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Summary

1. Summary

These studies were conducted in order to determine structural and elastic properties of
biomaterials and their influence on complex biological structures as well as time
dependent degradation processes. Morphological investigations were based on Atomic
Force Microscope (AFM) and Scanning Electron Microscope (SEM) images. Elastic
properties of the biomaterials were evaluated by means of force spectroscopy
measurements performed with an AFM. The feasibility of the methods was proven by
the preparation of highly ordered biomolecules and subsequent structural and elastical
analysis.

For the in vitro investigation of acid soluble D-periodic collagen fibrils a novel, fully
automated system for self-assembly was developed. For the separation of acid from
collagen molecules in order to initiate and maintain self-assembly, a dialysis process
was used. Improvement of performance and reproducibility of the fibril preparation was
accomplished by controlling the process with the recently developed automated
dialysis system. The functionality of the system was demonstrated by a repeated
successful preparation of different collagen types.

Collagen type | fibrils which occur naturally as a compound were used for elaborate
structural investigations with nanotechnological methods. During the last years
differences in the elasticity between core and shell were discussed controversially. The
inner structure of mature fibrils was revealed by AFM topographs, which were taken
after a microdissection step. From this data it was evident that the core of the fibrils
exhibits the same morphological and structural properties as the shell. In addition to the
structural investigations we performed elasticity measurements of both core and shell
of the collagen fibrils. The AFM based nanoindentation experiments resulted in a
similar value of Youngs modulus for both regions. Therefore a fluid core, as proposed
in the literature, could not be confirmed by our spatially resolved elasticity
measurements. However the results indicate a somewhat lower adhesion of the shell,
which point to different degrees of cross linking of the inner and outer regions.

The role of collagen and adjacent organic and anorganic material in complex biological
tissue was investigated by examining fresh vertebral bones from pigs and ancient
skeletal material. The high stiffness and toughness of bone is assumed to be mediated
by protein filaments, which act as a glue between collagen structures in the calcium
hydroxyapatite matrix. This “bone-glue” prevents bone from cracking when high
mechanical stress is applied. Samples of an ancient Egyptian mummy were prepared
and imaged with the SEM in order to study the lifetime of proteins acting as elasticity
mediator. Thereby we could successfully visualize filamentous structures of the
supposed size, which were bridging the microcracks in the fresh porcine samples as
well as in ancient human vertebrae.

For the comparison of the influence of collagen and other surface coatings on the
healing time after implant surgeries, morphological investigations of differently
functionalized substrates were conducted with the AFM. Both the bare thin films and
thin films with cells adsorbed on them were investigated. Differences in uniformity of
the functionalizing layers with minor effects on the cell growth were identified.

The degradation of biological substances plays an important role in forensic science, in
particular for the chronological reconstruction of crimes. In this context we presented a
novel tool to estimate the age of bloodstains. Fresh blood spots were deposited on a
glass slide and imaged with the AFM as a function of time in order to examine
morphological alterations over time. In addition time resolved elasticity measurements
based on AFM force spectroscopy were performed. We did not detect any
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morphological differences of the blood spot, however the elasticity values exhibited a
significant hardening of the blood within the investigation period. Our data clearly
demonstrated the potential of this method for the age estimation of bloodstains for
forensic applications.




Introduction

2. Introduction

Through structural arrangement of polymeric and ceramic components biological
materials achieve remarkable mechanical strength despite their small mass.
Biomaterials are either primarily ceramic (tooth enamel, mollusc shell), polymeric
(insect exoskeleton, plant cell walls), or composites (antler, bone). Virtually all
biological materials are composites combining different properties of the basic
components and offer a variety of hierarchical structures [1]. Therefore profound
knowledge of the interaction of single constituents in a multi-component material is of
outstanding interest. To understand nature’s architecture and principles detailed
knowledge about biological assemblies and elastical properties is required. While
microscopic studies reveal that biological composites can be comprised of as many as
five [2] or six [3] distinct substructures (ex. mineral platelets, protein interlayers,
collagen fibrils, fibores and lamellae), the influence and interaction of these on the
overall mechanical properties is not well understood [1]. Nacre for example consists of
97% calcium carbonate (aragonite modification) embedded in an organic matrix, but
has a 3000 times higher tensile strength than calcium carbonate [4]. In brachiopod
shells stacked arrangements of organic layers in an organic matrix with crystallites
decrease the probability of crack formation and increase stability and hardness. This is
attained by the interconnection of flexible and hard constituents and by an hierarchical
structure of the shell [5].

Material synthesis in present nanotechnology is based on two fundamentally different
approaches, the top down and bottom up principle. A number of physical technologies
are used to produce nanoscaled structures like Nano-Electro-Mechanical-Systems
(NEMS) using top down principles. The second approach to assemble nanoscaled
systems uses elementary building blocks, such as atoms or molecules. Functional units
arise step by step by controlled assembly processes. In nature complex structures
emerge through self-assembly starting at the molecular level. For the understanding of
the structure function relationship in biocomposites, in most cases it is not sufficient to
investigate the synthesis only. Also the hierarchical structure and the mechanical
properties of single components and their mutual interaction have to be investigated.
During the last years innovations in the field of Scanning Probe Microscopy (SPM)
provided valuable insights in the understanding of biological processes. Nowadays,
biological materials can be imaged in their natural environment. The most important
scanning probe microscope suitable for biological samples is the Atomic Force
Microscope (AFM). Here, samples are not imaged in a conventional sense, rather the
AFM creates an image of the sample by mechanical interaction with a sharp tip and
detection of the force between tip and sample. Images of biological as well as many
other materials with resolution down to the molecular and atomic scale can be
obtained. Besides imaging this versatile tool allows also for the manipulation of matter
on the nanometer scale. The dissection of plasmids in liquid with the AFM was first
shown by Hansma et al. [6]. Thalhammer et al. demonstrated the possibility to use the
AFM tip as a nanoshuffle to extract minute amounts of DNA for subsequent analysis
[7]. Furthermore, the AFM is capable of measuring elasticity and tensile moduli.
Elongation and relaxation profiles of single collagen fibrils were recorded, thereby
demonstrating a large extensibility and a significant reserve of elasticity [8]. Crosslinks
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on a low organisation level of collagen were tested by pulling substructures out of the
aggregation.

In order to predict mechanical properties of specific composite materials one has to
understand the interconnection, i.e. elastic properties and the mutual interaction of
each single constituent in heterogeneous assemblies. For the understanding of single
component properties in composites and their contribution to the overall mechanical
characteristics of compounds, modern nanotechnology provides unmatched insights.
Nanotechnology serves many different fields in science by providing an atomistic
understanding. Properties of single molecules and their interaction with adjacent
molecules in compounds can be measured directly, not as an ensemble average as
with other conventional techniques.

We implemented a new automated system for self-assembly of biomolecules especially
collagen fibrils, which were subsequently investigated with the AFM by performing
microdissection and elasticity measurements. Structural properties and alterations of
biopolymers in complex organic and anorganic matrices were examined. To support
forensic medicine, both AFM based force spectroscopy and morphological
investigations were conducted on blood samples in a time resolved manner.
Investigations of cell growth of osteoblasts on different substrates in order to explore
the influence of implant coatings on the healing time after surgery could be supported
by providing high resolution images of the substrate coatings and subsequently grown
cells. With the Scanning Electron Microscope (SEM) structural properties of ancient
and fresh mammalian bone samples at the molecular level were able to provide
insights in assembly and degradation processes of microstructured collagenous tissue.
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3. Measuring Bioelasticity — A Nanotechnological Approach

Over the years material sciences gave important insights for the understanding of
material properties which are of fundamental interest for technological applications.
Normally elastic properties are determined by pulling, bending or indentation
experiments. For elasticity measurements on the molecular level the measurement
tools for macroscopic samples are not suitable: the resolution is insufficient and contact
areas are too large to test macromolecules and microstructured biocomposites. The
influence of single components on the overall mechanical properties can be
investigated only on the microscopic and molecular level. The capabilities of the AFM
to image, manipulate and measure mechanical properties of materials in their natural
environment without extraordinary requirements on the sample properties, predestines
it for applications in material science.

3.1 Atomic Force Microscopy

In the 1980’s a new type of nearfield microscope initiated a revolution in the field of
imaging a wide variety of samples on the nanometer scale. In 1982 Gerd Binnig,
Heinrich Rohrer, Christoph Gerber and Eddie Weibel developed the Scanning
Tunneling Microscope (STM) at the research laboratories of IBM in Zurich. The
breakthrough was an image of a 7x7 reconstructed silicon (111) surface where atomic
resolution was obtained for the first time [9]. A few years later a microscope derived
from the STM was invented by Gerd Binnig, Calvin F. Quate and Christoph Gerber at
IBM, the Atomic Force Microscope (AFM) [10]. In contrast to the STM, the AFM does
not require electrically conducting samples, thus facilitates the investigation of non-
conducting samples as normally encountered in biology. The STM operates with a very
sharp tip, ideally terminated by a single atom at the apex, which is scanned across the
sample surface line by line. Between tip and sample a small bias voltage is applied, so
that at the end of the tip a field of 10’ VV/cm and more can be found [11]. By means of
the quantum mechanical tunneling effect electrons can be transmitted through the
barrier which is not allowed by classical mechanics. This gives rise to a highly distant
dependent current which is used as an extremely sensitive measure for the probe
sample distance. The AFM also requires a tip which scans the surface line by line, see
Fig. 1. However in the case of the AFM it is not necessary to apply a voltage between
tip and sample surface. The tip is mounted to a cantilever with a distinct spring
constant. This assembly is used to measure the resulting force between tip and
surface. As a consequence of sample topography the cantilever bending varies
according to the lateral position. Depending on the operational mode some quantity is
kept constant by means of a feed-back loop which controls the tip sample distance.
Eventually the extension of the z-piezo is used to reconstruct the sample topography.
Typically the cantilever bending is detected with a laser based light pointer. The laser is
focussed on the backside of the cantilever where it is reflected onto a 4-quadrant
photodiode. The laser induces a photovoltage in the quadrants of the photodiode.
Vertical movements and torsions can be measured by evaluation of the appropriate

Atomic Force Microscopy
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difference signal of the individual quadrants. This difference signal of the photodiode is
used as an input signal for a feedback loop. In order to follow the sample topography
the cantilever is moved by the z-piezo in vertical directions. Also the movements in x-
and y-directions during the linewise scanning process are accomplished by piezos, in
most cases stacked piezo assemblies or tubes are used. Piezos are ceramic materials
which are extending and contracting when an electric field is applied. Normally PZT
(lead zirconium titanate) is used as piezoelectric material.

Image
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WW "XJY control |
;‘u unit
X/Y-control
Z-Feedback Z-control
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Fig. 1: Sketch of the operating principle of the Atomic Force Microscope

A Si-chip with a cantilever and a very sharp tip is fixed to a piezo tube which fulfils the scanning
motion across the sample in x/y-direction and vertical to the sample in z-direction. The
deflection is measured with a 4 segment photodiode. The difference signal A-B between upper
and lower section of the photodiode is held constant by the feed back loop during imaging in
contact mode. The image is created with the signals of the x/y controller, the signal of the z-
feedback loop (photodiode signal) and the z-control of the scanner (adapted from [12]).

3.1.1 Imaging Modes

Depending on the samples properties and the required resolution a particular imaging
mode has to be chosen. For soft samples the applied force must not be too high, which
means mechanical contact between probe and sample should be avoided. Hence the
non-contact mode should be used, otherwise the sample will be irreversibly altered
during imaging. The contact mode should be chosen, when very high resolution down
to the atomic scale is required and the sample offers sufficient hardness. Both
advantages, feasibility for soft materials and high resolution capability are combined in
the intermittent-contact mode. In the following chapter the most commonly used
imaging modes of the AFM are explained in more detail.

Atomic Force Microscopy
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Independent of the imaging mode the image results from convolution of the tip
geometry with sample topography, as illustrated in Fig. 2. If the diameter of the tip apex
becomes comparable to sample features, protrusions appear significantly broader and
pits smaller than they actually are. This well known artefact is called “convolution
effect”.

Tip

/

~ |

Trajectory
of tip centre

Fig. 2: Trajectory of an AFM tip over a sample surface. Protrusions appear broader, whereas
pits are imaged smaller than they are. The resulting image originates from convolution of tip and
sample geometry.

3.1.1.1 Contact Mode

In contact mode mechanical contact between the apex of the tip and the outer surface
layer of the sample is established, cf. Fig. 2. While imaging hydrophilic surfaces at
relative humidities greater than 30%, at least one monolayer of water is condensed on
the surface and the tip moves through an adhesive water layer. Since condensation of
water in the space between tip and sample surface is energetically favourable, water
layers result in an attractive contribution to the total tip sample force.

Generally, the contact mode is subdivided into two modes, the constant force mode
and the constant height mode [13]. In the constant force mode the photodiode signal is
kept constant by a feedback loop. During the linewise scanning process a set-point
force is maintained by holding the cantilever bending constant. In order to achieve this
for each image pixel, the z-piezo moves the cantilever in vertical directions. Thus, the
z-position of the piezo as a function of lateral position (x, y) corresponds to the
topography. Whereas for the constant height mode the feedback control loop is
deactivated. This is only recommended for very flat and hard samples. In the constant
height mode the topography information is encoded in the photodiode signal, the so
called error signal, which is a measure for the cantilever bending. Due to the strong
interaction between tip and sample high resolution can be obtained.

3.1.1.2 Non-Contact Mode

In the non-contact mode the tip is not in contact with the sample, but several tens of
nanometers away. Far away from the sample the cantilever is oscillated near its
resonant frequency by means of applying an alternating voltage to the z-piezo. Upon

Atomic Force Microscopy
10



Measuring Bioelasticity — A Nanotechnological Approach

approaching the tip to the sample the amplitude of the oscillation will be reduced and
the eigen-frequency of the cantilever changed due to interaction forces, see Fig. 3.
Here the frequency shift is held constant during imaging. In this mode the total
interaction force between tip and sample is smaller as compared to the contact mode
and therefore the resolution is reduced. Normally soft samples are imaged with the
non-contact mode, as no lateral forces are applied to the sample and no sample
deformations are induced.

o
M free
[} lamplitude

10-100nm |

AT

oscillating ti . :
- N !r\l A A ﬁ .'n"‘l [‘."‘,I ;‘n‘\ reduced
VIV VYV VY Y lamplitude
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Fig. 3: Principle of non-contact mode. The upper sketch shows the oscillation far away from the
sample surface. The sketch below illustrates the reduced oscillation when the tip has been
approached to the sample.

3.1.1.3 Intermittent Contact Mode

The intermittent contact mode combines the advantages of the contact mode and the
non-contact mode. In the non-contact mode the tip oscillation is excited near its
resonant frequency relatively far away from the sample surface. When the amplitude is
increased the tip briefly touches the sample every time it passes the lower reversal
point of the oscillation, as depicted in Fig. 3. This mode has the advantages that
frictional forces can be almost completely avoided and normally higher resolution than
in the non-contact mode can be obtained. Alteration and destruction of the sample is
often observed when the contact time is too long. This opens up a way to avoid sample
destruction by keeping the interaction time between tip and sample short enough.

3.1.2 Force Spectroscopy

Compared to many other microscopical methods as conventional light microscopy,
scanning electron microscopy or Transmission Electron Microscopy (TEM), atomic

Atomic Force Microscopy
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force microscopy offers the opportunity to locally manipulate and probe elastical
properties of the sample.

For the acquisition of force displacement curves, the z-piezo must be ramped along the
vertical direction perpendicular to the sample surface and the tip is used as a
nanoindenter. In principle there are two modes of recording force-displacement curves.
The static mode is characterised by a linearly ramped approach to the sample. The
cantilever bending is recorded by means of the photodiode signal as a function of z-
piezo extension. In the dynamic mode the AFM is operated in non-contact mode, and
the cantilever is oscillating near its resonant frequency. Then the amplitude of the
oscillation is recorded as a function of tip-sample distance during approaching and
withdrawing. In general force distance curves can be divided into 3 regions, the zero
line, the non-contact line and the contact line. When the tip is far away from the sample
and the cantilever deflection is nearly zero, the respective bending is assigned to the
zero line. When the tip is pushed against the surface and indents into the sample, the
contact region of the force displacement curve is recorded. The non-contact line
contains the jump-into-contact and the jump-out-of-contact domain. Attractive and
repulsive forces can be distinguished by means of the non-contact line. Attractive
forces are mainly Van der Waals or Coulomb forces, whereas repulsive forces are
double layer, hydration and steric forces [13]. Fig. 4 displays a typical force-distance
curve. The different regions as described above (jump-into-contact and jump-out-of-
contact) can be seen in the approach as well as in the retraction curve.

approach
-

—_—

retract

cantilever deflection [ni]

-3 . T . . . T . T
40 30 20 10 u]

Z-piezao extension [nm]

Fig. 4: Force displacement curve on a sample with attractive surface forces.

Depending on the elastic properties of the sample the indentation varies at constant
loading forces. In the simplest case there are no or negligible surface forces between
tip and sample. In the indentation experiment only elastic properties of the substrate
material are measured. When only elastic forces occur during the measurements the
force curve can be modelled by a theory developed by Hertz and Sneddon [14, 15]. On
rigid surfaces the indentation of the tip is assumed to be zero. As can be seen in Fig. 5,

Atomic Force Microscopy
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where curves with different Youngs moduli are modelled based on the Hertzian theory
in the contact regime. The more elastic the sample is the more the tip penetrates into
the sample.
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Fig. 5: Force distance curves of various samples with different elasticity modelled with the
Hertzian theory in the contact regime. The AFM tip can not penetrate into the rigid sample
surface, therefore the cantilever deflection corresponds to the extension of the z-piezo. The
softer the sample the more the tip penetrates into the sample. As a consequence the slope
becomes smoother.

