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Abstract 
Understanding the basic principles that guide the formation of complex biomaterials such as bone is 
fundamental challenge with practical implications for the synthesis of novel, ultrathin crystalline 
materials. In this work we will explore the use of collagen fibrils and hydrogen-bond bridged nanoporous 
smectic liquid crystal membranes as template models, in order to investigate if these systems can provide 
a generic route for the growth of ultrathin crystals, regardless of their specific chemistry. Although the 
mineralization of collagen fibrils and nanoporous membranes can already be steered by the addition of 
negatively charged polyelectrolytes, many details of the underlying mechanisms of the infiltration and 
the development of the mineral phase inside these systems remain unknown. By studying the 
development of the morphology, structure and chemistry during the mineralization of collagen and 
nanoporous membranes with advanced microscopic techniques such as, scanning electron microscopy, 
transmission electron microscopy and atom probe tomography, we aim to get a better understanding of 
the complexity of the mineralization process. We believe these findings will ultimately lead to the 
development of a universal template model for the growth of ultrathin crystals. 
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Chapter 1. Introduction 
 
Bone is one of the most well-known examples of nature’s ability to create highly complex biomaterials.1 
The two most important components of bone are the collagen protein and the apatite mineral. The 
interaction between these materials forms the basis of the mineralized collagen fibril, which is the basic 
building block of bone.2 Mineralization of the fibrils proceeds via infiltration of amorphous calcium 
phosphate (ACP) into gaps within the fibril, and its subsequent transformation into ultrathin, nanometer 
sized hydroxyapatite crystals.3 Although bone as a material has fascinated scientists and non-scientists 
already for centuries, the underlying mechanisms for the formation of bone are still only poorly 
understood.4 Approaches to mimic the unique properties of bone are notoriously complex and have been 
difficult to simulate5–8, let alone replicate.9,10 To get a better understanding of this complex biomaterial, 
a great amount of research has been focused on the mineralized collagen fibril.11–20 
 
1.1 Bone 
The term ‘bone’ refers to a very diverse family of materials, which are all built up of mineralized collagen 
fibrils at the nanometer scale. In general, bone has excellent mechanical properties, which is why these 
materials have been studied extensively over the past several decades.  
 
1.1.1 Hierarchical structure of bone 
Over twenty years ago, Weiner et al.1 described the material bone as a structure consisting of several 
levels of hierarchical organization, ranging from the macro scale all the way down to the nanometer scale 
(Fig. 1). On the lowest level, bone consists of nanometer sized platelets of hydroxyapatite that are 
oriented and aligned within self-assembled collagen fibrils. These hydroxyapatite platelets are only about 
100 nm in length, 40 nm in width and have a thickness of about 5 nm. Zooming out, these mineralized 
collagen fibrils are arranged in collagen fibers, which themselves form parallel arrangements called 
lamellae. These lamellae are arranged in cylindrical motifs around blood vessels to form osteons. The 
osteon is the smallest fundamental functional component of bone. On the macro scale these osteons 
form an immature form of bone called primary bone. This immature bone is later replaced by a mature, 
lamellar form of bone called secondary bone.  If this secondary bone is densely packed it is called 
compact bone or cortical bone. If it consists of a microporous network it is called trabecular bone or 
spongy bone.11 In this work we focus specifically on the level of the mineralized collagen fibril because 
on that level the collagen molecules have the most interaction with the bone mineral. 
 

 
Fig. 1 – Schematic overview of the hierarchical structure of bone, ranging from the macro scale down to the nanometer scale. 
Image adopted from Nair et al.6 

Two materials in the bone family that have attracted significant interest over the decades are the 
mineralized tendon and dentin.19–21 The mineralized tendon is a so called hard collagenous tissue and 
consists of an array of well aligned collagen fibrils that forms a tissue that can span over millimeters. This 
tissue can be mineralized by infiltrating the material with calcium phosphate. The mineral can be 
deposited either intrafibrillar or extrafibrillar, as displayed in the transmission electron microscope (TEM) 
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image shown in (Fig. 2A).21. Dentin is also a so called hard collagenous tissue and forms the interior 
material of teeth. Dentin is made up entirely of mineralized collagen fibrils. Approximately 70% of the 
dentin material consists of hydroxyapatite, 20% consists of collagen and 10% consist of water. The outer 
layer of the tooth root is called the cementum and consists of heavily mineralized collagen fibrils. The 
tooth root is connected to the jaw by the soft connective tissue called the periodontal ligament area 
(PDL). This tissue consists entirely of collagen fibrils, which are firmly attached to the jawbone (Fig. 2B).  
 

  
Fig. 2 – (A) TEM image of a mineralized turkey leg tendon showing both intrafibrillar mineralization (arrow) as well as 
extrafibrillar mineralization (arrowhead). Image adopted from Landis et al.21 (B) CryoTEM image of the connection of the 
cementum, the outer layer of the tooth root, to the jawbone via the periodontal ligament area (PDL). Image adopted from 
Quan et al.20 

1.1.2 Mechanical properties of bone 
Bone has unique mechanical properties, which is why many material engineers seek to mimic the 
properties of bone in order to create artificial bone like composite materials.9,10  
 
Bone is a very tough material that can withstand high stresses as well as high strains. The mechanical 
properties of bone are, however, not uniform but are quite anisotropic and have been studied in great 
detail. Here some examples of the unique properties of bone are reported. Lucas et al.22 showed that the 
longitudinal compressive strength in human compact bone is higher than its tensile strength: 200 MPa 
opposed to 150 MPa, respectively. Buehler et al.5 showed that the collagen tissue is reinforced by the 
minerals inside the collagen fibrils: a mineralized collagen fibril is approximately 36% stiffer than a non-
mineralized collagen fibril. Gupta et al.8 expanded upon this theory and studied the effect of slip of 
mineralized collagen fibrils by looking at the relationship between the tissue strain and local strain of both 
the mineral and individual fibrils. They found a strain ratio of 12:5:2 for tissue, collagen fibril and mineral, 
respectively, which indicates that the mineral only takes up a small amount of strain. The majority of the 
strain is absorbed by the collagen fibrils and by the intrafibrillar sliding of the fibrils. Gao et al.7 showed 
that the fracture resistance of bone can be attributed to the dimensions of the mineral crystals that are 
inside the mineralized collagen fibrils. They showed that the crystals become insensitive to defects below 
a size of approximately 30 nm. This indicates that the strength of the crystals is maintained despite the 
presence of crystallographic defects. Gao et al. also showed that the optimum aspect ratio of mineral 
crystals inside the fibrils is inversely proportional to the square root of their thicknesses. This means that 
the smaller the crystals are, the larger is the optimal aspect ratio and therefore the larger is the stiffening 
effect of the crystals on the mineralized collagen fibrils. 
 
1.2 Collagen 
Collagen is the most abundant biopolymer in the extracellular matrix secreted by the cell. Collagen is a 
connective tissue protein and the arrangement of collagen fibers plays a key role in the integrity and 
strength of many bone like tissues.23–25 Like bone, the term ‘collagen’ refers to a diverse family of 
proteins. In humans at least 28 different proteins are called collagen. Collagens are classified into several 
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groups based on the structure they form, there are both fibrillar collagens as well as non-fibrillar 
collagens.24  The most common form of collagen in the body is a fibrillar collagen called collagen type I, 
which makes up over 90% of the collagen in the human body.26  
 
1.2.1 The collagen fibril 
Collagen molecules are synthesized within cells in a precursor state called procollagen. These procollagen 
molecules are built up from three left-handed helical polypeptide chains, which twist together forming a 
right-handed triple helix of roughly 300 nm in length (Fig. 3A). In addition they also contain an amino and 
carboxyl terminal non-helical propeptide end of about 15 and 10 nm in length, respectively, at both sides 
of this helical section. During the self-assembly of collagen within cells, these amino and carboxylic 
propeptides are cleaved by specific proteinases, forming the amino and carboxyl terminal ends, which are 
commonly known as the N-terminal and C-terminal telopeptides.27 At this stage the molecule is no longer 
called propcollagen but is referred to as tropocollagen (Fig. 3B). Each polypeptide chain is built up from a 
sequence of amino acids. The most common motifs are Gly-Pro-X and Gly-X-Hyp, where Gly is glycine, Pro 
is proline, Hyp is hydroxyproline and X can be any other amino acid. Glycine forms the core of the helix, 
the other amino acids are primarily on the surface. Five tropocollagen molecules together can be arranged 
in a staggered arrangement, which is called a collagen microfibril (Fig. 3C).24 Over forty years ago Hulmes 
et al.28 already demonstrated that these collagen microfibrils should have an offset of about 234±1 
residues along the fibril axis to maximize the ionic and hydrophobic interactions between the individual 
molecules. This offset leads to an overlap zone of approximately 40 nm in length and a gap zone of 
approximately 27 nm in length, which forms the characteristic 67 nm periodicity found in collagen type 1. 
 

