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Sammanfattning 
Abstract 

This work investigates how the proteins collagen type I and human osteocalcin interact with various surfaces. A pH-
series of collagen adsorbed onto methyl terminated self-assembled monolayers has been made and the results indicate 
that less tropocollagen is found on the surfaces at pH below 6.0 and that biofilms made of larger fibrils with a more 
ordered 3D-structure are formed at pH 6.0 and above. This work also shows that it is possible to divide the amide I 
region of a vibrational Sum Frequency Generation (v-SFG) spectra into three peaks. These peaks can be correlated to 
the three amino acid residues glycine, proline and hydroxyproline, which have a high abundance in collagen. Analysis 
of different polarization combinations probing chiral and achiral contributions demonstrates that glycine has a higher 
contribution over proline and hydroxyproline in achiral responses, whereas hydroxyproline has similar or higher 
contribution than glycine in chiral responses, in which little to no signals from proline are detectable.  

v-SFG data for carboxylated and uncarboxylated osteocalcin respectively reveal that carboxylated osteocalcin has 
α-helices in the structure when Ca2+ ions are present in the solution, while the uncarboxylated version does not. 
Orientations for osteocalcin adsorbed onto hydrophobic, positively charged and negatively charged surfaces were 
determined by dividing peak areas of fragments from leucine, cysteine and carboxyglutamic acids from the positive 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) spectra.  

Also, it was exercised to find the v-SFG signal with a femtosecond SFG system by utilizing the non-resonant 
background of a gold substrate and then delay the visible laser beam to only get signals from the vibrating molecules. 
Self-assembled monolayers (SAMs) prepared from dodecanethiols were used to demonstrate this principle, but the 
approach is valid also for other molecular systems.  
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Abstract  
This work investigates how the proteins collagen type I and human osteocalcin interact with 
various surfaces. A pH-series of collagen adsorbed onto methyl terminated self-assembled 
monolayers has been made and the results indicate that less tropocollagen is found on the 
surfaces at pH below 6.0 and that biofilms made of larger fibrils with a more ordered 3D-
structure are formed at pH 6.0 and above. This work also shows that it is possible to divide the 
amide I region of a vibrational Sum Frequency Generation (v-SFG) spectra into three peaks. 
These peaks can be correlated to the three amino acid residues glycine, proline and 
hydroxyproline, which have a high abundance in collagen. Analysis of different polarization 
combinations probing chiral and achiral contributions demonstrates that glycine has a higher 
contribution over proline and hydroxyproline in achiral responses, whereas hydroxyproline 
has similar or higher contribution than glycine in chiral responses, in which little to no signals 
from proline are detectable.  

v-SFG data for carboxylated and uncarboxylated osteocalcin respectively reveal that 
carboxylated osteocalcin has α-helices in the structure when Ca2+ ions are present in the 
solution, while the uncarboxylated version does not. Orientations for osteocalcin adsorbed 
onto hydrophobic, positively charged and negatively charged surfaces were determined by 
dividing peak areas of fragments from leucine, cysteine and carboxyglutamic acids from the 
positive Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) spectra.  

Also, it was exercised to find the v-SFG signal with a femtosecond SFG system by 
utilizing the non-resonant background of a gold substrate and then delay the visible laser 
beam to only get signals from the vibrating molecules. Self-assembled monolayers (SAMs) 
prepared from dodecanethiols were used to demonstrate this principle, but the approach is 
valid also for other molecular systems.  
 
 
Abbreviations: 
AFM - atomic force microscopy  
OC - osteocalcin  
PBS - phosphate buffered saline  
PCA - principal component analysis  
pI - isoelectric point  
SAM - self-assembled monolayer  
SFG - sum frequency generation  

SHG - second harmonic generation  
ToF-SIMS - time-of-flight secondary ion mass 
spectrometry 
uOC - uncarboxylated osteocalcin  
v-SFG - vibrational sum frequency generation 
XPS - x-ray photoelectron spectroscopy  
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1 Introduction 
In all biological systems, communication between an organism and its surrounding takes 
place at the surface of the organism. When a cell interacts with a surface it is thus the surface 
properties that are responsible for how the cell will react. Collagen has been used for decades 
to produce biocompatible surfaces. However, the structure of collagen at the surface is highly 
dependent on several factors, such as collagen concentration, ionic strength, pH, temperature, 
surface charge, surface hydrophobicity and mechanical loading. Many studies on how all 
these factors affect the collagen structure have been made over the years, but all studies are 
not in complete agreement and since there are so many factors to consider, there is definitely 
room for one more.  

Collagen has frequently been used to create scaffolds for tissue engineering, but 
engineering bone tissue is today a huge challenge. This is partly because it is difficult to 
create the collagen/hydroxyapatite composite making up the scaffold for bone tissue, but also 
because it is very complicated to understand how proteins interact with such scaffolds. The 
most abundant protein in bone, after collagen, is osteocalcin. It has an important regulatory 
role in the bone mineralization process, but the precise function of osteocalcin has not been 
elucidated and it is difficult to determine the structure of proteins on mineral surfaces. How 
human osteocalcin interacts with various surfaces has not been thoroughly investigated. An 
increased knowledge about oesteocalcin's interactions with surfaces could aid future studies 
trying to elucidate how osteocalcin functions in the bone mineralization process.  

1.1 Aims  
The aims of this project were:  
 

- To study how the ordered structure of collagen fibrils on alkanethiol self-
assembled monolayers (SAMs) on gold is affected by changes in pH.  
- To investigate how osteocalcin interacts with hydrophobic, negatively 
charged and positively charged surfaces.  

2 Theory  

2.1 Collagen 

2.1.1 The Structure of Collagen 
Collagens are the most abundant proteins in human tissues and are frequently used in 
regenerative medicine and tissue engineering to mimic the extracellular matrix1. There are 
many types of collagens and they are all composed of three polypeptide chains, called α-
chains. In the primary structure of an α-chain can a repeating Gly-X-Y triplet be found. As a 
result, approximately every third amino acid in collagen is a glycine. At the X-position there 
is often a proline, while a hydroxyproline commonly occupies the Y-position. The high 
abundance of glycine and proline induces the formation of left-handed α-helices in the α-
chains. When three left-handed α-helices come together, they form a 300 nm long right-
handed superhelix1,2, also called collagen monomer 3 or tropocollagen (figure 1). There have 
to be glycines in the middle of the tropocollagen, since any other amino acids would cause 
steric hindrance. This is the explanation why there is a glycine at approximately every third 
position, since there are 3.3 residues per turn in left-handed α-helices.  
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 Figure 1. Tropocollagen consists of three left-handed alpha-
helical polypeptides, coiled together in a right-handed triple-
helical structure, with the glycine residues in the center. The 
picture is adapted from http://resources.schoolscience.co.uk/, 
2013-05-27.  

 
The collagens are divided into nine families, where the dominant group contains the fibril-

forming collagen types: I, II, III, V, XI, XXIV and XXVII2. Collagen type I is the most 
significant type of this family and is present in almost all connective tissues, for instance bone 
tissue1. When bone tissue is formed, osteoblasts deposit a matrix of collagen type I fibrils4.  

2.1.2 The Structure of Collagen Fibrils 
The collagen fibrils consist of microfibrils, which are many tropocollagens packed together. 
These microfibrils can be substantially longer than the 300 nm length of the collagen 
monomer, tropocollagen, and they are about 3-5 nm in diameter. The tropocollagens, in the 
microfibrils, overlap with 67 nm, causing a D-periodic pattern with dark and bright bands3 
(figure 2).  

 
Figure 2. The hierarchical structural levels of collagen are shown. 1) The primary sequence with 
repeating Gly-X-Y sequences, where X is commonly proline and Y is often hydroxyproline. 2) A 
left-handed helix is formed in the secondary structure. 3) Three helices form together a 300 nm 
long super-helix, called tropocollagen, with the glycine residues in the center. 4 a) Several 
tropocollagens build up microfibrils and a 67 nm overlap of them creates more and less dense 
areas. 4 b) In this representation, less dense areas are dark and more dense are bright and a full 
such band, called a D-band, is 67 nm. 5) Many fibrils together form larger fibers. These can be 
of various sizes, ranging from less than one micron to sizes almost apparent for the naked eye.  
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The chemical environment is very important for the formation of collagen type I fibrils and 

parameters such as pH, ionic strength, presence of specific ions, mechanical loading, collagen 
concentration and temperature play a crucial role5-8. It has been established that fibrils are 
formed in solution at and about physiological pH, but at pH values away from the 
physiological pH the fibrillar structure is disrupted (figure 3), probably due to the electrostatic 
interactions that arise away from the isoelectric point (pI) of collagen at about 7.6-7.8.  

 

 
Figure 3. The structure of collagen on mica at various pH levels were investigated with AFM in 2004. 
Fibrillar structures were detectable around physiological pH, but at low and high pH no obvious fibrillar 
structures could be seen. Image is adapted from Jiang et. al 6.  

 
However, not all studies are in agreement and few studies have shown what happens with 

the ordering of the fibrillar structures upon adsorption to surfaces in different chemical 
environments. It is known that proteins can change their structure after adsorption, due to 
interactions between the surface and the protein9. Changes in the conformation upon 
adsorption are thus dependent on surface properties, such as hydrophobicity, pI, specific 
chemistry etc. Adsorption of collagen fibrils onto mica has earlier been studied with AFM and 
even though the adsorbed collagen looks fibrillar, the typical D-periodic pattern of an ordered 
structure is not clearly observable for all chemical environments6. The D-period is not 
obvious when phosphate buffered saline (PBS) is used as the buffer, which is an indication, 
but not a proof, that the ordered structure is not preserved after adsorption. Since the 
molecular order of the collagen fibrils probably is important for their performance in tissue 
engineering and PBS is a common solvent within this field, it is desirable to do more studies 
of adsorbed collagen fibrils onto different surfaces.  

2.2 Osteocalcin 

2.2.1 The Role and Structure of Osteocalcin 
Osteocalcin (OC) is the most abundant non-collagenous protein in bone and make up about 
2 % of the total protein content in the body. It is produced by osteoblasts and consists of 46-51 
amino acids10. The isoelectric point (pI) of OC is found in the range 4.0-4.5. In solution OC 
binds to numerous Ca2+ ions, via coordination of the three carboxylated glutamic acids in the 
primary structure.  This is required for OC to undergo a conformational change that induces 
α-helical structures and an increased affinity for hydroxyapatite (HAP)10-12 and this feature 
gives OC a significant regulatory role in the bone mineralization process. The structures of 
rabbit and porcine OC are presented in figure 4 and both, especially the porcine version, 
should represent the structure of human OC well since variations between species are small. 
There is also an uncarboxylated version of OC (uOC), which does not bind Ca2+ ions and 
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therefore does not adapt the α-helical structures. The uOC has therefore a more flexible 
structure and behaves almost like a denatured protein/random coil.  

 
 

 
Figure 4. The structure of rabbit OC (left) and porcine OC (right). The human version of OC is quite 
similar to these structures, especially the porcine version. When Ca2+ ions are present, the 
carboxyglutamic acids (Gla17, Gla21 and Gla24) will bind to them and the protein adapts α-helical 
structures. Left image is adapted from Atkinson et. al. 13 and the right image is adapted from Hoang et 
al.14 
 

It has earlier been shown that bone regeneration is improved at HAP/collagen composites 
when OC is present15. It is believed that the less dense 40 nm dark band of collagen fibrils is 
the place where apatite crystals nucleate and grow in bone formation16 and perhaps could this 
also be a binding site for OC, which then would partly explain the regulatory role of OC in 
bone growth. The understanding of protein structure-function relationship has improved 
immensely thanks to X-ray crystallography and nuclear magnetic resonance (NMR). 
However, it has been, and still is, a challenge to study the structures of proteins adsorbed onto 
mineral surfaces. One of few such studies is the determination of the structural properties of 
statherin on HAP crystals using solid state NMR17. While characterization of the 
conformation of OC in solution has been done previously13, structural properties and more 
specific interactions of OC adsorbed onto HAP crystals and in complexes with collagen are 
desirable since it could provide new insights in the process of bone growth. In order to get 
results that reflect the interactions that occur between collagen and OC in native bone tissue it 
is important that one can control the collagen structure on the surface. It is also important to 
know how OC behaves on the mineral surface and investigations on how OC interacts with 
different, less complex surfaces could be of great help in the planning of such studies.  

