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C
ollagens are a class of proteins that
are a major constituent in the con-
nective tissue of all vertebrates. De-

pending on their molecular conformation
and supramolecular structure, collagen-
based tissues, ranging from elastic skin,
tendon, and ligament to stiff and tough
materials like tooth or bone, display a wide
range of mechanical properties.1 Due to
the abundance and versatile mechanical
properties of collagen, a number of different
research fields focus on the analysis and
use of collagen, dealingwith questions from
a medical, materials science, chemistry, or
physics perspective. Since the seminal work
of Graßmann et al.,2 collagen has been
extensively studied on all length scales.1

The hydrated-state studies of its structure
andmechanical properties on the nano- and
micrometer scale have only become possi-
ble since the introduction of methods3�10

based on the atomic force microscope
(AFM).11 From previous work, it is clear that
studying the distribution and structure of
water within the collagen fibril is essential
for understanding the relationship between
the structure and the mechanical properties

of collagen-based materials. Furthermore,
gaining detailed insight into the nanoscale
distribution of water within and between
collagen fibrils is an important aspect in
studies of biomineralization processes.12�14

A characteristic feature of the supramo-
lecular structure of type I collagen fibrils is
the so-called D-band pattern that originates
in the staggering of the tropocollagen
building blocks. Due to a periodic sequence
of amino acids along the backbone of type I
collagen molecules, a stripe pattern consist-
ing of gap and overlap regions forms during
fibrillogenesis.1,15 This D-band pattern is ob-
served in native collagen fibrils within differ-
ent types of tissue (skin tendon, ligaments,
cartilage, and bone) as well as in collagen
fibrils reassembled in vitro in aqueous solu-
tions containing dissolved tropocollagen.
Recent works report on the statistical distri-
bution of the D-band patterns in collagen-
based tissues, possible changes in the
D-band pattern, as well as changes in the
fibrils' mechanical properties caused by
diseases.6,16,17

AFM is widely used for imaging the nano-
scale structure of collagen fibrils3,18,19 and
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ABSTRACT The distribution of water within the supramolecular

structure of collagen fibrils is important for understanding their

mechanical properties as well as the biomineralization processes in

collagen-based tissues. We study the influence of water on the shape

and the mechanical properties of reconstituted fibrils of type I

collagen on the nanometer scale. Fibrils adsorbed on a silicon

substrate were imaged with multiset point intermittent contact

(MUSIC)-mode atomic force microscopy (AFM) in air at 28% relative

humidity (RH) and in a hydrated state at 78% RH. Our data reveal the

differences in the water uptake between the gap and overlap regions during swelling. This provides direct evidence for different amounts of bound and free

water within the gap and overlap regions. In the dry state, the characteristic D-band pattern visible in AFM images is due to height corrugations along a

fibril's axis. In the hydrated state, the fibril's surface is smooth and the D-band pattern reflects the different mechanical properties of the gap and overlap

regions.
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for mapping their elastic modulus and viscoelastic
response on the nanometer scale.5,7�9,20�23 These
measurements can be performed in the hydrated
state, either in humid air or in aqueous buffer
solutions.5,7�9,18�24 In particular, the differences
in the mechanical properties between fibrils in dry
environment and in buffer solution have been
investigated.3,7�9 With AFM-based nanoindentation,
Grant et al. measured the Young's modulus of type I
collagen fibrils extracted from bovine Achilles tendon.
They found that the Young's modulus decreases from
1.9( 0.5 GPa in the dry state to 1.2( 0.1 MPa in buffer
solution.8 The local mechanical properties of the
D-band gap and overlap regions have been investi-
gated in the dry state by Minary-Jolandan et al.23

These fundamental studies of the shape, structure,
viscoelastic properties, and deformation behavior
of individual collagen fibrils form the basis for a
detailed understanding of the nano- andmicromecha-
nics of structurally more complex collagen-based
tissues.4,6,10,16,17,25,26

Here, we address the question of how water influ-
ences the shape and the mechanical properties of
individual type I collagen fibrils on the nanometer
scale. To this end, we perform a detailed analysis of
the tip�sample interaction using multiset point inter-
mittent contact (MUSIC)-mode AFM.27 This imaging
mode is based on the point-wise measurement of the
amplitude and the phase of the AFM cantilever while
the tip�sample distance is reduced. The resulting
amplitude�phase distance (APD) curves allow for the

reconstruction of a height image free from indentation
artifacts28�30 (corresponding to an amplitude set point
of A/A0 = 1) as well as height and phase images for a
wide range of amplitude set points. The absence of a
feedback loop as well as lateral forces further enhances
the image quality. Additionally, the tip indentation into
a compliant surface can be quantified,31 and APD
curves can be deconvoluted to discriminate between
conservative and dissipative contributions to the
tip�sample interaction.32�34 Our MUSIC-mode AFM
measurements reveal local differences in the swelling
behavior of collagen fibrils, and we can quantify the
local water uptake in the gap and overlap regions.
These data corroborate recent modeling results on the
distribution of water in collagen fibrils.35