3.1.3 Elasticity Calculations

At the end of the nineteenth century Heinrich Hertz started his investigations of contact
mechanics [14]. He considered the distribution of contact pressure and elastical
displacements in two bodies which were pressed against each other. The area of
contact was proposed to be elliptical. Hertz worked with glass lenses and investigated
optical interference effects. Based on his knowledge about electrostatic potentials and
his experience with optical interference he developed his theory of the contact
mechanics of two elastical bodies [16].

3.1.3.1 Contact Mechanics

When a force is applied between two elastic bodies, the mechanical stress is mainly
concentrated within the contact region. The stress decreases rapidly with increasing
distance from the center of contact. In general, the dimensions of the samples are large
compared to the contact area. Therefore the sample can be approximated as elastic
half space [16].

Atomic Force Microscopy
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For force spectroscopy measurements on samples with ideal elastic properties the
approach and withdrawal curve would be identical. In case of ideally plastic samples,
the curves do not overlap at all and the indentation pit formed during the penetration
remains. The great majority of materials exhibit a combination of both properties. The
Hertz theory only takes into account elastical properties and neglects additional surface
forces such as adhesion. If surface forces play a role during the measurements other
models as e.g. Maugis Dugdale (MD), Derjarguin-Muller-Toporov (DMT) or Johnson-
Kendall-Roberts (JKR) have to be applied. Fig. 6 displays the geometry of a spherical
tip interacting with a flat sample.

SAMPLE

Fig. 6: Interaction of an elastic sphere with a flat surface. F is the loading force, R the radius of
the sphere, y the distance from the center of the contact area, & the penetration depth, ayet, and
aukr are the contact radius with respect to the Hertz and the JKR theories, (taken from[13]).

Following the ideas of Cappella and Dietler [13], the contact radius a, where a sphere
with the radius R is pressed against a flat surface is given by:

/RF
a= ?. (3.1)

Here, the reduced or effective Youngs modulus [17] takes into account that elastic
deformations take place in the sample as well as in the indenter. Youngs modulus E;
and Poisson ratio v; for the sample as well as for the indenter (index /) determine the
effective modulus, which is defined by:

2 2
%zi.(l EVS o EVi J (3.2)

S 1

In case of a very hard tip, the effective modulus is dominated by the sample material
and the second term of equation (3.2) is then negligible; combined with equation (3.1) it
results to:

4 E,
F:ﬁ'(l_w]'as' -

Sneddon extended the model for rigid punches and flat surfaces under the assumption
of an elastic half space [15]. In case of rigid axisymmetric punches, where f(x)
describes the punch profile, according to Sneddon the force can estimated by:

Atomic Force Microscopy
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3. x2f'(X)
F =—Ka| —==dx. (3.4)
2 '([\/l—x2

As stated above, the Hertz and Sneddon model can only be applied when additional
surface forces can be neglected, otherwise a more generalized theory has to be
applied. A detailed description can be found in reference [13].

For systems with low adhesion forces and small tip radii the theory after Dejarguin,
Muller and Toporov (DMT) [18] is most appropriate. It takes into account that forces
between the two bodies produce a “finite area of contact”. The DMT model describes
adhesive forces around the contact radius while the surface is not deformed by
adhesion [19]. Upon retraction of the tip this force increases until the tip snaps out of
contact. The adhesion force at zero load can be expressed by the adhesion work W at
contact by the following equation with the indentation depth and the contact radius
equals to zero:

F,, = 27RW (3.5)

The adhesion force enters the calculation via the contact radius which is increased
according to the DMT-theory. The contact radius has following term:

R
a=3\/(F +272RW)E. (3.6)
The indentation as well as the pressure is identical to the Hertz model.

Johnson Kendall and Roberts (JKR) theory is to be preferred when soft samples with
high adhesion are measured with large tip radii [20]. This model only takes short range
forces within the contact region into account, which are able to deform the sample upon
withdraw. According to the JKR model the force when the indenter detaches is given

by:
F, = %ﬂRW . (3.7)

The contact radius can be written as:

a=s\/§[F +3RW7z+\/6RWF7z+(3RW7z)2] (3.8)

Pashley et al. [21] introduced an expression to estimate the surface forces inside and
outside the contact area. The parameter @p is directly proportional to the height h of the
specimen neck which is formed before the tip detaches during retraction and indirectly
proportional to the typical atomic dimension z,, @p is given by:

(3.9)

Muiller et al. [22] used this parameter as a criterion for the selection of the appropriate
theory. For @p<0.3, in case of hard samples, small radius and low surface energies the

Atomic Force Microscopy
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DMT theory is applicable, whereas for @p>3, in case of soft samples, large radii and
high surface energies the JKR model is preferable.

The most extensive theory to model surface interactions was introduced by Maugis
[23]. It is applicable for large rigid spheres with high surface energies as well as for
small soft bodies with low surface energies, but also for intermediate cases. A
dimensionless parameter was introduced to fully describe the sample properties:

”Wsz " (3.10)

/1=2~00-(

Whereas oy is the surface stress at the edge of the indenter. For soft, large and
adhesive bodies A is high, whereas for small and hard bodies the value of A is small.
Maugis introduced several supplementary dimensionless parameters corresponding to
the contact radius, the adhesion force which is modelled as constant additional stress
over the annular region, and the indentation depth.

For A—0 the Maugis theory converges to the DMT model and for A—~ to the JKR
theory. In all other cases, solving the Maugis model is not trivial and at least some
parameters have to be known. It can not be solved analytically and requires elaborate
numerical calculations.

All theories described above are continuum elastic theories and hence require smooth
surfaces without plastic or viscoelastic deformations. The exact derivations of the
equations and theories can be found in detail in the respective literature as cited above
and are reviewed by Cappella and Dietler [13]. Although in the Hertzian theory surface
interactions are not taken into account. Nevertheless it is useful when high loads are
applied, surface forces are not too high and only elastic properties of the sample are to
be measured. However depending on the experimental conditions, the sample
properties of interest, and the required accuracy, the respective model has to be
chosen accordingly.

3.1.3.2 Evaluation of Force Spectroscopy Data

Independent on the model which is used for the evaluation of the force spectra it has to
be fitted to the experimental curves. For our data we used the Hertz model to deduce
Youngs modulus. Since these experiments were indentation based and no repulsive
surface forces were identified, adhesion forces play a minor role for our elasticity
calculations.

According to the Hertzian theory for small indentations of an infinitely hard parabolic tip
into an elastic half space the normal force F can be described by the following
equations [15, 24, 25]:

F 4B MR, (3.11)
14

paraboloid 5 ' (1__)
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where 6 is the indentation depth, E is Youngs modulus, v is the Poisson ratio, a is the
cone angle (half of the opening angle), and R is the tip radius. In case of
incompressible materials the v is 0.5. The applied force can be derived from the
deflection of the cantilever which is considered as a tightened spring obeying Hooke’s
Law:

F=k-d, (3.13)

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

The cantilever deflection depends on the indentation of the tip into the sample. The
extension z of the piezo tube normal to the sample surface accounts for the deflection
of the cantilever d and the indentation depth 5 of the tip into the sample:

z=d+9d (3.14)

By combination of equations (3.11), (3.13), and (3.14), Youngs modulus can be
expressed for hard samples with small indentations as follows:

3.k, -(d—dy)-| 1-v?
Eparaboloid = : ( 0) ( )y : (3.15)
4'\/E'[(Z_Zo)_(d _do)] ?

For soft samples with large indentations of the pyramidal cone of the AFM tip Youngs
modulus can be expressed by:

e ked=d)-2-(1-v)
" rtan(@)-[(z-2))-(d-d,)f

(3.16)

where d, and z, are the corresponding values of the cantilever deflection and the z-
piezo extension at the contact point. Now equations (3.14) and (3.15) can be rewritten
in the contact regime for hard samples as,

30k (@ —d,)- (1)
z_{ TR E } +(d-d,)+z, (3.17)

and for soft samples as:

2\
z{z'k“(d_d())'(l_v)} +(d—d,)+z,. (3.18)

7-tan(a)- E

Evaluation of Youngs modulus is performed through Levenberg Marquardt iterations for
a distinct fitting range in the contact region. To exclude surface effects during the
iteration the fit range does not include the contact point. Fig. 7 displays a force distance
spectrum (grey curve) recorded on a several hundred nanometer thick collagen gel.
The dashed black curve is simulated with the values (E, zo) from the fitting procedure.
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The fit is excellent, deviations between the simulated and the measured curve are
negligible.
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Fig. 7: Force spectroscopy on a collagen gel to demonstrate the applicability of the Hertzian
model to these measurements. Fit parameters are Youngs modulus E and the contact point z,
yielding values of E = 28,5 MPa and z, = 59 nm.
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3.2 Collagen Studies by Nanotechnological Methods

Collagen is the major structural protein in our body, which makes up for approximately
25% of all proteins and at least 20 distinct collagen types exist. Collagen molecules in
the extracellular matrix are responsible for the strength of tendons, support skin and
internal organs, as well as bones and teeth by adding mineral crystals. The collagen
molecules, a right-handed triple helix, are comprised of three single collagen helices.
The triple helix consists of two a1(l) chains and one a2(l) chain, where each chain has
characteristic sequences of Gly-X-Y, where X and Y stand for any amino acid and Gly
for glycine. Glycine has the smallest side chain, only a single hydrogen atom.
Therefore a tight packing is possible, when every third amino acid is glycine and the
residue (side chain) is inside the helical structure [26]. Irregularities during the
assembly of collagen fibrils can cause severe diseases. Scurvy can develop as a
consequence of vitamin deficiency (lack of ascorbic acid). Vitamine C plays an
important role during the hydroxylation of proline and lysine and deficiency results in a
disturbed assembly of collagen fibrils. Patients may suffer from gingival bleeding,
dermatitis, joint inflammation, gastroenteritis, diarrhoea, fever and so on. A latency
period of the disease of several months leads to a delayed onset of the symptoms [27].
The Ehlers Danlos Syndrom is caused by an accumulation of non-triple helical collagen
chains in the endoplasmic reticulum and thus a slower rate of secretion during the
collagen assembly. The formation of important cross-links is disturbed. [27]. The
pathology of this genetic disease is hyper skin elasticity, extreme joint extendibility and
functional disturbance of internal organs. Low bone mass and fragility is also caused by
a genetic disorder called osteogenesis imperfecta. Two genes which encode the a
chains of collagen type | are mutated. Most mutations of genes in the collagen
assembly lead to a substitution of glycyl residues by cysteinyl residues, thereby
inducing a disturbed formation of the triple helix [28]. Collagen molecules become
fragile and complex structures as skin, tendons or blood vessels tend to rupture if
cross-linking is inhibited during self-assembly.

The AFM offers many advantages for studying the structure, organisation and
bioassembly of fibrous and other proteins under natural conditions. Cryo-AFM
experiments were conducted on segmental-long-spacing (SLS) collagen crystals which
may be important for the assembly of calcified tissue [29]. Collagen type | and FLS
collagen fibrils were extensively studied and insights in bioassembly of this complex
structure [29] were gained by means of AFM results. However, one of the most
important aspects, the influence of the substructure on overall mechanical properties of
mature fibrils, has not been clarified yet.

3.2.1 Formation of Collagen Fibrils

The collagen helix (a-chain) is left handed and the repeating distance is 0.96 nm. The
collagen molecule has a total length of about 300 nm and a mass of 285 kDa, whereas
the diameter ranges between 20 nm and 500 nm depending on the collagen type. The
banding pattern of native collagen fibrils is between 64 nm and 67 nm. Fig. 8
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schematically displays the assembly of single collagen helices into a native collagen
type | fibril.
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Fig. 8: Schematic drawing of the collagen fibril structure. lllustration of the molecular packing
and origin of the banding pattern. (adapted from http://ntri.tamuk.edu)

Collagens are very widespread in mammals and occur in different tissues. The most
common form is collagen type |. Up to now about 20 different collagen types have been
investigated. Collagens can be classified in fibrillar collagens, fibril associated, network
forming, and filamentous anchoring collagens. Collagens are a component in tendons,
skin, cartilage, vessels, cornea, membranes and so on.

During the formation of the collagen fibrils, a1-glycoprotein is proposed to play a very
important role. It is also known as orosomucoid and is a 41kDa single polypeptide,
which occurs in blood plasma. Up to now the exact biological function remains
unknown, whereas the structure has been investigated by Kopecky et al. [30] and the
influence on the synthesis of FLS fibrils was first shown by Franzblau et al. [31].

3.2.1.1 In vivo Self-Assembly of Collagen

Collagen biosynthesis consists of many steps, divided into intracellular (cf. Fig. 9) and
extracellular (cf. Fig. 10) synthesis. Fibroblasts are responsible for the intracellular
transformations. A polypeptide precursor emerges at the polyribosomes and after
cleavage of the signal peptides, procollagen is formed. Pro- a1 and a2 are synthesised
simultaneously. During the synthesis left handed helices are formed which exhibit non
helical sections at the C- and N-terminal ends with a length of 16 and 25 amino acids
respectively, the so called telopeptides. Hydrogen bonds at the center of the triple helix
are responsible for the cohesion. After the hydroxylation of proline and lysine residues,
the collagen chains wind together to the triple helical structure. The hydroxylation of
proline is not merely a prerequisite, but is also responsible for the temperature stability
of the collagen helix. Only hydroxilized procollagen molecules are secreted from the
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cell. Subsequent steps after the hydroxylation are a glycolisation of single hydroxyl
residues, where one or two sugar groups (galactose or glucose) bind, and the creation
of disulfide bridges at the C-terminal. The degree of glycolisation is dependent on the
type of collagen. After the intracellular triple helical assembly has been finished the
molecules are secreted from the cell into the extracellular space [27].
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Fig. 9: Intracellular transformations of collagen chains. (adapted from [27])
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Fig. 10: Extracellular modifications of collagen helices.(adapted from [27])

Two specialized procollagen proteinases cleave both peptides at the C-terminal and
the N-terminal ends. In the regions of the non-helical sites of the collagens, the
telopeptides - lysil and hydroxolysil residues - are desaminated. The resulting
aldehydes form bifunctional crosslinkings which play an important role for the elasticity
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of collagen. Due to these crosslinkings insoluble collagen microfibrils emerge in salt
solutions and the melting point of the microfibrils increases to 67°C [27].

Collagen molecules align parallel to each other. Due to hydrophilic and hydrophobic
sequences the collagen molecules have a characteristic charge distribution. During the
agglomeration the positive and negative charge centers neutralize each other. The
growth mechanism of microfibrils to collagen fibrils is characterized by an increase in
diameter and is up to now not completely understood. The final diameter of the
collagen fibril depends on the collagen type, but also on the interaction with other
proteins in the extracellular matrix.

The half life of collagen depends on the adjacent connective tissue and several other
factors, such as inflammations, arthritis or wound healing. Collagenases are
responsible for the decomposition of collagen. These enzymes originate from
endothelium cells, fibroplasts and other cells. Under normal conditions a subtle
regulated balance exists. When it is disturbed the collagen decomposition might
increase [27].

3.2.1.2 In vitro Self-Assembly of Collagen

A widespread method to obtain single collagen fibrils is the in vitro preparation from
purified collagen. Collagens are often extracted in monomeric form with diluted acid
solutions. The assembly process is mainly entropy driven, hence temperature
dependent. Due to a loss of solvent molecules the collagen molecules self-assemble
into fibrils. These fibrils are unipolar and have small tapered ends [32]. The specific
self-assembly conditions like temperature, ionic strength, pH-value are very important
during collagen morphogenesis. Fundamental work for the understanding of these
determining factors was published by Gross, Wood, Keech et al. [33-39] and Bard and
Chapman [40, 41]. The preparation of collagen fibrils by dialysis was introduced by
Orekhovich, who could prove the existence of procollagen by dialysing mammalian skin
against water [42]. Further dialysis experiments were done by Highberger [43], who
developed a procedure to assemble LS fibrils (Long-Spacing) against water. In
absence of salt from neutralizing processes it was possible to investigate the influence
of mucoprotein [43]. The interaction of collagen with a1-acid glycoprotein during the
formation of fibrous long spacing fibers was investigated for the first time by Franzblau
et al. [31].

For the in vitro preparation of collagen fibrils several factors and conditions have to be
controlled during self-assembly. The initially introduced diluted acid, for example acetic
acid or hydrochloric acid, has to be removed from the solution. This can be
accomplished either by neutralization or removal during a dialysis process. Viscosity
measurements during in vitro self-assembly show an increasing viscosity upon removal
of the acid from solution. This viscosity change is time independent, but directly related
to the concentration of the acetic acid [31, 44], which diffuses through the membrane of
a dialysis tubing [45].
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During the dialysis process the membrane of the dialysis tubing acts as a molecular
sieve and separates macromolecules from low-molecular-mass substances like acid
molecules. Single step processes are primarily determined by the equilibrium of the
concentrations between both sides of the membrane. An enhancement of the
separation efficiency can be attained by continuously rinsing one side of the
membrane. When doing so, the continuous diffusion of molecules smaller than the pit
diameter of the membrane can be maintained. In order to establish such multistage
processes with a dialysis tubing the external side needs to be purged with DI-water.
This is an efficient measure to decrease the process time and increase the yield of the
target molecule.