2.3 Techniques 

2.3.1 Self-Assembled Monolayers for Surface Modification 
Thiols are commonly used to create SAMs. It is a straightforward process where one dissolves 
thiols in ethanol and let them self-assemble, often on gold substrates, into a highly ordered 
monolayer over a 24h time period. Since the spacing between the binding sites on the gold 
surface is larger than the diameter of the alkane chain in an ordered SAM, van der waal forces 
between the chains will make them tilt about 27o relative the surface normal18 (figure 5).  
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Figure 5. A self-assembled monolayer on a gold surface. 
The alkane chains are tilted 27o due to attractive forces 
between them, which makes them tightly packed when they 
are ordered (there should not be any space between the 
chains for an ordered SAM).  
 

To get these ordered structures it is important to avoid contaminations of any kind and 
consider the properties of the thiols carefully. If the alkane chains are shorter than 10 carbon 
atoms, there is a risk that the driving forces to form a tightly packed and well-ordered 
monolayer are insufficient. However, very long chains also result in disordered structures, as 
they tend to form kinks. It is also important to consider how the terminal groups affect the 
SAM formation. Bulky end groups cause steric hindrance to form nicely packed structures, 
which can be solved by using a mixture of thiols with shorter alkane chains and small end 
groups that can support the longer ones with bulky end groups. The quality and thickness of a 
SAM can be checked with a variety of techniques, such as  XPS, ellipsometry, SFG, or IR-
spectroscopy.  

When adsorbing biological macromolecules, such as proteins, on SAMs one has to 
consider how the SAMs affect your measurements. Often, a reference measurement can be 
done to determine the contributions from the SAMs to the signal. However, in vibrational 
techniques, such as SFG, the signal from C-H vibrations in the protein might get buried in 
overlapping signals from the SAM. One way to get around this is to deuterate the alkane chain 
of the thiols in the SAM, which causes the vibration modes to shift. Another approach is to 
make continuous measurements while adding the protein of interest and analyze difference 
spectra.  

2.3.2 X-Ray Photoelectron Spectroscopy  
XPS is a method where the electronic structure of the elements on the surface is investigated 
in order to get the elemental composition, the chemical environment, the depth profile and 
organization of adsorbed species19-21. X-rays of a specific energy are directed to the surface, 
which generates photoelectrons. The kinetic energies of these electrons are dependent on their 
core binding energies through the relation 22  

 𝐸! = ℎ𝑣 − 𝜙 − 𝐸! (1) 

where 𝜙 is the work function of the spectrometer, ℎ𝑣 the energy of the X-ray, 𝐸!  the 
electron binding energy and 𝐸!  the kinetic energy of the photoelectron (figure 6). By 
measuring the kinetic energy of the electrons, one can calculate the binding energies, which 
give a specific pattern for each element.  
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The kinetic energy for a photoelectron is determined with a hemispherical analyzer 

(figure 7). The chemical environment for an element can give a shift in the binding energy, 
which makes it possible to distinguish between, for instance, thiols bound to a Au surface and 
free thiols. XPS is thus a good technique to check the quality of SAMs or to check if your 
sample has any impurities. When the X-rays hit the surface, electrons are knocked out from 
their core levels, but the mean free path, λ, for them is usually very short. λ depends on the 
elemental composition and the electron energy, but has a minimum around 1-3 nm for 
energies in the 200-600 eV range23. With an X-ray source that typically gives electron 
energies within or close to this range the measurements will be very surface sensitive. If the 
detector is arranged with a high angle relative the surface normal, the surface sensitivity is 
increased even further, since electrons deep down from the surface have to travel a longer 
way through the material to reach the detector. It is also possible to do quantitative 
measurements with XPS. In theory, the XPS intensity, 𝐼!", of a homogeneous flat surface from 
a specific orbital, j, of element i, along the photoelectron takeoff angle, θ, can be described as  

 𝐼!" = 𝐴𝐾𝑇(𝐾𝐸)𝐿!"(𝛾)𝜎!" 𝑛!(𝑧)𝑒
! !
! !"#!𝑑𝑧!

!!!  (2) 

where A is the sampled area, K the X-ray flux, T(KE) is the analyzer transmission 
function, 𝐿!" is the angular symmetry factor, 𝜎!" is the photoionization cross section, 𝑛! is the 
number of atoms in the sampled volume, λ is the inelastic mean free path for the electron and 
z is the depth of the sample from the surface.  

2.3.3 Time-of-Flight Secondary Ion Mass Spectrometry  
Static ToF-SIMS is a very surface sensitive technique, which produces information from the 
outermost part of the surface, down to about 20 Å24. The basic principle is that a beam of 
primary ions is directed towards the surface, which set atoms at the surface in motion as the 
ions collide with them. The energies of the primary ions are usually in the keV range, which is 
higher than bond energies. As a result, particles will break free from the surface. Near the 
collision site, mostly ions from single atoms will be emitted. However, collisions between 
atoms will propagate through the sample and produce emission of larger molecular fragments 
farther away from the collision site, since larger fragments require less energy to come loose, 
due to the fact that fewer bonds need to be broken (figure 8).  

High%Ek%
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XDray,%hv%

Detector%

1s%
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XDray,%hv%

K%

L1%
L2%

M1D3%

1s%

2s%
2p%
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Figure 6. Energy diagram for the photoelectron 
process. An x-ray beam, with the energy hv, hits 
the surface i) and an electron is emitted. 	  

Figure 7. An XPS analyzer. The photoelectrons 
travel through a hemisphere and a magnetic field 
bend their path. The radius of their path is 
dependent on their Ek, or speed.  
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The particles that eject from the surface are electrons, ions, atoms or molecules. Only a 
small portion of these are ions and they are analyzed with respect to their mass to charge ratio 
(m/z). It is important that the intensity of the primary ion beam is not too high, since it would 
mean a risk for the ions to hit the same place twice, which would disturb the measurement. 
For polymeric material the intensity should not exceed 1013 ions/cm2  24. There are many 
factors to consider when choosing source for primary ions, such as reactivity, mass, energy 
and angle of incidence. Ionized noble gases are commonly used due to their inertness. In a 
ToF-SIMS instrument a ToF-analyzer is used for separation and detection of secondary ions. 
Basically, the ToF-analyzer gives the incoming ions a specific energy and then measures the 
time for them to travel a specific distance (figure 9). The energy, E, can be described as  

 𝐸 = !!!

!
= !!!

!!!!
 (3) 

where 𝑣 is the speed, t is the time, L is the distance, m is the mass and z is the charge of the 
ion24.  If the energy, distance is known and the time is measured, the m/z ratio can be directly 
calculated.  

In TOF-SIMS both positive and negative secondary ions are produced, which gives 
positive and a negative spectra. However, quantitative analyses are difficult to perform since 
yields of secondary ions are not directly proportional to the concentration of the sample. 
Another drawback with the method is that it needs to be performed under ultra-high vacuum 
(UHV) conditions for several reasons; the most obvious one being that the primary ions need 
to hit the surface without any collisions on the way. Also, insulating samples will build up a 
net charge at the surface, from the positive primary ions, which needs to be compensated for. 
This can be done with pulses of low-energy electrons.  

Due to the chemical specificity and surface sensitivity of TOF-SIMS, the technique has 
been used to characterize conformational changes of protein films25 and the orientation of 
proteins on surfaces with different properties, such as different charge26,27. The diameters of 
proteins are typically larger than the ~2 nm surface sensitivity of TOF-SIMS, which makes it 
possible to determine protein orientation if the protein has sites with unique amino acids. 
Spectra from proteins are often quite complex and can it can be hard to interpret. Multivariate 
analysis techniques like principal component analysis (PCA) have been shown to be a useful 
tool to interpret the data from multicomponent protein films28,29.  

2.3.4 Atomic Force Microscopy  
With AFM it is possible to acquire a lot of information. The method relies on letting a 
cantilever with a sharp tip scan the surface and measure force interactions between the tip and 
the surface. These forces can be both attractive and repulsive and depend on a lot of things: 
topography, electronic properties, magnetic properties, surface charge etc.30 This means that 

Primary%Ion% Secondary%Ions% Primary%Ions%

Secondary%
Ions%

Flight%Tube%

Reflectron%Detector%

Data%
Analysis%

Accelerator%

Figure 8. The ToF-SIMS process. A primary ion 
hits the surface and the energy causes secondary 
ions to emit.  

Figure 9. A Time of Flight analyzer. The time for the 
secondary ions to reach the detector through the flight 
tube is dependent on their mass.  
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one has to be careful when interpreting the results from an AFM experiment. Different 
operation modes, signal processing and careful sample preparation makes it easier to interpret 
obtained results. Three commonly used AFM operation modes are contact, tapping and non-
contact mode. When probing soft materials, like proteins, on a surface there is a risk that the 
AFM tip simply shoves away the material during the measurement when operating in contact 
mode. However, with the non-contact mode it is easy to lose the signal and it is difficult to get 
good spatial resolution. The tapping mode is a compromise where the tip intermittently hits 
the surface. In this mode the tip-cantilever is oscillated close to its resonance frequency. 
During scanning over the surface a feedback loop adjust the cantilevers height over the 
sample in order to keep the amplitude or frequency constant (figure 10). Through this 
procedure mainly topographic information is acquired, but it is also possible to get 
information about the mechanical properties of the sample in tapping mode. If the tip hits 
surfaces of different hardness, a detectable phase shift will occur. AFM can also give the 
roughness of a surface and a common way to express the surface roughness is to calculate the 
root mean square (rms) of the deviations from the mean height over an area through the 
equation  

 𝑅! =
!
!

(𝑥! − 𝑥)!!
!  (4) 

where n is the number of pixels in the image, 𝑥! is the height of the i:th pixel and 𝑥 is the 
mean height for the entire image.  

 
Figure 10. AFM in tapping mode. A feedback loop makes sure that 
the amplitude is kept constant by adjusting the height.  

During the past two decennia AFM has increasingly been used for the characterization of 
biomaterials31. For instance, the subfibrillar structure and single molecules of collagen type I 
have been investigated32,33. The effect of various chemical environments, including pH and 
ion concentrations, on collagen fibril formation has also been studied with AFM6, but it is still 
not clear whether it is the change in the chemical environment or the surface properties that 
give rise to the results. It is also unclear if the ordered structure of the collagen fibrils is 
preserved upon adsorption to surfaces in PBS solutions of different pH, which might not be 
the case even if the structures look fibrillar.  