 
Fig. 3 – Schematic diagram of the structural hierarchy of fibrillar collagen. (A) Schematic representation of the procollagen 
molecule. Three left-handed helical polypeptide strands twist together forming a right-handed triple helix of roughly 300 nm 
in length, with non-helical propeptide ends present at both sides of the triple helix. (B) Schematic representation of the 
tropocollagen molecule formed after cleavage of the non-helical propeptide ends. (C) Schematic representation of a 
microfibril, which is formed by the staggered arrangement of five tropocollagen molecules. Image A adapted from Silver et 
al.29 and image B and C adopted from Sherman et al.24 

Dozens of these collagen microfibrils are then arranged in a staggered pattern to form a collagen fibril. 
Hodge and Petruska30 proposed the microfibrils should align in a quarter-staggered pattern to minimize 
energy. X-Ray diffraction and electron microscopic studies later confirmed the microfibrils actually obtain 
a five-strand quasi-hexagonal lateral packing pattern, as seen in (Fig. 4A).31 Due to the packing of the 
microfibrils, local differences in density occur within the fibril, which are clearly visible under an electron 
microscope (Fig. 4B). 

gap
overlap

B

C

A

C Schematic of a Microfibril

B Schematic of a Tropocollagen molecule

Schematic of a Procollagen molecule
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Fig. 4 – (A) The five-strand quasi-hexagonal lateral packing pattern of a collagen fibril. Image adopted from Fang et al.32 (B) 
TEM image of a collagen fibril. The characteristic D-pattern in the fibril is clearly visible due to the difference in electron 
density. Image adopted from Chapman et al. 33  

In literature usually a D-spacing periodicity of 67 nm is reported. However, a relative wide range of D-
spacing values have been observed over the years. Any number between 60 to 70 nm has been reported 
and it’s still not entirely clear why this broad variation occurs. The variation is believed to be originating 
from the type of collagen and the self-assembly of the fibrils. It may therefore be a result of intrafibrillar 
interactions such as hydrophobic interactions, electrostatic interactions, hydrogen bonding and the 
amount of crosslinks. It may also be a result of various degrees of tilting within a fibril.32 
 
1.2.3 Collagen self-assembly 
One of the biggest challenges of studying collagen is that it is a biological system. Biological systems 
behave different in vitro than they do in vivo. In vivo models are, however, extremely complicated due to 
the vast complexity of biological systems. For this reason many studies use simplified in vitro models to 
study collagen and collagen biomineralization.4 If we take a closer look at the self-assembly of collagen 
molecules into collagen fibrils, we can find some distinct differences between self-assembly in vivo as 
compared to self-assembly in vitro.27 
 
The driving force behind the self-assembly of collagen in vivo is the formation of intramolecular crosslinks 
between the individual strands in the staggered packing pattern of a collagen fibril. These crosslinks are 
primarily found within the telopeptide regions of the collagen molecule because this is the most flexible 
part of the tropocollagen molecule.34 When collagen molecules are first synthesized as procollagen 
molecules, this region is blocked because the amino and carboxylic propeptides at the ends of the 
molecule are not yet cleaved by their specific proteinases. This limits the self-assembly to a maximum of 
five molecules.27 It is therefore vital that the N- and C- terminal propeptide ends are cleaved prior to the 
final self-assembly into fibrils.35 The entire process is tightly regulated by the cell. 
 
The self-assembly in vitro proceeds slightly different. In vitro there is no cellular control and neither is 
there enzymatic cleavage of the propeptide ends. Purified collagen molecules in solution instead 
spontaneously self-assemble at neutral pH and room temperature into collagen fibrils.36 Next to pH, the 
ionic strength also plays an important role in the self-assembly and growth of these fibrils. Narayanan et 
al.37 studied the self-assembly of purified collagen molecules on freshly cleaved mica surfaces using in situ 
atomic force microscopy (AFM) and they showed that the self-assembly is regulated by the competition 
between collagen-collagen interactions and collagen-substrate interactions. These interactions are 
primarily a result of the ionic strength. Strong collagen-collagen interactions promote the formation of 
three- dimensional collagen bundles, whereas strong collagen-surface interactions lead to the formation 
of a random monolayer network. At low ionic strength (I = 100 mM KCl) and low pH (pH 4.0), the collagen-
collagen interactions are too weak to cause binding in between the collagen molecules, so the molecules 
form a random network (Fig. 5A). At these low ionic concentrations the K+ ions cannot effectively screen 
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the collagen-surface interactions so they dominate the process. If the ionic strength is increased to 200 
mM KCl, the driving force for binding increases and the collagen molecules start to align (Fig. 5B). If the 
concentration is increased even more, to 300 mM KCl, the collagen-collagen interactions start to dominate 
over the collagen-surface interactions, which leads to the formation of three-dimensional collagen 
bundles (Fig. 5C). By increasing the pH to 10.0, the collagen molecules form well assembled fibrils that 
have a clear visual D-banding pattern (Fig. 5D). 
 

 
Fig. 5 – Comparison of morphology of collagen assembly as observed by liquid AFM. (A)  100 mM KCl, pH 4.0. The collagen 
molecules form a random monolayer network. (B) 200 mM KCl, pH 4.0. Collagen molecules start to align. (C) 300 mM KCl, pH 
4.0. Collagen molecules form three-dimensional bundles of collagen. (D) 300 mM KCl, pH 10.0. Collagen molecules form well 
assembled fibrils with a clear D-banding pattern. Image adopted from Narayanan et al.37 

1.3 Collagen mineralization 
It has long been known that amorphous calcium phosphate can infiltrate collagen fibrils and after 
infiltration transform into oriented, aligned crystals of hydroxyapatite.3 The structure of mineralized 
collagen is well understood but there are still many questions regarding the infiltration of calcium 
phosphate in the collagen fibrils and the mechanism behind the high level of order of the crystals within 
the fibrils.4  
 
1.3.1 Bone mineral 
Bone mineral, bone apatite, carbonated hydroxyapatite, impure hydroxyapatite, monoclinic apatite or 
simply hydroxyapatite are some of the names given to the mineral platelets inside bone.  While the name 
suggest the mineral is related to ‘apatite’, it actually has a different structure than the mineral apatite 
found in nature.38,39 The apatite found in bones consists of nanometer sized platelets of which the c-axis 
is oriented in the direction of the long axis of the fibril.40 It has a monoclinic lattice system rather than 
hexagonal, like natural apatite. It is poorly crystalline and the mineral composition varies a lot due to 
random ionic substitutions. Bone mineral therefore does not have a simple chemical formula. The 
chemical formula of hydroxyapatite is: Ca10(PO4)6(OH)2 but the OH-  species can be substituted by CO3

2- 
and PO4

3- and the Ca2+ sites can also be occupied by Na+, Sr2+ and Mg2+ ions.38 These ion substitutions are 
an indication that bone mineral is actually formed in multiple steps via a precursor pathway. In mature 

A B 
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bone a part of the PO4
3- ions are often still substituted by HPO4

