation experiments showed the same Young’s modulus on the shell as well as in
the core of the investigated native collagen fibrils. In addition, the measurements indicate a higher adhesion in the core of the collagen

fibrils compared to the shell.
© 2006 Elsevier Inc. All rights reserved.
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Collagen molecules consist of three polypeptide chains
(o-chains), which form an unique triple-helical structure.
More than 20 genetically distinct collagens exist in mam-
malian tissue, where collagen types I, II, III, V, and XI
self-assemble into D-periodic cross-striated fibrils. Colla-
gen molecules, forming the fibril, consist of an uninterrupt-
ed right handed triple helix called tropocollagen [1],
approximately 300 nm in length and 1.5 nm in diameter.
The collagen self-assembles in cross-striated fibrils that
normally occur in the extracellular matrix of connective tis-
sues. These fibrils are stabilized by covalent cross linking of
specific lysines and hydroxolysines of the collagen mole-
cules which are ordered parallel in a D-periodic pattern
[2]. The stagger of molecules gives rise to a characteristic
band pattern of light and dark regions when negatively
stained and viewed using an electron microscope [3].
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An improvement in the field of imaging molecular struc-
tures was accomplished by the invention of the Atomic
Force Microscope (AFM) by Binnig et al. [4]. AFM inves-
tigations carried out by Paige et al. [5] show native fibrils
and fibrous long spacing fibrils (FLS-fibrils) [6]. Cocoon-
like fibrils, which are in the range of hundreds of nanome-
ters in diameter and 10-20 mm in length, were found to
coexist with mature FLS fibrils. On the basis of detailed
AFM studies a stepwise process in the formation of FLS
collagen was proposed. Gutsmann et al. [7] observed that
collagen fibrils from tendons behave mechanically like
tubes. They concluded that the collagen fibril is an inhomo-
geneous structure. Moreover, it was observed that high
strain lead to molecular gliding within the fibrils and ulti-
mately to a disruption of the fibril structure [8]. Automated
electron tomography studies, performed on corneal colla-
gen fibrils showed that collagen molecules are organized
into microfibrils (=4 nm diameter) in a 36 nm diameter col-
lagen fibril, which are tilted at ~15° to the fibril long axis
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in a right handed helix. Analysis of the lateral structure
demonstrated that the microfibrils exhibit regions of order
and disorder within the 67-nm axial repeat of the collagen
fibrils [9].

AFM nanodissection of big FLS-fibrils with a width of
about 1.7 um and a banding pattern of 270 nm showed
the FLS banding also in the core of the fibril [10]. For
FLS-fibrils a different assembly pathway and structure
are postulated. The characteristic banding mainly arises
from the attachment of al-acid glycoprotein in FLS-fibrils
[11]. The characteristic banding of native fibrils is deter-
mined by the repetition of overlap and gap zones [12].

Several investigations using the AFM as a tool for mea-
suring the tensile modulus of collagen fibrils and subunits
revealed details in the protein assembly. Graham et al. cal-
culated force elongation/relaxation profiles of single colla-
gen fibrils using the AFM. The elongation profiles showed,
that in vitro assembled human type I collagen fibrils are
characterized by a large extensibility. It was shown that
the fibrils are robust structures with a significant conserva-
tion of its elastic properties [13]. Gutsmann et al. probed
the crosslinks on a lower level of organisation using an
AFM cantilever to pull substructures out of the assembly.
Two different rupture events were determined; the first with
a strong bond and a periodicity of 78 nm (bonds between
subunits) and a second weaker one with a periodicity of
22 nm (between molecules) [14]. Bozec and Horton [15]
studied trimeric type I tropocollagen molecules by AFM,
both topologically and by force spectroscopy, showing
multiple stretching peaks on the molecular level similarly
as shown by Gutsmann et al. [14]. Fratzl et al. and Puxk-
andl et al. [8,16] investigated the fibrillar structure, visco-
elastic and mechanical properties of collagen by
recording stress—strain curves. The stress—strain curves
can be divided into several regions [28]. At first crimps
[17] and kinks [18], are removed, before a linear region is
seen where the collagen triple helices are stretched, along
with increase of the gap zones compared with the overlap
zones. Slippage is first seen within fibrils at crosslink defi-
cient collagen [16], and then higher strains lead to a disrup-
tion of the fibril.