RESULTS AND DISCUSSION

Collagen Fibril and Network Morphology. We study in

vitro assembled type I collagen fibrils without telopep-
tides and without cross-links.36 The fibrils are depos-
ited on a polished silicon substrate and studied in air
with controlled relative humidity. Figure 1 shows the
IC-mode AFM height and phase images of collagen
fibrils deposited on the substrate prior to and following
the whole experiment. The morphology of the fibrils
and the network is like that reported in other
studies.8,9,18,23,24,37,38 The fibrils differ in size, become
thinner close to their ends, and are partly bent.
Furthermore, the substrate is covered with a fine net-
work that is also observed in other experiments37,38

and which we call a collagen lawn.39 It presumably

Figure 1. IC-mode AFM images of individual type I collagen fibrils deposited on a silicon surfacemeasured at 28%RH. Height
(a) and phase (c) images before the swelling procedure as well as height (b) and phase (d) images afterward. Thewhite arrows
point to structural changes that have occurred during the swelling procedure. The fast-scan axis is in the horizontal direction.
Relative differences of height and phase values are shown. The display range was chosen to display structural details of both
the fibrils and the collagen lawn.
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consists of the residual constituents of the PureCol
solution and, in particular, tropocollagen which did not
self-assemble into larger fibrils.

In the IC-mode AFM phase image at the beginning
of the experiment (Figure 1c), the collagen fibrils dis-
play phase values similar to those of the silicon sub-
strate that is covered with the thin collagen lawn. If the
mechanical properties of the collagen lawn are mainly
dominated by the stiff substrate, the collagen fibrils
can therefore be considered stiff. This is consistent with
measurements of the elasticmodulus of collagen fibrils
in the dry state.8,9 Figure 1b,d shows the sample sur-
face again in the dry state but after the entire swelling
and drying procedure. Although the overall structure
looks the same, it differs in some details. For example,
the loop on the left-hand side (marked with the arrow
A) was previously open (Figure 1a,c) and has closed
during the experiment (Figure 1b,d). The fibril's termini
as well as the collagen lawn (markedwith the arrows B)
have changed their structure to that of small droplets.
These small changes indicate that the tropocollagen
molecules gain a certain mobility during swelling,
leading to partial dewetting in the case of the lawn
or a Plateau�Rayleigh instability in the case of the
thin fibril's termini. The broadening is not an imaging
artifact caused by a broadened AFM tip because we
observe such shape changes also with fresh AFM tips.
The white arrow C in Figure 1 marks one of the
positions where dark spots are visible in the IC-mode
phase image after the experiment. These dark spots
appear along both sides of the fibrils, especially at the
points of fibril intersection. We attribute the dark spots
to an unknown minority component of the PureCol
solution. Despite these small changes, the overall
D-band structure of the large fibrils did not change
during the swelling experiment. Before, during, and
after swelling, we measured the mean D-band spacing
over every fibril on 4 � 4 μm2 IC-mode AFM images.

Within the accuracy of the measurement (<1 nm), no
deviations from the value of 67 nm were found. This
indicates that the collagen structure remained intact.
We do not observe a decrease in the D-band spacing
as reported after further dehydration by heating for
several hours.40

For the detailed discussion of the contrast in the
IC-mode AFM images, we focus on a section of the
straight fibril (marked with a white rectangle in
Figure 1) that remained stable during the entire experi-
ment. Figure 2 shows the IC-mode height and phase
images at 28% RH (Figure 2a,d), after swelling for 20 h
at 78% RH (Figure 2b,e), and finally dried again at 28%
RH (Figure 2c,f). In all three cases, the same section
of seven D-periods of the same fibril is shown. The
D-period is always visible in the height as well as in
the phase images. The conventional interpretation of
these images leads to the conclusion that, whether the
fibril is hydrated or not, the fibril's surface exhibits a
similar height undulationwith a D-periodicity of 67 nm.
Furthermore, the mechanical properties, as reflected
in the IC-mode phase images, also suggest a similar
situation in the dry state and the hydrated state, with
stiffer regions at the D-band overlap (higher phase
values) and softer gap regions (lower phase values).
We will show that this interpretation is not correct
because the IC-mode images are subject to several
imaging artifacts.

Swelling Behavior of Collagen Fibrils. Figure 3a�c shows
the MUSIC-mode height images z0 for A/A0 = 1.00 of
the same spot shown in Figure 2. In the dry state before
(a) and after swelling (c), the height undulations with
the D-periodicity are clearly visible as in the IC-mode
height images. However, in the hydrated state (b),
hardly any D-band structure is visible, pointing toward
a different shape of the fibril's surface in the hydrated
state. In the MUSIC-mode height images, we measured
the height andwidth of this section of the fibril (Table 1).