2- ions. These HPO4
2- ions are residuals of 

octacalcium phosphate (OCP, chemical formula: Ca8(HPO4)2(PO4)4·5H2O), which is an intermediate stage 
that precedes the formation of the bone apatite crystals.41 
 
While nowadays it is accepted that bone mineral is formed via an amorphous precursor pathway, this 
was long not the case. Amorphous calcium phosphate has only recently been discovered in mature bone 
and required the use of highly advanced techniques.17,42,43 Mahamid et al.17,42 used synchrotron 
microbeam x-ray diffraction combined with cryo-scanning electron microscopy (cryoSEM) to map the 
transformation of amorphous calcium phosphate into crystalline mineral from the cell to the bone in 
zebrafish fin rays. Bennet et al.43 used confocal Raman microspectroscopy and fluorescence imaging to 
study the mineralization of bone in living zebrafish larvae and confirmed that mineralization proceeds 
through an intermediate OCP-like mineral phase. Habraken et al.41 used cryo-transmission electron 
microscopy (cryoTEM) to give a detailed chemical and morphological description of the amorphous 
precursor pathway. In their study, Habraken et al.41 showed the formation of bone mineral can be divided 
into four stages. In the first stage, the pre-nucleation stage, charged calcium triphosphate ion-association 
complexes (Ca(HPO4)3

4-) aggregate in a branched three-dimensional dendritic like way (Fig. 6A). In the 
second stage these pre-nucleation complexes form post-nucleation spherical clusters of amorphous 
calcium phosphate (Ca2(HPO4)3

2-) by taking up an Ca2+ ion (Fig. 6B). In the third stage the ACP aggregates 
grow into 1.4 nm thick ribbons of calcium deficient octacalcium phosphate (Ca6(HPO4)2(PO4)4

2-) (Fig. 6C), 
which in turn transform into elongated plates of OCP (Ca8(HPO4)2(PO4)4·5H2O). In the fourth and final 
stage these OCP platelets form the calcium deficient apatite platelets known as bone mineral (Fig. 6D). 
 

 
Fig. 6 – Morphological transformations of calcium phosphate in time as observed by cryoTEM. (A) Pre-nucleation stage. 
Charged calcium triphosphate ion-association complexes (Ca(HPO4)34-) aggregate in a branched three-dimensional dendritic 
like way. (B) Post-nucleation stage. Spherical clusters of amorphous calcium phosphate (Ca2(HPO4)32-) are formed after the 
charged calcium triphosphate ion-association complexes take up an Ca2+ ion. (C) 1.4 nm thick ribbons of calcium deficient 
octacalcium phosphate (Ca6(HPO4)2(PO4)42-) are grown out of the spherical ACP particles and in turn transform into elongated 
plates of OCP. (Ca8(HPO4)2(PO4)4·5H2O). (D) Final stage. Calcium deficient apatite platelets known as bone mineral are formed 
in time by the transformation of elongated plates of OCP. Scale bars are 100 nm. Image adopted from Habraken et al.38,41 

1.3.2 Infiltration mechanism 
It was long assumed that intrafibrillar mineralization of collagen fibrils was solely dependent on the 
availability of space. People assumed amorphous calcium phosphate could only enter the fibril through 
the less dense 40 nm gap zones and then transform into apatite crystals, which would subsequently grow 
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over the entire length of the fibril.21  Nudelman et al.16 showed that the mineral could also enter the fibril 
through the denser 27 nm overlap zone and that the infiltration actually depends on the charge density 
of the entering site rather than the availability of space. Before we can further discuss the role of the 
collagen matrix, we first have to look at the role polymer additives play on the crystal nucleation. 
 
Role of polymer additives 
It has long been believed that crystal nucleation is directed by so called non-collagenous proteins 
(NCPs).2,17,21 Olzsta et al.11 showed in vitro collagen mineralization takes place by a process they called the 
polymer-induced liquid- precursor (PILP) process. By replacing the NCPs by negatively charged 
polyelectrolytes such as polyaspartic acid, Olzsta et al. managed to stabilize and form a highly 
concentrated liquid- like mineral precursor phase. These negatively charged polyelectrolytes contain 
carboxylic acid residues, which can selectively bind to positive Ca2+ ions present in the precursor state. 
Because the PILP phase is a fluid, it is an unstructured material with high flexibility and can therefore easily 
penetrate the collagen fibril. In the first step of their proposed mechanism for intrafibrillar mineralization, 
the negatively charged polyelectrolytes stabilizes the amorphous calcium phosphate precursor and forms 
highly hydrated, nanometer sized amorphous calcium phosphate particles. These particles then get 
sucked up into the less dense gap zones by capillary forces (Fig. 7A). The amorphous calcium phosphate 
then spreads out over the entire fibril and subsequently solidifies by excluding hydration water (Fig. 7B). 
In the final step the amorphous calcium phosphate forms nanometer sized hydroxyapatite crystals over 
the entire length of the fibril (Fig. 7C).  
 

 

Fig. 7 – Proposed mechanism of intrafibrillar mineralization of collagen. (A) Negatively charged polyaspartic acid stabilizes 
the amorphous calcium phosphate precursor and forms highly hydrated, nanometer sized droplets. These droplets penetrate 
the gap zone of the collagen fibrils and get sucked up by capillary forces. (B) The amorphous calcium phosphate spreads out 
over the entire length of the fibril and solidifies by excluding the hydration water. (C) The amorphous calcium phosphate 
transforms into nanometer sized hydroxyapatite crystals. Image adopted from Olszta et al.11 

While the amorphous calcium phosphate particles do not enter the collagen fibril solely in the less dense 
gap zone, the idea of a polymer-stabilized amorphous phase still stands and has later been validated by 
Nudelman et al.16 In their cryoTEM study they studied the precipitation of calcium phosphate both in the 
presence and absence of polyaspartic acid. They found that in the absence of polyaspartic acid, the 
calcium phosphate particles very rapidly (10 min.) form densely packed clusters of about 1 nm in size, 
which form aggregates of about 500 nm in size (Fig. 8A,B). In the presence of polyaspartic acid the calcium 
phosphate particles form very loosely packed clusters of about 1 nm in size after about 10 min. reaction 
time (Fig. 8C). After 6 hour reaction the clusters form the denser aggregates similar to the aggregates 
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formed in the absence of polyaspartic acid after 10 min. (Fig. 8D). This is an important indication that 
polyaspartic acid actually stabilizes the calcium phosphate clusters in the earliest stages of 
mineralization. Nudelman et al. concluded that the aggregates seen in (Fig. 8B) must be the calcium 
phosphate precursor that actually infiltrates the collagen fibril. By stabilizing the precursor phase, the 
polyaspartic acid acts as an inhibitor of hydroxyapatite crystallization.11,12 This is important for the 
mineralization of collagen fibrils because by adding polyaspartic acid, extrafibrillar crystallization can be 
inhibited and the crystallization can be directed to only take place intrafibrillar. 
 

 
Fig. 8 – Earliest stages of calcium phosphate mineralization in the presence and absence of polyaspartic acid. (A) CryoTEM 
image of calcium phosphate aggregates formed in the absence of polyaspartic acid after 10 min. reaction. (B) Higher 
magnification of the region marked in (A). (C) CryoTEM image of calcium phosphate aggregates formed in the presence of 
polyaspartic acid after 10 min reaction. (D) CryoTEM image of calcium phosphate aggregates formed in the presence of 
polyaspartic acid after 6 hour reaction. Image adopted from Nudelman et al.16 

Role of the collagen matrix 
Besides the role polymer additives play on the crystal nucleation, the collagen matrix itself also plays an 
important role, which has long been underestimated. Until recently it was believed that the collagen 
matrix is only a passive scaffold that acts as a template for the formation of the mineral crystals.  Based 
on electron tomography and molecular models of the collagen matrix, Landis et al.44 found that the 
composition and location of specific amino acid residues of the collagen chain might play a crucial role in 
the direction of apatite mineralization, the size and shape of the crystals as well as their orientation and 
alignment. 
 