Here we used the AFM as a microdissection tool and a
tool for probing local elasticity. The mechanical behaviour
of native single fibrils was tested by recording force—dis-
tance curves on the shell and in the core of the fibrils to
gain insights into the collagen assembly and mechanical
properties.

Materials and methods

Preparation of the collagen fibrils. The collagen solution was prepared
from calfskin (Sigma). Approximately 1 mg of the compound was dis-
solved in 1 ml of 0.5% acetic acid over night at 4 °C. The solution was
sonicated for 1 h at 0 °C to dissolve any collagen aggregates. Finally, the
mixture was centrifuged at 4000 rpm for 90 min at 4 °C and the super-
natant was filtered through a 0.2 pm filter unit (Sigma), (modified protocol
according Paige et al. [5]). The final dialysis mixture is composed of
0.5 mg/ml collagen, and 0.2 mg/ml al-acid glycoprotein.

For the preparation a dialysis tubing (Serva, visking 8/32) with a
molecular weight cut off (MWCO) of 12-14 kDa and a tube diameter of
6 mm was used. The received solution was diluted 10-fold after dialysis
and dried in 10 pl aliquots on freshly cleaved mica. A detailed procedure
for the dialysis procedure can be found in reference [19].

AFM microscopy. For morphological characterization a Topometrix
Explorer (Atos, Germany) was used. It was operated in non-contact mode
under ambient conditions, with 35% relative humidity, using NSC12 B
(non-contact silicon cantilever) cantilevers (Mikromasch, Estonia). The
spring constant of the non-contact probe (NSC) was 14 N/m. The reso-
nant frequency of the NSC cantilever was 315 kHz. The nominal tip radius
was specified <10.0 nm. Image analysis was performed using SPIP soft-
ware (Image Metrology, Lyngby, Denmark).

AFM microdissection. To reveal the core of the collagen fibril, the
AFM (Bioprobe, Park Scientific, USA) was used as a microdissection tool.
For this the feedback of the z-piezo was switched off and the cantilever
approached to the sample surface until the tip touched the sample. In
order to apply the correct force to cut the fibril approximately in the upper
half of the fibril diameter several pre-test were done using cantilevers with
a spring constant of 56 N/m.

Force spectroscopy and data analysis. Elasticity measurements were
carried out by recording force—distance curves using a NanoWizard AFM
(JPK Instruments, Germany). Imaging and force spectroscopy were done
in contact mode using CSC 37 A (nominal spring constant k. = 0.65 N/m,
nominal resonant frequency fg =41 kHz). The elasticity was measured
both inside the fibril and on the outer shell at the same thickness of the
sample. To evaluate the Young’s moduli and the adhesion forces the
force—displacement curves were processed using the software Microcal
Origin and Microsoft Excel. To calculate the Young’s moduli a suitable
model has to be fitted to the contact region (above the zero line) of the
force—distance curves. For the determination of the adhesion forces the
height of the snap out of the retrace curve was calculated using the force
spectroscopy data.

The indentation of an AFM tip into soft or hard samples can be
modelled using the Hertzian contact mechanics [20]. The indentation of an
infinitely hard body into a hard elastic half space (small indentations with
the parabolic part of the tip) with a normal force F leads with this theory
to [21-23]:

4 K
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where ¢ is the indentation depth, E is the Young’s modulus, v is the Pois-
son ratio and R is the tip radius. For incompressible materials the Poisson
ratio is at 0.5. The applied force can be calculated with the deflection of the
cantilever, which is considered as a tightened spring by Hook’s Law:

F=kd, (2)

where k. is the spring constant and d is the deflection of the cantilever.

The deflection of the cantilever depends on the indentation of the tip
into the elastic half space or rather the sample. The z-piezo extends and the
distance of the extension z is split into the deflection and the indentation
depth (0) by

z=d+6 3)

With these Eqgs. (1)—-(3) the Young’s modulus can be expressed for hard
samples as
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where d, and z, are the corresponding values of the cantilever deflection
and the z-piezo extension at the contact point. For soft samples in the con-
tact regime Eq. (4) can be written as
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To calculate the Young’s modulus, the model (Eq. (5)) was fitted to every
recorded force—distance curve. The spring constant (k.= 0.7 N/m) was
determined by the Sader method [24,25], and the radius of curvature
(R =~ 20 nm), defining the tip shape, was determined by SEM microscopy.