For the preparation of collagen fibrils the dialysis method seems to be preferable,
particularly when the influence of other molecules (from neutralisation) should be
excluded and/or the influence of a certain substance should be studied. For the
investigation of in vitro self-assembly of collagen it is indispensable to control or
regulate the dialysing conditions. The most important aspect is the separation of the
acid molecules from the collagen molecules. The separation process in particular the
diffusion of the acid molecules is determined by the pH-value which can be controlled
by an automated dialysis system [45], (cf. publication P1, Controlled Self-Assembly of
Collagen Fibrils by an Automated Dialysis System, chapter (5.1) ). The output signal of
the pH-meter is read out by an 8-bit analog digital converter (Velleman) and then
processed as described in the following (Fig. 11). A Visual Basic program controls the
actual pH-value and compares it with the setpoint value. If the actual value is lower
than the setpoint value, valve X1 will be opened and dialysis buffer is added to the
external side and vice versa. The digital output (open collector) of the interface card
switches a relay, which opens the valve.
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Fig. 11: Schematic diagram of the pH-control system

The pH-value is measured with a pH-meter and read into the USB AD/DA card with its analog
input channel and a 15x amplification. The system is controlled by a Visual Basic program. An
open collector output controls a relais which opens and closes a valve, thereby controlling the
flow of dialysis buffer.
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3.2.2 Structural Properties of Single Collagen Fibrils

Collagen molecules are axially staggered and shifted by multiples of the banding
pattern. When charged the banding pattern gives rise to contrast in SEM topographs.
Based on AFM topographical investigations complemented by density values obtained
from SEM measurements, a staggered arrangement of collagen molecules with gap
and overlap zones was proposed. Native fibrils and fibrous long spacing fibrils (FLS-
fibrils) were prepared and imaged with the AFM by Paige et al. [46, 47]. Native,
intermediate and mature FLS collagen type | as well as native type Il fibrils are
depicted in Fig. 12 and described in chapter (5.1), publication P1 [45].

Cocoon-like fibrils with a size of hundreds of nanometers in diameter and a length of
(10-20) mm were observed as a byproduct of FLS-fibrils preparation. For the formation
of FLS- and cocoon-like fibrils a stepwise process is postulated [48].

Figure 12: AFM images of (A) a native collagen type | fibril. (scalebar corresponds to 500nm,
error signal, contact mode, in decanol) (B) native and FLS collagen type | fibrils. The formation
is changing along the axis of the fibril. (scalebar corresponds to 500nm, error signal, contact
mode, in decanol) (C) an intermediate FLS-fibril, assembled with increased a1-acid glycoprotein
concentration. (scalebar corresponds to 500nm, error signal, contact mode, in air) (D) native
collagen type Il fibrils. The banding is clearly visible and the repeating distance amounts to 70
nm. The diameter of collagen Il (110 nm in width and 13 nm height) is much smaller than the
diameter of collagen I. (scalebar corresponds to 500nm, topography signal, non-contact mode,
in air)

The presence of collagen type | with kinks, caused by mechanical deformation leads to
the hypothesis that collagen fibrils could mechanically behave like tubes as also
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observed by Gutsmann et al. [49]. They suggest that collagen molecules exhibit a
higher degree of crosslinking near the fibril surface and are more disordered or softer
at the center. A collagen type | fibril with a kink is depicted in the inset of Fig. 13, see
also chapter (5.2), publication P2, Structural Investigations on Native Collagen Type |
Fibrils and reference [50]. Due to the proposed inhomogeneous structure collagen
fibrils are expected to exhibit an extraordinary reparation mechanism. The stiff outer
shell breaks, whereas the fluid core remains intact and is able to heal defects in the
outer shell.

native ©
fibril %

«
FLS- .

fibril ;1

500nm

Fig. 13. High resolution AFM image showing a single collagen fibril with a kink. Because of such
kinks collagen fibrils are compared to tubes. (error signal, scalebar corresponds to 500 nm).

Fratzl et al. observed a molecular gliding within the fibrils at high strain which finally
leads to disruption of the structure [51]. Scanning electron tomographs of corneal fibrils
showed the organisation of approximately 15° tilted microfibrils (~4 nm in diameter) in a
36 nm thick collagen fibril. Further structural investigations revealed that microfibrils
exhibit ordered and disordered regions within the 67 nm banding pattern [52].

3.2.2.1 Microdissection of Single Collagen Fibrils

Microdissection using AFM was performed on FLS-fibrils (1.7 ym width, 270 nm
banding pattern) in order to gain access to the FLS banding pattern also in the middle
of the fibril [53]. As proposed by Rainey et al. the characteristic banding originates from
the attachment of a1-acid glycoprotein at specific distances [48]. On the contrary the
banding structure of native collagen fibrils is defined by the repetition of overlap and
gap zones [54]. Structural investigations subsequent to a dissection procedure on
native collagen fibrils have never been published before. FLS fibrils are at least six
times broader than native fibrils and in addition the proposed assembly is completely
different from native ones.

In order to image the inner structure and to measure elastical properties in the center
region of native collagen fibrils it is necessary to uncover the core of the collagen fibril.
In our experiments we applied an AFM based microdissection to native collagen type |
fibrils for further examination of the inner structure. Both the shell and upper parts of
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the fibril were scratched away to obtain high resolution images of the core, a typical
dataset is depicted in Fig. 14. To exclude artefacts caused by the scratching process it
was performed under a defined angle with respect to the fibril axis. In conclusion, no
structural differences between the banding pattern of the core and the outer shell were
identified. Both banding patterns are identical in width as well as in the repeating
distance. This fibril exhibits a banding pattern of 78 nm, a height of 30 nm, and a width
of 270 nm. For the first time, this experiment utilized a dissection procedure applied to
native collagens, in order to unambiguously prove that there are no morphological
differences between core and shell. A more detailed representation can be found in
reference [50], publication P2, and chapter (5.2).

banding pattern
overlap zones

Fig. 14. High resolution AFM image of a microdissected collagen fibril. The core of the collagen
fibril is uncovered and the banding pattern inside the fibril is visible. The arrows indicate the
overlap zones of the collagen molecules that arise during the self-assembly process of the
collagen fibril (non-contact mode, topography signal, scalebar corresponds to 250 nm, in air).

It seems very likely that during the microdissection process complete collagen layers
are removed from the fibril, in particular when a structural model as described in
chapter 3.2.1 Formation of Collagen Fibrils, where mature fibrils are comprised of
tropocollagen crosslinked with their neighbours, is considered. However, it can not be
completely excluded that molecules are ruptured and crosslinkings are destroyed upon
scratching with the AFM tip.

3.2.2.2 Elasticity Measurements on Dissected Collagen Fibrils

The eligibility of the AFM as a tool for measuring elastic properties of collagen fibrils is
well established [8, 55-58]. It is appropriate for pulling- and indentation experiments
likewise. Pulling experiments were performed to examine crosslinking of substructures
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and elongation properties of complete fibrils [55]. Two different series of rupture events
were measured while probing the crosslinking of collagen subunits. Events with a
periodicity of 78 nm and weaker ones with a periodicity of 22 nm were found. Similar
results with multiple stretching peaks were obtained by Bozec and Horton on trimeric
type | tropocollagen molecules [56]. Moreover, force spectroscopy on collagen fibrils
which were adsorbed between the AFM cantilever and the substrate surface showed a
large extensibility. In force-elongation and relaxation profiles several discontinuities and
plateaus in the force curves indicate reorganisation events within the fibril [8]. The
fibrillar structure and viscoelastical properties of collagen were measured by means of
stress and strain curves, where several distinct regions could be distinguished [51],
[59]. Initially crimps [60] and kinks [61] are removed, before a linear region arises due
to the stretching of the molecular helices. Eventually, gap zones outnumber overlap
zones. In case of cross-link deficient collagen first slippage can be seen [59] and higher
strain results in disruption of the fibril.

By means of AFM based nanoindentation experiments, Xu et al. were able to show that
the elastic modulus of thick lamellae is higher than that of thin lamellae of microtomed
human lamellar bone samples [57]. This effect could not be observed with polished
samples. Thick and thin lamellae differ in the density of collagen fibrils. Dense and thin
lamellae have higher collagen fiber content whereas loose and thick lamellae have
fewer fibrils and a higher mineral content. Wenger et al. proposed anisotropy of elastic
properties of collagen fibrils taken from a rat tail due to alignment of molecules parallel
to the fibril axis [58]. This conclusion was based on non-uniform AFM-tip imprints
during elasticity measurements. However in the literature no spatially resolved elasticity
measurements on different regions of the fibril as core and shell, which are proposed to
behave mechanically different, can be found. The assumption of the structure and
mechanical properties of core and shell was only derived from indirect measurements.
In order to provide direct measurements, elastic properties were evaluated with a
spatial resolution in the nanometer range, thus putative differences between core and
shell can be identified.

Force spectroscopy experiments were performed on microdissected collagen fibrils as
described before. For each point at least 100 spectra were recorded. In the
experiments the maximal force was fixed, thereby limiting the maximal indentation
depth in the linear elastical range. A maximum force of 6 nN was applied, which
corresponds to a cantilever bending of 8.5 nm and an indentation of approximately 0.5
nm on the shell as well as in the core. Fig. 15(A) exemplarily depicts force distance
curves, both for shell (black solid line) and core (grey dashed line). No major
differences in the contact range are observable, which indicates similar elasticity of
shell and core. The experimental data in the positive cantilever range above the zero
line was used for the calculation of Youngs moduli as displayed in Fig. 15(B). Youngs
moduli were obtained by fitting individual force—distance curves to the Hertzian model
in the contact range. Details of the calculation procedure are elaborated in chapter
3.1.3.2. The proposed difference between a hard shell and a soft, less dense core
could not be verified by our spatially resolved nanoindentation elasticity measurements.
These results are consistent with our morphological investigations of the
microdissected collagen type | fibril as displayed in Fig. 14. Core and shell were found
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to be homogeneous and similar in structure. The average value accounts to 1.2 GPa,
with the maximum of the histogram at 1 GPa [50].

As demonstrated by Domke et al. [25], an influence of the underlaying hard substrate
for indentation measurements of thin samples can not be completely excluded. From
probing gels with different thickness he concluded that Youngs modulus can be
overestimated when thin samples are measured. In order to exclude this artefact, the
displayed curves were measured with the same sample height for both core and shell.
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Fig. 15. (A) Typical example of a force—distance curve recorded on the shell and the core of a
single collagen fibril respectively. The black solid line is a spectrum taken on the shell, whereas
the grey dashed line was recorded in the core. (B) Elasticity measurement of a single collagen
fibril. Force distance curves were recorded both on the shell and the uncovered core. The
diagram is a histogram of Young’s moduli as derived form the force distance curves (C)
Adhesion measurement on a single collagen fibril. The data displays the evaluation of the
adhesion forces as calculated from the height of the snap-out-of-contact region of the retraction
curve. The values point to a higher adhesion on the core of the microdissected fibril.

The individual spectroscopy curves of core and shell as depicted in Fig. 15(A) indicate
a higher adhesion on the core. The height of the snap-out-of-contact effect was
calculated from the retraction curve. The statistical evaluation is displayed in Fig. 15(C)
and clearly verifies the higher adhesion on the core. Average values account to 5 nN
for the shell and 6 nN for the core of the fibril. This was already suggested by
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Gutsmann et al. [49] and interpreted with a higher degree of crosslinking of collagen
molecules near the fibril surface as compared to the central region. This would result in
more possibilities for bond formation to the tip, thus a higher adhesion force. However
the scratching process might have also influenced the outcome of the measurement
due to rupture events on the molecular level and destroyed crosslinks. This is a major
problem when probing inhomogeneous samples. Destroyed crosslinks and ruptured
molecules might be responsible for higher adhesion forces between sample and tip as
measured in our experiments. The mechanical properties could also be modified since
the collagen fibrils were imaged in a dried state rather than preserved under
physiological conditions [50], cf. chapter (5.2), publication P2, Structural Investigations
of Native Collagen Type | Fibrils.

Our results contribute to the clarification of the spatial dependence of elastical
properties in native collagen. Mechanical properties of core and shell regions were
found to be similar, thereby proving the applicability of the method for the
characterisation of elastic properties in inhomogeneous samples.

3.2.3 In situ Collagen Applications and Properties of Bone Tissue

3.2.3.1 Interface between Biomaterials and Biological Systems

The function of biomaterials at the interface with biological systems is extremely
versatile. In most cases the success of a clinical treatment strongly depends on
biological reactions at the interface between implants and tissue. The treatment of
bone, body or joint defects requires optimized materials in order to enhance bone
formation and improve the attachment to for instance implants [62]. In former studies
type | collagen, fibronectin and vitronectin were studied with respect to their properties
of intermediate adhesion between osteoblasts and implants [63]. The adhesion was
found to be strongly dependent on the concentration of the mediator, whereas at low
concentrations best results were obtained with collagen followed by fibronectin and
vitronectin after 24 hours. For the stabilization of implants and improvement of skeletal
fixations, implants were coated with porous layers in order to increase the surface area.
Chemical and physical properties of bone and implants are responsible for the
attachment [62]. However, the initial healing process was slowed down by rough
surfaces and only after a certain period of cell growth the advantages of the larger
surface area leaded to a prolonged cell spreading [64, 65].

In order to promote the initial healing process and to achieve an improved skeletal
fixation both surface properties have to be combined. First the surface has to be coated
with appropriate biomaterials, while the topography must exhibit a relatively high
roughness. Collagen and fibronectin are commonly used for pre-coating cell culture
slides. However bone sialoprotein (BSP) has been found to enhance the growth of
osteoblasts.

We investigated the uniformity of different substrate coatings and the cell growth on
mica using an AFM. In addition the dental implant material titanium-hydroxyapatite
(TICER) was investigated. The influence of collagen (in non-crystaline state), BSP and
fibronectin on the evolution of adult human maxillar bone cells was studied in vitro and
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compared. The AFM measurements reveal huge differences in morphological
properties, typical results are shown in Fig. 16. Collagen wets the surface and covers it
very homogeneously, whereas BSP coatings are not fully closed. Only single drops are
dispersed across the surface. Similar properties were found for fibronectin, but the area
density of droplets was considerably higher. The morphology of the cells on pretreated
surfaces exhibited no significant differences for the coatings investigated here as
demonstrated in Fig. 16.

For the evaluation of the influence of specific surface coatings, the area density of cells
adhering to the substrate was determined. BSP yielded the highest number of living
cells on mica, followed by collagen [66], (cf. Fig. 17, adapted form [66]). An untreated
TICER control sample promoted the cell growth much better than mica, especially after
25 days.

Fig. 16 Different surface functionalizations and their influence on cell growth (A) Fibronectin on
mica; many droplets cover the surface. (B) BSP on mica; only a few droplets cover the surface,
much less than with fibronectin. (C) Collagen on mica; a very homogeneous layer is formed.
The lower row depicts AFM images of the corresponding cell growth experiments.
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Fig. 17: Number of in vitro grown cells on BSP coated mica (glimmer) and Ticer after 5, 10, 15,
20 and 25 days. Average values with the corresponding standard deviation are shown. BSP on
mica exhibited enhanced cell growth after 15 days. Adapted from [66], see also chapter 5.3.

Collagen Studies with Nanotechnological Methods
30



Measuring Bioelasticity — A Nanotechnological Approach

Comparing both substrate materials without coating, Ticer showed the highest growth
rates. On mica, the fastest cell growth was observed with BSP coating followed by
collagen, although the coating of collagen was found to be more homogeneous. This
means the cell growth enhancement mediated by dispersed droplets of BSP is equally
efficient as a closed collagen layer. These results indicate that cell growth is strongly
dependent on the implant material, however the properties of the implant surfaces can
possibly be altered by surface coatings, thereby shortening the healing time through
promoted cell proliferation especially for the first days.

Surface properties of the substrate and coating layers can be easily characterized by
means of nanotechnological methods like AFM. In combination with other analytical
methods suitable solutions for medical applications can be developed more efficiently.

3.2.3.2 Properties of Complex Organic and Anorganic Biomaterials

Mechanical properties of composite materials are strongly influenced by the single
constituents and their mutual interaction. Characterisation of the composition and
identification of important interactions among the substructures is therefore of
substantial interest, especially for highly complex biological tissues like bones. It is well
known that bone consists mainly of a collagen type | matrix and calcium phosphate
supplied as hydroxyapatite. Apatites are complex salts with Ca®* as center atom and
Ca3(PO,4), — molecules as ligands. The formation of apatite occurs near osteoblasts
and collagen fibrils act as crystalization seeds. Due to their high calcium content, bones
serve as a reservoir for this cation and supply it to the blood circulation of the body
upon demand [67].

A basic component of bones is the cortical bone (compact bone) which forms a strong
hollow tube and features a high mineral content of about 70%. The trabecular bone
(cancellous or spongy bone) consists of an open porous network. This network is filled
with blood vessels, bone marrow, and fatty marrow particularly at higher ages.
Microscopically the structure of the compact bone is built up by separate units, the so
called osteons. They consist of Haversian canals, osteoblasts, arteries, capillaries and
nerve fibers of up to 6 lamellar layers. In between are the osteocytes, osteoblasts
which are completely surrounded by bone tissue and the osteoclasts which are
responsible for bone resorption. The lamellar structure originates from the ordered
arrangement of collagen fibrils. The compact bone makes up for ~80% of the bone
mass, whereas the trabecular bone accounts to only 20% of the mass. The collagen
content is only 23%, but represents approximately 90% of the organic matter [27]. Fig.
18 displays an AFM image recorded on human bone tissue. The collagen fibrils with
their fibrillar structure and their banding pattern can be clearly recognized.

Imaging collagen fibrils in their natural environment, which plays a vital role for the
interpretation of bone properties, could yield important insights in the understanding of
mechanical properties of mammalian tissue. Nanoscale structural properties are very
important for the mechanical behaviour of bones. Hansma et al. [68] proposed that
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there is another substance beside the collagen fibrils with major impact on the
mechanical properties of bone.

Fig. 18: AFM image of collagen from a bone sample; the fibrillar structure as marked by the
white arrow is evident. Furthermore the banding pattern of collagen type | fibrils is clearly
visible.