This was later proven by Nudelman et al.16, which followed the mineralization of collagen at the nanoscale 
level using CryoTEM. Nudelman et al. found that collagen is indeed not just a passive scaffold but rather 
plays an active role in the direction of the mineralization. They found that amorphous calcium phosphate 
can enter the collagen fibril at specific entering sites, which are scattered across both the gap and overlap 
zones. These sites are about 9 nm in size and are primarily located at the C-terminal ends of the collagen 
molecules. To show that the mineral infiltration is not dependent on the availability of space, Nudelman 
et al. created a mass density map and electrostatic potential energy diagram based on the crystal 
structure of collagen.34 This mass density map (Fig. 9A) shows a cross section through the b-axis of the 
crystal unit cell and shows the areas through which the mineral could potentially diffuse. The 
electrostatic potential energy diagram (Fig. 9B) clearly indicates some regions have high potential energy 
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and some regions have low potential energy. The lowest potential energy is found at a region close to 
the C-terminal end of the collagen molecule and corresponds to a potential infiltration site. The overall 
net charge diagram (Fig. 9C) shows the region close to the C-terminal end has a high positive net charge. 
This would indicate the potential mineral infiltration site has a high positive net charge. This makes sense 
because the stabilized amorphous calcium phosphate particles, which are formed by the addition of 
polyaspartic acid to the system, are negatively charged complexes. If the potential infiltration site has a 
net positive charge, the amorphous particles are naturally drawn towards these infiltration sites. These 
results confirm that the mineral infiltration is not a result of available space but rather depends on the 
specific electrostatic interactions between the amorphous calcium phosphate and the collagen molecule.  
 

 
Fig. 9 – (A) Mass density map of a cross section through the b-axis of the crystal unit cell of a collagen fibril. In grey the density 
is the lowest and could thus be the areas through which the mineral could potential diffuse. (B) Electrostatic potential energy 
diagram of the 67 nm repeat pattern of a collagen fibril. The potential energy is the lowest near the C-terminal end of the 
molecule (blue shaded region) and corresponds to a potential infiltration site. (C) Overall net charge diagram of the 67 nm 
repeat pattern of a collagen fibril. The region close to the C-terminal end of the molecule (blue shaded region) has a high 
positive net charge. Image adopted from Nudelman et al.16 

1.3.3 Mineralized collagen 
Over the years people have studied collagen mineralization in a multitude of different types of collagen. 
The earliest research on this subject was performed on the mineralized turkey tendon.1,2,21,45 Turkey 
tendon has the advantage that it mineralizes naturally and that the mineralization of turkey tendon 
appears to be very similar to how secondary bone is formed. In the following years, various other sources 
were used. People have mineralized collagen sponges made from reconstituted type-I bovine 
collagen11,14,18, lyophilized powder derived from type-I bovine skin collagen18,46, purified rat tail 
tendon12,13,15,19,20,47,48, type-I horse tendon4,49 and even the fin bony rays of a long fin zebrafish17,42. The 
majority of these collagen types are not commercial available but are self-harvested to ensure the quality 
of the collagen. There are some companies that sell purified type-I collagen but they are usually geared 
towards cell culture experiments and it is often not entirely clear what the companies have done during 
the processing of these types of collagen. Because collagen is a complicated biological system, it is 
difficult to guarantee a consistent high quality of the material. Collagen is prone to degradation and the 
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quality of the disassociated collagen is extremely sensitive to the processing conditions.50 This severely 
complicates the reproducibility of experiments on collagen mineralization. 
 
Nudelman et al.16 published some of the best images on collagen mineralization in their study on the role 
of the collagen matrix on bone formation. Using CryoTEM they followed the mineralization of type-I 
horse tendon collagen in a hydrated state, which is close to the native state of collagen. They studied 
the mineralization of collagen in addition of polyaspartic acid and showed that after 24 hours of 
mineralization, amorphous calcium phosphate particles are just outside the charged infiltration sites 
(Fig. 10A). After 48 hours, apatite crystals start to form within a matrix of amorphous calcium phosphate 
(Fig. 10B). After 72 hours elongated, oriented platelets of apatite crystals are formed over the entire 
length of the fibril (Fig. 10C). They also showed that the collagen fibril deforms by the developing 
mineral phase. 
 

 
Fig. 10 – CryoTEM images of collagen mineralization at different stages in time. (A) 24 hours of mineralization. White arrows: 
amorphous calcium phosphate particles are just outside the infiltration sites. (B) 48 hours of mineralization. Apatite crystals 
start to form within a matrix of amorphous calcium phosphate. (C) 72 hours of mineralization. Fully grown, elongated and 
orientated apatite crystals are formed within the matrix. Scale bars: 100 nm. Image adopted from Nudelman et al.16  

Lausch et al.19 used an entirely different approach. Instead of using a purified source of collagen, they 
demineralized mouse periodontal tissue and subsequently remineralized it to such an extent that the 
native pattern of mineralization is recreated with high accuracy. They showed that the extracellular matrix 
retains enough information to direct the preferential mineralization of natively mineralized tissues. Using 
TEM, Lausch et al. showed that after remineralizing mouse periodontal tissue, a very sharp mineralization 
front is formed between the soft periodontal ligament area and the cementum. On the tooth side, the 
different dentin areas are all completely mineralized. On the jaw side, the soft connective tissue remains 
completely unmineralized (Fig. 11A). In a control experiment of a demineralized section of the tissue, no 
mineralization is present (Fig. 11B). Lausch et al. also showed that the extracellular matrix alone is not 
enough to guide the mineral phase. A mineralization solution containing calcium phosphate particles 
stabilized by polyaspartic acid is required to reproduce the oriented mineral crystals. 
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Fig. 11 – TEM images of mouse periodontal tissue. (A) Remineralized tissue, showing a sharp mineralization front at the 
junction between the cementum (C) and periodontal ligament area (L) (arrow). The dentin areas: mantle dentin (MD) and 
circumpulpal dentin (CD) are completely mineralized. The periodontal ligament area (L) remains unmineralized. (B) A section 
of demineralized tissue. No mineralization is present. Image adopted from Lausch et al.19 

1.4 Collagen as a template model 
1.4.1 Biological models 
Previous studies have shown that collagen can be infiltrated with other materials than just calcium 
phosphate. People have infiltrated collagen with amorphous silica46,51, colloidal silica nanoparticles52, 
yttria-stabilized amorphous zirconia53 and calcium carbonate.54,55 In all cases the amorphous particles are 
stabilized by a polyelectrolyte before being brought into contact with a collagen fibril. This is similar to 
how calcium phosphate infiltrates collagen fibrils in bone. A detailed study on the infiltration capabilities 
of collagen was performed by Niu et al.46 In their study they silicified some rat tail collagen fibrils (Fig. 
12A) and subsequently infiltrated the silicified collagen with calcium phosphate (Fig. 12B). It is generally 
thought that silicon stimulates human osteoblasts to secrete type I collagen. Niu et al. speculate that the 
amorphous silica could serve as nucleation sites for apatite growth and a multiphase silica–collagen– 
apatite structure may exist during the initial process of bone formation.  
 

 
Fig. 12 – TEM images of multiphase mineralized rat tail collagen. (A) Silicified collagen still shows the clearly defined D-pattern. 
(B) After infiltration with calcium phosphate, intrafibrillar needle-like apatite crystals are aligned along the long axis of the 
fibril. Image adopted from Niu et al.46 

Calcium carbonate 
Arguably more research have been done on calcium carbonate than on bone over the past decades.  
While many papers are interesting, the work of Cantaert et al. is especially interesting because it 
describes the crystallization of calcium carbonate through an amorphous precursor pathway.56,57  
 
Cantaert et al. studied the influence of a positively charged polyelectrolyte on the morphology of calcium 
carbonate. They showed that the positively charged poly(allylamine hydrochloride) (PAH) has a similiar 
effect on the stabilization of amorphous calcium carbonate as the negatively charged polyaspartic acid 
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has on calcium phosphate. In both cases the crystallization proceeds via the so called PILP precursor 
pathway, shown in (Fig. 13). In the first step, a solution of calcium ions and PAH is exposed to ammonium 
carbonate vapor (Fig. 13A). These ammonia and carbonate ions cause the PAH to undergo microphase 
separation due to the formation and coexistence of R-NH3

+ and R-NHCO2
- groups. The result are droplets 

of hydrated Ca2+/PAH/CO3
2- (Fig. 13B). These droplets grow in time and are eventually deposited on a 

substrate where they can form thin films or fibrous structures (Fig. 13C). An example of a fibrous 
structure can be seen in (Fig. 13D). The structure itself has a nanoparticle substructure. This is very similar 
as to how polyaspartic acid stabilizes amorphous calcium phosphate droplets via the PILP phase.58 Based 
on these results we believe it is possible to infiltrate collagen with amorphous calcium carbonate that 
can subsequently transform into crystalline calcium carbonate.  
 