Figure 2. IC-mode AFM images of a fibril before swelling [height (a), phase (d)], after 20 h of swelling [height (b), phase (e)],
and after drying [height (c), phase (f)]. The relative differences of height andphase values are shown. The RH is indicated in the
panels.
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The mean height increases by 2.2 nm during swelling,
and the fibril broadens by 3 nm (full width at half-
maximum). Note that the tip convolution leads to
an increase in the apparent width, an increase that
is independent of the degree of swelling. Since the
measured mean changes in height and width during
swelling are fully reversible, the water uptake is rever-
sible. Within the area shown in Figure 1, we also
measured the height of other fibrils in the dry (hD)
and the hydrated state (hH). In all cases, we observe
a 15% increase in height (Figure 4), which we interpret
as swelling of the entire fibril through water uptake.
The 15% increase in height corresponds to the increase
of the tropocollagen crystal lattice constant as reported
by Lees,41 who investigated the lattice constant of
different types of collagen fibrils as a function of their
water content. For type I collagen extracted from rat tail
tendon, a change in the water content from 0.3 g(H2O)/
g(collagen) to 0.8 g(H2O)/g(collagen) leads to an increase in the
lattice constant of 15%.

An additional contribution to the increase of the
fibrils' height with increasing relative humidity could
be the adsorption of water on the surface of the
specimen and on the AFM tip. These layers of adsorbed

water play an important role in the tip�sample inter-
action, and we will discuss it below. Since a fibril's
height is measured relative to the surface of the
collagen lawn, only the difference in the increase of
the water layer on the collagen fibril compared to that
on the collagen lawn can affect the measured height
of the fibril. Moreover, the thickness of the layer of
adsorbed water should not depend on the total thick-
ness of the fibril and therefore cause a constant offset
Δhwhenplotting hH over hD (Figure 4). Sincewedo not
observe such an offset, we conclude that the adsorbed
water does not affect the measurements of the fibril's
height.

In addition to the overall swelling of thewhole fibril,
the mean height profile along the fibril's main axis
shows that the height contrast between the gap and

Figure 3. MUSIC-mode images of the unperturbed height z0 before (a), during (b), and after (c) swelling. (d) Mean of four
adjacent profiles along the fibril's main axis (gray) and a sinusoidal fit (black). The dotted lines are the averages along the
fibril's axis (see Table 1).

TABLE 1. MeanHeight and Full Width at Half-Maximumof

the Fibril Shown in Figure 3,a

height (nm) width (nm) ΔhPP (nm)

28% RH (before) 14.1 114 1.6 ( 0.1
78% RH 16.3 117 0.6 ( 0.2
28% RH (after) 14.1 114 1.0 ( 0.1

a The values are calculated from 12 cross sections perpendicular to the fibril's main
axes. Right column: Peak-to-peak amplitude, ΔhPP, of the sinusoidal fit shown in
Figure 3d.

Figure 4. Height hH of fibrils in the hydrated state (78% RH)
plotted as a function of their initial height hD in the dry state
(28% RH). Data from IC-mode (O) andMUSIC-mode (b) AFM
height images are shown. The red line is a linear fit to the
data, and the dotted line is the reference to hH = hD.
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overlap regions along theD-band structure is smaller in
the hydrated state (Figure 3d). To quantify this effect, a
sinusoidal curve with a fixed D-period of 67 nm was
fitted to the data. The peak-to-peak amplitude, ΔhPP,
of the height corrugation is 1.6 nm in the dry state;
it decreases to 0.6 nm in the hydrated state, and it
increases to 1 nm when the fibril is dried again
(Table 1). This reveals only a tiny height contrast of
the gap�overlap structure along the hydrated fibril, as
seen in the MUSIC-mode height image (Figure 3b). The
data shown in Figure 3 and Table 1 reveal the differ-
ences in the water uptake between the gap region and
the overlap region during swelling. In the gap region,
the fibril's height increases byΔhgap = 2.7 nm, whereas
in the overlap region, it increases byΔhoverlap = 1.7 nm
(Figure 3d). This provides direct evidence for different
amounts of bound and free water within the gap and
overlap regions. This is a central result which we will
discuss in detail below.

Conservative and Dissipative Tip�Sample Interactions. The
conventional IC-mode phase images (Figure 2d�f)
show the same pattern in all three cases (before,
during, and after swelling), with an increased gap�
overlap contrast in the hydrated state. The MUSIC-
mode results at an amplitude set point of A/A0 = 0.50
are shown in Figure 5, where the phase images (j)
as well as the conservative (kTS) and the dissipative
(Reff/m) contributions to the tip�sample interaction
are shown. In the dry state, the fibril exhibits little
contrast in the phase image (Figure 5a). Only a region of
lower phase values is discernible at the top side of the
fibril at the three-phase contact line between the fibril,

the substrate, and the air. Also, the D-band structure is
only slightly visible. The same applies for the image of
kTS (Figure 5d) and, with inverted contrast, the Reff/m
image (Figure 5g). These results indicate a very small
mechanical contrast between the gap and overlap
regions in the dry state.