Abalone shells for example consist of 97% calcium carbonate, but are ~3000 times
more fracture resistant than pure calcium carbonate. The remaining 3 % have to be an
interstitial organic matrix with the ability to increase the resistance against mechanical
deformation by dissipating the mechanical energy [69]. Fantner et al. [70] presented
SEM topographs of collagen fibrils of fractured human bone. Collagen fibrils with
cracks were identified, where individual fibrils were interconnected by small filaments.
Besides that, an AFM based force spectroscopy was performed in aqueous buffer
solutions. When Ca?®*-ions were present the rupture forces, as measured by pulling with
the AFM tip, were higher than in the presence of Na'-ions [68]. It was suggested that
proteins such as osteopontin and bone sialoprotein with negatively charged functional
groups, such as phosphate groups on phosphorylated amino acids are able to bind
multivalent positive ions such as calcium. These pulling experiments were performed
with a specialized force spectroscopy protocol with a functionalised tip. A small piece of
bone was glued to a cantilever which was pressed against a bone specimen and
subsequently separated [70]. The authors proposed the existence of sacrificial bonds in
form of glue filaments which account for the rupture forces during the pulling
experiments. These sacrificial bonds are assumed to be calcium mediated and
interconnect adjacent filaments. Whereas filaments bond to collagen through mineral
plates and possibly also to filaments. High stiffness and toughness of bone and other
calcium containing materials can be explained by such glue filaments.

In order to investigate the lifetime and degradation of these bone-glue filaments, we
prepared fresh porcine and ancient mammalian bone to compare morphological
peculiarities. Samples were prepared according to the following procedure. Fresh
porcine and ancient vertebrae were sawed into small pieces, 5 x 5 x 4 mm?® in size. In
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case of porcine vertebrae the bone marrow was rinsed out of the trabecular network
with water pressurized through a homemade nozzle. The ancient vertebrae did not
have bone marrow or other organic residues anymore, thus this preparation step could
be omitted. Samples were stored in a physiological buffer, before compressing them
with a small precision vise. The compression procedure introduces microcracks inside
the bone, where the filamentous structures supposedly are. Without rehydrating the
fully desiccated ancient bone sample in aqueous solutions, it just cracks into small
pieces. After the formation of microcracks the samples were dried over night, before
coating them with a thin gold film, a necessary pre-treatment for SEM based
morphological investigations.

For the characterization of ancient bone, a sample was taken from the vertebrae of an
Egyptian mummy. The sample originated from a grave complex in a burial ground for
socially higher ranked people in Thebes West. The tomb was used during the period of
the New Kingdom until the Late Period, from 1500 to 500 BC. Results from the
morphological investigations are depicted in Fig. 19. The left column displays results
from the ancient sample, whereas the right column shows results from the fresh
porcine sample.

In both cases filamentous structures bridging microcracks were found, marked by the
red arrows in Fig. 19. The diameter of these structures was determined to be in the
range of (20 — 40) nm. These diameter values are consistent with results of
Hassenkam et al. [71], who published a diameter of ~20 nm. By means of a
morphological investigation of an ancient Egyptian mummy specimen we were able to
show that the filaments, commonly referred to as bone “glue”, survive timeframes of
more than 2500 years. The first row of Fig. 19 depicts overall images of the trabecular
bone. The trabecular sample of the ancient bone (image on the left hand side) appears
rougher and more filigree than the fresh porcine bone (image on the right hand side).
Fig. 20(A) and (B) present digital zooms of both images. It is evident that the surface
structure of the mummy sample on the left hand side is much rougher than the fresh
specimen. A fine filamentous structure runs through the trabecular. This distinct
morphological difference is probably caused by degradation processes of organic and
anorganic material over time.
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Fig. 19: Scanning electron topographs of ancient human (left column) and fresh porcine
vertebrae (right column) bone. The specimens were mechanically deformed in order to create
microcracks. Images in the same row were taken at nearly the same magnification. Red arrows
mark ,glue” -filaments spanning the cracks.

i500£"

o T

(B) Trabecular orme vertebrae.

Collagen Studies with Nanotechnological Methods
34



Measuring Bioelasticity — A Nanotechnological Approach

3.3 Nanotechnology in the Forensic Science

Today forensic scientists review the anamnesis, interview witnesses, examine the
potential crime scene, perform autopsies and investigate appropriate specimens for
toxicological residues, and carry out microscopic examinations and DNA analysis.

3.3.1  Chronological Reconstruction of Crimes

The chronological reconstruction of crimes is highly important for the forensic science
especially in homicide cases. Several methods have been evaluated with respect to the
reliability of data and have been partly established in routine forensic medicine.

In the early post mortem period the rectal temperature is evaluated in order to
determine the cooling rate by means of an established algorithm [72-75]. The
assessment of the cooling curve is not trivial due to the heat production of many
ongoing aerobic and anaerobic metabolic processes and muscular contractions [75].
Nevertheless the measurement is straightforward, non invasive and reproducible. Yet it
only provides a reliable estimate when a high gradient between body- and ambient
temperature is present.

Other methods are based on the increase of the potassium concentration in the
vitreous humour (KV) [76-78]. However several studies found out that the scattering of
potassium levels in KV with regard to the post mortem interval (PMI) is very high. The
evolution of the KV value after death is assumed to be dependent on extrinsic and
intrinsic factors which can not be measured directly.

Changes of the extracellular electrical impedance of the abdomen of rats were reported
by Querido [79] and Querido and Philips [80] as an approach to estimate the time since
death. Those groups found out that within the first 3 days the impedance increases and
then decreases with time since death. A possible explanation for the initial increase of
the resistivity is the transfer of sodium and chloride from the extracellular to the
intracellular compartment and a smaller potassium current from inside to outside the
cell [81]. This method is severely limited by the fact that the resistivity strongly depends
on the effective cross sectional area between the electrodes, which is a priori not
known for a specific abdomen. Straton et al. [82] investigated nerve conduction
properties and found a relation between several aspects of nerve function and PMI. But
the relationship can not be easily calculated and the method is only applicable under
laboratory conditions so far.

A huge amount of arthropod species lives in our environment and is attracted by
human remains. So, forensic informations about the PMI can also be provided by
entomological investigations of bodies [83].

Another challenge in the forensic science is the PMI determination of skeletal remains.
Depending on the ambient conditions (climate, nature of soils, effects of animals and
insects and so on), the decomposition of a human body advances at a different rate.
One of the first papers with morphological, histological, chemical and physical
investigations was published by Berg and Specht [84]. Different authors applied various
techniques for dating skeletal remains such as optical-morphological procedures [85,
86], studies of the nitrogen and amino acid contents, anti-human serum and benzidine
reaction [87-89], microradiography and electron microscopical studies [90]. In order to
date skeletal remains with an anticipated age of several tens of years. Swift et al. could
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demonstrate the existence of a relation between distinct radionuclides and the PMI for
the first time [91]. For these experiments uranium, lead, polonium and caesium were
evaluated and a correlation between the radionuclide concentration and the time of
death could be shown.

3.3.2 Age Determination of Blood Spots

Blood is one of the most important fluids in the mammalian body. Our blood circulation
transports oxygen and carbon dioxide, nutrients, vitamines, electrolytes and waste
products. It regulates hormones and contributes to the body temperature regulation. In
addition, sophisticated mechanisms protect us from excessive blood loss at wounds
and leucocytes protect us from diseases. The body of a human adult holds
approximately 5 liters of blood. Blood is a suspension and contains erythrocytes (red
blood cells), leucocytes (white blood cells), thrombocytes and plasma (water and dry
matter). About 99% of the cells in blood are erythrocytes and the plasma contains 90%
water. Modern medicine heavily relies on blood analysis for disease diagnostics and
treatment. The single blood components themselves are tested as well as various
substances which can indicate diseases and abnormal functions of organs.

During crime scene investigations in forensic medicine the examination of blood and
bloodstains is a major source of information. Blood is used for the identification of
people by means of chemical and molecular genetical tests (genetical fingerprint).
Blood stain patterns are evaluated in order to reconstruct the crime. The information
obtained may assist in identifying suspect and allows the reconstruction of the course
of events. Many established methods for the detection and identification of blood spots
exist, yet the age determination of blood in forensic medicine is still an unsolved issue.
Several different approaches were proposed, but none was appropriate for routine
forensic work.

The solubility of old blood samples was studied as a function of time since blood loss
by Schwarzacher [92]. However, from experiments with aged blood samples it was not
possible to correctly predict the age. Methods such as remission photospectrometry
[93] or electron-spin-resonance [94], which are able to detect age-dependent increase
of signal intensity of meth-hemoglobin, non-hem-iron molecules, and organic radicals
were introduced in the eighties of the last century. These measurements were found to
be very prone to errors and allow only for a rough estimation of the bloodstain age.
High performance liquid chromatography (HPLC) was used to measure the amount of
globin chains hemoglobin [95]. With increasing age of the blood, a decreasing number
of the heme related a-chains was measured. Heme is the subunit of haemoglobin
which is also responsible for the red color. Also this method is inappropriate for routine
forensic work, because of high deviations among standardized blood samples. Nearly
all described methods suffer from a large error margin in the age determination of the
blood samples and yielded reasonable accuracy only under laboratory conditions. It is
unlikely that those methods will ever be applied directly at the crime scene. Besides
that, the required amount of blood is quite high, and samples will rather be used for
more conclusive analysis as for instance genetic tests.
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3.3.2.1 Morphology of Aged Blood

Many morphological and surface interaction studies have been done on human
erythrocytes with the AFM. Nowakowski and Luckham showed that it is possible to
image the cytoskeleton of red blood cells in liquid with the AFM [96]. Different
compressibilities of the cell surface depending on the position of the underlaying
cytosceleton resulted in higher indentations for distinct areas. A specialized preparation
procedure allowed Swihart et al. to image the inner surface of the erythrocyte
membrane in aqueous solutions [97]. Irregular meshworks of triangular and rectangular
openings with mesh sizes from 35 to 100 nm were found.

By measuring adhesion forces between a functionalized tip and a mixture of two
different populations of group A and O red blood cells, both cell types could be
distinguished by the affinity to the receptor covering the AFM tip [98]. The resistance
against mechanical deformations during circulation in the mammalian body is
characterized by biomechanical and biophysical studies. Ohta et al. [99] demonstrated
that fine artificial structural changes on the surface of red blood cells induced shear
stress.

The first attempt to investigate the relation between the age of dried blood cells and
their morphology was carried out by Chen and Cai [100]. Cell shrinking, nanometer
scaled protuberances and fissures occurred after 0.5 days and increased in number
with time until 2.5 days. The authors proposed a distinct relation between the alteration
of the cells and the PMI. Because those cells have been prepared specifically for the
experiment, it is difficult to utilize these results under realistic conditions, where blood
stains have dried over periods of several days or weeks under ambient conditions.

We characterized the morphological and elastic properties of blood stains, prepared on
glass slides without any kind of pre-treatment or modifications, by means of AFM
imaging and force spectroscopy. The AFM topographs of the bloodstain did not show
any morphological alterations caused by drying throughout the evaluation period of 31
days [101], see also publication P4, Age Determination of Blood Spots in Forensic
Medicine by Force Spectroscopy, (5.4). Fig. 21 depicts AFM images of the same region
of the fresh and dried blood spot, taken after two weeks. In the overview image small
cracks can be identified both after drying as well as after waiting for a period of 2
weeks. In higher resolution images donut-like shaped red blood cells can be easily
recognized. Most interestingly, both the erythrocytes and the cracks of the investigated
bloodstain did not exhibit any morphological alterations during the observation time.
Several blood samples were imaged, but no morphological alterations were
recognized, even for bloodstain samples, which were preserved for more than 6
months under ambient laboratory conditions, results are not shown here.

Nanotechnology in the Forensic Science
37



Measuring Bioelasticity — A Nanotechnological Approach

| e—— | -
Fig. 21: Results of the morphological investigations on dried blood with the AFM. The first row
depicts images, obtained directly after drying with decreasing scan area and increasing
resolution respectively from left to right. The second row depicts the same region of the identical
sample after a waiting period of two weeks.

3.3.2.2 Elasticity of Aged Blood

In order to measure elastical properties as described in chapter 3.1.2, force distance
curves were recorded. The measurements were conducted on three differently aged
blood samples by using the tip as a nanoindenter.

Force spectroscopy was performed on different areas of the sample, mainly at the
relatively thick center of the spot in order to exclude overestimation of the elastic
modulus due to compression of the sample between tip and substrate. Fig. 22 displays
the fitted slopes of the force distance curves versus the drying time of the blood spots.
The elastic modulus increases significantly with drying time. The displayed data
represents average values of the slopes of the force distance curves. For a direct
comparison it is sufficient to calculate only the slopes of the curves. Calculated Youngs
moduli amounted to average values of 0.3 GPa for the 1.5h old sample, 0.6 GPa for
the 30h old sample and about 2.5GPa for the 31d old sample, see also chapter (5.4)
and reference [101], publication P4.
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Fig. 22: Slope of force distance curves versus aging time. Alterations of the elasticity upon
aging are clearly visible. Measurements were performed 1.5 h, 30 h and 31d after drying and
the average of ~100 measurements is presented.

However the standard deviation as calculated from ~ 100 measurements is rather high.
The histogram in Fig. 23 gives an impression of the huge scattering of individual
measurements. This might result from inhomogeneous assembly within the blood spot,
which could lead to a spatial variation of the elasticity.
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Fig. 23: Histogram of the slopes of force distance curves acquired on a blood sample after 31
days aging time. The huge scattering of the data can be attributed to the inhomogeneous
structure of the blood spot. Furthermore, an influence of the bulk below the surface of the
sample can not be fully excluded.

These results represent the first utilization of AFM based force measurements in order
to estimate the age of blood stains by examining the elastic properties. This novel
method might contribute to the so far unsolved problem in forensic medicine of
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precisely determining the age of blood traces. The measurement does not require large
sample areas or large volumes of blood. Also it is non-destructive, i.e. the blood can
still be used for supplementary measurements as genetical fingerprinting. Nevertheless
the data exhibited a rather high standard variation and indicates a few limitations,
which can probably be explained by the inhomogeneous composition. When the
coagulation sets in the fibrin network is generated in which platelets, red and white
blood cells and other blood components are trapped. Despite the fact that the blood
spot appears macroscopically homogeneous, the distinct influence of each single
component on the observed increase in elasticity might be very different. In fact, there
is evidence that at least the erythrocytes change their properties during in vivo aging
within their lifetime of 120 days [102]. However, it is certain that this alteration does not
play a major role for the elasticity changes observed during the aging of the blood. Also
we did not conduct our experiments on single components. Thus, the next steps are
elasticity and stiffness measurements of each single blood component. This should
clarify the reason for the high deviations and help to pave the road for a novel tool in
forensic casework for age determination of blood stains.
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In vitro self~assembied collagen fibrils form a varietv of different
structures during dicivsis. The self-assembly is dependent on sev-
eral parameters, such as concentrations of collagen and al-acid
givcoprotein, temperature, diclvsis time, and the acid concentra-
fion. For a detailed understanding of the assemblv pathwav and
siructural features ke banding partern or mechanical properties
it is necessary to study single collagen fibrils. In this work we
present a Juliv automaied svstem lo conirol the permeation of
molecales through a membrane ke @ diclvsis tubing. This allows
as fo ramp arbitrary diffusion rate profiles during the self-
assembly process of macromelecules, such as collagen. The svs-
fem combines a molecular sieving method with @ computer as-
sisted control svstem Jor measuring process varviabies. Witk the
regulation of the diffusion rate i is possible 1o conirol and ma-
nipulate the collagen self~assembly process during the whole pro-
cess Hme. Its pecformance Is demonstrated by the preparation of
various collagen ivpe I fibrils and native collagen rvpe IT fibrils.
The combination with the atomic force microscepe (AFM) allows
a high resolution characterization of the self-assembled fibriis. In
principie, the represenied svstem can be also applied for the pro-
duction of other blomolecules, where a dialvsis enhanced self-
assembiy process is used. [DOL 10.1115/1.2264392]

Kevwords: AFM, dialvsis svstem, self~assembly, collagen
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1  Introduction