 
Fig. 13 – Proposed mechanism for the formation of crystalline calcium carbonate via an amorphous precursor pathway. (A) A 
solution of calcium ions and PAH is exposed to ammonium carbonate vapor. (B) In the presence of carbonate ions, the PAH 
micro separates and forms highly hydrated, nanometer sized droplets. (C) These droplets grow and subsequently deposit on 
a substrate. (D) Example of a fibrous structure grown via this pathway. The structure consists of many nanoparticlesr. Images 
adopted from Cantaert et al.56,57  

1.4.2 Synthetic models 
The processing costs of purified collagen are high and the quality of disassociated collagen is extremely 
sensitive to the processing conditions.50 People have therefore tried to create synthetic systems which 
are similar to the collagen scaffold. Molecular self-assembled systems in combination with biomimetic 
mineralization appear to come the closest to the mineralized collagen fibril. These systems allow for 
precise control over the structural organization of the synthetic system as well as control over the 
chemical properties of the inorganic crystals grown inside the self-assembled molecules.9,59 Here several 
examples from the literature are discussed. 
 
Peptide nanofibers 
One of the earliest synthetic models based on the collagen scaffold was reported by Hartgerink et al.59 
They created a pH-induced self-assembled system of conical shaped peptide amphiphiles, which can 
form cylindrical micelles of 7.6 ± 1 nm in length (Fig. 14A). These nanofibers can be crosslinked by the 
formation of intermolecular disulfide bonds, which can be removed again upon reduction of the 
disulfides. The surface of these fibers contain the negatively charged amino acids phosphoserine and 
aspartic acid, which promote the mineralization of the fibers. By exposing the nanofibers to a 
mineralization solution, apatite crystals are grown on top of the fibers with their c-axis aligned with the 
long axis of the fibers (Fig. 14B,C). While Hartgerink et al. managed to create a highly dynamic system 
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that can easily be adjusted for different applications, this approach is not very similar to the formation 
of bone mineral in the collagen matrix. The apatite crystals are grown on top of the fibers rather than 
inside them, which makes it impossible to control the size of the crystals.  
 

 
Fig. 14 – Schematic of the synthetic self-assembled nanofibers. (A) Conical shaped peptide amphiphiles self-assemble into 
cylindrical micelles upon the increase of pH. Color scheme: C, black; H, white; O, red; N, blue; P, cyan; S, yellow. (B) Schematic 
image of the alignment of the apatite crystals on top of the nanofibers. The c-axis is aligned with the long axis of the fibers. 
(C) TEM image of the mineralized fibers. Image adopted from Hartgerink et al.59 

Lyotropic Liquid Crystals 
A completely different model was created by He et al.9 They developed a system based on the self-
assembly of lyotropic liquid crystals, which shows several similarities to the formation of bone mineral in 
the collagen matrix. Lyotropic liquid crystals are amphiphilic molecules that can self-assemble into 
micelles, rods and bilayers upon the increase of concentration. He et al. developed a hexagonal 
polymerized liquid crystal system based on an amphiphilic triblock copolymer, and subsequently filled 
the interstices of these hexagonal rods with amorphous calcium phosphate. In time the amorphous 
calcium phosphate grows into apatite crystals that are aligned in the PLC matrix, in a similar fashion as 
to how bone mineral grows in collagen fibrils (Fig. 15A,B). It is interesting to note that the PLC does not 
contain any charged molecules. This implies that the mineralization of these PLC’s is directed by the 
spatial confinement of the hexagonal structure of the system rather than specific electrostatic 
interactions. This is in contrast to the studies of Nudelman et al.16, which showed the collagen matrix 
plays an active role in the mineralization of collagen fibrils. 
 

 
Fig. 15 – (A) Schematic overview of the bone mimetic lyotropic model system.  (B) TEM image of a mineralized lyotropic 
composite. Image adopted from He et al.9 

Thermotropic Liquid Crystals 
The downside of lyotropic liquid crystals is that they first have to self-assemble and that they do not have 
a fixed interstitial spacing. Thermotropic liquid crystals exist that do not have these issues. They can be 
pre-fabricated prior to infiltration of the model with mineral. Contrary to lyotropic liquid crystals, 
thermotropic liquid crystals form the liquid crystalline phase upon the increase of temperature rather 
than the increase of concentration. Conventional thermotropic LC’s are anisotropic molecules which 
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have a rigid core and flexible tails that are capable of aligning in a specific order depending on the 
temperature. At low temperatures these rod-like molecules form a solid crystal. Upon an increase in 
temperature the material becomes liquid crystalline and the crystals are arranged in a phase called 
nematic or smectic based on the alignment of the molecules. Further increase of the temperature will 
push the system into an isotropic liquid state, where it loses all its liquid crystalline properties. 
 
The alignment of the liquid crystal molecules is very important for their potential applications. In the 
nematic phase, all the molecules are aligned in the same direction but they do not have any positional 
order (Fig. 16A). The molecules are free to rotate and can easily slip past each other. The alignment of 
the molecules can be adjusted by applying a magnetic or electric field on the molecules. In the smectic 
phase, the molecules are still aligned in the same direction but they are also aligned in layers with the 
long axis of the molecule perpendicular to the laminar plane (Fig. 16B). The molecules are free to rotate 
about their long axes within a layer but they cannot easily slide past each other.60 
 

 
Fig. 16 – Schematic illustration of the alignment of the molecules in the: (A) Nematic phase and (B) Smectic phase. 

Gonzalez et al.61 developed a hydrogen bond-bridged nanoporous membrane based on reactive smectic 
liquid crystals. The liquid crystals in this system contain two benzoic acid groups that can form hydrogen-
bond bridged dimers. These hydrogen-bond bridges can easily be disrupted by increasing the pH above 
a certain value, which allows the nanopores in this system to be selectively opened or closed.62 A 
schematic representation of this membrane can be seen in (Fig. 17). The smectic liquid crystals are first 
photopolymerized by UV light to form a crosslinked polymer film. The hydrogen-bond bridged dimers 
can then be disrupted by adding a strong base like KOH (Fig. 17A). After disrupting the hydrogen-bridges, 
a nanoporous layered network is formed (Fig. 17B). The chemical structure of the liquid crystals can be 
seen in (Fig. 17C) and a free standing hydrogen-bond bridged liquid crystal polymer film is shown in (Fig. 
17D). 
 

 
Fig. 17 – (A) Schematic representation of the formation of the hydrogen-bond bridged nanoporous liquid crystal membrane. 
(B) Simplified view of the distribution of the nanopores in the layered network. The counter ion is not shown and the benzoic 
acid derivatives are drawn highly ordered. (C) The chemical structure of the liquid crystals. (D) Free standing hydrogen bridged 
polymer film. Image adopted from Kuringen et al.63 
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Kuringen et al.64 showed that the process of opening and closing the film is a reversible process. They 
immersed the films for 3 days in a  sodium borate (Na3BO3) buffer solution (pH  7.0) and followed the 
FTIR absorbance of the C=O stretching vibration of the carboxylic acid groups and the COO- stretching 
vibrations of the carboxylate salts. After addition of 0.1 M KOH, the intensity of the C=O stretching 
vibration disappeared completely at pH 9.0. The two carboxylate salt peaks reached a maximum intensity 
at pH 9.5, indicating the formation of the carboxylate salts and thus the opening of the film. In a second 
step, the pH was decreased using 0.1 M HCl. The two carboxylate peaks start to disappear at pH 8.5 and 
are completely gone at pH 7.0 and lower. The carboxylic acid peak starts to reappear at pH 8.0 and higher. 
This indicates the closing of the film is a two-step process. In the first step the carboxylate moieties are 
protonated and in the second step the hydrogen-bonds are reformed. The signal of the C=O stretching 
vibration won’t reach the same intensity it had prior to reformation of the hydrogen-bonds. Kuringen et 
al. attributed this to a decrease in order of the tethers caused by the deprotonation process. 
 