In the hydrated state at 78% RH, the contrast in the
MUSIC-mode phase image increases. This is in line with
the contrast in conventional IC-mode AFM phase
images, but the fibril's structure looks different in the
MUSIC-mode images at 78% RH (Figure 5b,e,h). Here,
there are darker areas along both sides of the fibril
as well as in the gap of the D-period. This ladder-like
structure is best seen in the image of Reff/m. This
suggests that dissipative tip�sample interactions are
the main origin of the phase contrast.

After the fibril has been dried again (Figure 5c,f,i),
theMUSIC-mode images show the same structure as in
the initial dry state with only tiny differences in the
mechanical properties of the gap and overlap regions.
In addition, the images show that the fibril was
not altered by the MUSIC-mode measurements. In
particular, the deformation of the surface due to the
indentation of the tip into the surface is fully reversible.
In the dry state, a softer region is visible at the top
side of the fibril. This effect could be explained by an
asymmetric tip shape. In the hydrated state, however,
both sides of the fibril exhibit similar mechanical
properties, comparable to the softer gap regions.
Together with the gap�overlap variations, this results
in the previously described ladder-like structure
(Figure 5b,e,h). Since both sides of the fibril show softer

Figure 5. (a�c) MUSIC-mode AFM phase images of the fibril shown in Figure 3 as well as the conservative (d�f) and the
dissipative (g�i) contributions to the tip�sample interaction. For all images, A/A0 = 0.50.
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material, this cannot be explained by the tip shape
because neither the tip nor the sample orientation was
changed compared to the experiments in the dry state.
Hence, we suppose that the softer edges of the fibril
in the hydrated state are not an imaging artifact but
mechanical properties that correlate with the local
height of the fibril. Within the imaged area, small fibrils
with a height smaller than ≈3 nm broaden (spread)
during swelling (Figure 1, arrows A and B). Therefore,
we assume that the edges of the fibril become softer in
the hydrated state because of their small thickness.

Tip Indentation. The MUSIC-mode data provide the
unperturbed height z0 as well as the tip indentation ~zB,
which gives further insight into the local mechanical
properties of the fibril's surface. The tip indentation is
plotted in Figure 6 as a function of the tip�sample
distance.

In the dry state, the tip indentation ~zB into the
fibril is ≈0.2 nm larger than that on the substrate, but
hardly any differences are apparent between the gap
and overlap regions. This is in line with the previously
discussed homogeneous mechanical properties of the
fibril in the dry state. In the hydrated state, the average
indentation ~zB into the fibril's surface increases by up to
1.5 nm and is 0.3 nm larger in the gap regions than
in the overlap regions (Figure 6c). The value of the
indentation ~zB further indicates that the fibril behaves
as a solid material in the hydrated state because the
maximal tip indentation is only 3.5 nm. On compliant
(soft) surfaces, like amorphous polymers above the
glass transition temperature, the tip indentation can
reach up to 20 nm for the given tip oscillation para-
meters.30,42,43 On the substrate, which is covered with
a collagen lawn, the tip indents up to 2 nm into the
surface in the dry aswell as in the hydrated state, which
corresponds well to the laterally averaged thickness of
the adsorbed collagen layer.39 Our tip indentation data
show that the thickness of the collagen lawn does not
increase upon hydration.

Local Mechanical Properties. With AFM nanoindenta-
tion experiments, Minary-Jolandan et al.23 investigated
the Young'smodulus of type I collagen fibrils at 12%RH
andmeasured 1.2 GPa in the gap region and 2.2 GPa in

the overlap region. Such large values are typical for
solid, glassy polymers.44 This explains the weak con-
trast between the gap and overlap regions in the
MUSIC-mode images of the phase as well as in the
conservative kTS and dissipativeReff/m contributions to
the tip�sample interaction (Figure 5). The large con-
trast in the conventional IC-mode phase images in the
dry state is astonishing given the values of the Young's
modulus. We therefore conclude that this large phase
contrast is mainly a result of feedback loop artifacts,
which are also the reason for the structure that is visible
in the conventional IC-mode AFM amplitude images
(cf. Figure 1a in ref 17). Feedback loop artifacts are
probably also the reason why the D-period of the
fibrils oriented along the fast-scan axis (horizontal
direction in Figure 1) is better visible in the conven-
tional IC-mode phase images than the D-period of
fibrils oriented perpendicular to the fast-scan axis
(vertical direction in Figure 1).