Collagen maolecules consist of three polypeptide  chains
(at-chains) which form a unique triple-helical structure. More than
20 genetically distinct collagens exist in mammalian tissue. where
collagen types L 11 I V. and XI self-assemble into D-periodic
cross-striated fibrils. Collagen molecules, forming the fibril. con-
sist of an uninterrupted triple helix. approximately 300 am in
length and 1.5 nm in diameter. The collagen self-assembles in
cross-striated fibrils. that normally occur in the extracellular ma-
trix of connective tissues, These Abrils are stabilized by covalent
cross linking of specific lysines and hydroxolysines [1]. Funda-
mental experiments for the understanding of the morphogenesis of
collagen units and fibrils in vitro and influencing factors e.g.. tem-
perature. ionic strength, pH value. and so on. were performed by
Gross. Wood, Keech et al. [2-8] and continued work was done by
Bard and Chapman [9.10]. Orekhovich [11] dialyzed for the first
time a mammalian skin extract against water and showed with the
process the existence of procollagen. Based on this work., High-
berger [12] developed a procedure to obtain LS fibrils (long-
spacing) by a dialysis process against water. While no neutralizing
process or salt concentrations were influencing the fibril synthesis,
other factors like the presence of mucoprotein could be investi-
gated [12]. The resulting fibrils could be visualized by several
methods like scanning electron microscopy (SEM) with adequate
resolution. However an improvement in the field of imaging mo-
lecular structures was accomplished by the invention of the
atomic force microscope (AFM) by Binnig et al. [13] to get real
three-dimensional profiles. Studies on collagen molecules by
cryo-AFM [14] and normal AFM studies of segment-long spacing
(SLS) crystals of collagen [15] have revealed variations in the
structure. AFM investigations carried out by Paige et al. [16] show
native fibrils and fibrous long spacing fibrils (FLS-fibrils) [17].
Cocoonlike nbrils. which are hundreds of nanometers in diameter
and 10=20 mm in length, were found to coexist with mature FLS
fibrils. On the basis of detailed AFM studies a slepwise process in
the formation of FLS collagen was proposed. Ditferent pH ranges
in the in vitro fibrillogenesis and the influence of al-acid glyco-
protein were investigated to clarify the various stages in the self-
assembly process of the fibrils. In the early stages below pH 4 thin
nonbanded fibrils were formed. Filamentous structures showed
protrusions at pH ~-4 and at pH =4.6 mature fibers emerged [18].
Cutsmann et al. observed that collagen fibrils from tendons be-
have mechanically like wbes and concluded that the collagen
fibril is an inhomogeneous structure composed of a relatively hard
shell and a softer. less dense core [19]. For investigation of single
collagen fibrils by AFM. collagen fibrils have to be prepared
in vitro, In order to start the self-assembly of collagen fibrils, it is
necessary to remove or neutralize the diluted acetic acid. hydro-
chloric acid or other acids from the solution, which were initially
used to dissolve the collagen tissue. Viscosity measurements dur-
ing in vitro self-assembling show an increasing viscosity upon
removal of the acid from the solution. The viscosity change is
time independent. but directly related to the concentration of the
acetic acid [20.21]. which diffuses through the membrane of a
dialvsis wbing. The membrane of the dialysis tubing acts as a
molecular Alter. The theory of restricted diffusion and molecular
sieving through the walls of living capillaries was first described
by Pappenheimer et al. [22.23] Renkin extended this theory
through the characterization of artificial cellulose membranes
[24]. Today ultrafiliration and separation are often carried out us-
ing regenerated cellulose [25.26]. The different membranes have a
defined porosity ipil diameter) and varying dissolvent compatibil-
ity. In the least complicated case. only the pit diameter of the
membrane and the size of the molecule are decisive for the sepa-
ration of certain substances. The efficiency of the transport pro-
cess is dependent on the concentration gradient between both
sides of the membrane. This technique can be used for purification
and separation of DNA [26] and other biomolecules [27], desali-
nation [28] or to control self-assembly processes of macromol-
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ecules, such as collagen [16.20]. Bosch et al. developed an Ad-
vanced Protein  Crystallisation  Facility  (APCF) for  protein
crystallisation according to the methods liquid-liquid diffusion.
dialvsis and vapour diffusion (hanging drop) [29]. Vergara, Beri-
sio, and Zagari et al. vsed this equipment for crystallization of
collagen-like polypeptides in microgravity [30.31]. In general. di-
alysis is used to separale macromolecules from low-molecular
substances. In the most basic setup it is a single stage process
which is terminated by the equilibrium of the concentrations. The
exchange of the external medium implies an effectivity improve-
ment of the dialysis and leads to a multistage process. This can be
done by continuously purging the external side Edialys.is. ]iquid]
with DI water {deionized water) in order to shorten the process
time and increase the vield of the targeted protein/macromolecule.
The transport through a membrane in a single stage process was
described by Renkin [24]. see Eq. (1),

i

LY (1

dr Av
where dn/dr is diffusion rate. Ac is the concentration difference
across the membrane, A/Av is the diffusion area per unit path
length, D is the free diffusion coefficient of the sclute which nlls
the pores. The dialysis is not only vsed for separation purposes.
but it also can be applied to control the self-assembly of collagen
fibrils by changing the acetic acid concentration of the collagen
solution. In contrast to simple acid base titration svstems or
pH-stat methods where the pH value is held constant, herein we
present a novel. fully avtomated dialvsis system. It allows a highly
efficient control of the diffusion rate of acetic acid molecules
through a membrane like a dialysis tubing by means of feedback
control. Obviously, this improves the preparation of collagen
fibrils and is an appropriate prerequisite for unique experiments
on collagen assembly for structural high resolution imaging and
the investigation of mechanical properties of distinct assembled
collagen fibrils. The represented system can, in principle. also be
applied to the production of other biomolecules. where a dialysis
enhanced self-assembly process with a stable and controllable per-
meation of molecules through a membrane is used.

2 Materials and Methods

2.1 Preparation of the Collagen Solution. The solution
for assembling collagen fAbrils was prepared from calf skin
(Sigma). Approximately 1 mg of the compound was dissolved in
I ml of 0.5% acetic acid overnight at 4°C. The solution was
sonicated for | h at 0°C to detach any collagen aggregates. Fi-
nally. the mixture was centrifuged at 4000 rpm for 90 min at 4°C
and the supernatant was fillered through a 0.2 gm fAlter unit
(Sigma) (modified protocol of Paige et al. [16]). In order to ini-
tiate the self-assembly process of FLS fbrils during the dialysis
a l-acid glvcoprotein is added. For preparing native fibrils this is
not necessary. By utilizing an increased amount of a l-acid glveo-
pratein, the vield of FLS fibrils becomes higher. In this case as-
sembly of native fibrils is reduced and vice versa. The al-acid
glycoprotein is incorporated into the fibril during the dialysis [18].
The Anal mixture as taken for dialysis is comprised of 0.5 mg/ml
collagen. and 0.2 mg/ml e l-acid glvcoprotein. The pH value of
the solution is at pH 3.3

2.2 Dialysis of the Collagen Solution and Preparation for
AFM Imaging. For the experiments a dialysis tubing (Serva.
visking® 8/32) with a molecular weight cutoff (MWCO) of
12 kDa- 14 kDa and a tube diameter of 6 mm was used. The ex-
ternal side was rinsed with DI waler o adjust the end pH in the
dialvsis vessel (liquid level about 300 ml) to pH 5.5 or higher (see
Rainey et al. [18]). The dialysis took about 17 h (following the
protocol of Paige et al. [14]) and at the beginning the pH value of
the dialysis liquid was adjusted to pH 2.3, At the beginning there
is no concentration gradient of the acetic acid molecules between
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the collagen solution inside the dialysis tubing and the dialvsis
liquid in the beaker. Not until the dialvsis liquid is slowly rinsed
out, does the acetic acid diffuse through the membrane. With the
regulation system the concentration outside the beaker is con-
trolled and due to diffusion the concentration inside will become
equal. The reservoir contains 2 1 neutral distilled water [pH?]_ As
described previously, for self-assembly of the dissolved collagen
fibers it is very important to finally obtain a pH>= 5.5 [I8]. The
importance of a precise pH value required a totally closed svstem
to avoid dissolution of ambient carbon dioxide. To exclude such
effects the whole svstem is hermetically closed and connected 1o a
bag filled with nitrogen for volume compensation. Nitrogen was
chosen instead of air due to the pH-lowering effect of CO, (car-
bonic acid) in ambient air. A magnetic stirrer in the reaction cham-
ber homogenizes the solution. The DI water from the reservoir is
added in a defined manner by a two-step feedback controller { Fig.
1A

The output of the pH meter is read out by a
8-bit-USB-interface-card (Velleman) programmed in Visual Basic.
IT the actual value is lower than the setpoint value the valve XI
will be opened and the DI water is added to the external side.
Therebv. a setpoint curve for the pH value will be retraced. The
acetic acid molecules are rinsed out of the beaker. The permeation
through the dialvsis tubing goes on until the concentration gradi-
ent is zero, I the valve can be opened the diffusion starts again.
The digital cutput {open collector) of the interface card switches a
relay which opens the valve. The input signal of the interface card
is amplified by a factor of 15 resulting in a resolution of ApH
=0.05. For a sufficient control the valve is checked every 5 s, I
necessary. the flow through the valve can be reduced with a Aow
limiter. The freely programmable card is equipped with several
digital and analog in- and outputs. This allows the measurement
and control of various parameters like temperature. ionic strength,
concentrations or several other gaugable parameters. After finish-
ing the dialvzing process. 10 gl of the collagen solution
is dropped on freshly cleaved mica and dried for | h at room
lL’ﬂ'll_\:_'l‘Ell'l]fe,

2.3 AIM Microscopy. For characterization an AFM Topome-
trix Explorer (Atos, Germany) was vsed. It was operated both in
noncontact mode and contact made under ambient conditions,
with 35% relative humidity, using NSCI1A/B (noncontact silicon
cantilever) cantilevers (Mikromasch, Estonia). For experiments in
liquid (decanocl) CSC2IA (contact silicon cantilever, Mikromasch,
Estonia) cantilevers were used. The spring constants of the non-
contact probes (NSC) were 3 Nm™! (@) and 48 Nm™' {b). The
spring constant of the contact mode cantilever was 0.3 N m~"'. The
resonant frequencies of the NSC cantilevers were 60 kHz (@) and
330 kHz (#). The nominal tip radius was specified as <2 10.0 nm.
Image analvsis was performed using SPIP software (Image Me-
trology. Denmark ).

3 Results

Al first the properties of the dialysis tubing were tested. in order
to check the performance of the system. 1 ml of 0.5% acetic acid.
which equals the volume and concentration of the collagens
al-acid glycoprotein solution at the beginning of the dialvsis, was
pipetted into 300 ml DI water (equals the volume of the dialvsis
chamber) and the changes of the pH value were recorded. The pH
value was expected to be approximately pH 4.15. The bright
curve in Fig. 2 indicates a dispersion time of approximately
2—3 min for acetic acid in the beaker.

In a second experiment the dialvsis tubing was filled with | ml
of 0.5% acetic acid and positioned into the beaker filled with
300 ml DI water. In both cases the liquid in the beaker was stirred
moderatelv. Immediately after the addition of the acetic acid the
minimal pH value was reached. whereas it took about 30 min with
the dialysis tubing until 90% of the pH wvalue alteration was
reached (see Fig. 21 Incom parison to the total time of the dialvsis
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Fig. 1

{A) Sketch of the dialysis system, with the following workflow: The rinsing medium flows through the valve X1 into the

beaker (via the inlet (air tight lid, with O-ring)). The ocutlet is fixed at a predetermined height, therefore a constant level of the
dialysis liquid is guaranteed. The dialysis liquid in the beaker is stirred and the pH value is measured enline. With a holding
fixture the diaiysis tubing is fastened in the medium. To achieve a voiume compansation, mainiy in the reservoir, ihe reservoir
and the beaker are connected to a bag filled with nitrogen. The valve X1 iz controlled by a USB interface card and diffusion rate
in the system can be controlled online. (B) pH contrel eurve during dialysis. Depicted are the setpoint value (set.value) and the
actual pH value (act.value). The columns display the switching state of the valve within every 25 min. One valve-open-<cycle
lasts 5 . The average variation can be calculated to ApH=0.033 and the maximal variation to ApH=0.09.

{17 h) the diffusion time was very short. An exponentially de-
creasing concentration gradient canses a slow down in permeation
in the end of the dialysis. The final value of the dialvsis compared
to the curve without tubing (pH=4.15) was reached after -1 h.
Figure 1(B) depicts the pH profile versus time of a typical di-
alysis with a total time of 17 h and a pH range between pH
3.3-6.0. The bright curve corresponds to the setpoint value, and
the dark curve (in front of the set curve) to the actual value during
the dialysis. The average variation can be calculated to ApH
=00033 and the maximal variation to ApH=0.09. In the lower part
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of the diagram the switching state of the valve is recorded and
displavs that from £=5 h to =13 h: the valve is opened for longer
times than during the other intervals. To show the effectiveness of
the system various collagen fibrils (collagen type I fibrils with
different banding patterns and collagen type II fibrils) are dis-
played in Figs. 3(4)-3(D). Detailed structural properties can be
recognized at the produced collagen fibrils and the capacity of the
svalem is shown.

According to AFM measurements, the dimensions and banding
pattern of native collagen I fibrils amount to 200-300 nm in
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Fig. 2 Permeation time of the acetic acid The bright (with)
curve shows the pH change of the dialysis liquid during diffu-
sion of acetic acid through the membrane of the dialysis tub-
ing. The dark curve (without) shows the pH value of the dialy-
sis liguid after addition of the same amount of acetic acid. (1)
marks the point in time when the acetic acid is added (pH value
varsus time (minj).

width, 20-30 nm in height. and in a banding distance of
6470 nm. & typical collagen I fibril is shown in Fig. 3(4). Fibrils
growing away from the cluster have a larger banding pattern at
one end (near the cluster). However, this banding pattern disap-
pears with increasing length of the fibril. The banding of these
fibrils classifies one end as a FLS fibril with a banding pattern of
230 nin, the centerpiece, and the other end as a native fibril (see
Fig. 3(B)). This partitioning is dependent on the al-acid glyco-
protein distribution during the self-assembly process. Presumably,
the single collagen fibril assembly starts at the cluster and grows
in the opposite direction. The concentration of al-acid glvcopro-
tein in the proximity of the fibril decreases, and only native fAibrils
can be assembled. With still higher o l-acid glycoprotein concen-
tration and at lower end-pH-values (=22 also Rainey et al. [18]).
further formations of collagen type I can be found, like interme-
diate state FLS fibrils {Fig. 3(C)).

Mative collagen type II fibrils were assembled using the same
setup. The dimensions and banding pattern of native collagen II
fibrils were measured to be 75-110 nm in width, 6—13 nm in
height, and the banding distance is 6775 nm. A typical collagen
II fibril is shown in Fig. 3(D).

4 Discussion

The dialysis was already introduced for collagen fibrillogenesis
by Orekhovich et al. [11] and Highberger et al. [12]. Orekhovich
et al. dialyvzed for the first time mammalian skin extracts against
water and showed with this process the existence of procollagen.
Based on this work, Highberger et al. showed in a further study a
procedure to generate LS fibrils ({long-spacing) with a dialysis
process against water. In their work., the authors demonstrated that
without a neutralizing process (no influences of salt concentra-
tions) other factors like presence of mucoprotein could be inves-
tigated in more detail. In general. the dialysis method seems to be
preferable if influences of other molecules (from neutralization)
should be excluded andfor the influence of a certain substance
should be tested.

To investigate the self-assembly pathway of collagen in vitro, it
is necessary to control the conditions and in particular the perme-
ation of the acid molecules in a dialyzing process. The described
system allows an advanced control of the diffusion rate of the
acetic acid or hydrochloric acid through the membrane of the
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Fig. 2 AFM images of (A) a native collagen type 1 fibril.
The banding is clearly visible and amounts to &7 nm, the
width to 300nm and the height to 20 nm (scale bar
500 nm, error signal, contact mode, decanollend pH=6,
€ {-ncid glycoprobsin="0-2 Mg/ mlidialysis time: 17 h). (B) Mative and
FLS ooﬂngﬁn type | fibrils. The formation is changing along the
axis of the fibril. This formation is typical for collagen clusters
(scale bar BO0 nm, error signal, contact mode, decanclend
PH=6, €, 4-ucid ghyen, in=0.3 mg/ml/dialysis time: 17 h). (&) An
intermeadiate FLS ml, assombled with increased a1-acid gly-
coprotein concentration (scale bar 500 nm, error signal, con-
tact mode, ambient conditionsfend pH=4.5, ¢, .4 gcoprotein
=0.5 mg/mbdialysis time: 10 h). (D) MNative collagen type Il
fibrils. The banding is clearly visible and amounts to 70 nm.
The diameter of collagen Il (110 nm in width and 13 nm height)
is much smaller than the diameter of collagen | (scale bar
500 nm, topography signal, noncontact mode, ambient
conditionsfend  pH=8, ¢, giyooproten=0-2 Mg/mlidialysis
time: 17 h).

dialysis tubing during the self-assembly process, including moni-
toring and recording of data. In this study, we demonstrated the
performance of the system with the exemplary prodoction of dif-
ferent collagen type I and type IT fibrils in a self-assembly process
im vitro. In principle. it is possible to synthesize all different acid
soluble collagen types using this dialvsis svstem.

The represented freely programmable dialysis system can be
characterized and confined from other dialysis methods as fol-
lows. Figure 1(E) displays, that from f=5 h to £=13 h the valve is
opened for longer times than during the other intervals. In the case
of a noncontrolled system, e.g., a continuons Aow, the permeation
would not be linear over time and the reaction controlled from the
self-assembly conditions.

As shown in Fig. 2 and in Sec. 3. the diffusion time during the
dialysis using this tubing (MWCO of 12— 14 kDa and pit diameter
of .25 nm) is not the rate limiting process. Although, it described
for these kinds of experiments in the literature [16]. [18]. the
MWCO of the membrane is far too high to act as a barrier for the
&0 Da acetic acid molecule. To regulate the self-assembly process
it is necessary to control the permeation of the acetic acid. With
the described experimental setup it is possible to control this dur-
ing the whole process time.

A major advantage of this system is the high reproducibility of
the dialysis and the possibility of controlling the permeation char-
acteristics during dialysis. In contrast to simple acid base titration
syslems or pH-stat methods the diffusion of the acetic acid mol-
ecules through a membrane is the controlling parameter. The dif-
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fusion depends on the the acid concentration of the dialysis buffer.
which is controlled by the pH value of the dialysis buffer depend-
ing on time. Without such a control system it would be necessary
to change the dialvsis buffer several times [32]. As a consequence.
this would result in an abrupt step in the dialysis immediately
after the exchange of the external medium. The main advantage of
the system is the exact control manner. [t is possible o ramp every
diffusion rate over time to every end concentration (here we ap-
plied a linear diffusion rate. but it would be possible to use any
ather mathematical equation). This enables experiments on the
influence of determined acetic acid concentrations ramps on the
self-assembly. For instance, elasticity measurements could be per-
formed on collagen fibrils which were svnthesized with distinct
process parameters to check the consequences of different assem-
bly conditions (e.g.. more time for assembly of microfibrils at the
beginning or for mature fibrils in the end of dialysis). It is also
possible to use different dialyzing tubings to get higher diffusion
rates. Higher pH values than pH 7 can be obtained by the accu-
mulation of determined molecules andior buffer solutions in a
second reservoir. Only a second valve has to be controlled (with
liquid from the second reservoir) after the acetic acid is rinsed out
of the dialysis tubing with DI water and the pH value can be
increased to every value with appropriate bases.