After opening the nanopores, Gonzalez et al.61 infiltrated these membranes with barium ions to generate 
sufficient contrast to visualize the individual layers with CryoTEM. They showed that the layers have a 
periodicity of about 3.0 nm and are straight and continuous, at least on the length scale of the TEM 
image. This confirms the well-ordered structure of the liquid crystal membranes and its potential as a 
synthetic template model. 
 

 
Fig. 18 – (A) Schematic image of the hydrogen-bond bridged nanoporous liquid crystal membranes after opening the 
nanopores. (B) CryoTEM image of the liquid crystal membrane infiltrated with barium ions allow the visualization of the 
individual membrane layers. Image adopted from Gonzalez et al.61 

Xu et al.65 recently used these nanoporous liquid crystal membranes as a template for the growth of 
ultrathin calcium carbonate nanolayers. By opening the nanopores and subsequently infiltrating the 
membrane with a calcium chloride solution and a gas mixture of CO2 and NH3, Xu et al.65 were able to 
grow calcium carbonate crystals with a thickness of only 2 nm (Fig. 19). The nanopores in the system 
have much in common with the interstices in a collagen matrix and there is no reason to assume the 
system can only be used in the case of calcium carbonate.  
 

 
Fig. 19 – (A) Schematic representation of the hydrogen-bond bridged nanoporous liquid crystal membrane infiltrated with 
ultrathin calcium carbonate platelets. (B) TEM image of the infiltrated membrane. Image adopted from Xu et al.65 
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1.5 Project Aim 
By applying the above described theory, the aim of this project is to study the development of the mineral 
phase within collagen fibrils as well as within hydrogen bond-bridged nanoporous liquid crystal 
membranes using advanced microscopic techniques, in order to better understand the complexity of the 
mineralization process and to investigate if the collagen fibril and nanoporous membrane system can 
provide a generic route for the growth of ultrathin crystals. Many different analytical techniques will be 
used in order to characterize the physical and chemical composition as well as the properties of the 
mineral phase. Our approach is twofold and is based on the mineralization of both collagen fibrils as well 
as a synthetic model based on liquid crystal membranes, with both calcium phosphate and calcium 
carbonate. By doing so we hope to learn more about the templating action of these systems and their 
ability to direct the formation of nanometer sized plate like crystals, regardless of their specific chemistry.  
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Chapter 2. Theory 
 
2.1 Microscopic Techniques 
2.1.1 Transmission Electron Microscopy 
Transmission Electron Microscopy (TEM) is a microscopy technique with very high imaging resolution.  In 
TEM, electrons are transmitted through a very thin sample and collected by a detector at the rear side 
of this sample. The sample has to be electron-transparent in order for the electrons to travel through the 
sample. Samples are therefore usually less than 100 nm thick. In TEM the sample is not imaged directly 
but instead a two-dimensional projection of the sample is imaged.66  
 
There are two main imaging modes in TEM: parallel beam mode and scanning beam mode (STEM) (Fig. 
20). In the regular TEM mode the electron beam is a wide, homogenous and parallel beam. The electrons 
that interact with the sample are all collected simultaneously. Contrast is formed by the amount of 
electrons that can pass through a sample. Thicker regions or regions with elements of high atomic 
number will interact more strongly with the electron beam and will therefore scatter more electrons. 
These regions appear dark in the projection because less electrons are detected by the CCD camera 
behind the specimen. Thin regions or regions with elements of low atomic number will appear bright 
because these regions do not scatter electrons as much. In STEM mode, the electron beam is focused 
into a fine spot and is scanned over the surface of the sample. The image is then created point by point. 
Instead of a CCD camera, STEM uses a ring-shaped detector called an annual dark field detector. Only 
electrons that are scattered are detected by the detector. Contrast in STEM is therefore formed by 
amount of electrons that are scattered by the sample. If many electrons are scattered, the image appears 
bright. Elements with high atomic number scatter more electrons than elements with low atomic number 
and will therefore also appear bright, in contrast to the regular TEM mode.66 
 

 
Fig. 20 – Schematic illustration of the working principle of TEM and STEM. Electrons are transmitted through a very thin 
sample (< 100 nm) and collected by a detector at the rear side of this sample. Image adopted from Van Huis et al.66 

Cryogenic Transmission Electron Microscopy 
To study samples in the native state, cryogenic transmission electron microscopy (CryoTEM) can be used. 
In CryoTEM the sample is prepared by plunge freezing the specimen into liquid ethane. A droplet of 3 μL 
is applied to a TEM grid, which contains a perforated carbon film. After application, the liquid fills the 
holes of the carbon film as well as the support film itself. The film is then blotted with filter paper to 
remove the excess liquid so that only the liquid contained in the holes remain. These thin liquid films are 
very sensitive to drying, so the sample has to be prepared in an environmental chamber with saturated 
humidity to minimize evaporation of the liquid film. The sample is then plunged into liquid ethane, which 
rapidly cools down the sample. The cool down period has to be very short to avoid crystallization of the 
liquid. After cool down, the vitrified sample is removed from the liquid ethane bath and kept in liquid 
nitrogen during sample transfer and observation with TEM.66,67  
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Ultramicrotomy 
Ultramicrotomy is a sample preparation technique typically used to produce ultra-thin sections of 
biological samples and polymers, so that they can be viewed with TEM. The preparation involves several 
steps. Polymers and soft samples such as proteins are typically first chemically fixated with, for example, 
glutaraldehyde or osmium tetroxide and then embedded in plastic resin to ensure that even the most 
fragile samples can be cut. Glutaraldehyde causes the formation of crosslinks both within and between 
proteins, which causes the deformation of the alpha helical secondary structure found in proteins. 
Osmium tetroxide is both a chemical fixative as well as a heavy metal stain. It causes the saturation of 
double bonds by a process called osmication. After the sample has been embedded in plastic resin, the 
sample has to be trimmed. This is done with a sharp razorblade, a glass knife or diamond knife. The region 
of interest is often trimmed in a trapezoid block face with sloping edges. This shape minimizes the 
mechanical forces induced on the sample when it is section and it allows serial sectioning. After the 
trimming step, the specimen is ready to be sectioned. For this a diamond knife with a small boat filled 
with water is used, which allows easy pick-up of sections. The specimen is slowly moved vertically over 
the knife edge so that the sections float on the water surface in ribbon like pattern (Fig. 21A). The sections 
can then be picked-up with a TEM grid by carefully pushing the grid on the sections. The thickness of the 
sections can vary and can be estimated from their color. When white light is shun upon a section, the 
phase of the light will change depending on the thickness of the section. The reflected light will interfere 
with reflected wavelengths from the water surface in the boat, which give the sections a specific color 
corresponding to their thickness. Using an interference card, the thickness of a section then be 
determined from its color (Fig. 21B). 
 

 
Fig. 21 – (A) Schematic illustration of the working principle of an ultramicrotome. A specimen block is vertically positioned 
over a diamond knife. Trapezoid sections are cut and float on the water surface in a ribbon like pattern. These sections can 
then be collected on a TEM grid. (B) Interference card showing the interference color and thickness scale for thin sections. 