The MUSIC-mode height image in the hydrated
state indicates local differences in the swelling beha-
vior. The gap regions gain more volume compared to
the overlap regions, which causes the height contrast
between the gap and overlap regions to decrease.
This renders the D-band structure almost invisible in
the MUSIC-mode height image for A/A0 = 1, which
corresponds to the shape of the unperturbed surface.
This is the case for both the image of z0 (Figure 3)
and the image of zB (not shown). Furthermore, these
differences in the uptake of water lead to distinct
differences in the local mechanical properties. The
gap region, which swells more compared to the over-
lap region, becomes significantly softer than the over-
lap region. This explains why the tip indentation in the
gap region is half a nanometer larger than that in the
overlap region. This difference results in an indentation
artifact in the conventional IC-mode height image,
which causes height undulations in the hydrated state
similar to those in the dry state.

After the fibril has been dried again, the height
undulation and the tip indentation reach values
similar to those in the dry state before swelling. We
attribute the small difference to an incompletely dried

Figure 6. (a) MUSIC-mode height image z0 of the fibril in the dry state with the regions on the substrate (S), overlap (O), and
gap (G)whichwere selected to calculate themean indentation. (b�d)Mean indentation of the tip into the sample surface (~zB).
(b) On the fibril at 28%RH, (c) hydrated at 78%RH, and (d) dried again at 28%RH. The averages of the curves from the regions
marked in (a) are shown. Substrate: (b) 1293, (c) 1287, and (d) 746 positions. Gap region: (b) 145, (c) 280, and (d) 182 positions.
Overlap region: (b) 194, (c) 154, and (d) 240 positions.
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fibril because the sample was kept for 1 day at 28%
RH before imaging it for the first time in the dry state.
After 20 h of swelling, the relative humidity decreased
exponentially within 15 h. Values below 30% RH were
reached just a few hours before imaging the fibril in
the dry state for the second time (see Materials and
Methods section). Therefore, it is likely that the fibril's
water content was slightly higher at the end of the
experiment than at the beginning.

Model of the Tip�Sample Interaction. The distribution of
water within the tip�sample contact region is essential
for understanding the capillary forces between the
AFM tip and the specimen. Water is known to form
a wetting layer on hydrophilic surfaces, such as the
SiOx-covered surface of the AFM tip, which is made of
silicon. Ellipsometry data show that, on a flat silicon
oxide surface, the water wetting layer has a thickness
of 0.1 nm at 28% RH and 0.3 nm at 78% RH.45 With
infrared spectroscopy, Asay et al. found a thicker and
a partly ice-like layer of water.46 With contact-mode
AFM, they studied the effects of adsorbed water on the
adhesion force between a silicon AFM tip and a silicon
oxide surface.47 Zitzler et al. studied capillary forces in
tapping-mode AFM and have shown that the detailed
shape of APD curves can be quantitatively explained
“in a model based on the intermittent formation of
a capillary neck between tip and sample close to the
lower turning point of the cantilever oscillation”.48

“When tip and sample are in contact the water in the
overlapping region is displaced and accumulated at
the edge of the contact area. This amount of water [...]
is assumed to form a meniscus when the tip is
retracted”.48 The schematic shown in Figure 7b�d is
based on this model.

Figure 7 is a graphical compilation of the available
data on the fibril's shape and molecular structure as
well as the structure of the tip�sample contact region.
The fibril's cross section (Figure 7a) is the measured
height profile of the fibril shown in Figure 3. The
distance and pattern of dark dots corresponds to the
position of tropocollagens within the crystal lattice of

type I collagen fibrils.35 The thickness of the collagen
lawn is 2 nm.39 The width of the attractive regime,
z0 � zB, is 4 nm in our experiment (see Materials and
Methods section). The fibril's cross section shows that
the fibril adsorbs flat onto the substrate, which is also
observed in other experiments.37,38 This flat shape is in
stark contrast to the presumably round shape formed
during the self-assembly in buffer solution.1 The fibril's
width is too large to be affected by convolution with
the tip shape. The fibril's height (Table 1) corresponds
to about 12 layers of tropocollagen. The tropocollagen
layer that is adsorbed at the substrate (the collagen
lawn) has a thickness of about one to two tropocolla-
gen layers. The collagen fibril is much wider than the
typical diameter of the AFM tip. Therefore, the geome-
try of the tip�sample contact can be approximated
as a sphere above a planar surface (Figure 7b�d).
We assume a tip radius r = 10 nm and for the thickness
of the water layer on the SiO2-covered AFM tip, hW,T,
a value of 0.1 nm at 28% RH and 0.3 nm at 78% RH as
reported in ref 45. These values also correspond to the
thickness of the layer of liquid water reported in ref 46.
Similar thicknesses have been measured for the water
layer on mica, which is also a hydrophilic surface.45

Since collagen is hydrophilic, we assume that a thin
water layer is also present on the fibril's surface as well
as on the collagen lawn that covers the substrate.
For reasons of simplicity, we assume a thickness of
these water layers similar to that on silicon oxide;
however, the following arguments are compatiblewith
thicker layers of water on the collagen fibril and on the
collagen lawn.