With the used dialvsis tubing a ApH range of 3 r:rauld be ex-
changed within 1 h instead of 17 h as shown in Fig. 2. Dialysis
tubings with bigger pore sizes are able 1© manage 4[.\0 higher
exchange rates. The time limiting factor of the process is the mol-
ecule weight cut off of the membrane in combination with the
difference of molecule size of single collagen molecules (should
stay inside) and the solvent molecules (should go outside ). A per-
formance enhancement could be achieved by the choice of differ-
ent dialysis tubings to let solvent molecules pass the membrane
faster. The system allows every dialysis period which can be ar-
ranged with the diffusion time of the solvent molecules through
the membrane. Different permeants with similar diffusion rates
could be dialyvzed simultaneously.

To investigate temperature effects on various processes a ther-
mocouple heating element could be integrated easily into the sys-
tem and controlled against the dialysis time. This allows investi-
gations on the influence of the temperature during the different
steps of collagen Abrillogenesis.

In general. the svstem allows the measurement and control of
various parameters like temperature, ionic strength, concentra-
tions. and several other gaugable parameters. Therefore, the rep-
resented system can be also used for the synthesis of other bio-
molecules, where a dialvsis enhanced self-assembly process with

a stable and controllable permeation of molecules through a mem-
hmne is necessary.
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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 tvpe [ 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.

Keywords: AFM; Microdissection: Foree spectroscopy; Collagen

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].

* Corresponding author. Fax: +49 89 3187 2942
E-mail address: stefan.thalhammer@gsf.de (8. Thalhammer).

0006-291X/% - see front matter © 2006 Elevier Inc. All rights reserved.
doi:10.1016/.bbre 2006.12.114

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 (FLSfibrils) [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
ATFM 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 fibrl [10]. For
FLS-fibrils a different assembly pathway and structure
are postulated. The characteristic banding mainly arises
from the attachment of «l-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 AFFM. The elongation profiles showed.
that in vitro assembled human type | 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
ATFM 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 penodicity of
22 nm (between molecules) [14]. Bozec and Horton [15]
studied trimeric type [ 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
[177 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 scen 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 o 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 i1s composed of
0.5 mg/ml collagen, and 0.2 mg/ml «l-acid glycoprotein.

For the preparation a dialysis twbing (Serva, visking 8/32) with a
molecular weight cut off (MWCO) of 12 14 KkDa and a tube diameter of
6 mm was used. The received solution was diluted 10-fold afier 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 KHe. 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-piczo was switched off and the cantilever
approached to the sample surface until the tip touched the sample. In
order to apply the correet foree tocut 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 A'M
(JPK Instruments, Germany). Imaging and foree spectroscopy were done
in contact mode using CSC 37 A (nominal spring constant k. = 0.65 N/m,
nominal resonant frequency frg = 41 kHz). The clasticity 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 caleulated using the force
spectroscopy data.

The indentation of an AFM tip mto 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 E <37 -
Fwa,ha—?'m'ﬂ“'\/}f‘ (n

where é is the indentation depth, E is the Young's modulus, v is the Pois-
son ratio and & 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=ked, (2)
where kg is the spring constant and 4 is the deflection of the cantilever.
The deflection of the cantilever depends on the indentation of the up
into the clastic 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+o (3)

With these Egs. (13(3) the Young’s modulus can be expressed for hard
samples as

3k ld —da) (1= %)
4-VR[(z =) = (d = do)]*’

)

Epanilon =

where o, and z; are the corresponding values of the cantilever deflection
and the z-piczo 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
A by shia Codas e d 1A VET e d ik o
d by the Sader wi [24.25], and the s of

(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 fibrl 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

S500nm

(=

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
270nm. 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

—

native ©
fibril

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 asin the
core. The bandmg pattern can be determined to be approximately 7% nm. Between point C and [ the height difference of around 16nm between the

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

the substrate and the level of the cut area can be secen. The
height difference between the substrate and cut area was
determined te be 16 nm. These results are in concordance
with Wen and Goh [10] who also showed a ssmilar morpho-
logical structure of core and shell in FLS-fibrils, with a dif-
ferent assembly pathway and structure compared Lo 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 micredissection complete layers
are removed (Figo 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 durmg the mampulaton process. This 1s a
major problem when probing inhomogencous 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 imited with a set-point-force for every
force-distunce curve. The maximal force of about 6 nM,
corresponding to a cantilever bending of 8.5nm, led to
an indentation depth of about 0.5 nm both on the shell

and core of the fibril. Exemplary lorce-distance curves
recorded on the shell and the core are displaved in
Fig. 4A. The dark curve shows a spectroscopy curve on
the shell, whereas the grey dashed curve was recorded in
the core. The mdentation experiments were repeatedly per-
formed on several collagen fibrils. The slope of both curves
recorded on the shell and the core showed no major difler-
ences ndicating 8 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 caleulated 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 morphelegical results in Fig. 2 which shows
a homogeneous assembly of the fibril. The average values
were caleulated 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
underlaymg hard substrates. Samples can be compressed
under the tp and the measured Young's modulus s maybe
upper estimated, shown by Domke et al. [23]. In order o
avoid this effect, the force curves were recorded on arcas
with the same sample heght. It s also hkely possible that
the sample preparation especially the «l-acid glycoprotein
concentration influences the mechanical properties of the
collagen fibrils. It was proposed that proteoglyeans 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 elastiaty,
Measurements on the shell and in the core have to be performed in the same sample height to exclude “thin layver effects”. The Hertzian model was fitted to
the positive cantilever deflection range. ( B) Elasticity measurement of a single collagen fibril. Foree distance curves were recorded on the shell and the
exposed core. On both measuring points maore than 100 curves were recorded. The diagram displays the Young's moduli of the foree distance curves versus
the frequency. The nanoindentation experiment indicates no measurable difference between core and shell. {C) Adbesion measurement on a single collagen
fibril. The data display the evaluation of the adhesion forces cakulated 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 15 sall 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 caleulated from the retrace
curves i shown. The average value was caleulated for the
shell to 50N and for the core to 6 nN which points to a
higher adhesion in the core of the fibril. Guismann et al.

[7]suggested the presence of more highly crosshinked 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 tp and cause higher adhesion fore-
es during the measurement. However, the results could
have been also influenced by the seratching 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 up and merease 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 strue-
ture [8]. An inhomogeneous assembly of collagen fibrils
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wus 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 reheve applied stress. It has
been proposed that, in case of high forces, the sulfl 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 ““flmd™ core or different
structures of core and shell. Solely the adhesion measure-
ments show differences between core and shell.
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Abstract

The interaction between implant material and sur-
rounding tissues is believed to play a fundamental role
in implant success. Although bone sialoprotein (BSP)
has been found to be osteoinductive when coated
onto femoral implants, collagen and fibronectin are
the most used compounds for preparation of pre-coat-
ed cell culture slides at present.

In this study, the support of BSP-, collagen- and fi-
bronectin-coated and non-coated implant material for
the development of adult human maxillar bone in vitro
was studied and compared. The expression of bone
turnover markers like BSP and osteocalcin as well as
osteonectin, transforming growth factor beta (TGF-
beta) and CD90 during different time periods of cell
cultivation (3, 5, 10, 15, 20 and 25 days) was visualized
immunohistochemically. The distribution patterns of
the cells were examined on a rough surface of the tira-
nium-hydroxyapatite dental implant material TICER
and on a total smooth surface of the technical implant
material glimmer,

Significantly different values were found for glim-
mer at the 15. and the 20. Div, exclusively, indicating
that a smooth surface was more improved than a
rough ceramic surface by pre-coatings. The White-test
using rankings of the median values gave evidence for
BSP-coatings at position 1 followed by collagen.

Our experiments were designed to use very low
concentrated BSP coating solution with the aim to re-
duce the healing time with a minimal effort and mini-
mal risks for the patients.

Key words: Bone, implants, non-collageneous proteins
INTRODUCTION

Aseptic loosening of implants remains an unsolved or-
thopedic problem. The interaction between implant
material and surrounding tissues is believed to play a
crucial role in implant success or failure. Adaptive cel-
lular responses to the implant material include alter-
ations in the cytoskeleton, integrin expression and syn-
thesis of extracellular matrix proteins, Beside ostcocal-
cin and osteonectin, bone sialoprotein (BSP) is the
major non-collagenous protein of the extracellular

bone matrix (Fisher 1985; Fisher and Termine 1985,
Marks and Popoff 1988). BSP is a highly glycosylated
and sulphated phosphoprotein with a  molecular
weight of 70-80 kDa (Ganss ct al. 1999) that is found
almost exclusively in mineralized connective tissues.
Characteristically, polyglutamic acid and arginine-
glycine-aspartate (RGD) motifs with the ability to bind
hydroxyapatite and cell-surface integrins, respectively,
have been conserved in the protein sequence of differ-
ent species. BSP expression coincides with initial bone
mineralization and it serves as a center of crystalliza-
tion for hydroxyapatite (Hunter and Goldberg 1993;
1994; Hoshi and Ozawa 2000). Furthermore, expres-
sion of the BSP gene, which is induced in newly
formed osteoblasts, is up-regulated by hormones and
cytokines that promote bone formation, e.g trans-
forming growth factor-beta (TGF-beta). In addition,
the morphological induction and maintenance of hy-
droxyapatite nucleation during bone formation has
been shown to correlate with TGF-beta expression.

Recently, O Toole et al. (2004) demonstrated that
BSP is osteoinductive when coated onto femoral im-
plants. On the other hand, osteoblasts have been
found to adhere on BSP-coated surfaces in the similar
way as on collagen- and fibronectin-treated ones.

Thcrcforc, the aim of the present stud}' was to com-
pare BSP-, collagen- and fibronectin-coated and non-
coated implant material in enhancing the development
of adult human maxillar bone at different time inter-
vals: 3, 5, 10, 15, 20 and 25 days in vitro (Div). As the
cascade of bone cell differentiation is initiated by the
TGF-beta supergene family and develops as a mosaic
structure, antibodies against TGF-beta, BSP, osteocal-
cin and osteonectin were used to characterize os-
teoblast-like cells. For immunohistochemical staining
of fibroblasts and non-differentiated osteoblasts, the
antibody against human CD90 was applied.

MATERIAL AND METHODS
TISSUE PREPARATION
All procedures used in the present study were ap-

proved by the Ethies Committee of the University of
Leipzig. The rules of the Declaration of Helsinki 1964
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lowed. Human maxillar bone samples without any
clincal or radiographic evidence of pathology were ob-
tained from two male donors (40 and 45 years old) un-
dergoing dental surgery at the Department of Oral-,
Maxillo-, Facial- and Reconstructive Plastic Surgery,
University Hospital of the University of Leipzig. In
each case, the bone samples were placed in a sterile
tube containing sterile .05 M phosphate buffered
saline (PBS), pH 7.4, and penicilline/streptomycine,
10 000 TU/ml each (PromoCell, Germany). There-
after, all Sﬂmplcs were pmccssr.:d under sterile condi-
tions. The maxillar bones were cut in 0.1-0.2 ¢cm
picces. After several rinses in PBS, the material was in-
cubated with 0.25% collagenase type IV (166 U/mg,
Biochrom AG, Germany) for 3 hours at 37 °C, washed
and cultured in Dubeleco’s modified Eagle’s medium
(PromoCell, Germany) supplemented with 10% fetal
bovine serum (PromoCell, Germany) in an atmos-
phere of 5% CO, — 95% air at 37 °C. The medium was
changed twice weekly. Cells were subcultured from the
initially isolated primary cells and seceded at a density
of 4000 cells/well in six-well plates. In all experiments
cells were used at first passage.

IMPLANTS

The dental implant material TICER and the technical
material glimmer were used in the experiments.
TICER (ZL-Microdent, Germany), based on a materi-
al developed by Graf (1997) and described by Schreck-
enbach et al. (1999), consists of titanium with hydroxy-
apatite ceramic and has a roughened surface to im-
prove the attachment, spreading, and growth of the
bone cells on the metal implant (Hulbert et al. 1970,
Schwartz et al. 1999). In contrast, glimmer has a rotal
smooth surface. The implant samples with a size of 10
x 30 x Imm were coated with BSP, collagen and fi-
bronectin as follows: 10pg of BSP (His-Myc-Ek-BSP,
Immundiagnostik, Bensheim, Germany) were dis-
solved as described by Wuttke et al. (2001), and 10pg
of fibronectin (Biochrom, Germany) in 1 ml of 0.9M
sterile PBS, pH 7.2, Collagen (Cohesion, USA) was
used as VITROGEN 1% (bovine dermal collagen dis-
solved in 0.012 N HCI). Then twenty-four implants
were incubated for two hours in 300 pl of BSP, fi-
bronectin or collagen solution. The treated implants
were removed from the coating solutions and allowed
to dry under sterile conditions for 12 hours at room
temperature, Thercafter, the coated implants were
placed in six-well cell culture plates, the cells were
seeded and grown for different days (3, 5, 10, 15, 20
and 25) in vitro.

[MMUNOCYTOCHEMISTRY

Cells were fixed with 4% PBS buffered paraformalde-
hyde for 15 minutes and rinsed in PBS. For immuno-
histochemical characterization, cells on the surface of
the implanc dises were treated for two hours with a
blocking agent, 10% normal goat serum (Vector,
Burlingame, USA) or a mixture of 10% normal goat
and 10% normal donkey serum in PBS, and incubated
overnight at 4 °C with 1:100 diluted primary antibod-
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tes against BSP (monoclonal mouse anti-human BSP,
Immundiagnostik, Bensheim, Germany), osteocalein
(monoclonal, rabbit-anti-human, Acris, Hiddenhausen,
Germany), osteonectin (monoclonal, mouse-anti-hu-
man, Acris), TGF-beta (monoclonal, rabbit-anti-hu-
man, Chemicon, Temecula, USA) and CD90 (mono-
clonal anti-human CD90, FITC-conjugated, DIANO-
VA, Hamburg, Germany) according o Saalbach er al.
{1997). For simultaneous detection of BSP and CD90
or osteonectin and TGF-beta, implants were treated
with a mixture of the corresponding antibodies, After
washing in PBS, the bound primary mouse antibodies
were visualized by incubation with 1:50 diluted goat-
anti-mouse-Cy3 (Jackson Immuno Research) in 4%
PBS buffered bovine serum albumin (Serva, Ger-
many) for two hours, whereas for visualization of the
primary rabbit antibodies a donkey-anti-rabbit-Cy2
(Jackson Immuno Research) was used. After several
rinsings with PBS, the cell preparations were counter-
stained using DAPI (Serva, Heidelberg, Germany),
dried and coverslipped. Control sections were put
through the same procedure with nonspecific mouse
or rabbit antibodies (DAKQ).

Immunostained cell preparations on the implant
surfaces were analyzed using a motorized Zeiss Axio-
phot2 microscope equipped with appropriated filters.
Separate images for DAPI-; Cy3-, Cy2- and FITC-la-
beled cells were recorded digitally as color-separated
components using an AxioCam digital microscope
camera and AxioVision multi-channel Image process-
ing (Zeiss Vision GmbH, Germany). Individual color
images (blue for DAPI, red for Cy3, green for Cy2 and
FITC) were merged, and the co-expression sites ap-
peared in white-yellow color. Representative images of
the experiments are shown in Figs. 2 and 3.

STATISTICAL ANALYSIS

DAPI-BSP, DAPI-osteocalcin, and DAPI-osteonectin
labeled cells were counted on the borderline as well as
in the middle of the corresponding implant surface.
Three to ten successive sections were screened at 400x
magnification on a frame of 350pm x 230pm. Only the
values of analogous parts were used for averaging, The
Interactive measurements were carried out using the
software of the Kontron-Videoplan-System (Kontron,
Zeiss, Germany) and the “frozen image tool”. The
system software of the Videoplan provided the mean
(average T standard deviation) and the median values
for each file. The U-test was used to compare the data
sets of the different files and to determine the level of
significance of the differences between the various
coated surfaces, For a rapid approximation, ranks in a
test of Wilcoxon (1945) and White (1952) were used.

AFM MICROSCOPY

The atomic force microscope (AFM) moves a very
small sharp tip attached to a soft cantilever, which acts
as a spring, in a raster pattern over the sample surface.
Deflections in the tip currcspunding to surface topog-
raphy are recorded. The AFM can be operated in air
and liquids. In routine diagnosis, it is often desirable to
minimize cantilever deflections in order to protect the
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sample from too large and potentially damaging
forces. For this procedure, a feedback loop is used to
adjust the sample height while imaging. The analysis
was performed on an AFM (Topometrix Explorer)
with 130 pm xy-scan range and 10 um z-scanner. The
AFM is mounted on the top of an inverted micro-
scope (Zeiss Axiovert 135) in order to sclect the re-
gion of interest on the sample surface. For observa-
tions of the specimen under ambient conditions, soft
cantilevers were utilized in constant force mode
(sharpened microlevers, spring constant = 0,02 N/m,
tip radius < 10 nm, Thermomicroscopes Sunnivale
CA USA). The fotces applied during AFM measure-
ments were 10-20 nN under ambient conditions (Thal-
hammer et al. 2001).

REesuvrrs

MORPHOLOGY

The BSP expression in cells settled on collagen- anc
BSP-coated TICER surface (red color) was first de-
tectable at day 5 /n vitro (Fig. 2). Some of the cells
were extremely large sized, especially at the BSP-coat-
ed implant surface. BSP was mainly localized within
the non-mineralized matrix. .‘\lth(:ugh at the beginning
of the experiment the morphology of the cells was
spheroidal, after one day it changed to the typical
polygonal one (not shown). The CD90 marker (green
color) indicated a co-localized expression of BSP and
CD 90. In the control sample (Fig. 2), the dominance
of the green color persisted until day 20 in vitro. The
expression of osteocalcin and osteonectin was similar
to that of BSP, whereas TGF-beta differed significant-
ly. To a greater extent these features were seen also on
the glimmer surface as shown in Fig, 3 for day 5 in vit-
ro. The distribution patterns of cells on the lmpl:mt
surfaces varied widely as revealed using DAPI staining
of nuclei. BSP expression in cells settled on the
TICER surface displayed a half-circular pattern at days
10 and 15 in vitro (Fig.2). At days 20 and 25 in vitro,
cells were homogeneously distributed on the implant
surface including a random sample.