2.3.5 Vibrational Sum-Frequency Generation Spectroscopy  
Light can be described as electromagnetic waves with the ability to induce dipoles in 
materials. At low intensities, the polarization (dipole moments per volume - not to be 
confused with polarized light) has a linear relation to the electric field, setting the basics for 
linear optics. However, when the light intensity reaches high values, the polarization will 
reach an an-harmonic region for the potential and non-linear effects may emerge. In this case, 
the induced polarization, P, can be expanded into a series including higher order terms:   

 𝑃 = 𝜒(!)𝐸! + 𝜒(!)𝐸!𝐸! + 𝜒(!)𝐸!𝐸!𝐸!+. .. (5) 
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where 𝜒(!) is the susceptibility for an ith order wave mixing process and 𝐸! denotes the 
electric field of the jth incoming wave taking part in the process. The first term in this equation 
describes the linear part, while following terms of higher order are nonlinear. If only one light 
source and frequency are used, then j will be the same for all the waves and 𝐸!, 𝐸! etc. can be 
used instead in the higher order terms. In v-SFG we study the second-order contribution with 
the mixing of two incoming waves of different frequencies which gives rise to a third wave 
with the sum frequency (figure 11).  

 
Figure 11. Energy diagram of the SFG process. The mixing 
of two incoming beams excite the molecules and a third beam 
with the sum frequency is created.  

SFG is therefore a non-linear optical technique, where one directs two pulsed lasers to the 
sample and let them overlap both temporally and spatially. Pulsed lasers are required to get 
enough intensity to make the polarization they induce non-linear. When this occurs the three-
wave mixing process takes place and a third wave with the sum of the both input frequencies 
is created 34: ℏ𝜔!"# = ℏ𝜔!"# + ℏ𝜔!".  

From equation (5), it is apparent that the induced polarization at the sum-frequency can be 
written as 35 

 𝑃!"# = 𝜒(!)𝐸!"#𝐸!" (6) 

where 𝜒(!) is the second-order susceptibility. In these kind of experiments we also obtain 
induced polarizations at the double frequencies of the visible and IR lasers respectively. These 
special cases are called second harmonic generation (SHG). It is possible to avoid 
disturbances from the SHG processes, higher order processes or reflections from the incoming 
visible and IR laser since the direction of the SFG signal typically differs from these. This is 
thanks to the momentum preservation requirement, which can be expressed with the wave 
vectors of the three waves as written below 34  

 𝑘!"# = 𝑘!"# + 𝑘!"  (7) 

In media with inversion symmetry and with −𝐸!"# and −𝐸!" as the incoming fields the 
induced polarization has to be −𝑃!"# . However, this does only agree with equation (8) if 
𝜒(!) = 0, making media with inversion symmetry invisible. At interfaces the inversion 
symmetry is automatically broken, which makes SFG a highly surface specific method. A 
common experimental set-up for probing the solid/liquid interface is to let the incoming 
beams undergo total internal reflection in a prism (figure 12), and then everything that can 
yield an SFG signal within the evanescent field will do so.  
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Figure 12. Experimental set-up for SFG measurements at the 
solid/liquid interface. The incoming beams overlap and 
ordered molecules within the evanescent field will yield an 
SFG signal. 

 It is possible to use any frequencies one wants as the incoming beams, but it is common to 
use a fix visible laser and scan the IR-frequencies and thus receive vibrational spectra. In that 
case, 𝜒(!) of an interface can be described as36   

 𝜒(!) = 𝜒!"
(!) + 𝜒!

(!) = 𝜒!"
(!) + !!

!!"!!!!!!!!  (8) 

where 𝜒!"
(!)  is a non-resonant term and 𝜒!

(!)  is the sum of resonant terms, which are 
described by the amplitude 𝐴!, a damping coefficient 𝑖Γ!, the frequency of the incoming IR-
wave 𝜔!" and the frequency of the kth vibration mode 𝜔!. When the IR-beam is in resonance 
with a vibrational mode and 𝜔!" matches 𝜔! the second-order susceptibility gets enhanced 
and the intensity of the SFG signal described by36  

 𝐼!"# ∝ |𝜒(!)𝐸!"#𝐸!"|! (9) 

gets greatly enhanced. It is worth mentioning that randomly distributed orientations of a 
vibrational mode will not yield a net signal, making it possible to specifically investigate 
ordered structures. Contributions from isotropic bulk material can often be viewed as 
negligible compared to interfacial contributions.  

It is also possible to selectively investigate the chirality of an interface with SFG, due to 
the fact that different polarization settings give achiral and chiral contributions. With the 
𝜒!"#
(!) -terminology - where a describes the polarization of the SFG-signal, b the polarization of 

the visible laser and c the polarization of the IR laser - the susceptibilities that give achiral 
contributions are 𝜒!!"

(!) , 𝜒!"!
(!) , 𝜒!""

(!) , 𝜒!!!
(!)  and 𝜒!!!

(!), while the ones that give chiral contributions 
to the signal are 𝜒!"!

(!) , 𝜒!""
(!)  and 𝜒!!"

(!) . It can be shown how these susceptibilities are connected 
to the laboratory coordinates36. If the xz-plane is the plane of incidence and the xy-plane is the 
plane of the surface, p-polarization is connected to x- and z-coordinates, while s-polarization 
is connected to the y-coordinate. It is common to use psp-polarization to obtain chiral SFG 
spectra and this setup is then related to the elements 𝜒!"#

(!)  and 𝜒!"#
(!) . The 𝜒!"#

(!)  elements (where 
l, m and n are either x, y or z) are related to the microscopic hyperpolarizability, β, of the 
molecules at the interface through the relation36,37  

 𝜒!"#
(!) = 𝑁! 𝑅!"#!,!,! 𝛽!"#,! (10) 
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where 𝑁! is the number of molecules contributing and 𝑅!"# is the average transformation 
matrix from the molecular coordinates to the laboratory coordinates. The hyperpolarizability 
can further be described as38  

 𝛽!"#,! =
!!!"
!!!

!!!
!!!

 (11) 

where 𝛼!" is the electric polarizability, 𝜇! is the electric dipole moment and 𝑄! is the kth 
vibrational mode coordinate. This relation shows that a vibrational mode has to be both 
Raman- and IR-active in order to be SFG-active. Another way to express this is to say that the 
IR-wave is needed to excite a vibrational mode and the visible wave upconverts these excited 
states in a coherent anti-stokes Raman process to produce an SFG signal.  

For many years SFG was primarily used to study the arrangement of simple molecules 
(water, surfactants, SAMs, lipids etc.) at various interfaces and chemical environments. 
However, during the past decade an interest for studying macromolecules at interfaces with 
SFG has increased 38-40. After transformation from the molecular coordinates to the laboratory 
coordinates, through equation (11), a dependence of the molecular orientation appears in 
𝜒!"#
(!) . By dividing measurements from different polarization combinations it is therefore 

possible to determine mean orientations of long-range ordered structures like α-helices or β-
sheets41-43. This makes it possible to determine changes in the orientation or conformation of 
proteins at interfaces. Collagen in its fibrillar form is a highly long-range ordered structure 
and is therefore very SFG active, which also can be illustrated with SHG imaging44. Several 
spectra of collagen have been collected before and the molecular origins of many of the peaks 
have been interpreted in detail2,37.  

3 Methods 

3.1 Strategies 

3.1.1 Collagen  
Since how changes in pH affect the collagen fibrillar structure on surfaces was the focus in 
this work, it was important that the surface properties did not change significantly with 
changes in pH. Otherwise, it would be difficult to sort out whether if it is the pH in itself that 
causes the changes in the fibrillar structure or if it is secondary effects, such as changes in 
surface charge, that are responsible for what is observed. Since methyl groups are not pH-
sensitive, SAMs of dodecanethiols were prepared on gold surfaces and physical adsorption of 
collagen onto these was studied.  

The methods chosen for the examination of the collagen biofilms made from collagen type 
I fibrils were XPS, ToF-SIMS, AFM and SFG. Together these techniques gave information 
about the surface composition, biofilm thickness, conformation, topography, roughness and 
ordering of the structures. A quick trial to make SHG imaging of the biofilms was also made.  

3.1.2 Osteocalcin 
A comparative study of carboxylated and uncarboxylated osteocalcin was made. The aim was 
to provide information on how osteocalcin orient itself on and interacts with various surfaces. 
Hydrophobic, positively charged and negatively charged surfaces were prepared from 
dodecanethiols, 11-amine-undecanethiols and 15-carboxy-hexadecanethiols respectively and 
OC adsorption onto these were studied.  
The methods chosen for the examination of the osteocalcin biofilms were XPS, ToF-SIMS 
and SFG. These techniques gave information about the composition, biofilm thickness, 
orientation and the ordering of the structures.   
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3.2 Material 
 
Collagen 
Pepsin extracted bovine collagen type I (PureCol™) were purchased from Advanced 
BioMatrix Inc. The purity was >99.9 % protein of which 97 % was collagen type I and 3 % was 
collagen type III. The collagen came in 0.01 M HCl solution with a concentration of 3.1 
mg/ml. The collagen stock solution was kept in the refrigerator (4oC) until usage.  
 
Osteocalcin  
Both carboxylated and uncarboxylated human osteocalcin were provided from the 
Department of Chemistry at the University of Washington. Both were dissolved in degassed 
PBS 1x (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4.2H2O, 2.0 mM KH2PO4) in 1 ml 
aliquots with a concentration of 180 µg/ml and then kept in the freezer (-20oC) until usage.  
 
Buffer Solution 
PBS 10x buffer was purchased from Sigma Aldrich. The buffer was kept in the refrigerator 
(4oC) until usage.  
 
Thiols  
Dodecanethiols, 11-amine-undecanethiols and 15-carboxy-hexadecanethiols were used to 
prepare hydrophobic, positively charged and negatively charged surfaces respectively. The 
thiols were provided from Assemblon (former thiol vendor) and kept in the freezer (-20oC) 
until usage.  
 
Ethanol 
200-proof ethanol was used for the preparation of SAMs. The ethanol was tested with XPS for 
Cu2+ contamination and none was detected.  
 
Gold Surfaces  
100 nm gold films deposited on silicon wafers were used for all studies of osteocalcin. After 
the initial studies with collagen, Si-template stripped gold 'glued' on glass with epoxy 
(figure 13) was used, which gave surfaces with very low roughness. For the studies with v-
SFG a 23 nm gold film was deposited directly on the CaF2 prism by using electron beam 
physical vapor deposition.  

 
Figure 13. Gold is deposited at smooth silicon and then glued to a glass support with epoxy (left). 
Thereafter, the Si-template is stripped (right) of and the gold surface available is very smooth.  
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v-SFG Prisms 
CaF2 prisms were used in the v-SFG experiments, since they do not absorb infrared light. The 
pI of the CaF2 surface is expected to be in the range 5.0-6.0.  

3.3 Sample Preparation  
Below follow short summaries of the different steps of the sample preparations. More detailed 
preparation protocols can be found in the appendix.  
 
Preparation of Osteocalcin Solution  
A PBS 1x buffer solution with 1.3 mM CaCl2 was prepared and the pH was adjusted with 
0.1 M NaOH to pH 7.4. This solution was then degassed with lab vacuum during 
ultrasonication for 45 min. In the adsorption step, this solution was mixed with the 180 µg/ml 
osteocalcin stock solution to a final osteocalcin concentration of 40 µg/ml and 1.0 mM CaCl2.  
 
Preparation of Collagen Solutions  
A PBS 1x buffer solution was prepared and degassed with lab vacuum during ultrasonication 
for 45 min. The pH was then adjusted with 0.1 M NaOH or 1.0 M HCl to the desired pH. This 
solution was then mixed with the 3.1 mg/ml collagen stock solution to the desired final 
concentration (300 µg/ml, 150 µg/ml, 100 µg/ml or 90 µg/ml). Possible changes of the pH from 
the collagen stock solution, containing 0.01 M HCl, were compensated with addition of 0.1 M 
NaOH.  
 
