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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 I 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. 
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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, fibres 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 107 V/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 
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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.  

 
 

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.  
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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”.  
 

 
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 
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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. 
 

 
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 
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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.  
 

 
 
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, 
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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.  
 

 
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].  
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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-Müller-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.  
 

 
 
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, δ the penetration depth, αHertz and 
αJKR 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: 

3

K
RFa = .          (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 Es 
and Poisson ratio νs for the sample as well as for the indenter (index i) determine the 
effective modulus, which is defined by: 
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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: 
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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:  
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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, 
Müller 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: 

RWFad π2=           (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: 

3 )2(
K
RRWFa π+= .        (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: 

RWFad π
2
3

= .         (3.7) 

 
The contact radius can be written as: 
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Pashley et al. [21] introduced an expression to estimate the surface forces inside and 
outside the contact area. The parameter φP 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 z0, φP is given by: 
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Müller et al. [22] used this parameter as a criterion for the selection of the appropriate 
theory. For φP<0.3, in case of hard samples, small radius and low surface energies the 
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DMT theory is applicable, whereas for φP>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: 
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Whereas σ0 is the surface stress at the edge of the indenter. For soft, large and 
adhesive bodies λ is high, whereas for small and hard bodies the value of λ 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 λ→0 the Maugis theory converges to the DMT model and for λ→∞ 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]: 
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where δ is the indentation depth, E is Youngs modulus, ν is the Poisson ratio, α is the 
cone angle (half of the opening angle), and R is the tip radius. In case of 
incompressible materials the ν 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 = kc ⋅ d,          (3.13) 
 
where kc 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 δ of the tip into the sample: 
z = d + δ          (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: 
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For soft samples with large indentations of the pyramidal cone of the AFM tip Youngs 
modulus can be expressed by: 
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where do and z0 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, 
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and for soft samples as: 
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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, z0) from the fitting procedure. 
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The fit is excellent, deviations between the simulated and the measured curve are 
negligible.  

 
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 z0, 
yielding values of E = 28,5 MPa and z0 = 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 α1(I) chains and one α2(I) 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 α 
chains of collagen type I 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 I 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 (α-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 I fibril.  
 

 
Fig. 8: Schematic drawing of the collagen fibril structure. Illustration 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 I. 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, α1-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- α1 and α2 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].  
 

 
Fig. 9: Intracellular transformations of collagen chains. (adapted from [27]) 
 

 
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 α1-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. 
 

 
 

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 I as well as native type II 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 I fibril. (scalebar corresponds to 500nm, 
error signal, contact mode, in decanol) (B) native and FLS collagen type I 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 α1-acid glycoprotein 
concentration. (scalebar corresponds to 500nm, error signal, contact mode, in air) (D) native 
collagen type II fibrils. The banding is clearly visible and the repeating distance amounts to 70 
nm. The diameter of collagen II (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 I 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 I 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 I 
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. 
 

 
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 µm 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 α1-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 I 
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). 
 

 
 
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 I 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 I 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. 
 

 
 
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 I 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 I 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. 
 

 
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.  
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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 I matrix and calcium phosphate 
supplied as hydroxyapatite. Apatites are complex salts with Ca2+ as center atom and 
Ca3(PO4)2 – 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 I 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 Ca2+-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 mm3 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. 
 

    
Fig. 20: (A) Trabecular of mummy vertebrae.   (B) Trabecular of porcine vertebrae. 
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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 α-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. 
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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. 

 
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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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.dll" (ByVal CardAddress As Long) As Long 
Private Declare Sub CloseDevice Lib "k8055d.dll" () 
Private Declare Function ReadAnalogChannel Lib "k8055d.dll" (ByVal Channel As Long) As Long 
Private Declare Sub ReadAllAnalog Lib "k8055d.dll" (Data1 As Long, Data2 As Long) 
Private Declare Sub OutputAnalogChannel Lib "k8055d.dll" (ByVal Channel As Long, ByVal Data As 
Long) 
Private Declare Sub OutputAllAnalog Lib "k8055d.dll" (ByVal Data1 As Long, ByVal Data2 As Long) 
Private Declare Sub ClearAnalogChannel Lib "k8055d.dll" (ByVal Channel As Long) 
Private Declare Sub SetAllAnalog Lib "k8055d.dll" () 
Private Declare Sub ClearAllAnalog Lib "k8055d.dll" () 
Private Declare Sub SetAnalogChannel Lib "k8055d.dll" (ByVal Channel As Long) 
Private Declare Sub WriteAllDigital Lib "k8055d.dll" (ByVal Data As Long) 
Private Declare Sub ClearDigitalChannel Lib "k8055d.dll" (ByVal Channel As Long) 
Private Declare Sub ClearAllDigital Lib "k8055d.dll" () 
Private Declare Sub SetDigitalChannel Lib "k8055d.dll" (ByVal Channel As Long) 
Private Declare Sub SetAllDigital Lib "k8055d.dll" () 
Private Declare Function ReadDigitalChannel Lib "k8055d.dll" (ByVal Channel As Long) As Boolean 
Private Declare Function ReadAllDigital Lib "k8055d.dll" () As Long 
Private Declare Function ReadCounter Lib "k8055d.dll" (ByVal CounterNr As Long) As Long 
Private Declare Sub ResetCounter Lib "k8055d.dll" (ByVal CounterNr As Long) 
Private Declare Sub SetCounterDebounceTime Lib "k8055d.dll" (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 
        Case 0, 1, 2, 3 
            lblAusgabe_connect.Caption = "Card " + Str(h) + " connected" 
        Case -1 
            lblAusgabe_connect.Caption = "Card " + Str(CardAddress) + " not found" 
    End Select 
    'If h >= 0 Then Timer1.Enabled = True 
End Sub 
 