3
3
'.\
3
2

CrLL COunTs

Cell counts revealed that most of the survived cells are
settled on the surface of the BSP-coated implants. Fig,
4 displays the median values and the standard devia-
tions indicating only small differences between the
various samples. Sly;mﬁmnt]\ different values were
found at days 15 and 20 in vitro, especially for ;,hm-
mer surfaces, Ranking of the median values gives evi-
dence for BSP-coatings at position 1 followed by col-
lagen. All glimmer samples, coated and non-coated,
exhibit significandy smaller standard deviations in the
number of settled cells than the TICER ones. In sum-
mary, the observed promotion of cell settlement
and/or enhanced cell proliferation on the TICER sur-
face was not significant.

The control experiment using non-coated materials
revealed that TICER is superior in number of adhered
cells, especially ar day 25 jn pitro. That superiority was
changed by pre-coating with BSP solution.

January 31, 2007
AToMIC FORCE MICROSCOPY

The results of the atomic force microscopy revealed
that the surface patterns of BSP-, collagen- and fi-
bronectin-coated glimmer differed widely (Fig. 1, left
column), The best results were found for collagen pro-
moting cell settdement on the glimmer samples with a
total homogeneous distribution pattern covering the
whole surface. The BSP- coating results in very few
drops of the BSP solution on the surface. Some more
drops on the surface were revealed for fibronectin
coating with the highest level of the z range. It can be
summarized, that cells with different soma sizes and
features were found, whereas the distribution patterns
of the settled cells were identical for all coating types
(Fig. 1, right column). The influence of the BSP coat-
ing on the glimmer surface with discontinuously
moistened surface is shown in Fig. 5 which displays
the borderline (see Fig, 1, BSP left column) of the
coating, Here a disruption of cell number and BSP ex-

N alad
prrssmn as well as cell features were revealed.

.
LT
parison of cell distribution patterns on the glimmer
surface with these on the dental implant material sur-
face demonstrates that cell attachment depends to a
higher degree on the surface design than on its coat-
ing, In materials with identically designed surfaces,
BSP-coating promotes cell settlement to a higher de-
gree than the other used coating materials,

As a conclusion, we found 1) a benefit of BSP-coat-
ed smooth implant surfaces for the osteoinduction; 2)
an enhancement of the osteoinductive effect of sur-
face roughness by BSP-coating,

Discussion

Successful attachment on artifical surface is prerequi-
site for inducing new bone formation locally at the site
of implantation. Protein-coated surfaces may influence
the biocompatibilty of implant materials by initiating
and supporting osteogenesis (Sodek and McKee 2000).
Collagen, fibronectin, vitronectin or mixtures of natur-
al extracellular matrix proteins are the mostly invest-
gated proteins for this purpose (Meyer et al. 1998; La-
couture et al. 2002; Salih et al. 2002). BSP was found to
be osteoinductive in bone repair (Wang et al. 2004) and
sufficient ta achieve healing in critical defects (Wang et
al. 2002), Lacouture et al. (2002) compare:] type I colla-
gen, fibronectn, and vitronectin in supporting adhe-
sion of mechanically strained osteoblasts and found
out that the major factor governing strain resistance
was the number of integrin-extracellular matrix attach-
ments when the number of molecules available for at-
tachment was limited. At a low concentration of pro-
tein-coating density, collagen supported the highest at-
tachment rate followed by fibronectin and vitronectin.
At higher concentrations, vitronection supported the
highest attachment rate after 24 hours /» vitro.
Nevertheless, the key of the success of implants is
related to the initial healing process (Lekic et al. 1996).
Most of the authors (Cook et al. 1985; Kieswetter et
1996; Leize ct al. 2000) suggest that the larger sur-
tace area of rough material leads to an initally delayed,
bur then prolonged cell proliferation. The initial delay
at the rough TICER surface can be compensated by
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Fig. 4. Development of the number of cells settled the pre-
coated surfaces from day 5. to day 25. in vitro.

BSP-coated surface. The deposition of BSP represents
the first step of bone formation in ectopic transplanta-
tion systems in vivo (Riminucci et al. 2003). Chou et al
(2005) reported the expression of BSP in relation to
the provided inductive agents to the cell culture. That
fact was supported by our results. The clinical superi-
ority of human derived BSP (when compared with
bovine collagen) based on the better histocompatibili-
ty of the former.

Fig. 2. Expression of BSP (red immunofluorescence=BSP,
blue=DAPI=nuclei of cells) and parrerns of CD90 (green) in
cells settled on the pre-coared surface of the implant material
TICER. Bar: 100um.

Firg. 3. Expression of osteonectin and TGF-beta in cells set-
tled on pre-coated surface of glimmer at day 5 in vitre
(DAPI= nuclei of cells). Bar: 50um.

EUROPEAN JOURNAL OF MEDICAL RESEARCH 11

Fig. 5. Effect of coating visualized at the coating border on
the glimmer surface by lacking BSP expression of sertled
cells, * indicates the part of the sample without BSP coaring,
Bar: 50um,

Our experiments were designed to use very low
concentrated BSP coating solution with the aim to re-
duce the healing time with a minimal effort and risks
for the patients.
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Abstract

We present a new tool for the estimation of the age of bloodstains, which could probably be used during forensic casework. For this, we used
atomic force microscopy (AFM) for high-resolution imaging of ervthrocyies in a blood sample and the detection of elasticity changes on a
nanometer scale. For the analvtic pmocedure we applied a fresh blood spot on a glass shde and started the AFM detection after drving of the blood
dmop. In a first step, an overview image was generaled showing the presence of several red blood cells, which could easily be detected due o their
typical “doughnut-like™ appearance. The consecutively morphological investigations in a timeframe of 4 weeks could not show any alterations.
Secondly, AFM was used to test the elasticity by recording force—distance curves. The measurements were performed immediately after drving,
15 h 30 hand 31 days. The conditions were kept constant at room lemperature (20 °C) and a humidity of 30%. The obtained elasticity parameters
were plotled against a timeline and repeated several times, The elasticity pattern showed a decrease over time, which are most probably influenced
by the altzration of the blood spot during the drving and coagulation process. The preliminary data demonstrates the capacity of this method to use
it for development of calibration curves, which can be used for estimation of bloodstain ages during forensic investigations.

() 2006 Elsevier Ireland Lid. All rights reserved.

Feywards: AFM; Force spectroscopy; Forensic medicine; Age determination; Blood spots

L. Introduction application during crime scene investigation. There exists alot of

reliahle methods for the detection and identification of hlood

Blood analysis including blood cell measurement is one of the
most basic items of hematological testing which is indispensable
in health examination, disease diagnosis and treatment. The
common lab test is used to diagnose and monitor the body’s
response to diseases. Some tests measure the components of
blood itself and others examine substances found in the blood to
identify abnommal function of wvarious organs. In forensic
sciences the examination of bloodstains represents a major

* Comesponding avthor at: GSF-MNational Research Center for Envimonment
and Health, Ingolstadter Landstralle 1, 85764 Meuherberg, Germany.
Tel.: +4%9 89 ITET 2E93; fm: +49 B9 I1ET 2942,
E-mail address: st@lmude (5. Thalhammer).

(379073873 — see fromt mater & 2006 Elsevier Ircland Lid. All rights reserved.

o 10,1016/ Forsciint. 200608 023

spots. For the evaluation of suspected bloodstains solutions such
as phenolphthalein, tetramethylbenzidine can be used. as they
change color when they come into contact with peroxidase or
hemoglobin in the blood [ 1]. For the detection of even minute
amounts of blood traces the presumptive luminol chemilumi
nescence test is widely used in forensic practical work [2]. Ttis
further possible to unambiguously attribute the blood to a certain
individual by using molecular biclogical technigues, such as
genetic fingerprinting [3].

However, the determination of the age of a blood spot
remains an unsolved problem in forensic routine work. For
more than hundred years forensic scientists are engaged in
finding a methodology, which allows determining the exact
age of a dried bloodstain. Since then several approaches were
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proposed to have potentially solved this important problem
during crime scene investigation, but none of these could ever
be established in forensic practice. An attempt was under

taken by evaluating the time differences of the solubility of
bloodstains of different ages [4]. In control experiments it
turned out, that both methods considerably diverge from the
real age of an investigated bloodspot. More recently, new
methods were tested such as remission spectrophotometry [5]
or electron-spin-resonance measurements [6], which can
detect an age-dependent increase of signal intensity of meth

hemaglobin, non-hem-iron molecules and organic radicals.
Concordantly, these methods proved to have a high error rate,
which only allow a rough estimation of the age of a bloodstain
and does not excuse the high technical expense. In more
recent times chromatographic methods were tested for the use
in dating blood spots. Inoue et al. [7] used high pressure liguid
chromatography (HPLC) to measure the guantitative com

pound of the globin chains of the red blood dye hemoglobin.
They found a decrease of the o -chaing related to the heme. the
color defining prosthetic group of the red blood dye
hemoglobin, with increasing age of a blood spot. The
measurements of the standardized bloodstains revealed high
deviations and revealed not to be practicable for forensic
routing work. Moreover, a mobile application of this method
for the use directly at a crime scene investigation seems not to
be realizable. Taken together, all described methods proved to
be not applicable in forensic routine work, as the results of the
age measurement of the bloodstaing provided too high
deviations compared to the real age. Most of these attempts
rely on advanced technical equipment and, therefore, does
not allow the application directly at a site of crime.
Additionally, a part o the sometime rare trace material has
to be consumed for the use of these approaches, so that it will
be lost for further important analysis, like molecular genetic
investigations.

We present a new methodology which could be used for the
age determination of dred bloodspots during crime scene
investigation. Therefore, an AFM was used as a nanoindentor to
monitor age-related changes of the elasticity of bloodstains
under standardized conditions.

Since the invention of the AFM by Binnig et al [8[.
indentation experiments are generally applied in measuring
elastical properties. Nanoscaled materials are probed with the
AFM due to it's high lateral and vertical resolution down to
0.01 nm. In contrast to other hardness tester the force resolution
of the AFM can reach ranges of 107* 0N [9]. The application of
AFM-force spectroscopy is widespread and used for measuring
polymer systemns [10.11], bone elasticity [12], collagen [13] or
cells [14-16].

To investigate the alteration of the elasticity of blood
samples with the AFM by force spectroscopy, force-distance
curves were applied to the blood spot. To compare two samples
it is sufficient to calculate the slopes in the upper linear part of
the force—distance curves (see Fig. 1). For calculation of the
Young's modulus a model has to be fitted to the measured data.
A detailed calculation procedure can be found in the next
section,

4 f
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T~ 250MPa
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Fig. 1. Force—distance curves of various elastic samples calculated with the
Hertzian theory, At rigid surfaces the AFM tip cannot penetrate into the sample,
therefore the cantilever deflection comesponds to the extension of the z-piezo.
The zofter the sample the mare penetrates the tip inio the sample, therefore the
slope is very smooth. To get the elasticity modulus {Young's modulus, £) the
Hertzian or similar models have to be fitted to the measurement curves,

2. Materials and methods
2.0, Preparation of the blood samples

For the AFM investigations a few drops of capillary blood from a healthy
human volunteer was drawn from the fingertip by wsing blood lancets, The
blood drops were applied to a glass slide and dried at room temperature.

2.2, AFM microscopy

For morphological characterization of the blood samples an AFM Topo-
metrix Accurex {Atos, Germany) was wsed, It was operated in contact mode
under ambient conditions, with 35% relative humidity, using MSC12F (non-
contact silicon cantilever) cantilevers (Mikromasch, Estonia). The spring
constants of the non-contact probes (NSC) was 0.3 Méim (F). The nominal
resonant frequency of the NSC cantilever was 21 kHz (F). The nominal tip
radivs was specified < 10.0 nm. Image analysis was performed uwsing SPIP
software {Image Metrology, Denmark ).

2.3, Force spectroscopy and data analysis

Force spectroscopy was carried out with an AFM of Maolacular Imaging/
Agilent using Si cantilever {special made NSC 15 high force constant, pyr-
amidal tip shape, cone half angle @ = 157, cantilever typical cantilever thick-
ness 4 H-5.5 wm, resonant frequency nominal: 405 kHz, spring constant
nominal &, = 80 Mim, Mikromasch, Estonia). For determination of the ettec-
tive spring constant the Sader method was applied [17]. This procedure can be
casy applied vsing the length, the width and the resonant frequency in Auwid,
typically air, with the accompanying guality factor (. In this case the spring
constant k. is independent from the thickness and the density. The exact
measurement of both pammeters is non-trivial and additional ly defects in the
material aretakenintoaccount because of the usage of the resonant frequency.
All comparative experiments were carried out with the same cantilever in
ambient conditions with a spring constant of &k =74 N/m. The detailad
calculation procedure for calculating the Young's modulus is presented in
the following.

The indentation of an AFM tip into soft or hard samples can be model ad
uwsing the Hertzian contact mechanics [18]. Indemtations of an infinitely
hard body into a hard elastic half space (small indentations with the
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parabolic part of the tip) with a normal force F leads with this theary to
[19,20]

E
[

4 -
Framboioat =3 52k i)
where Jis the indentation depth, E the Young's modulus, v the Poisson ratio and
ris the tip radius. For incompressable materials the Poisson ratio is at 0.5, The
applied force can be calculated with the deflection of the cantilever which is

considerad as a tightened spring by Hook's Law:
F=ikd 2}

where &, is the spring constant and 4 is the deflection of the cantilever.

The deflection of thecantilever 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 7 is splitted into the deflection and the indentation depth (3) by:

z=d+3 3

With these Egs. (1430 the Young's modulus can be expressed for hard samples
as fiollowed:

oo = —ald — o)1 ) @

Rz —2) - (@ —do)P*

where dy and 7 are the corresponding values of the cantilever deflection and the
Z-piezo extenzion at the contact point. Eg. (4) can now be written for soft
samples in the contact regime as:

[ 3 (d — e )(1 — )]

2L 4 {d — dy) +3 (5
R o

I=

To calculate the Young's modulus the model (Eg. (5)) has to be fited to every
force—distance curve. For the evaluation the average of approach and retract
curve was taken. The spring constant (&, = 74 N/m) was determined by the
Sader method [ 17], the mdius of curvature (8, R = 200 nm), determining the tip
shape was determined wsing an scanning electron microscopy (SEM) image.

Im Fig. | typical force—distance curves caloulated with the Henzian theory
are presented. The horizontal line on the right side shows the behaviour when
the tipis far away from the sample. The tip approaches to the sample and a force
between tip and sample arises. It could be cither attractive or repulsive. In case
of attractive forces a snap in of the tip to the sample surface ocours while with
repulsive forces the cantilever is bended up. Both events are not the case with
our blood samples.

The force—displacement curves were processed using the software Microcal
Crrigin and Microsoft Excel, to evaluate the slopes and the Young's moduli. For
caleulation of the Young's modulus Eg. (5) was applied to the measured data as
described before.

3. Results
31 AFM imaging of the bloadstaing

The AFM imaging of the samples revealed no morpholo
gical differences between the bloodstains following drying and
after 31 days (see Fig. 2). The first row displays a series of
images recorded on the freshly dried specimen. In the
subseguent rows the same region of the bloodstain is visualized
after 1, 2 and 4 weeks. In the overview images some small
cracks in the bloodstain can be observed, which are already
present inthe first images taken immediately after drying of the
blood. In the detailed pictures the erythrocytes can be easily
identified due to their typical doughnut-like shape. Most
interestingly, neither the erythrocytes nor the cracks in the
bloodstain showed any morphological alterations during the
observation period of 31 days.

3.2, Elasticity measurements on the bloodstaing

On three different aged bloodstains (immediately after
drying, 30 h and 31 days), force spectroscopy was carmed out
with the AFM, using the tip as a nanoindentor. Force—distance
curves were recorded on different areas of the blood spot. In
Fig. 3A an AFM image with a typical area for recording force
distance curves on the blood spot is displayed. The measure
ments of the elasticity on the blood were carried out on the thick
center area to exclude effects of the hard glass substrate. Fig. 3B
shows a typical force-distance curve of the 31 days old sample.

Fig. 4 displays the calculated Young's modulus of the force
distance curves with the individual standard vanations of the
samples. The average values of the samples differ significantly
from ecach other. This clearly shows, that the elasticity of the
bloodstain decreased with the age of the sample.

However, with regard to the standard variation the Young's
moduli are very similar and the error ranges show a slightly
overlap mainly in the lower values. Fig. 5 shows the huge
varnation of the individual slopes of the force-distance curves.
The values are highly dependent on the measuring point.

4. Discussion

The unique elastic properties of the red cell membrane and
their ability to withstand deformation stresses during circula
tion have been characterized by biomechanical investigations
as well as biophysical studies. While the biochemistry of the
system including various protein and lipid components is well
established, the structural basis of the components is still under
debate [21]. First insight into the red cell network structure and
its viscoelastic properties derived from investigations using
micropipette aspiration [22]. In more recent studies the AFM
played a major role in characterizing the membrane assembly
and its nanomechanical properties. The unfolding of spectrin
repeats, a major component of the red cell cytoskeleton, by
using the AFM provided deep insight into the mechanical
stability and the structure of this protein [23]. In medical
research, the AFM was mainly used to investigate morpho
logical alterations of red blood cells, which show a relation to a
certain disease. Kamruzzahan et al. [24] observed the surface
topography of red blood cells of patients with systemic lupus
eryvthematosus and compared it to those of healthy donors.
Thereby, they were able to detect characteristic circular shaped
holes at the surface of the red blood cells from the patients
under physiological conditions, which could correlate with
described functional deficiencies in red blood cells [25]. In an
earlier study Zachee et al. [26] visualized uremic red blood cells
with the atomic force microscope. The ultra-morphological
images confirmed the existence of uremic echinocytes and
demonstrated the capability of the AFM to study cell surfaces.