Preparation of CaF2 Prism 
The CaF2 prisms were rinsed and wiped with acetone and methanol and thereafter cleaned for 
15 min in an ultraviolet ozon cleaner (UV-O cleaner). For v-SFG measurements with the 
prism only, the prism was used directly after the UV-O clean. For v-SFG measurements with 
controlled surface chemistry, the prisms were deposited with a 23 nm gold film, on which 
SAMs were prepared.  
 
Adsorption onto CaF2 Prism 
A teflon disk with room for a solution in the middle was placed in the lid of a petri dish and 
functioned as a support for the prism and solution in the measurement. After the solution had 
been added, the prism, with or without the gold film and SAM on, was placed on top and 
proteins in the solution were allowed to adsorb for at least 60 min before measurement. An 
illustrative overview of the experimental set-up can be seen in figure 12.  
 
Preparation of SAMs on Gold Substrates  
Gold surfaces on silicon substrates were cleaned with a TL-1 wash, which means that they 
were placed in a 5:1:1 v/v solution of H2O, H2O2 and NH4OH at 80oC for 5 min. Also the 
tweezers used to handle the surfaces were cleaned with this procedure, but for 10 min. After 
the TL-1 wash the surfaces were rinsed in MilliQ water and dried with N2 gas. They were 
then placed in falcon tubes containing ethanol with 1-2 mM thiols. After, at least, 24h the 
surfaces were picked up and rinsed for >15 s with 200 proof ethanol. For amine- or carboxy-
terminated SAMs, the surfaces were also ultrasonicated in ethanol for 2 min and rinsed once 
more. For preparation of SAMs on the prisms, the petri dish with a clean teflon disk 
(mentioned above) were used with the thiol solution in the hole in the teflon disk and the gold 
coated prism placed on top, as when used for v-SFG measurements.  
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Adsorption onto SAMs on Gold Substrates 
The gold surfaces with SAMs were placed in a micro-titer plate and the appropriate buffer for 
each sample was added to the wells. After the surfaces had been allowed to hydrate for 20-
30 min the protein solution was added. All concentrations were made so that the desired 
concentration of all salts and proteins were achieved during the adsorption. Depending on the 
experiment, the proteins were allowed to adsorb 60-150 min. To stop the adsorption process 
1 ml of PBS 1x buffer was repeatedly added and taken away from the wells 8 times. The 
surfaces were then taken up and rinsed in rinsing bottles with a magnetic stirrer in them, for 
2x1 min in PBS 1x buffer and 3x1 min in MilliQ water. After the rinsing procedure the 
surfaces were dried with N2 gas and then stored in petri dishes backfilled with N2 gas until 
analysis.  

3.4 Data Analysis  
 
XPS  
XPS has been used to get the elemental composition on the surfaces and the biofilm 
thicknesses. The elemental composition was automatically calculated in the analyzing 
software from the intensity for selected peaks under the assumption that all elements were at 
equal depth. Of course, this was not the case, but the data still give a hint about what the 
surfaces look like and whether there are unexpected contaminants there or not.  
Also the protein biofilm thicknesses were calculated, by using the attenuation of the gold 
signal relative the controls with the SAMs only. To get the biofilm thickness the following 
equation was used45,   
 𝑑!"#$"%& − 𝑑!"# = 𝜆 ∙ cos𝜙 ∙ 𝑙𝑛( ![!"]!"#

![!"]!"#$"%&
) (12) 

where 𝜆 is the inelastic mean free path, 𝜙 is the take-off angle relative the surface normal and 
𝐼[𝐴𝑢] is the intensity for the electrons from the 4f orbital in gold. The take-off angle was 55o 

relative the surface normal and the inelastic mean free path used for the biofilm was 
calculated from the following relation46  
 𝜆 = !"

!!
+ 0.11𝐸! ! (13) 

where E is the electron energy in eV. This relation was suggested by Seah et al.46 for organic 
compounds, but it seems to overestimate the values slightly and gives 4.1 nm for electrons 
from the 4f orbital in gold. 3.0-3.5 nm would be more reasonable for a tightly packed SAM 
and similar systems. However, since the collagen biofilm structure somewhat resembles a 
'bird nest' and is not tightly packed, the inelastic mean free path should be a bit higher than 
what otherwise would be expected and therefore 4.1 nm was chosen anyway.  
 
AFM  
The AFM images have been 2nd order flattened, which means that long range height 
differences of the gold substrate that can be correlated with a 2nd order equation have been 
flattened. Also, the rms roughness for each image was calculated in the software with the use 
of equation (4). In this work Nanoscope has been used to process the images.  
 
ToF-SIMS  
ToF-SIMS data is generally very complex with many, usually hundreds, m/z peaks and it is 
hard to know which m/z peaks that are of most value to analyze. By using principal 
component analysis (PCA) on the spectra it is possible to see what m/z peaks that are 
responsible for the largest variance between the samples. This can give good guidance about 
what peaks that should be further analyzed by for instance peak area ratios. In the PCA 
analysis the samples will get scores along the various principal component axes, where PC1 is 



 
 

 21 

the axis explaining most of the total variance, PC2 explaining second most etc. The more 
positive the score is, the more is that sample correlated with the m/z peaks that load positively 
in the loading plot - and vice versa for negative scores and negative loadings. It is important, 
though, that the samples have somewhat equal surface coverage. If the surface coverage is 
significantly different between the samples this will be the largest difference between them 
and there is a risk that the loading plots will reflect the amino acid composition of the protein 
rather than differences in orientation. The analyzing software used for PCA and peak area 
ratios, the NESAC/BIO Toolbox, was developed for MatLab by Dr. D. Graham at 
NESAC/BIO with the support from NIH grant EB002027.  
 
v-SFG  
Usually it is a good idea to normalize the v-SFG spectra against the intensities of the IR and 
visible beams, since fluctuations in the laser intensities otherwise can come out as peaks or 
dips in the spectra. Often it is possible to make a quick interpretation directly from the spectra 
by looking at the wavenumbers of the peaks. The fact that one has a peak is already 
information that the molecules at the surface are ordered. For further analysis one can use 
software that enables peak fitting. In this work Origin has been used for the presentation of 
data and peak fitting with the use of equations 5-9.   

3.5 Instrumentation 

3.5.1 Picosecond SFG 
For detection of most v-SFG spectra in this work a picosecond SFG (psSFG) system was 
used. The system consisted of a PL 2241/50/SH laser source and PG 501/DFG2-10P for 
generation of tunable IR light, both systems delivered by EKSPLA. The visible wavelength 
from the laser source was 532 nm. The detector was a photomultiplier. An overview of the 
system is shown in figure 14.  
 

 
Figure 14. An overview of the EKSPLA psSFG system used in this work.  
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3.5.2 Femtosecond SFG  
The delay series measured on alkanethiol SAMs prepared on gold were done with a 
femtosecond SFG (fsSFG) system. The system consisted of an Integra-HE laser source and a 
Palitra for tunable IR light, both systems delivered by Quantronix. The visible wavelength 
from the laser source was 792 nm with a 110 fs pulse width. The detector was a CCD detector 
chip. An overview of the system is shown in figure 15.  
 

 
Figure 15. Overview of the Quantronix fsSFG system used in this work.  

3.5.3 XPS 
The XPS system used in this work was an S-Probe from Fisons Instruments, system #10735 
and model #ESCA2703. The transmission function for the system is essentially constant for the 
spectra acquired in this work. The system had an Al Kα X-ray source and a hemispherical 
analyzer for the electrons at a 55o take-off angle relative the surface normal. An overview of 
the system is shown in figure 16.  
 

 
Figure 16. An overview image of the ESCA2703 S-probe XPS system used 
in this work.  
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3.5.4 AFM  
The AFM used in this work was a Veeco Dimension Icon-PT system with a NanoScope V 
controller. The images were acquired in tapping mode. The vertical range was 10 µm and the 
scan range was 90x90 µm. An overview of the system is shown in figure 17.  
 

 
Figure 17. An overview of the Veeco Dimension Icon-PT AFM used in 
this work.  

3.5.5 ToF-SIMS  
The ToF-SIMS data was acquired on an ION-TOF 5-100 instrument with a Bi3

+ primary ion 
source with an incident angle of 45o to the surface normal and with an acceleration energy of 
10 kV. An overview of the system is shown in figure 18.  
 

 
Figure 18. An overview of the ION-TOF 5-100 instrument used in this 
work.   
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4 Results 

4.1 Collagen 
Two complete pH-series of collagen adsorption onto CH3-SAMs were made. The 
concentration of collagen for the first series was 150 µg/ml and the adsorption time was 
120 min. The XPS data indicated quite thick biofilms and there are features in the AFM 
images that look suspiciously like aggregates, even though it also could be entanglements of 
collagen fibrils. Therefore, the concentration was lowered to 90 µg/ml and the adsorption time 
shortened to 60 min for the second pH-series. Following below are data from the various 
techniques, first for the initial pH-series and then for the second, together with comments on 
the interpretation of the data. Lastly, v-SFG data and SHG images showing the pH-
dependence of the ordered structures are presented.  

4.1.1 pH-series 1  
Collagen concentration: 150 μg/ml  
Adsorption time: 120 min  
Substrate: CH3-SAMs prepared from dodecanethiols on gold-surfaces.  
 
Composition and Biofilm Thickness  
The elemental compositions of the surfaces were calculated from the XPS spectra. Below 
follows a presentation of the composition on the surfaces after adsorption at various pH 
levels. The XPS data give equal composition of the biofilms above pH 5.0 (figure 19). The 
biofilm thicknesses (table 1), calculated from the attenuation of the gold signal relative the 
control sample (CH3-SAM), suggest this is because the signal is dominated by the collagen, 
since the thickness is close to 10 nm.  
 

 
Figure 19. The elemental composition of the protein biofilms adsorbed at various pH levels onto CH3-terminated 
SAMs.  
 

 
Figure 20. The elemental composition of the control sample having only a CH3-terminated 
SAM on the surface.  
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Sample Au (normalized) Biofilm thickness St. Dev. 
CH3-SAM 317.56 0.00 nm N/A 
Collagen pH 3.0 92.61 2.90 nm 0.19 nm 
Collagen pH 5.0 55.42 4.12 nm 1.05 nm 
Collagen pH 6.0 8.46 8.55 nm 0.15 nm 
Collagen pH 6.5 9.90 8.18 nm 0.37 nm 
Collagen pH 7.0 6.29 9.25 nm 0.18 nm 
Collagen pH 8.0 5.05 9.76 nm 0.48 nm 

Table 1. The biofilm thicknesses relative the control sample, only having a CH3-terminated SAM on the 
surface, is presented. The thicknesses were calculated from the attenuation of the normalized peak areas 
for Au4f electrons by the use of equation (12). The inelastic mean free path used was 4.1 nm.  

 
Topography and Roughness 
The AFM images of the first pH-series (figures 21 and 22) show that small disordered 
fibrillar-like structures are present already at pH 3.0 and pH 5.0, but at pH 6.0 and above larger 
structures start to form. From pH 6.0 and above, aggregates or entanglements are observed, 
which increase the roughness of the surfaces (tables 2 and 3). The higher the pH goes, the 
more aggregates or entanglements can be seen, which probably is due to less electrostatic 
repulsion between collagen molecules.  

 

 
Figure 21. 1x1 µm AFM images of the collagen adsorbed onto CH3-terminated SAMs at various pH levels, 
ranging from pH 3.0 to 8.0. Large aggregates or entanglements of collagen are formed at pH 6.0 and above.  
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Sample Roughness Sample Roughness Sample Roughness 
CH3-SAM 0.99 nm pH 6.0 1.54 nm pH 7.0 2.08 nm 
pH 3.0 1.03 nm pH 6.5 1.47 nm pH 8.0 3.27 nm 
pH 5.0 0.85 nm     

Table 2. Rms surface roughnesses are presented for the various samples. The roughness increases with 
increasing pH, probably due to aggregation of collagen or more entanglements. This makes it harder to se 
detailed structures of the collagen fibers.  