When the oscillating AFM tip approaches the sur-
face, two characteristic positions can be distinguished.
The position, when the inflection point of the oscillat-
ing tip is at the onset of attractive forces, defines the
unperturbed sample surface z0, according to ref 30.
This surface lies above the alternative definition
of the sample surface, zB, which we define as the
position where the balance of attractive and repulsive
forces is observed in the phase�distance curves

Figure 7. (a) Cross section of the collagen fibril (perpendicular to its main axis) studied with MUSIC-mode AFM (Figure 3).
(b�e) Model of the tip�sample interaction and the fibril's molecular structure according to Streeter et al.35 Black and blue
dots correspond to tropocollagen and water molecules, respectively. The AFM tip is shown (from left to right) before any
interaction between the tip and the sample occurs (b), at the position zB where attractive and repulsive interactions balance
each other (c), with an indentation of 1.5 nm into the fibril's surface (d), and when it retracts and a water meniscus forms (e).
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(see Materials and Methods section). In analogy to
ref 48, we assume that, at this position, the tip has
partially displaced water from the tip�sample contact
region and started to push against the tropocollagen
molecules (Figure 7c). Finally, as the tip indents into the
fibril's surface, tropocollagen molecules are displaced
from their natural lattice position (Figure 7d). At 78%
RH, we observe a maximal indentation ~zB of 3.5 nm
in the gap regions and 3.2 nm in the overlap regions
(Figure 6). This corresponds to a thickness of two layers
of tropocollagen molecules. At the ridge of the fibril,
this is not a large deformation for a 16 nm thick fibril.
The difference z0 � zB is the width w of the attractive
regime. Two factors contribute to it: (a) the formation
of a water meniscus and (b) attractive van der Waals
forces between the tip and the specimen.48 The width
of the attractive regime increases with increasing tip
radius.49 Another characteristic quantity is the length
of the water meniscus that forms when the tip retracts
from the contact region (Figure 7e). It can be defined
in static (contact-mode) force�distance curves as
the snap-off position when the tip retracts from the
surface.48 For tips with 10 nm radius, both the width
of the attractive regime and the length of the water
meniscus are several nanometers large. We note that
the difference, w = z0 � zB, is the same in the dry state
(28% RH) and the hydrated state (78% RH) on the
collagenfibril aswell as the thin collagen lawn. Therefore,
the measurement of the fibril's height does not depend
on which definition of the sample surface is used.

Water in Type I Collagen Fibrils. An explanation for the
different swelling behavior of the gap and the overlap
regions can be found in the simulation results of
Streeter et al.35 With molecular dynamics simulations,
they modeled themolecular structure of type I collagen
fibrils in the presence of water and chloride ions. They
found that two species of water are present within the
fibril. First, there is free water filling the space between
the individual tropocollagens, and second, there are
water molecules which serve as bridges for hydrogen
bonds between tropocollagens and are therefore
more tightly bound. In the gap region, the density of
interprotein water bridges is found to be 34% lower
compared to the overlap region.35 When the fibrils,
which self-assembled in buffer solution, are deposited
onto the substrate and dry, water evaporates and
the inter-tropocollagen distance (the lattice constant)
decreases.41 Moreover, the gap loses more water since
its water content is higher due to the 20% lower
tropocollagen density and due to the smaller amount
ofwater bound in interproteinwater bridges.35 The local
differences in the amount of free water lead to local
differences in the shrinking and, in turn, to the shape
undulations visible in AFMheight images ofdry collagen
fibrils. During swelling at elevated relative humidity,
the gap regions absorb more water and become
more compliant (softer) than the overlap regions.

Our observation that the height corrugations are dimin-
ished in the hydrated state is consistent with the driving
force of the surface tension, which also minimizes the
surface undulations.

Figure 7d shows the AFM tip at its inflection point,
with a 1.5 nm tip indentation with respect to the
surface zB. The crystal lattice of tropocollagen (black
dots) must deform to allow for such an indentation.
This deformation is elastic because the fibril's shape is
not altered by the MUSIC-mode AFM measurements.
In the dry state, we observe no distinct contrast in
the images of kTS, the conservative contribution to the
tip�sample interaction (Figure 5d,f), and the average
indentation ~zB (Figure 6b,d), despite the 20% differ-
ence in the tropocollagen density between the gap
and overlap regions.35 One reason for this could be the
greater shrinkage of the crystal lattice in the gap region
due to the greater loss of water during drying. This
shrinkage of the lattice constant of the gap regions not
only causes the height undulations, which are visible in
the AFM height images of dry fibrils, but also reduces
the tropocollagen density difference between the
gap and overlap regions. This effect could explain the
smaller contrast in the images of the effective damping
parameter in the dry state (Figure 5g,i).