Staining 
To enhance the contrast of organic samples, samples are sometimes negatively or positively stained. In 
negative staining a ‘negative’ contrast is applied to the environment of the object. This is typically done 
by immersing the sample in a homogenous heavy metal solution, such as phosphotungstic acid or uranyl 
acetate. The heavy metal salt will deposit in the hydrated space around and within the molecules. The 
electrons still pass the object but are deflected by the heavy metals. The result is enhanced contrast, 
which makes it easier to study the structure of organic samples. If a positive stain is applied, the sample 
is also immersed in a homogenous heavy metal solution, for example uranyl acetate or lead citrate. This 
time, however, the metals are absorbed in the organic sample and therefore enhance contrast inside the 
actual object. Uranyl ions react strongly with phosphate and amino groups, strongly increasing the 
electron density of the organic sample. Disadvantages of staining solutions is that the heavy metals are 
often very toxic, sensitive to light or even radioactive.68 
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Samples prepared by ultramicrotomy are often double stained to get maximal contrast. A typical 
procedure is to first stain the sample with osmium tetroxide prior to fixating it in epoxy resin. This 
increases the electron density of the sample so that more electrons are deflected from the sample than 
from the surrounding plastic resin. For sharp imaging, this contrast is, however, not sufficient. Sections 
are therefore often post-stained with a heavy metal salt to increase the contrast of the thin sections even 
further. 
 
2.1.2 Scanning Electron Microscopy 
In Scanning Electron Microscopy (SEM), the image is built up from electrons that are either reflected 
(backscattered electrons, BSE) or emitted (secondary electrons, SE) from the surface of the sample (Fig. 
22). The electron beam is scanned over the surface in a raster pattern and electrons are collected 
sequentially point by point by the detector. Contrary to TEM, in SEM an image is obtained directly from 
the surface of the sample. The spatial resolution of SEM depends on the size of the electron spot. In 
regular SEM mode, secondary electrons are emitted from the surface and collected by an Everhart-
Thornley detector. These secondary electrons provide information about the morphology and surface 
topography of a sample. Contrast is formed by the edge-effect: more electrons can be emitted at the 
edges of an object, leading to increased brightness in the image. In the back scattered mode, high-energy 
electrons are cast at the surface, causing an elastic scattering interaction with the surface atoms. 
Elements with high atom numbers will backscatter electrons more strongly than elements with low 
atomic numbers and therefore appear brighter in the image. BSE are often used to detect contrast 
between areas that vary in chemical composition. When a non-conducting sample is being imaged in 
SEM, charging effects can occur. These charging effects are caused by the accumulation of static electric 
charges on the surface of the sample. To prevent charging, the sample can be coated with a thin metal 
layer.66 
 

 
Fig. 22 – Schematic illustration of the working principle of SEM. Electrons are either reflected (backscattered electrons) or 
emitted (secondary electrons) by the surface of the sample. Image adopted from Van Huis et al.66 

2.1.3 Atom Probe Tomography 
Atom Probe Tomography (APT) is a highly advanced and novel technique and is used to get three-
dimensional information on both the position and the chemical identity of atoms in a needle-shaped 
specimen. Individual ions are sequentially evaporated from a sharp tip and collected on a position-
sensitive detector.  Combined with time of flight mass spectroscopy, a three-dimensional reconstruction 
of the specimen can be constructed.69,70 The position where the ions hit the detector determine the X 
and Y coordinates. The sequence of evaporation determines the Z coordinate and by applying time of 
flight mass spectroscopy, the chemical identity of the ions can be determined (Fig. 23). 
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Fig. 23 – Schematic illustration of the working principle of APT. Individual ions are sequentially evaporated from a sharp tip 
and collected on a position-sensitive detector. Combined with time of flight mass spectroscopy, a three-dimensional 
reconstruction of the specimen can be made, which contains information on the position as well as the chemical composition 
of the atoms. Image adopted from Prakash et al.70 

Atom Probe Tomography has several advantages over other microscopy techniques. It has excellent 
image resolution: APT can achieve sub- 0.3nm resolution in all three directions of a three-dimensional 
image simultaneously. It has very high analytical sensitivity and excels at compositional imaging at the 
atomic scale of three-dimensional objects. APT provides unmatched nanoscale analysis of subsurface or 
buried features in a specimen. For bulk analysis, the sensitivity can be as high as 10 atomic parts per 
million or better and is limited only by the background signal in the mass spectrum, as long as enough 
atoms are collected. The disadvantage of APT is that it is still a very novel technique. Sample preparation 
is tedious and requires a very sharp specimen needle with a modest angle (< 10 °) and a tip size between 
50 and 150 nm. These tips are usually prepared using a focused ion beam (FIB), which is quite labor 
intensive. Another disadvantage is that APT can so far only be used for inorganics due to the need for a 
low electrical resistivity of the sample. If one wants to use APT for organic samples, the sample has to be 
coated with a conductive layer to reduce the electrical resistivity.69,70   
 
2.1.4 Polarized Optical Microscopy 
A polarized optical microscope (POM) is a normal transmission-light microscope equipped with two 
polarizing filters, which allow a specimen to be looked at under crossed polars. This technique is often 
used to look at birefringent samples such as liquid crystals to check the alignment of the crystals. 
Birefringent samples are optically anisotropic materials that have two refractive indices that are 
dependent on the polarization and propagation direction of light. When a ray of light enters a 
birefringent material, the ray is split by the polarization into two rays that each travel with a different 
velocity through the material. The fast ray is called the ordinary ray and the slow ray is called the 
extraordinary ray. This retardation results in a phase difference between the two rays of a certain 
wavelength 𝜆𝜆. The birefringence of a material depends on the difference of refraction indices for these 
ordinary and extraordinary rays: ∆𝑛𝑛 = 𝑛𝑛𝑒𝑒 − 𝑛𝑛𝑜𝑜. In liquid crystals in general the relation 𝑛𝑛𝑒𝑒 > 𝑛𝑛𝑜𝑜 holds. 
The phase shift increases as light propagates longer in a birefringent material, so the length of the optical 
path and therefore the thickness of the sample is important for the level of retardation. The optical path 
difference, or optical retardation, can be described as: 𝑑𝑑∆𝑛𝑛 and hence the phase difference can be 
described as: 𝑑𝑑∆𝑛𝑛 =  𝜆𝜆. When white light is used as light source, the birefringent material may appear 
colored when viewed under cross polars. Because of retardation of one of the light rays, the material 
obtains a certain interference color: white light minus the light that has been blocked by the polarizer. 
These interference colors can be interpreted using color charts such as the Michel-Lévy interference color 
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chart. If the thickness of the sample is known, the birefringence can be determined from the interference 
color. Each material has its own characteristic birefringence so in theory the interference color can be 
used to determine the material that is being viewed under cross polars.71 
 
When a birefringent material is viewed between two cross polarizers whose transmission axes are 
aligned at an angle between ne and no, the material appears bright (Fig. 24A). When unpolarized light 
passes the first polarizer, it becomes linearly polarized in the direction of the transmission axis of the 
polarizer. When it hits the birefringent sample, the linearly polarized light becomes elliptically polarized 
due to the phase difference. When this elliptically polarized light hits the second polarizer, positioned 
perpendicular to the first polarizer, the part of the light that is in the direction of the transmission axis of 
second polarizer can pass through and the rest of the light is blocked.  When a birefringent material is 
viewed between two cross polarizers whose transmission axes are aligned parallel to either ne or no, the 
region appears black (Fig. 24B). In this case the light is not split by the material into different rays so no 
light can pass the second polarizer.71 
 

 
Fig. 24 – Schematic illustration of the working principle of POM. (A) When a birefringent material is viewed between two 
cross polarizers whose transmission axes (arrows) are aligned at an angle between ne or no of the material, the region appears 
bright. (B) When it is viewed between two cross polarizers whose transmission axes are aligned parallel to either ne or no, the 
region appears black. Image adopted from Haynes et al.71 