The imaging of altered erythrocytes due to mechanical stress
represents another application of the AFM in blood research.
Under wvarous physiological conditions artificial  organs
occasionally traumatize the blood cells, which can lead to
the critical liberation of hemoglobin molecules of erythrocytes.
Ohta et al. [27] were able to show that the fine structure of the
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Fig. Z. Resulis of the morphological investigations of a dried blood spot by AFM. The illustration is divided into rows and columns. The AFM imagesin the rows
correspond to the individual measuring days. The columns display identical scan areas depending on the alteration time of the blood spot. The first series (first row)
was scanmed after 1.5 b, the second series after 1 week, the third zeries after 2 weeks and the fourth series after 4 weeks. The momphology independent on the scan
range { 100, &, 25 pm) docs not change with the alteration time.

red blood surface was changed drastically by artificially another study the influence of different agents including
induced shear stress. Moreover, they found that the surface  phospholipids, low ionic strength media and drugs on the shape
roughness increased with the exposure time and could be  of human erythrocytes were investigated and characterized by
correlated to the liberated hemoglobin concentration. In the AFM [2E]. The artificially produced abnommally shaped
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Hg. 3. Typical force—distance curve with corresponding AFM image showing the measuring spot. {A) AFM image of a typical area for recording force—distance
curves on the blood spot. The measwrements of the elasticity on the blood were carried owt on the thick center area to exclude any effects of the hand glass substrate,
The measuring points were distributed randomy over the sample. As an example, one of these measuring spots is marked on the AFM image {cmoss). (B) Typical
force—distance curve of the 31 days old zample. The horizontal lineon theright side of the curve is referred to as zero line, where tip and zample are not in contact. To
exclude the influence of surface effects with unknown magnitude the fit is performed in the upperpart of the curve marked as Az and Ad. During the fitting procedurn
the Young's modulus £ and the -value of contact point Zo are the calculated fitting parameter of Eqg. (50

erythrocytes were further compared with cells that occur with
high incidence in blood pathologies, such as spherocytosis and
misopoichilocytosis. In all these medical related studies the
AFM was used to image ervthrocytes and detect differences in
shape or cell wall surfaces. In only a few investigations the
AFM was used 1o study elastic properties of cells by recording
force curves and relate the differences of normal and altered
cells to pathological conditions. Force spectroscopy of normal
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Hg. 4. Elasticity change vs. alteration time. The evaluation of the Young's
maduli indicates an elasticity change depending on the alteration time. The
bloodstain was measured after 1.5 h, after 30 hand after 31 days. Every column
was caloulated from more than 10 individual F-d curves, The whisker displays
the standard deviation of the force curves.

and cancerous human bladder cells revealed a Young's modulus
of about one order of magnitude higher of nomal cells
compared to the cancer cells [29]. The differences in elasticity
could probably be attributed to changes in the cytoskeleton due
to oncogenic transformation. Ina further study Lekka etal. [29]
probed the erythrocyte stiffness of red blood cells from patients
suffering from coronary disease, hypertension and diabetes
mellitus and compared it to erythrocytes derived from healthy
donors. Analysis of the recorded force curves provided an
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Fig. 5. F—d curve histogram of measurement day 31. The variation can be
attributed to the inhomogeneous assembly of the blood spot. The F—d curves ane
recorded on the surface, influences from the bulk below cannot be excluded.
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increase of the stiffness in samples from cigarette smokers and
diabetes mellitus patients. This ohservation confirmed other
biochemical studies, which have shown that chemical changes
in the erythrocyte membrane, especially the ratio between
phospholipids and cholesterol content can lead to an increase in
cell wall rgidity in patients suffering from diabetes mellitus
[30].

Until recently, the AFM was only introduced in a few
specialized  applications in forensic medicine, such as the
examination of line crossings indocuments [31 . Inarecent study
a first attempt was undertaken to detect time-dependent changes
of the erythrocyte morphology [32]. The authors found cellular
changes of erythrocytes after exposure in air for several days by
using dynamic mode atomic force microscopy. They observed
cell shinking and fissures after 0.5 days and at 2.5 days of
exposure nanometer scaled protuberances occurred which
increased in mumber with time. Based on these results, Chen
and Cai proposed that the alteration of the red blood cells could
be used to estimate the time of death. However, the erythrocytes
were not investigated under conditions to be found at a crime
scene, but were mixed with an anticoagulant (EDTA),
immunolabelled, deposited on mica and fixed manually.
Therefore, it cannot be ruled out that the pre-treatment of the
blood influences or enhances the observed cell wall alterations.

In contrast to this work, we investigated a bloodstain on a
glass slide without any kind of pre-treatment or chemical
maodifications. Thereby, we could not detect any morphological
alterations of the red blood cells over a time period of 4 weeks.
The AFM images recorded during the whole observation period
of the bloodstain showed no major differences (see Fg. 2).
However, the recorded force-distance curves of our hlood
sample showed a clear increase of the stiffness with increasing
age of the bloodstain. This represents the first application of
force spectroscopy to investigate age related changes of dried
blood, which could serve as a helpful tool in forensic science
and serve as a new approach to solve a major problem during
forensic casework, the age determination of dried bloodstains.

Mevertheless, we observed a few limitations duning our
investigations, which have to be clarified by furtherexperiments.
The measurements showed ahigh standard deviation, which can
probably be explained by the non-homogeneous composition of
the bload clot. During coagulation a fibrin network is generated
in which platelets, erythrocytes, leukocytes and other blood
components are embedded. Despite the fact, that the blood clot
appears to be a homogeneous system, the single components
seem to influence the elasticity parameters of the whole system in
different ways. Moreover, there exists evidence that erythrocytes
show some alterationin membrane elasticity and viscosity during
in vivo ageing [33]. The age of the erythrocyte (1-120 days)
could therefore have an influence on the measurements of the
bloodspot. However, these differences are most probably
negligible compared to the major elasticity changes during
drying of the bloodstain. This holds particulartrue withrespect to
the fact, that we did not perform elasticity measurements on
single blood cells, but considered the bloodstain as a complete
system (see Fig. 3). The stiffness values of single erythrocytes
and the influence of the measurement spot will be the major topic

of our further studies, in which we are planning to measure the
single components of the blood and its elasticity parameters by
force spectroscopy. Together with these upcoming data we
hope to be able to establish a tool, which can be used for the
age determination of dried blood spots in forensic routine
applications.
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Outlook

6. Outlook

In the past decade atomic force microscopy has developed very rapidly. Nowadays
users benefit from high resolutions both in lateral and vertical direction, the handling
was made much more user-friendly, thus the AFM became an established technique in
different fields of science. Obviously the main advantage for biological, biophysical and
medical applications is the ease of sample preparation.

As exemplified in this work, collagen fibrils exhibit a homogeneous structure and the
elasticity of the core is similar to the shell. Hence, for elasticity measurements on
collagen fibrils in bone sections it does not matter whether the measurements are
performed in or outside the fibril. Since in cleaved samples it is difficult to distinguish
between core and shell this knowledge is particularly useful. This is probably the most
important prerequisite, when force spectroscopy on collagen fibrils is considered for the
determination of degradation processes of different bone samples.

A supplementary method might be to measure the resistance of the “glue”-filaments
between the organic and anorganic bone constituents. An alteration over time might be
suitable for age determination. However, before such methods can be applied on a
routinely basis much work remains to be done: first of all it needs to be checked under
laboratory conditions, whether a detectable alteration occurs with time at all. Secondly,
the influence of the soil, which surrounds the bone and the climate need to be studied
very thoroughly.

In this context a conceivable application of AFM based force spectroscopy could be the
age determination of skeletal remains. In the last decades many common graves have
been revealed in conflict areas. In order to reconstruct incidents, precise dating of the
grave is indispensable. One possibility is to investigate the degradation of the organic
matrix in the remaining bones of the skeletons. Minute amounts would be sufficient for
probing elastical properties by means of nanotechnological methods.

As presented in this thesis the AFM may serve as a novel tool in forensic science. It is
useful to examine the alteration of blood spots for chronological reconstruction of
crimes, thereby providing important evidence in crime scene investigation. However,
before this method can be routinely applied, some issues remain to be solved. First of
all, a possible influence of the inhomogeneous assembly within the blood spot has to
be carefully verified, in order to exclude that the point of measurement determines the
outcome. Besides that, it has to be checked whether elasticity changes are different
when the blood spot ages on different substrates, for example wood, clothes or metal
subsurfaces. A major impact on blood ageing presumably originates from
environmental conditions like temperature, humidity, light irradiation or decomposition
by organically driven processes. In order to characterize the influence of all these
factors, many longterm studies where different conditions are compared need to be
conducted.
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7. Appendix

Visual Basic program for dialysis system control in combination with A/D converter card
from Velleman K8005, USB Experiment Interface Board

Option Explicit

Dim DoNothing As Boolean

Dim n As Integer

Private Declare Function OpenDevice Lib "k8055d.d1l" (ByVal CardAddress As Long) As Long
Private Declare Sub CloseDevice Lib "k8055d.d11" ()

Private Declare Function ReadAnalogChannel Lib "k8055d.d11" (ByVal Channel As Long) As Long
Private Declare Sub ReadAllAnalog Lib "k8055d.d1l" (Datal As Long, Data2 As Long)

Private Declare Sub OutputAnalogChannel Lib "k8055d.d1l" (ByVal Channel As Long, ByVal Data As
Long)

Private Declare Sub OutputAllAnalog Lib "k8055d.d1l" (ByVal Datal As Long, ByVal Data2 As Long)
Private Declare Sub ClearAnalogChannel Lib "k8055d.dll" (ByVal Channel As Long)

Private Declare Sub SetAllAnalog Lib "k8055d.d11" ()

Private Declare Sub ClearAllAnalog Lib "k8055d.d11" ()

Private Declare Sub SetAnalogChannel Lib "k8055d.d1l" (ByVal Channel As Long)

Private Declare Sub WriteAllDigital Lib "k8055d.dIl" (ByVal Data As Long)

Private Declare Sub ClearDigitalChannel Lib "k8055d.dIl" (ByVal Channel As Long)

Private Declare Sub ClearAllDigital Lib "k8055d.d11" ()

Private Declare Sub SetDigitalChannel Lib "k8055d.d11" (ByVal Channel As Long)

Private Declare Sub SetAllDigital Lib "k8055d.d11" ()

Private Declare Function ReadDigitalChannel Lib "k8055d.d11" (ByVal Channel As Long) As Boolean
Private Declare Function ReadAllDigital Lib "k8055d.d1I" () As Long

Private Declare Function ReadCounter Lib "k8055d.d11" (ByVal CounterNr As Long) As Long

Private Declare Sub ResetCounter Lib "k8055d.dIl" (ByVal CounterNr As Long)

Private Declare Sub SetCounterDebounceTime Lib "k8055d.d11" (ByVal CounterNr As Long, ByVal
DebounceTime As Long)

Private Declare Sub Sleep Lib "kernel32" (ByVal dwMilliseconds As Long)

“Set and clear digital output - manual”
Private Sub Command2_Click()
SetDigitalChannel (1)

End Sub

Private Sub Command3_Click()
ClearDigitalChannel (1)
End Sub

“Save data in Excel worksheet - manual”
Private Sub Command4_Click()

Dim Wo As Excel.Workbook ‘Excel workbook
Dim Sh As Worksheet ‘Excel sheet
Dim Ex As New Excel. Application ‘Excel application

Set Wo = Ex.Workbooks.Add
Set Sh = Wo.ActiveSheet

Ex.ActiveWorkbook.Save ‘Excel save
Ex.ActiveWorkbook.Close ! ‘Excel close
End Sub

“Connect and disconnect A/D converter”
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Private Sub Connect_Click()
Dim CardAddress As Long
Dim h As Long
CardAddress =0

'CardAddress = 3 - (Check1(0).Value + Check1(1).Value * 2)

h = OpenDevice(CardAddress)
Select Case h
Case0,1,2,3

IblAusgabe connect.Caption = "Card " + Str(h) + " connected"

Case -1

IblAusgabe connect.Caption = "Card " + Str(CardAddress) + " not found"

End Select
'If h >= 0 Then Timerl.Enabled = True
End Sub

Private Sub disconnect Click()
CloseDevice

IblAusgabe connect.Caption = "Card disconnected"

End Sub

“PH7-calibration manual”

Private Sub pH7 Click()

Dim ph_7 As Variant

Dim Ausgabe ph7 As Variant

ph_7 = ReadAnalogChannel(2)

Ausgabe ph7 =ph 7 *5/255

Iblausgabe ph7.Caption = ph_7

IblAusgabe ph7 volt.Caption = Ausgabe ph7
End Sub

'read out pH-value at pH 7
'conversion in Volt
'output in panel

'output in panel in Volt

“Starting control”

‘Variable declaration

Private Sub Command1_Click()
Dim t1 As String

Dim t2 As String

Dim t3 As String

Dim t4 As Variant

Dim wartezeit As Variant
Dim t5 As Long

Dim m As Variant

Dim Zeitintervall As Variant
Dim ph_anfang As Variant
Dim ph_soll As Variant

Dim ph_ist As Variant

Dim ph_7 As Variant

Dim ph_bei7 As Long

Dim Anfangs pH As Long
Dim Ausgabe ph7 As Variant

'Variable declaration for data storage
Dim Wo As Excel.Workbook

Dim Sh As Worksheet

Dim Ex As New Excel.Application
Dim n As Long

Dim digoutl As Integer

Dim delta delta ph As Variant

Dim pH As Variant

'start time

'end time

‘actual time for calculation of the setpoint
'elapsed time

'delay time between measurements (Variable)
'actual time

'slope of set curve

'dialysis time

'start-pH-value

'actual pH-set value

'actual pH value

'pH at 7 for calculation in Excel
'start pH for calculation in Excel

'Excel Workbook
'Excel worksheet
'Excel application
'counter for rod number
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Dim delta_U As Variant
Dim delta_ph As Variant
Dim Start ph As Variant
Dim phsoll As Variant

Dim delta_Usoll As Variant

'Programmroutine
ph_7 =0 'lblausgabe ph7.Caption

Zeitintervall = Dialysedauer.Text

tl = Now

t2 = DateAdd("s", Zeitintervall, t1)
ph_anfang = ReadAnalogChannel(2)

"Open Excel

Set Ex = New Excel.Application
Set Wo = Ex.Workbooks.Add
Set Sh = Wo.ActiveSheet

'Loop for measurement and control
t3=tl

Do While t3 <t2

t3 = Now

t4 = DateDiff("s", t1, t3)

m = (ph_7 - ph_anfang) / Zeitintervall
ph_soll =m * t4 + ph_anfang

ph_ist = ReadAnalogChannel(2)
IblAusgabe ph_ist.Caption = ph_ist * 5 /255
IblAusgabe ph_ist.Refresh
istph_b.Caption = ph_ist
istph_b.Refresh

sollph_v.Caption = ph_soll * 5/255
sollph_v.Refresh

sollph_b.Caption = ph_soll
sollph_b.Refresh

VScrolll.Value = ph_ist
VScrolll.Refresh
Labell.Caption = t4
Labell.Refresh

'Conversion of Volts in pH-value and write in panel
Start ph = Anfang pH.Text
delta ph =6.5 - Start ph
delta_delta ph = delta ph/ph anfang
delta U = ph_ist - ph_anfang
pH = Start_ph - delta U * delta_delta ph
IblAusgabe Input.Caption = pH
IblAusgabe Input.Refresh
delta Usoll = ph_soll - ph_anfang
phsoll = Start_ph - delta_Usoll * delta_delta_ph
label2.Caption = phsoll
label2.Refresh

'Set and clear output
If ph_ist > ph_soll Then

'read pH-value at pH7

'dialysis period
'start time

'end time

'read out start pH

'open new Excel workbook

'actual time

'elapsed time

'slope calculation

'set point calculation
'actual pH value

'write pH value in panel

'refresh Scroll

'write actual pH value in scroll in panel

'comparison set and actual value
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SetDigitalChannel (1)
IblAusgabe digoutl.Caption = 1
IblAusgabe digoutl.Refresh
digoutl =1

Else: ClearDigitalChannel (1)
IblAusgabe digoutl =0
IblAusgabe digoutl.Refresh
digoutl =0

End If

'Save data in Excel

'pH-Wert

n=n+1

With Sh
.Range("C" & n).Value = ph_ist
.Range("A" & n).Value = t4
.Range("B" & n).Value = ph_soll
.Range("F" & n).Value = digoutl
.Range("D" & n).Value = pH
.Range("E" & n).Value = phsoll
End With

'Delay between measurments

t5 = Totzeit. Text * 1000

Sleep t5

IblAusgabe ph_ist.Caption = ph_ist * 5/255
IblAusgabe Input.Caption = ph_ist
VScrolll.Value = ph_ist

Loop

'Save and close Excel
Ex.ActiveWorkbook.Save
Ex.ActiveWorkbook.Close
Labell.Caption = "Regelung beendet"
Labell.Refresh

ClearDigitalChannel (1)

IblAusgabe digoutl.Caption =0
IblAusgabe digoutl.Refresh

End Sub

'set output
'write output state in panel

'increase counter (Excel)

'copy actual value in correct rod
'copy actual value in correct rod
'copy actual value in correct rod
'copy actual value in correct rod

"write actual pH value in panel
"write actual pH value in panel in scroll
' refresh Scroll

'Excel save
'Excel close
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