 

 
Figure 22. 5x5 µm AFM images of the collagen adsorbed onto CH3-terminated SAMs at various pH levels, 
ranging from pH 3.0 to 8.0. Large aggregates or entanglements of collagen are formed at pH 6.0 and above. 
 

Sample Roughness Sample Roughness 
pH 3.0 0.47 nm pH 6.5 1.58 nm 
pH 5.0 0.88 nm pH 7.0 2.40 nm 
pH 6.0 1.52 nm pH 8.0 2.63 nm 

Table 3. Rms roughnesses for the 5x5 µm AFM images. The 
roughness increases with increasng pH. 

 

4.1.2 pH-series 2 
Collagen concentration: 90 μg/ml  
Adsorption time: 60 min  
Substrate: CH3-SAMs prepared from dodecanethiols on gold-surfaces.  
 
A sample with denatured collagen was included in the second pH-series as an additional 
control. The reason was that collagen with the tropocollagen denatured should have more 
exposed glycine residues and glycin/proline ratios should be higher in the ToF-SIMS 
experiments for this sample compared to samples with collagen fibrils. The collagen for the 
denatured sample was prepared in a pH 3.0 PBS 1x buffer solution and then heated up to 65oC 
for 60 min. The collagen was then immediately adsorbed onto the surface, just like the other 
samples.  
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Composition and Biofilm Thickness 
The elemental compositions of the surfaces were calculated from the XPS spectra. Below 
follows a presentation of the composition on the surfaces after adsorption at various pH 
levels. The XPS data give equal composition of the biofilms above pH 3.0 (figure 23). The 
biofilm thicknesses (table 4), calculated from the attenuation of the gold signal relative the 
control sample (CH3-SAM), suggest this is because fairly similar amounts of collagen were 
adsorbed for the various samples above pH 3.0.  
 

 
Figure 23. The elemental compositions of the collagen biofilms adsorbed at various pH levels onto CH3-
terminated SAMs. For this second run another sample with denatured collagen was included as another reference 
in ToF-SIMS measurements.  
 

 
Figure 24. The elemental composition of the control sample having only a CH3-terminated 
SAM on the surface.  

 
 
 

Sample Au (normalized) Biofilm thickness St. Dev. 
CH3-SAM 391.05 0.00 nm N/A 
Coll. den. pH 3.0 82.39 3.67 nm 0.13 nm 
Collagen pH 3.0 103.72 3.13 nm 0.07 nm 
Collagen pH 5.0 27.18 6.29 nm 0.38 nm 
Collagen pH 6.0 20.47 6.95 nm 0.49 nm 
Collagen pH 6.5 19.43 7.08 nm 0.13 nm 
Collagen pH 7.0 22.18 6.76 nm 0.37 nm 
Collagen pH 8.0 14.03 7.84 nm 0.24 nm 

Table 4. The biofilm thicknesses relative the control sample, only having a CH3-terminated SAM on the 
surface. The thicknesses were calculated from the attenuation of the normalized peak areas for Au4f 
electrons by the use of equation (12). The inelastic mean free path used was 4.1 nm.  

 
Topography and Roughness  
Much less aggregates or entanglements can be seen for the second pH-series at higher pH 
levels (figures 25 and 26). Also for this pH-series are larger fibrillar structures formed at 
pH 6.0 and above, which can be seen in the AFM images below, but also because the surface 
roughness is increased with higher pH (tables 5 and 6). In figure 27 are the 1x1 µm AFM 
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images shown again, but this time with the same scaling to make it easier to see the difference 
in 3D-structure between samples prepared at pH 6.0 and above and samples prepared at 
pH 5.0 and below. Figure 28 is a close up on a feature in the pH 8.0 image looking like a fibril 
that has a D-band structure much shorter than the normal 67 nm.  

 

 
Figure 25. 1x1 µm AFM images of the collagen adsorbed onto CH3-terminated SAMs at various pH levels, 
ranging from pH 3.0 to 8.0. Large aggregates or entanglements of collagen is formed at samples at higher pH; 
however, not as much as for the first pH-series. It is obvious that there are structural differences between the 
samples. Fibril formation seems to start at pH 6.0 and above. Below this pH there are some small fibrillar-like 
structures, but they do not look as ordered as above pH 6.0.  
 
 

Sample Roughness Sample Roughness Sample Roughness 
CH3-SAM 0.36 nm pH 5.0 0.81 nm pH 7.0 1.29 nm 
Den. pH 3.0 0.29 nm pH 6.0 1.07 nm pH 8.0 1.61 nm 
pH 3.0 0.90 nm pH 6.5 1.13 nm   

Table 5. Rms surface roughnesses are presented for the various 1x1 µm images. The roughness increases 
with increasing pH, probably due to more prominent 3D-structures, aggregation of collagen or more 
entanglements. The increase is much lower compared to the first pH-series, though.  
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Figure 26. 5x5 µm AFM images of the collagen adsorbed onto CH3-terminated SAMs at various pH levels, 
ranging from pH 3.0 to 8.0. Large aggregates or entanglements of collagen are formed at higher pH samples, but 
is not as observable as for the first pH-series. 
 
 

Sample Roughness Sample Roughness Sample Roughness 
Den. pH 3.0 0.37 nm pH 6.0 1.51 nm pH 7.0 1.51 nm 

pH 3.0 1.03 nm pH 6.5 1.23 nm pH 8.0 1.75 nm 
pH 5.0 0.80 nm     

Table 6. Rms surface roughnesses are presented for the various 5x5 µm images. The roughness increases 
with increasing pH, but the increase is much lower for this pH-series than for the first series.  
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Figure 27. 1x1 µm AFM images of the collagen adsorbed onto CH3-terminated SAMs at various pH levels, 
ranging from pH 3.0 to 8.0. Large aggregates or entanglements of collagen is formed at pH 6.5 and above. These 
images have all the same scaling, which makes it a bit easier to see that larger and more fibrillar structures are 
formed at higher pH.  
 

 
Figure 28. A close up on a possible fibril at pH 8.0 (left). The fibril has a D-banded structure, although the period 
is not the typical value of 67 nm, but rather 25-30 nm (right).  
 
ToF-SIMS  
Deeper analysis of the ToF-SIMS data was only made for the second pH-series, since the first 
round seemed to contain aggregates and the biofilms were quite thick. The scores plot for the 
samples vs. PC1 show a trend towards negative scores for samples with higher pH. If one 
looks into the loading plot for PC1 it seems like negative scores are especially correlated with 
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fragments having a m/z value of 70, which is the mass fragment for proline29. Since proline is 
an amino acid with high abundance in collagen, and the 'proline effect' tends to favor cleavage 
at the N-terminal of proline residues, it is not unexpected that this m/z fragment turns up 
strongly in the loading plot. However, it is not clear whether this trend in the PCA plot is due 
to conformational differences or if it is due to different surface coverage - although all 
samples seem to have such a thickness that the ToF-SIMS spectra should be dominated by 
collagen m/z fragments for all samples.  

One hypothesis on why collagen is less likely to form fibrillar structures at lower pH 
would be that the three monomers making up the tropocollagen goes apart at low pH due to 
electrostatic forces. If the tropocollagen disassembles into its three monomers, it should make 
the glycine residues in the center more exposed, which should give a higher glycine signal in 
the ToF-SIMS spectra relative the proline signal. By looking at how the peak area ratio for 
glycine and proline changes with pH one could investigate this hypothesis. Figure 31 shows 
that the glycine/proline ratio decreases with increasing pH, which is in agreement with the 
previously stated hypothesis.  
 

 
Figure 29. Scores plot of samples vs. PC1 the second pH-series for collagen. A trend from positive scores for 
samples at low pH to negative scores for samples at higher pH can be seen, even though the spread within each 
sample is quite big, which is shown with 95 % confidence intervals. The trend indicates that samples at higher 
pH are more associated with m/z fragments that load negatively in the loadings plot. 
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Figure 30. Loadings plot for PC1. The m/z fragment at 70 is more associated with samples that have negative 
scores in the scores plot. The m/z fragment at 70 is associated with proline.  
 

  
Figure 31. Peak area ratios for Gly/Pro (m/z 30 and m/z 70 respectively). 
Samples at pH 6.0 and above have a lower ratio, indicating that these samples 
have more tropocollagen. Tropocollagen for samples at lower pH has probably 
disassembled into its monomers, making the gycine more exposed.  

4.1.3 v-SFG of Collagen 
v-SFG survey spectra in the amide region (figure 32), CH-region (figure 33) and the H2O-
region (figure 34) were acquired for collagen adsorbed on the bare CaF2 prism at pH 8.0, 7.5 
and 5.0. The CH- and H2O-regions, at 2800-3000 cm-1 and 3000-3800 cm-1 respectively, are 
hard to interpret since no distinguished and consistent features can be seen. However, in the 
amide-region, acquired at 1200-1800 cm-1, the samples at pH 8.0 show a large peak at about 
1657 cm-1, which is typical for α-helical structures; however, below pH 8.0 the intensity 
decreases rapidly. Whether this is due to changes in the surface charge or the pH in itself is 
hard to say and therefore additional experiments with methyl terminated SAMs on a thin gold 
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film deposited on the prisms were made. However, initial experiments with such a set-up 
(figure 35) did not give results that could elucidate this and before additional studies could be 
made the psSFG system broke and more data could not be acquired.  

Another interesting observation is the strong signal obtained from the α-helical structures 
in the chiral psp polarization combination (figure 32). Studies have previously shown that α-
helical structures do not yield signals in chiral polarization combinations in the amide 
region36; however, other studies have reported that chiral signals have been found for α-
helical structures in the amide region37. One possible explanation for this could be that the 
superstructures in tropocollagen, or in the fibrils, give chiral features. It is also possible that 
there are differences in the chiral nature of left-handed and right-handed helices.  
 
Amide region 

 
Figure 32. The peak around 1650 cm-1 is typical for α-helical structures. These results indicate a strong pH 
dependence on the ordering of the collagen structures. Whether this dependence is due to the change in pH in 
itself or due to secondary changes, such as surface charge, is hard to say from this data.  

 
CH-region  

 
Figure 33. No consistent and obvious features in the CH-region that are easy to interpret can be observed.  
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H2O-region 

 
Figure 33. No consistent and obvious features in the H2O-region that are easy to interpret can be observed.  
 
v-SFG with CH3-SAMs on Gold  

 
Figure 34. To eliminate the effect of changes in surface properties, prisms were coated with gold and CH3-
SAMs were prepared on them. However, consistent results that are easy to interpret were not obtained in the 
CH- or Amide-region.  