In the hydrated state, the fibril's mechanical proper-
ties change. Figure 7b,c shows the gap region in the
hydrated state with the unperturbed tropocollagen
lattice (similar to the situation after fibrillogenesis
in aqueous solution), for which we would expect
no height undulations. The tropocollagen density
difference of 20% between gap and overlap regions
leads to an enhanced contrast in the image of the
conservative contribution to the tip�sample interac-
tion, kTS (Figure 5e). However, the dissipative interac-
tions are the main contribution to the contrast of
the MUSIC-mode phase images (Figure 5b). In the
gap regions, more free water is present in the larger
interprotein space and the free water is more mobile;
therefore, the tropocollagen crystal lattice can be more
easily deformed by the AFM tip than in the overlap
regions. The tip indentation causes a temporary redis-
tribution of the free water within the deformed contact
zone, which is a dissipative process. At low amplitude
set points, A/A0, when the tip indentation is large,
this process becomes more important and differences
between the gap and overlap regions cause an increas-
ing contrast in the images of the dissipative contribu-
tion to the tip�sample interaction, Reff/m (Figure 5h).

CONCLUSIONS

With MUSIC-mode AFM, we investigated the
tip�sample interaction with a type I collagen fibril in
the dry and the hydrated state. Our results show how
the distribution of water within the fibril controls their
swelling behavior, shape, and mechanical properties
on the nanometer scale.
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The average degree of swelling corresponds to the
known dependence of the collagen lattice constant on
the water content.41 We observe differences in the
swelling of the gap and the overlap regions, which we
explain by the different amounts of free water in the
interprotein space. This corroborates recent computer
simulation results on the structure and molecular
dynamics of water in collagen fibrils.35

In the dry state, the D-band structure is a height
undulation along the fibril's main axis. The height
differences between gap and overlap regions are
due to differences in shrinking that reflect different
amounts of free water in the gap and overlap regions.
Both types of regions show the same mechanical
properties in the tip indentation as well as in the
conservative and dissipative contribution to the tip�
sample interaction.
In the hydrated state, the fibril surface is smooth and

the D-band structure is due to the different mechanical

properties of the gap and the overlap regions. The
hydrated collagen fibril still behaves as an elastic solid:
in the overlap and the gap regions, the maximal tip
indentation is only 3.2 and 3.5 nm, respectively. The
difference in tip indentation is accompaniedbydifferent
viscoelastic properties of the gap and overlap regions.
The largest difference (contrast) is observed in the
dissipative contribution to the tip�sample interaction,
whichwe attribute to the differences in the amount and
structure of water in the interprotein space.
From amore general perspective, MUSIC-mode AFM

imaging under conditions of controlled humidity and
temperature allows the study of nanoscale swelling
phenomena with unprecedented detail. This is of
particular interest for biomimetic interfaces and hydro-
gels. We expect that this approach will be beneficial
for studies of soft, hydrated surfaces of biological and
bioinspired materials as well as polymer surfaces of
technological importance.

MATERIALS AND METHODS
Sample Preparation. We investigated purified type I collagen

isolated from bovine hide (PureCol from INAMED, Fremont,
USA). It was purchased as an aqueous solution (3mg/mL) with a
pH of 2. The collagen extraction procedure is described in ref 36.
A drop of buffer solution (30 μL, L-glycin/KCl, pH 9.2) was
deposited on a freshly cleaved mica substrate, and 2 μL of the
collagen solution was injected. After 60 min adsorption time on
mica, 60 μL of buffer solution was injected and individual
collagen fibrils were picked up with a micropipette, deposited
onto a silicon surface, and spread with the micropipette.
After drying the sample in air, we flushed the sample surface
with distilled water to remove residual buffer crystals. Prior
to fibril deposition, the 1 � 1 cm2 large silicon substrate with
a native SiOx layer was cleaned for 20 min in a 1:1 solution of
acetone/toluene. After the substrate was removed from the
cleaning solution, it was mounted on a heating plate (150 �C),
and the residual contamination was subsequently removed
with a jet of carbon dioxide.50 The entire sample preparation
procedure resulted in a network of isolated collagen fibrils
deposited on a silicon substrate, similar to that in previous
works.8,9,18,23,24,37,38

Humidity Control. For AFM measurements under controlled
humidity, we used a custom-built setup consisting of a sealing
ring and a washing bottle filled with water, similar to commer-
cially available systems.51 The humiditywas regulated via the air
flow, which was adjusted with a pressure-regulating valve. The
resulting humidity and the temperature were recorded with an
SHT75 sensor (Sensirion AG, Staefa, Switzerland) and are shown
in Figure 8. We imaged individual collagen fibrils with AFM in
conventional IC mode52 as well as in MUSICmode,27 first at 28%
RH after swelling for 20 h at 78% RH and imaging at 78% RH and
15 h after we switched off the air flow that provided the
elevated humidity (imaging at 28% RH).