Private Sub disconnect_Click() 
CloseDevice 
lblAusgabe_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)                      'read out pH-value at pH 7 
Ausgabe_ph7 = ph_7 * 5 / 255                      'conversion in Volt 
lblausgabe_ph7.Caption = ph_7                     'output in panel 
lblAusgabe_ph7_volt.Caption = Ausgabe_ph7        'output in panel in Volt 
End Sub 
------------------------------------------------------------------------------------------------------------------------------- 
“Starting control” 
‘Variable declaration 
Private Sub Command1_Click() 
Dim t1 As String                                  'start time 
Dim t2 As String                                  'end time 
Dim t3 As String                                  ‘actual time for calculation of the setpoint 
Dim t4 As Variant                                 'elapsed time 
Dim wartezeit As Variant                          'delay time between measurements (Variable) 
Dim t5 As Long                                    'actual time 
Dim m As Variant                                  'slope of set curve 
Dim Zeitintervall As Variant                      'dialysis time 
Dim ph_anfang As Variant                          'start-pH-value 
Dim ph_soll As Variant                            'actual pH-set value 
Dim ph_ist As Variant                             'actual pH value 
Dim ph_7 As Variant 
Dim ph_bei7 As Long                               'pH at 7 for calculation in Excel 
Dim Anfangs_pH As Long                            'start pH for calculation in Excel 
Dim Ausgabe_ph7 As Variant 
 
'Variable declaration for data storage 
Dim Wo As Excel.Workbook                         'Excel Workbook 
Dim Sh As Worksheet                               'Excel worksheet 
Dim Ex As New Excel.Application                  'Excel application 
Dim n As Long                                     'counter for rod number 
Dim digout1 As Integer 
Dim delta_delta_ph As Variant 
Dim pH As Variant 
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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                    'read pH-value at pH7 
 
Zeitintervall = Dialysedauer.Text                 'dialysis period 
t1 = Now                                           'start time 
t2 = DateAdd("s", Zeitintervall, t1)              'end time 
ph_anfang = ReadAnalogChannel(2)                 'read out start pH 
 
`Open Excel 
Set Ex = New Excel.Application                    'open new Excel workbook 
Set Wo = Ex.Workbooks.Add 
Set Sh = Wo.ActiveSheet 
 
 
'Loop for measurement and control 
t3 = t1 
Do While t3 < t2 
 t3 = Now                                           'actual time 
 t4 = DateDiff("s", t1, t3)                        'elapsed time 
 m = (ph_7 - ph_anfang) / Zeitintervall           'slope calculation 
 ph_soll = m * t4 + ph_anfang                      'set point calculation 
 ph_ist = ReadAnalogChannel(2)                    'actual pH value 
 lblAusgabe_ph_ist.Caption = ph_ist * 5 / 255     'write pH value in panel 
 lblAusgabe_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 
  
 VScroll1.Value = ph_ist                           'refresh Scroll 
 VScroll1.Refresh 
 Label1.Caption = t4 
 Label1.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 
  lblAusgabe_Input.Caption = pH                     'write actual pH value in scroll in panel 
  lblAusgabe_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                            'comparison set and actual value  
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  SetDigitalChannel (1)                             'set output 
  lblAusgabe_digout1.Caption = 1                   'write output state in panel 
  lblAusgabe_digout1.Refresh 
  digout1 = 1 
 Else: ClearDigitalChannel (1) 
  lblAusgabe_digout1 = 0                             
  lblAusgabe_digout1.Refresh 
  digout1 = 0 
 End If 
 
'Save data in Excel 
'pH-Wert 
 n = n + 1                                          'increase counter (Excel) 
 With Sh 
  .Range("C" & n).Value = ph_ist                   'copy actual value in correct rod 
  .Range("A" & n).Value = t4                        'copy actual value in correct rod 
  .Range("B" & n).Value = ph_soll                  'copy actual value in correct rod  
  .Range("F" & n).Value = digout1                  'copy actual value in correct rod 
  .Range("D" & n).Value = pH 
  .Range("E" & n).Value = phsoll 
 End With 
 
'Delay between measurments 
 t5 = Totzeit.Text * 1000 
 Sleep t5 
 lblAusgabe_ph_ist.Caption = ph_ist * 5 / 255     ' write actual  pH value in panel 
 lblAusgabe_Input.Caption = ph_ist                ' write actual  pH value in panel in scroll 
 VScroll1.Value = ph_ist                           ' refresh Scroll 
Loop 
 
'Save and close Excel 
Ex.ActiveWorkbook.Save                            'Excel save 
Ex.ActiveWorkbook.Close                           'Excel close 
 Label1.Caption = "Regelung beendet" 
 Label1.Refresh 
 ClearDigitalChannel (1) 
 lblAusgabe_digout1.Caption = 0 
 lblAusgabe_digout1.Refresh 
End Sub 
--------------------------------------------------------------------------------------------------------------------------------------------------------------- 
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