4.1.4 Peak-fitting of Amide Region 
When making a deeper analysis of the Amide I band, it is possible to fit three peaks under the 
graphs. These three peaks are positioned at 1640 cm-1, 1660 cm-1 and 1680 cm-1 respectively. It 
has earlier been reported from detailed studies of collagenous structures47 that the first amino 
acid in the repeating triplet structure (Gly-X-Y) is associated with the peak at 1660 cm-1, 
which means that this peak belongs to glycine. The peak at 1640 cm-1 is associated with the 
second amino acid position and should therefore be closely related to proline, while the peak 
at 1680 cm-1 belongs to the third amino acid, which often is a hydroxyproline. This is shown 
with peak fitting curves below for the data from the pH 8.0 sample. As can be seen, the peak 
fitting curve for ppp looks a bit different from the one for psp. If one takes the peak intensities 
for the three different peaks and normalize them to the glycine peaks it becomes obvious that 
hydroxyproline gives a higher contribution to the psp spectra and less to the ppp spectra, 
compared to proline. The conclusion from this is that hydroxyproline contributes more to the 
chiral v-SFG response than proline does. This could be an indication that hydroxyproline 
contributes more to the chiral nature of the collagen superstructure than proline does, but the 
difference in contribution to the chiral spectra could also be due to coupling between the C=O 
groups, which can decrease the chiral signal even if the groups are in a chiral arrangement.  
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Figure 35. It is possible to fit three peaks under the ppp and psp curves for the pH 8.0 sample at 1640 cm-1, 
1660 cm-1 and 1680 cm-1 respectively (left). These peaks can be assigned to proline, glycine and 
hydroxyproline respectively. When normalizing the peak areas to the glycine peak it becomes obvious that 
hydroxyproline gives a higher contribution to the chiral v-SFG signal of the collagen fibrils (right).  

4.1.5 SHG Imaging 
Since 'seeing is believing', it would be convincing if one could make good images of the 
collagen biofilms. Therefore, collagen fibril solutions were prepared and adsorbed directly 
onto clean gold surfaces for 2h. The surfaces were then brought to an SHG imaging 
microscope. The microscope operated in reflection mode with filters cutting off the incoming 
laser beam used to produce the SHG signal.  

The strength of SHG imaging can be seen below in figure 36, where a muscle fiber from a 
mouse has been visualized. The left (green) image is auto-fluorescence and the middle (red) 
image is the SHG signal. It should be noted that auto-fluorescence also is present in the 
middle image, but the SHG signal is much more intense. The right image is a composite 
image overlapping the auto-fluorescence and the SHG signal.  

The collagen biofilms were placed in the microscope and SHG signals could be detected 
from the surfaces; however, the signals were detectable both for the pH 8.0 sample and the 
negative control made at pH 5.0 with no time for the collagen to self-assemble into fibrils. 
This means that the SHG signal does not originate from the biofilms. It is possible that the 
signal is non-resonant background from the gold, scattered through the biofilm. The reason 
why the biofilm was not detectable is probably because it is only about 10 nm thick and not 
perfectly ordered, but rather like a 'bird nest' structure, which is not sufficient for yielding an 
intense enough SHG signal for imaging purposes. However, SHG-imaging has yet once more 
been proven as an excellent technique for imaging ordered and larger structures from tissue-
samples.  
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Figure 36. SHG images of a mouse muscle fiber. The laser beam gives auto-fluorescence (left) and SHG 
signal (middle). Observe that auto-fluorescence also is present in the middle image, but the SHG signal is 
much stronger and dominates. The right picture shows a composite where the auto-fluorescence and SHG 
signal are overlaped. The image sizes are 26x26 µm.  

 

 

 
Figure 37. SHG images of the collagen biofilms on gold. Auto-fluorescence (left images), SHG (middle 
images) and composites with auto-fluorescence and SHG overlapped (right images) are included. The top 
row is fibrillar collagen prepared at pH 8.0 with 15h self-assembly time and 2h adsorption time. The 
bottom row is non-fibrillar collagen prepared at pH 5.0 with 0h self-assembly time and 2h adsorption 
time. Both samples show SHG signals, which probably are non-resonant background from the gold 
scattered through the biofilms.  
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4.2 Osteocalcin 

4.2.1 Adsorption onto SAMs 
Protein concentration: 40 µg/ml  
Adsorption time: 120 min  
Substrate 1: CH3-terminated SAMs prepared from dodecanethiols.  
Substrate 2: NH2-terminated SAMs prepared from 11-amine-undecanethiols.  
Substrate 3: COOH-terminated SAMs prepared from 15-carboxy-hexadecanethiols.  
 
OC and uOC were prepared in PBS 1x buffer at pH 7.4 and with 1.0 mM CaCl2. The proteins 
were then adsorbed onto the various SAMs prepared at gold surfaces. The surfaces were then 
analyzed with XPS and ToF-SIMS.  
 
Composition and Biofilm Thickness 
The compositions and biofilm thicknesses obtained from XPS data (figures 38-40) indicate 
that OC and uOC attached to all surfaces, but with quite different biofilm thicknesses. The 
thicknesses are lower than the diameter of an OC molecule, indicating that the samples also 
have different surface coverage The lowest surface coverage was obtained for OC and uOC 
on COOH-SAMs, which was expected since both the proteins and the surface were negatively 
charged at pH 7.4 and electrostatic repulsion therefore prevents full surface coverage. It is also 
worth mentioning that an unusual high amount of oxygen was detected on the control sample 
having only an NH2-SAM on it. This oxygen is probably tightly bound water or oxygen from 
air. However, the presence of nitrogen on the surface and the biofilm thickness representative 
of about a full monolayer indicate that the surface was positively charged and had NH2-
groups present. Also, the thickness for uOC is higher relative OC for all surfaces, which 
probably is a result from the fact that uOC is a more flexible structure than OC in the presence 
of Ca2+ ions.  
 

 
Figure 38. Composition of biofilms and control surface with CH3-SAMs on gold substrates.  

 

 
Figure 39. Composition of biofilms and control surface with NH2-SAMs on gold substrates.  
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Figure 40. Composition of the biofilms and the control surface with COOH-SAMs on gold substrates.  

 
Sample Au (normalized) Biofilm thickness St. Dev. 
CH3-SAM 316.45 0.00 nm N/A 
OC CH3 188.30 1.22 nm 0.10 nm 
uOC CH3 156.03 1.68 nm 0.35 nm 
NH2-SAM 205.12 0.00 nm N/A 
OC NH2 144.30 1.35 nm 0.35 nm 
uOC NH2 106.26 2.08 nm 0.40 nm 
COOH-SAM 253.83 0.00 nm N/A 
OC COOH 211.72 0.44 nm 0.25 nm 
uOC COOH 178.63 0.83 nm 0.10 nm 

Table 7. The biofilm thicknesses relative the control sample, only having a SAM on the surface. The 
thicknesses were calculated from the attenuation of the normalized peak areas for Au4f electrons by the 
use of equation (12). The inelastic mean free path used was 4.1 nm.  

 
ToF-SIMS 
As the biofilm thicknesses are quite different for the different samples, it is probable that 
different surface coverage will be the main reason for any separation detected between 
samples in the PCA analysis of acquired ToF-SIMS data. There is then a risk that the loadings 
plot will not only reflect orientation or conformation but also the amino acid composition of 
the proteins on the surfaces. This is probably the reason why, for instance, the m/z fragment at 
70 gives high loading values in PC1. M/z 70 is namely associated with proline, which is an 
amino acid with high abundance and an even distribution in OC. It is still possible to make 
qualified guesses about how OC is oriented on the various surfaces though, by taking various 
peak ratios. The m/z fragments used for the peak area ratios for the carboxyglutamic acid 
(Gla), cysteine (Cys) and leucine (Leu) residues to get the orientation for OC on the various 
surfaces are presented in table 8 below. The peak area ratios with interpretation of the results 
are shown in figures 43-45 and the suggested orientations on the various surfaces are shown in 
figure 46, using OC from rabbit and porcine as models for the protein structure.  
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Figure 41. The scores plot for PC1 shows no significant differences between the samples. The 
differences making up the largest variances in the loadings plot are likely to reflect the amino 
acid composition, since the surface coverage were different for the various samples.  

 

 
Figure 42. The loading plot for PC1. Since the surface coverage was different for the various 
samples, it is probable that this loading plot reflect the amino acid composition and not differences 
in orientation.  

 
Amino Acid M/z Identity 

Carboxyglutamic acid (Gla) 111.0241 u C5H5NO2
+ 

Cystein (Cys) 76.0205 u C2H6NS+ 
Leucine (Leu) 86.1003 u C5H12N+ 

Table 8. The m/z fragments for the amino acids used to determine orientation of the 
protein at the surfaces.  
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Figure 43. The peak ratios for Leu/Cys suggest that the hydrophobic part of 
OC is directed away from the surface for NH2-SAMs and COOH-SAMs, but 
towards the surface for CH3-SAMs. M/z fragments used are 86.1003 u for 
Leu and 76.0205 u for Cys.  

 
Figure 44. The peak ratios for Leu/Gla suggest that the region with 
carboxyglutamic acids in OC is more directly in contact with the surface for 
NH2-SAMs compared with the other surfaces. M/z fragments used are 
86.1003 u for Leu and 111.0241u for Gla.  

 
Figure 45. The peak ratios for Gla/Cys suggest that the region with cystein is 
closer the surface for COOH-SAMs. M/z fragments used are 86.0648 u for 
Gla and 76.0205 u for Cys. 
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Suggested Orientations for Osteocalcin on the Various Surfaces  

 
Figure 46. The suggested orientations for OC adsorbed onto CH3-SAMs (left), COOH-SAMs (middle) and NH2-
SAMs (right). These orientations are consistent with the ToF-SIMS data presented above. The structures used 
above as models to visualize the orientations are rabbit OC (upper row) and porcine OC (lower row), but the 
structure of the human version is supposed to be fairly similar to these and they should therefore give a good 
picture of how human OC looks like on the surfaces. It is important to note that these orientations are given 
under the assumption that the conformation of the protein is more or less preserved upon adsorption onto these 
surfaces. The top structure is adapted from Atkinson et al.13 and the bottom structure is adapted from Hoang et 
al.14. 

4.2.2 v-SFG of OC 
Below are spectra of both carboxylated (OC) and uncarboxylated (uOC) osteocalcin solutions 
containing 1.0 mM CaCl2. The presence of Ca2+ ions induces α-helical structures for OC but 
not for uOC. It was therefore expected to get a signal in the amide I band close to 1656 cm-1, 
which is typical for α-helices27,48, for OC, but not for uOC. This is in agreement with the 
graphs below (figure 47), displaying a large peak between 1650-1660 cm-1 and a flat line in 
this region for uOC. Further analysis of these spectra has not been made and the intention was 
to make measurements on SAMs with methyl, amine and carboxyl groups as terminal groups 
prepared on gold coated prisms. However, when these measurements were scheduled the 
psSFG instrument broke and the data could not be acquired. Nevertheless, the v-SFG data 
presented below is in agreement with what would be expected and it is the first time SFG 
measurements have been done on osteocalcin. Since the α-helical structures appear to be 
preserved when OC adsorb onto the bare prism, the assumption for the ToF-SIMS data that 
the conformation of the protein is fairly preserved after adsorption onto the various SAMs, 
may be a reasonable assumption.  
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Figure 47. SFG spectra with ppp, psp and ssp polarization combinations for OC and uOC adsorbed on the 
bare CaF2 prism. A peak in the amide I region can be seen for OC at about 1650-1660 cm-1, indicating α-
helical structures. However, this could not be detected for uOC.  

4.3 Strategy for fsSFG Measurements 
As the psSFG system went down, we switched to work with the fsSFG system instead. Since 
the fsSFG system system still was in the process of getting optimized and it was not possible 
to measure an IR reference and get normalized spectra it was difficult to find good settings for 
measurements in the amide I region. Without an IR reference to get normalized spectra from, 
there is a problem with absorption of IR from water in the atmosphere. To get around this 
problem, it should be possible to make difference spectra instead, but the time ran out before 
such measurements could be done.  