AFM Imaging. All of the AFM measurements were performed
using a Nanowizard I instrument (JPK Instruments AG, Berlin,
Germany). At ambient conditions (28% RH), the silicon AFM
cantilever (Pointprobe NCH, NanoWorld AG, Neuchâtel,
Switzerland) had a resonance frequency ω0 = 280.526 kHz,
a quality factor Q = 449, and a spring constant k = 21.1 N/m
(determined as in ref 53). The typical tip radius was <8 nm,
as specified by the manufacturer. At 78% RH, the cantilever
parameters changed to ω0 = 280.510 kHz, Q = 454, and
k = 21.2 N/m. After the relative humidity decreased to 28%,
the values were ω0 = 280.362 kHz, Q = 242, and k = 11.7 N/m.

Figure 8. Relative humidity (blue) and temperature (red)
in the AFM liquid cell during the experiment. The gray
stripes mark the time where the AFM measurements took
place.

Figure 9. (a) Phase j and (b) amplitude A measured on a
collagen fibril (28% RH) as a function of the tip�sample
distance d (approach curves). The thin solid lines indicate
the amplitude on an stiff reference surface.
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The MUSIC-mode protocol is described elsewhere.27 To
reconstruct the MUSIC-mode AFM images, arrays of 50 � 50
amplitude�phase distance curves were measured in each case.
The APD curves were separated by 10 nm, resulting in images
that were 500� 500 nm2 large. Small positional variations of the
imaged areas in the dry and the hydrated states are possible.
Nonetheless, within one series of MUSIC-mode images, every
map shows exactly the same spot. The APD curves were
obtained at the free resonance frequency of the cantilever.
The free amplitude A0 was measured to be 43 nm, and the
minimumamplitudeAminwas set to 10 nm. Prior to and after the
MUSIC-mode measurements, the sample surface was imaged
with conventional IC-mode AFM to provide an overview and to
determine the thermal drift in the x�y direction that took place
during the APD curve recording. It turned out that the thermal
drift was negligible, and therefore, no registration of theMUSIC-
mode images was necessary.

Data Analysis. The APD curves were analyzed as described in
refs 30, 31, and 34. Briefly, the influence of the tip�sample
interaction on the forced oscillation of the AFM cantilever is
modeled using first-order perturbation theory.34 Conservative
and dissipative contributions to the total tip�sample interac-
tion force are expressed by an additional tip�sample spring
constant kTS and the effective damping parameter Reff/m.
The former is given by

kTS ¼ keff � k ¼ m ω2 þ cos(j)
F0=m

A

� �
� k (1)

where m = k/ω0
2 is the vibrating mass and keff is the total

effective spring constant. The effective damping parameter is

Reff=m ¼ �sin(j)
ω

F0=m

A
(2)

The quantity F0/m, where F0 represents the amplitude of the
excitation force, is obtained by fitting the cantilever resonance
curve.34

MUSIC-mode AFM images of the height, phase, kTS, and
Reff/m were reconstructed for amplitude set points ranging
from A/A0 = 1 to A/A0 = 0.25. All height images were first-order
flattened, whereas the other maps were not postprocessed.
Image analysis was conducted using the ImageJ software.54

Tip Indentation. For a given amplitude A < A0, the tip indenta-
tion into a compliant surface is the additional distance Δd that
the tip has to approach the surface in order to reach the same
damped amplitude A as on a stiff reference surface that does
not allow for any indentation.31 The tip indentation depends on
the definition of the unperturbed surface (Figure 9). The point
of first contact (z0) is often defined by the first appearance of
attractive interaction as the tip approachs.30,31,42,43 In many
cases, this choice leads to reliable results. However, in the case
of collagen fibrils, it leads to astonishingly large values for the
tip indentation ~z0 (Figure 10, dashed lines). In particular, a tip
indentation of 5 nm into the collagen lawn is not consistent with
its thickness of only 2�3 nm. This thickness was determined
in a separate experiment from the plasma etching rate of

collagen.39 The reason for the large tip indentation values ~z0
can be found in strong attractive interactions between the tip
and sample, resulting in a width w of the attractive regime of
about 4 nm.49

An alternative definition of the unperturbed sample surface
is zB, the position where a balance of attractive and repulsive
forces is observed in the phase�distance curves. At this point,
the transition from the attractive to the repulsive regime of
tip�sample interaction occurs. For collagen fibrils, zB is a better
approximation of the unperturbed sample surface, and the
resulting tip indentation ~zB is consistent with the thickness of
the collagen lawn (Figure 10). For ~zB, the relative differences in
tip indentation between the gap and the overlap regions are
the same as those for ~z0.
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