Results and discussion
AFM imaging and microdissection

For AFM microscopy the samples can be investigated
immediately after self-assembly and drying on freshly
cleaved mica. The described collagen preparation tech-
nique [19] allows the reproducible production of single col-
lagen fibrils with different banding patterns (Fig. 1).

Thereby we were also able to detect collagen fibrils with
kinks. Gutsmann et al. [7] suggested that this mechanical
behaviour corresponds to a strong deformation of a tube.
The combination of probing sample properties by doing
force spectroscopy as well as the manipulation of the spec-
imen with a high-resolution imaging tool is very useful in
material characterization applications. The AFM as a
nanoindentor proved its applicability for elasticity mea-
surement and material classification in different applica-
tions [26,27]. We used the AFM to probe the sample
properties of the centre and the surface of the fibril to
compare the morphological investigations with directly
measured mechanical values. The AFM based microdissec-
tion was applied to reveal the inner structure of the speci-
men. During manipulation the shell and upper parts of
the fibril were scratched away, to image the remaining core
in a high-resolution mode (Fig. 2). The dissection was car-
ried out in a defined angle to the fibril axis in order to
exclude artefacts originated by an orthogonal or parallel
(to the fibril axis) scratching procedure. It could be shown

250nm

500nm
S

banding pattern
overlap zones

Fig. 2. High resolution AFM image of a microdissected collagen fibril.
The core of the collagen fibril is revealed and the banding pattern can be
recognized inside the fibril. The arrows indicates the overlap zones of the
collagen molecules that arise during the self-assembly process of the
collagen fibril (topography signal, scalebar 250 nm).

that there are no major geometrical differences of the band-
ing on the shell and in the core of native single collagen
fibrils. The banding pattern inside the fibril fits to that on
the shell in width and distance. The fibril has a banding
pattern of 78 nm, a height of 30 nm, and a width of
270 nm. The cutted area, shown in Fig. 2, is located in
the core of the fibril, which was confirmed by line measure-
ments (Fig. 3). Between the measured distance A and B the
banding can be recognized on the shell as well as in the
core. Among points C and D the height difference between

Fig. 1. High resolution AFM image of a single collagen fibril with kink. Due to kinks collagen are sometimes compared to tubes. The other fibril displays
the polymorphism of collagen with native and FLS-parts in one fibril (error signal, scalebar 500 nm).
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Fig. 3. Line measurements on the microdissected collagen fibril (Fig. 2). Between point A and B the banding can be recognized on the shell as well as in the
core. The banding pattern can be determined to be approximately 78 nm. Between point C and D the height difference of around 16 nm between the

substrate and the level of the cut area can be seen.

the substrate and the level of the cut area can be seen. The
height difference between the substrate and cut area was
determined to be 16 nm. These results are in concordance
with Wen and Goh [10] who also showed a similar morpho-
logical structure of core and shell in FLS-fibrils, with a dif-
ferent assembly pathway and structure compared to native
single collagen fibrils [11]. In a recently published work
they further confirmed the differences of FLS fibrils to
native collagen fibrils on the base of the superhelical struc-
ture and hierarchical organisation of disrupted fibrils [28].
Based on the model, that aligned tropocollagen molecules
build the mature fibril by crosslinking with neighbour mol-
ecules in native collagen fibrils [14], it has to be taken into
consideration that during microdissection complete layers
are removed (Fig. 2). However, the scratching process
can lead to a rupture of molecules and destruction of cross-
linking. Different elastic properties of core and shell could
be generated during the manipulation process. This is a
major problem when probing inhomogeneous biological
samples in the molecular range and influences during
manipulation could not be completely excluded.