However, a good standard procedure for acquiring data in the CH-region for samples 
attached to surfaces yielding a non-resonant background - like gold - was exercised. The non-
resonant background from gold is very strong, if the incoming beams overlap spatially and 
temporally. It is therefore relatively easy to find a signal from a gold-surface. Once a signal 
from the gold is found it is also possible to directly see features in the non-resonant 
background, given that there are ordered structures on the surface. Ordered structures pointing 
away from the surface will give dips in the non-resonant background, while ordered structures 
pointing towards the surface will give peaks. This is due to a phase-shift, which cannot be 
known a priori and that is dependent on the orientation of the vibration.  

If one wants to study the structures at the surface without the non-resonant background it is 
possible to delay the visible laser beam and create a temporal misalignment. Since the non-
resonant background requires immediate temporal overlap and the lifetime of a vibration is 
typically on the order of a few ps, there is a short window where no non-resonant background 
is produced and only v-SFG signals from the molecular vibrations can be observed. Below are 
two delay series created with CH3-SAMs on gold substrates. With no delay at all there is a 
strong non-resonant background and since the methyl-groups point away from the surface one 
can see dips created from the methyl vibrations. As the visible beam is delayed, the non-
resonant background goes down and disappears completely somewhere around 300 fs. Above 
this delay, the dips observed in the non-resonant background have turned into peaks instead. 
At delays above 2 ps the vibrational lifetimes are surpassed and the peaks disappear.  
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Figure 48. A good strategy for finding a signal with the fs-SFG system in the CH-region is to find the non-
resonant background for the substrate. In this case, gold was used, which has a huge non-resonant 
background. The CH3 vibrations turn up as dips in the spectra, since they are directed away from the surface. 
When the visible beam is delayed, the non-resonant background diminishes and disappears while the dips 
turn into tops instead. When increasing the delay even more also the peaks disappear, which reflects the 
lifetimes for the CH3 vibrations.  

5 Conclusions 

5.1 Collagen 
Pepsin extracted collagen type I does not assemble into 67 nm D-periodic fibrils in PBS 1x 
solution, but form some kind of fibrillar structures at pH 6.0 and above with shorter D-bands. 
The 3D-ordering of the biofilms created by adsorption of such fibers is much higher for 
samples at pH 8.0 compared with samples at lower pH. One possible reason why collagen 
type I does not assemble into well-ordered fibrillar structures below pH 6.0 is that the 
tropocollagen seems to disassemble into its monomers at low pH.  

The XPS data shows that the amount of collagen adsorbed onto CH3-SAMs is pH-
dependent, which is reasonable since when the collagen molecules are charged they will 
prevent more collagen molecules to adsorb once they have reached the surface, but closer to 
the pI nothing will prevent them to adsorb onto each other.  

It is possible to fit three peaks under the amide I peak for collagen. The peak at 1640 cm-1 
is associated with proline, the peak at 1660 cm-1 is associated with glycine and the peak at 
1680 cm-1 is associated with hydroxyproline. When normalizing the peaks to the glycine 
intensity, it becomes apparent that hydroxyproline contributes more to the chiral response of 
collagen fibrils than proline and glycine, an observation that warrants further theoretical 
considerations.  

A trial to image the collagen biofilms with SHG was done, but unfortunately it was not 
possible to observe any biofilm structures. However, SHG imaging was yet once more proven 
to be a very nice way to get images of larger and ordered structures from tissue samples - in 
this case a mouse muscle fiber.  
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5.2 Osteocalcin  
The SFG data confirms that OC adapts an α-helical structure in the presence of Ca2+ ions, 
while uOC does not. Both OC and uOC are more likely to adsorb onto CH3- and NH2-
terminated SAMs, compared to COOH-terminated SAMs in a pH 7.4 PBS 1x solution. This 
makes sense since the pI of OC and uOC is in the range 4.0-4.5 and the protein has a negative 
net charge at this pH and electrostatic forces thus prevent OC and uOC from adsorbing onto 
the negatively charged COOH-SAM.  

The difference in surface coverage obtained for the various SAMs makes the PCA hard to 
interpret. However, by utilizing peak area ratios for some carefully chosen amino acids (Gla, 
Cys and Leu) it was possible to determine approximate surface orientations for OC on the 
various surfaces. Since the 3D-structure of human OC is hard to find in literature, OC 
structures from rabbit and porcine served as models when the orientation was determined and 
visualized. This should be fine since OC is a protein that has a quite similar sequence and 
structure for many species. The suggested orientations are: the hydrophobic part goes down 
first on CH3-SAMs, while the hydrophobic parts are directed away from the surface on NH2-
SAMs and COOH-SAMs. On NH2-SAMs the sites where the Gla residues can be found are 
close to the surface, while on COOH-SAMs the OC is tilted so that the Cys residues are more 
hidden, compared to the Gla residues. For a more illustrative description of the orientation, 
the reader can go back to figure 46.  

Another observation is that the protein films were thicker for uOC relative OC for all 
surfaces. This can be explained by the fact that the structure of uOC is more flexible than the 
one of OC in the presence of Ca2+ ions, facilitating for uOC to find binding sites with the 
surfaces.  

5.3 Additional Findings  
It has been shown that it is possible to utilize the non-resonant background of a substrate to 
find the v-SFG-signal with the fsSFG system and then delay the visible beam to only probe 
the molecular vibrations. This is possible thanks to the necessity for immediate temporal 
overlap to get a non-resonant background, while the lifetime of a vibration is a few ps. 
Although better methods have previously been developed to probe vibrational lifetimes, 
delaying the visible laser beam is a rough, quick and easy way to determine the lifetimes too.  

6 Discussion 

6.1 Collagen 
In retrospect, an adsorption isotherm should have been made to determine how much collagen 
adsorbs at various times with a concentration of 100 µg/ml. The shortest adsorption time that 
still gives fairly similar adsorbed amounts for the various pH levels would probably have been 
the optimal settings, since the risk of aggregate formation would then be reduced. That would 
probably have given better separation between the samples in the PCA of the ToF-SIMS data 
and the roughness of the AFM images would probably have been lower for the samples 
prepared at higher pH - which in turn would have made it easier to observe features like the 
D-band patterns of collagen fibrils. Nevertheless, this work will hopefully be of in future 
studies when collagen fibrils are to be prepared, used and examined at surfaces.  

 When looking at the AFM images of the control surfaces for the two pH-series, there is a 
difference between the SAMs. The scale and roughness are higher for the first pH-series. This 
is probably due to unbound dodecanethiols on the surface that stayed after the rinsing with 
ethanol on the control for the first series, while the control for the second series seems to have 
been more thoroughly rinsed. This explanation would mean that the SAM for the first pH-



 
 

 45 

series should appear as thicker when calculating from the relative intensities for gold and 
carbon in the XPS. This could be done with the following equation49,  

 𝑑 = 𝜆!"# cos𝜃 ∙ 𝑙𝑛 1+ !!
!!"

∙ !!"
!

!!
!   (14) 

where d is the overlayer thickness, 𝜆!"# is the average inelastic mean free path for the 
electrons from the gold and carbon atoms, 𝜃 is the take-off angle from the surface normal 
(55o), 𝐼!  and 𝐼!" are the measures intensities for C1s and Au4f electrons respectively, and 𝐼!! 
and 𝐼!"!  are the intensities for the pure elements C and Au. Their ratio is calculated through the 
following equation,  

 !!"
!

!!
! =

!!"
! !!"(!!"!!)!(!!"!!)
!!
!!!(!!!!)!(!!!!)

  (15) 

where 𝑁!"!  and 𝑁!! are the number densities for the gold and carbon based on 19.3 g/cm3 
and 1.2 g/cm3 respectively, 𝜆!"(𝐸!"!!) (33 Å) and 𝜆!(𝐸!!!) (30 Å) are the inelastic mean free 
paths for the C1s and Au4f electrons and the 𝐺(𝐸!"!!) and 𝐺(𝐸!!!) are the spectrometer 
transmission as a function of the photoelectron kinetic energy. For the S-probe used in this 
work the transmission function is close to constant for all energies, making the ratio close to 
one, making the entire expression approximately 1.07226. When inserting this into (14) one 
gets a SAM thickness of 1.89 nm for the first series and 1.55 nm for the second. The 
theoretical value for a SAM prepared from dodecanethiols on a gold surface is approximately 
1.60 nm 50,51, indicating that the control for the first pH-series were not properly rinsed, while 
the control for the second pH-series indicate an ordered SAM without any contamination or 
loosely bound thiols on top. However, if there were loosely bound thiols on the control for the 
first pH-series, it does not necessarily mean that the SAMs for the other surfaces in that series 
had the same problem and even if that was the case, the surfaces were still very hydrophobic 
and the results cannot be discarded based on this anomaly.  

This work is one of the first showing the contribution from the various amino acids to the 
chiral signal of collagen superstructures through the peak areas of fitted peaks in the amide 
region of v-SFG spectra and their connection to glycine, hydroxyproline and proline in the 
structure. It would be interesting to study more in more detail how the contribution from the 
various amino acids is affected by changes in the chemical environment, such as changes in 
pH, ionic strength, specific ions or other changes. One study that investigated the contribution 
to the chiral signal of collagen fibrils in the amide I region in detail was made by Reiser et. al. 
in 2012 37. There are substantial differences in the results obtained in that study, compared 
with the results in this study (compare figure 49 with figure 35). While they got higher 
contribution to the chiral signal for glycine and proline and lower for hydroxyproline in the 
amide I region, it was found in this study that hydroxyproline and glycine dominates the 
chiral signal in the same region. There are also differences in the achiral spectra, where Reiser 
et al. did not get any contribution from hydroxyproline in the amide I region and in this study 
hydroxyproline was clearly apparent. There are some differences in the experiments that 
might together be responsible for the results:  

- Reiser et al. investigated the fibrillar structure at the solid/air interface, while this study 
was performed at the solid/liquid interface.  

- Reiser et al. used fascicles of native rat tail collagen and soluble liquid crystal collagen 
with a concentration of 80 mg/ml, while 100 µg/ml of bovine collagen was used in this study.  

The differences in the results show that further v-SFG and other structural analyses of 
collagen fibrils are needed to conclusively decide how the superstructure contributes to the 
chiral feature of collagen fibrils.  



 
 

 46 

 
Figure 49. The contributions to the chiral and achiral signal in the 
amide I region obtained by Reiser et. al. in 2004 for two types of 
collagen. This should be compared with the results presented in figure 
35, showing a higher chiral signal for hydroxyproline compared with 
these results. The image is adapted from Reiser et. al. 37.  

 
When searching in literature how to denature tropocollagen into the three monomers, most 

studies suggest heating and temperatures above 65oC seem to have this effect for sure. Some 
studies discuss how various pH levels affect the denaturing temperature of collagen52,53. 
However, few studies mention how the structure of tropocollagen is affected by pH in itself 
and this study shows that it disassembles into its three monomers, at least partially.  

The typical D-band of collagen fibrils is 67 nm, but in this work shorter D-bands of 25-
30 nm were obtained, and the fibrils were not as thick as expected. There are several possible 
explanations to this:  

- The PBS 1x buffer used had lower phosphate concentration than the 30 mM 
recommended in literature8.  

- The collagen was prepared through pepsin extraction, which destroys the telopeptides 
(crosslinking sites). This leads to less stable fibrils and affects the morphology of them54.  

The SHG imaging of the collagen biofilms was not successful and several reasons to this 
have been mentioned earlier. It should be emphasized, though, that the intention was never to 
see the individual collagen fibrils - the resolution of the microscope would not have been 
enough for this - but rather to se a 'carpet' of SHG signal, stronger than the auto-fluorescence. 
SHG imaging of collagen fibrils has earlier been made by others 44,55,56. Below in figure 50 an 
SHG image of a zebra fish's dorsal fin is shown and the molecularly ordered collagen fibrils 
are very apparent.  
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Figure 50. SHG image of natural collagen fibrils in a zebra fish fin. The image 
was adapted from Diesner et. al. 44. 