Force spectroscopy

For core and shell, respectively, more than 100 force—
distance curves were recorded. The displayed data are rep-
resentative for several experiments. The indentation depth
on both areas was limited with a set-point-force for every
force—distance curve. The maximal force of about 6 nN,
corresponding to a cantilever bending of 8.5 nm, led to
an indentation depth of about 0.5 nm both on the shell

and core of the fibril. Exemplary force—distance curves
recorded on the shell and the core are displayed in
Fig. 4A. The dark curve shows a spectroscopy curve on
the shell, whereas the grey dashed curve was recorded in
the core. The indentation experiments were repeatedly per-
formed on several collagen fibrils. The slope of both curves
recorded on the shell and the core showed no major differ-
ences indicating a comparable elasticity. The evaluation of
the spectroscopy data was done at the positive cantilever
deflection range above the zero line. The histogram in
Fig. 4B displays the Young’s moduli of the force-distance
curves. The Young’s moduli were calculated applying a fit
of the Hertzian model to the contact range of the individual
force—distance curves. The average values indicate no sig-
nificant difference in elasticity between core and shell.
The indentation experiments, performed on the shell and
the core of dissected collagen fibrils could not verify differ-
ent Young’s moduli of core and shell. This is also well in
line with our morphological results in Fig. 2 which shows
a homogeneous assembly of the fibril. The average values
were calculated to approximately 1.2 Gpa. The maximum
of the distribution lies at 1 GPa. The results of indentation
experiments of thin samples can also be influenced by the
underlaying hard substrates. Samples can be compressed
under the tip and the measured Young’s modulus is maybe
upper estimated, shown by Domke et al. [23]. In order to
avoid this effect, the force curves were recorded on areas
with the same sample height. It is also likely possible that
the sample preparation especially the al-acid glycoprotein
concentration influences the mechanical properties of the
collagen fibrils. It was proposed that proteoglycans have
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Fig. 4. (A) Typical sample of a force-distance curves recorded on the shell and the core of a single collagen fibril. The dark curve shows a spectroscopy
curve on the shell, whereas the grey dashed curve was recorded in the core. The slope of both curves is nearly the same and indicates identical elasticity.
Measurements on the shell and in the core have to be performed in the same sample height to exclude “thin layer effects”’. The Hertzian model was fitted to
the positive cantilever deflection range. (B) Elasticity measurement of a single collagen fibril. Force distance curves were recorded on the shell and the
exposed core. On both measuring points more than 100 curves were recorded. The diagram displays the Young’s moduli of the force distance curves versus
the frequency. The nanoindentation experiment indicates no measurable difference between core and shell. (C) Adhesion measurement on a single collagen
fibril. The data display the evaluation of the adhesion forces calculated from the height of the snap out of the retrace curve, see also the figure. The values

show a higher adhesion in the core of the microdissected fibril.

an important influence on mechanical properties of the
fibrils [7]. This could explain the difference between the
measured and the literature value of 1 GPa [29]. Since the
same cantilever was used for both sets of force curves,
the comparison between core and shell is still valid.

The evaluation of the adhesion forces of the spectrosco-
py data indicates a higher adhesion in the core of the fibril.
This can be already seen in Fig. 4A where typical spectros-
copy data for core and shell are displayed. In Fig. 4C the
height of the snap out effect calculated from the retrace
curves is shown. The average value was calculated for the
shell to 5nN and for the core to 6 nN which points to a
higher adhesion in the core of the fibril. Gutsmann et al.
[7] suggested the presence of more highly crosslinked colla-

gen molecules near the fibril surface compared to the cen-
tral region. This could lead to a higher amount of
binding capacity for the tip and cause higher adhesion forc-
es during the measurement. However, the results could
have been also influenced by the scratching process which
could have led to a rupture of molecules and destruction
of crosslinks. The destroyed crosslinks and ruptured mole-
cules could stick to the tip and increase the measured adhe-
sion force. Moreover, the collagen fibrils were investigated
in a dried state of preservation, which could have also an
influence on the mechanical properties.

The mechanical properties of this collagen rich tissues,
e.g., tendons, are largely determined by the collagen struc-
ture [8]. An inhomogeneous assembly of collagen fibrils
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was published by several authors; Sarkar et al. [30]
proposed that fluid domains in the collagen allow mole-
cules to slip relative to one another, which was shown by
Mosler et al. [31], in order to relieve applied stress. It has
been proposed that, in case of high forces, the stiff outer
shell of the collagen fibrils could break while the fluid core
remains intact and might be used in the repair of the shell
[7]. Our morphological results as well as the statistical
evaluation of the Young’s modulus using the indentation
measurements could not confirm a “fluid” core or different
structures of core and shell. Solely the adhesion measure-
ments show differences between core and shell.
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