 
As mentioned earlier, collagen has been extensively studied for many years. However, the 

many types of collagen, the many factors affecting the behavior of collagen, the extensive use 
of and importance of collagen in regenerative medicine and the inconclusive nature of some 
of the previous studies definitely make it desirable with more studies. This work shines some 
more light on the behavior of collagen type I fibrils on hydrophobic surfaces in PBS 1x buffer 
and investigates the v-SFG signals of these fibrils at the solid/liquid interface. Hopefully will 
the results be of help when designing future experiments with collagen type I fibrils.  

6.2 Osteocalcin  
This work has only 'scratched the surface' on how osteocalcin interacts with and orient itself 
on surfaces with various properties. The orientations on the various SAMs were derived from 
the ToF-SIMS data, but one should remember that these orientations were derived under the 
assumption that the conformation of OC is preserved after adsorption, which may or may not 
be the case. To elucidate this one could probably dig much deeper into the acquired ToF-
SIMS data. With more v-SFG data acquired in ppp and ssp of OC adsorbed onto the various 
SAMs it should also be possible to get the average angles for the axes of the α-helices relative 
the surface normal for the various surfaces. Such data could either confirm or dismiss the 
suggested orientations from the ToF-SIMS data.  

This work has increased the understanding for how OC interacts with various surfaces, 
which can be helpful in the quest for the understanding of how OC functions in the bone 
mineralization process. Further characterization of OC will probably facilitate bone tissue 
engineering in the future and the author hopes the findings from this work can make an 
impact on the way there.  

It is the 3D-structure of a protein that determines its function. How OC functions in the 
bone mineralization process would be very useful information for bone tissue engineering and 
regenerative medicine, but it is difficult to determine the protein structure on mineral surfaces, 
such as HAP or collagen/HAP composites. However, Masica et. al. used ssNMR and 
computational structure prediction to determine the structure of statherin interacting with the 
mineral phase of tooth enamel17 (structure in figure 51). Both OC and statherin are proteins 
found in mineralized tissues and are of comparable size. Therefore one might also determine 
the detailed structure of OC on mineral surfaces with ssNMR and computational structure 
prediction.  



 
 

 48 

 
Figure 51. The structure of statherin on mineral surfaces, 
determined through ssNMR and computational structure 
prediction. Image is adapted from Masica et al.17. 

 
Another issue worth a comment is the high oxygen content on the surfaces with NH2-

SAMs (figure 39). Oxygen is always present on NH2-SAMs and this is probably either tightly 
bound water, oxygen from the atmosphere, or both. Procedures how to minimize the presence 
of oxygen on these surfaces have been developed by Baio et. al.57, but it seems like the 
nitrogen content then gets lower than what would be expected for an ordered SAM. However, 
the presence of nitrogen on all surfaces and the fact that more protein got adsorbed onto these 
surfaces indicate that the SAMs were ok, even though an unusual high content of oxygen 
were present. One additional comment on this is that the oxygen content for the surface with 
uOC adsorbed onto the NH2-SAM is higher than the reference, which may be due to 
incautious handling of the sample.  

Finally, follows a short discussion regarding the validity to use the structures of porcine 
OC (pOC) and rabbit OC (rOC) as models for the 3D-structure of human OC (hOC). In 
table 9 are the amino acid sequences of hOC, pOC and rOC presented and pOC and rOC are 
to 90 % and 67 %, respectively, similar to hOC in the primary sequence. If one also compares 
pOC with rOC one finds that they are similar to 69 % in the primary sequence. When looking 
back to figure 4 one can see that the 3D-structures of pOC and rOC have great resemblance 
with one another, which makes it reasonable to assume that hOC also has a 3D-structure 
similar to these, especially pOC.  

 

 
Table 9. The primary sequences of human OC, porcine OC and rabbit OC. Many of the amino acids that differ 
between the structures are small differences like Ala instead of Gly, or one polar residue instead of another polar 
residue etc. This makes the sequences quite similar to each other, which makes it likely that the 3D-structure of 
hOC resembles the ones of pOC and rOC.  
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8 Appendices  

8.1 Preparation Protocols 
 
I. Preparation of Collagen Solutions  
 
Material 
Collagen stock solution (3.1 mg/ml in 0.01 M HCl). 
MilliQ water.  
PBS 10x (1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 20 mM KPO4).  
0.1 M NaOH.  
0.1 M HCl.  
Clean beakers.  
Ultra-sonicator.  
Lab vacuum.  
pH-meter.  
 
Protocol  
1) Mix PBS 10x and MilliQ water in proportions so that a PBS 1x solution is obtained by the 
end of this protocol.  
3) Degas the buffer with lab vacuum, during ultra-sonication for 45 min.  
4) Check pH.  
5) Adjust pH with 0.1M NaOH or 0.1 HCl, if neded.   
6) Add 33 µl* of collagen stock solution per ml of desired protein solution.  
7) Check pH and adjust again if needed.  
8) Store in the fridge until usage (within 3 days).   
9) Take the solution out of the fridge and let it equilibrate in room temperature for 2h.  
*This protocol gives a final protein solution of 100 µg per ml, which is fine for SFG experiments. If the solution 
is to be used for XPS, ToF-SIMS and/or AFM, twice as high concentration is needed, since the adsorption 
protocol contains a dilution step.  
 
II. Vibrational Sum Frequency Spectroscopy Measurements  
 
Material 
Collagen solution or OC solution.  
MilliQ water.  
Acetone.  
Methanol.  
Ultraviolet ozon (UV-O) cleaner.  
SFG-instrument.  
CaF2 prism.  
Flow-cell or teflon disk with petri dish.  
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Protocol  
1) Rinse the prism with acetone and methanol.  
2) Clean the prism in UV-O cleaner for 15 min.  
3) Add protein solution to a container with a teflon disk and place the prism on top. Let 
proteins adsorb for 2h.  
4) Measure with SFG.  
5) Analyze data.  
 
III. Preparation of Osteocalcin Solutions 
 
Material 
Osteocalcin.  
PBS 10x (1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 20 mM KPO4). 
0.1 M NaOH.  
0.1 M HCl.  
MilliQ water.  
Clean beakers.  
Ultrasonicator.  
Lab Vacuum.  
pH-meter.  
 
Protocol  
1) Prepare a PBS 1x solution by mixing PBS 10x with MilliQ water (1:10 ratio).  
2) Check pH and adjust with 0.1 M NaOH or 0.1 M HCl to pH 7.4, if needed.  
3) Degas the PBS 1x buffer with lab vacuum during ultra-sonication for 45 min.  
4) Make 1 ml aliquots of OC stock solutions with 180 µg/ml* in the degassed PBS 1x and 
store in a freezer.  
*During adsorption, the protein solution will be of lower concentration due to a dilution step in the adsorption 
protocol.  
 
IV. Preparation of SAMs on Au-surfaces.  
 
Material 
Thiols (with proper end group).  
200 proof ethanol.  
Di-chloro-benzene.  
Acetone.  
Methanol.  
Ultrasonicator.  
Tweezers.  
Falcon tubes/Clean vials.  
Petri dishes.  
 
Protocol  
1) Clean tweezers according to cleaning protocol.   
2) Au-surfaces should be clean. If cleaning is needed, follow the same cleaning protocol as for 
the tweezers.  
3) Add 0.2024 mg per ml ethanol. 5 ml of thiol solution needs 1 mg (~1µl) of thiols (for 
dodecanethiol, recalculate for other thiols).  
4) Add the thiol solution to a container where self-assembly will take place. Place the Au-
surface in the container and backfill empty space with N2.  
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5) Incubate in room temperature >24h.  
6) Pick up the Au-surface with clean tweezer (do not scratch the surface!).  
7) Rinse with copious amounts of ethanol, direct beam from squeeze bottle directly against 
surface. 
8) If the end group is other than methyl, put the sample in a clean vial with ethanol, parafilm 
the vial and sonicate for 2 min. Rinse with copious amounts of ethanol, direct the beam from 
the squeeze bottle directly towards surface.   
9) Use immediately or store in a petri dish (or another container) backfilled with N2.  
 
V. Protein Adsorption  
V i) For XPS, ToF-SIMS and AFM  
 
Material  
Au-surfaces with SAMs.  
Protein solution.  
Microtiter plate.  
Degassed PBS 1x (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KPO4).  
2 bottles of PBS 1x for rinsing.  
3 bottles of MilliQ water for rinsing.  
Tweezers.  
  
Protocol  
1) Clean the tweezers according to cleaning protocol.  
2) Place the Au-surfaces with SAMs in the wells of the microtiter plates.  
3) Add 1 ml of PBS 1x to the control samples, 0.5 ml to the samples for collagen adsorption 
and 0.78 ml to the samples for OC adsorption.  
4) Let the surfaces hydrate for 30 min.  
5) Add protein solutions into the wells to a final volume of 1 ml (0.5 ml for collagen samples 
and 222 µl for OC adsorption).  
6) Incubate in room temperature for 3h.  
7) Add 1ml and remove one ml to all wells 8 times over to displace the protein.  
8) Dip the surfaces in stirred PBS 1x buffer 2x1 min to wash off non-adsorbed protein.  
9) Dip the surfaces in stirred MilliQ 3x1 min to wash off salt.  
10) Gently dry the surfaces with N2. 
11) Place the surfaces in petri dishes and backfill with N2. Parafilm the petri dishes until 
analysis of the surfaces.  
 
V ii). For SFG  
 
Material  
Au-coated CaF2 prism. 
Thiols.  
200 proof ethanol.  
Clean vials.  
Protein solution.  
Container for self-assembly.  
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Protocol  
1) Add 0.2024 mg per ml ethanol into a vial. 5 ml of thiol solution needs 1 mg (~1µl) of thiols 
(for dodecanethiol, recalculate for other thiols).  
2) Add the thiol solution to the container for self-assembly.  
3) Lower the coated part of the prism into the thiol solution. The prism should have been 
stored in a container that prevents contamination of the Au-coating until this moment. Before 
the Au-coating, the prism should have been rinsed with acetone and methanol and then UV-O 
cleaned for 15 min.  
4) Incubate in room temperature >24h.  
5) Rinse the prism thoroughly with copious amounts of ethanol for at least 15 s.  
6) Place the prism surface in the v-SFG set-up and let hydrate in PBS 1x during 30 min.  
7) Replace the PBS 1x solution with protein solution.  
 
VI. Cleaning Protocol for Tweezers  
i) 
 
Material  
Tweezers.  
Cl2-benzene.  
Acetone.  
Methanol.  
200 proof ethanol.  
Ultrasonicator.  
 
Protocol  
1) Rinse, wipe and ultrasonicate for 2 min with Cl2-benzene.  
2) Repeat the first step with acetone and then methanol.  
3) Rinse with ethanol.  
4) Blow-dry with N2.*  
*In all steps, particularly when blow-drying, be careful and hold the tweezer upwards to avoid contamination 
from gloves or other sources.  
 
VI ii) If Extra Cleaning is Needed  
 
Material  
Tweezers.  
Clean pyrex glass container.  
MilliQ water.  
H2O2.  
NH4OH.  
 
Protocol 
1) Mix MilliQ water, H2O2 and NH4 in the proportions 5:1:1.  
2) Boil at 80oC for 10 min (5 for Au-surfaces).  
3) Rinse thoroughly with MilliQ water.  
*This cleaning procedure is called SC-1 or TL-1 clean and removes organic contaminants from surfaces. Carry 
out the procedure in a fume hood and use proper gloves and eye protection. Avoid direct contact with the 
mixture at all times.  

 