2.2 Spectroscopic Techniques 
2.2.1 Energy-dispersive X-ray spectroscopy 
Energy-dispersive X-Ray spectroscopy (EDX) can be used in combination with SEM or STEM to get 
chemical information about a specific region inside a sample. The principle of EDX is based on the 
emission of characteristic X-rays. When a sample is viewed inside an electron microscope, it is 
bombarded with electrons. Electrons from the electron beam can knock out core electrons inside the 
atoms of a sample. These core electrons are then replaced by electrons from one of the outer electron 
shells (K, L and M shells). This event leads to an energy difference, which results in the emission of a 
photon with an energy that lies in the range of X-rays. These X-rays can then be collected for every pixel 
of the image and can be used to construct a chemical map of the different elements present in the 
sample. EDX is typically done in STEM mode because of the higher spatial resolution in STEM mode. EDX 
can be used to map all elements but is less sensitive to light elements such as carbon, nitrogen and 
oxygen.66  
 
2.2.2 Infrared Spectroscopy 
Infrared Spectroscopy (IR) is a frequently used tool to characterize organic compounds. IR is based on 
molecular vibrations, which modulate the molecular dipole moment in a molecule. Once a molecule 
absorbs a specific amount of energy, it enters a so called vibrational excited state. The frequency of the 
vibration corresponds to the amount of energy absorbed by the molecule. Individual groups in molecules 
each absorb a specific amount of energy, which can be listed as absorption bands. The position of the 
absorption bands are expressed in wavenumbers (cm-1), which is the reciprocal of the wavelength and is 
directly proportional to the absorbed energy. The amount of vibrational modes that can occur in a 
molecule depend on the amount of internal degrees of freedom a molecule has. The amount of internal 
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degrees of freedom is defined as 3N – 5 for linear molecules and 3N - 6 for nonlinear molecules, with N 
the number of atoms. Each atom has 3 degrees of motional freedom in the X, Y and Z direction, hence 
the total amount of motional freedom is defined as 3N. Three of these motional degrees describe 
translations and three describe rotations and must be subtracted from the total of 3N. The remaining 
molecular motions are vibrational modes, which are used in IR spectroscopy. Vibrational modes are 
divided in stretching vibrations and bending vibrations. Stretching vibrations are related to a change in 
bond length while the bond angle remains the same, and can be either symmetrical (in-phase stretching) 
or asymmetrical (out-of-phase stretching). Bending vibrations are related to a change in bond angle 
while the bond length remains the same, and can occur either in-plane (scissoring and rocking) or out 
of plane (wagging and twisting).72 
 
In Fourier transform infrared spectroscopy (FT-IR) the radiation is collected simultaneously over all 
wavelengths. This information is stored in an interferogram and via Fourier transform an infrared 
spectrum is calculated. Attenuated total reflection (ATR) is a sampling technique used in conjunction with 
infrared spectroscopy. By using this technique no sample preparation is required and ATR makes it 
possible to measure very thin films. ATR is based on the internal reflection of the infrared beam, which 
itself depends on the critical angle determined by the difference in refractive indices of two surfaces. If 
the angle of incidence at the interface between the sample and a special ATR crystal is higher than the 
critical angle, the incoming beam will undergo total internal reflection. The infrared beam enters the 
crystal at one side and when it comes in contact with a sample, the sample will absorb energy. 
Subsequently the beam will lose energy of a specific wavelength. At the opposite side of the crystal, the 
beam is led to a detector and the resulting signal is transformed to an infrared spectrum.72 
 
2.3 Scattering Techniques 
2.3.1 Electron Diffraction 
Electron diffraction is used to get information on crystallographic structures and to measure lattice 
parameters. When an atom is bombarded with electrons it can absorb and emit electromagnetic 
radiation, due to so called electron scattering. The emitted photons can have an energy in the range of 
X-rays. If these X-rays are in phase they cause constructive instructive interference. If they are out of 
phase they cause destructive interference. Diffraction is the constructive interference of scattered X-
rays. Diffraction can only occur if the conditions in Bragg’s law are met. In short this means that the 
interplane spacing between two parallel planes inside a crystal has to be approximately equal to the 
radiation that has to be measured. Only then will the X-rays be in phase and can cause constructive 
interference. 
 
A crystal can be categorized in one of seven crystal families: triclinic, monoclinic, orthorhombic, 
tetragonal, trigonal, hexagonal or cubic. Each family has a corresponding lattice system, which can be 
subdivided into 14 Bravais lattices. A Bravais lattice is a category of symmetry groups for translational 
symmetry in all three directions and is often depicted as a unit cell. The planes inside a Bravais lattice 
can be described using Miller indices. These Miller indices are integers called h, k, and ℓ and together 
denote planes that are orthogonal to the reciprocal lattice vector. The reciprocal lattice is the Fourier 
transform of a Bravais lattice and only exists in the reciprocal space. These reciprocal lattice vectors are 
equal to the difference in momentum between an incoming and a diffracted X-ray inside a crystal and 
appear as sharp diffraction spots in a diffraction pattern. The way a crystal is oriented relative to the 
electron beam determines which crystal planes of the crystal will be reflected and thus which planes will 
be visible in the diffraction pattern. The diffraction pattern can then be used to determine the reciprocal 
lattice vectors of the crystal and to calculate the precise atomic arrangement inside a crystal.73 
 
Electron diffraction patterns can vary a lot depending on the type of solid matter: single crystal, 
polycrystalline of amorphous. A single crystal contains atoms which are arranged in highly ordered 
lattices. The corresponding diffraction pattern consists of a spot pattern (Fig. 25A). This pattern can be 
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used to determine the crystal structure, the lattice parameter and the orientation of the crystal. A 
polycrystalline material consists of many tiny crystals that each have a random distribution of all possible 
orientations. The diffraction pattern of a polycrystalline material looks like a superposition of a single 
crystal pattern. The result is a series of concentric rings at various rotations around the central beam spot 
(Fig. 25B). It is possible to determine the crystal structure and lattice parameter of these rings but it is 
not possible to determine the orientation since there is no single orientation. Amorphous materials do 
not have arranged and ordered lattices and are completely disordered. The corresponding diffraction 
pattern consist of broad halos (Fig. 25C).73 
 

 
Fig. 25 – Schematic illustration of electron diffraction patterns for different materials. (A) Amorphous. (B) Polycrystalline. (C) 
Single crystal. Image adopted from Andrews et al.73 

2.3.2 Dynamic Light Scattering 
Dynamic light scattering (DLS) is a technique used to calculate the hydrodynamic radius of particles. In 
DLS the intensity of scattered light as a function of time is measured. By aiming a laser at particles with 
a refractive index that differs from the solvent they are in, light is scattered in all directions. The intensity 
of this scattered light at a given angle can be followed in time (Fig. 26).74 
 

 
Fig. 26 – Schematic illustration of the working principle of DLS. A laser is pointed at particles inside a sample cuvette, which 
subsequently scatter light in all directions. The scattered light can be collected by a detector. Image adopted from Schártl et 
al.74 

Particles in solution move randomly due to Brownian motion. As the particles move, the measured 
intensity of the scattered light will fluctuate, which is due to interference of the light waves. These waves 
are either in phase (constructive interference) or out of phase (destructive interference). In a regular 
sample many particles are present, so the scattered light waves are never completely constructive or 
destructive. The frequency of the intensity fluctuations, however, remains the same and can be used to 
determine the speed of the particles due to Brownian motion. The frequency of the intensity fluctuations 
depends on the speed of the particles, the wavelength 𝜆𝜆 of the laser and the angle of detection θ. The 
laser in DLS should be a coherent light source, to make sure all the waves coming from the laser have the 
same wavelength, direction of propagation and phase. If an incoherent light source is used, each light 
wave will have a different phase and won’t cause the required interference. By measuring the intensity 
fluctuations, the diffusion coefficient of the particles can be calculated, which itself is related to the 
hydrodynamic radius of the particles via the Stokes-Einstein relation: D = kBT

6πηRH
   

 
with D as the diffusion coefficient, kB as the Boltzmann constant, T as temperature, 𝜂𝜂 the viscosity and 
RH as the hydrodynamic radius. 
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Chapter 3. Results and discussion – Collagen 
 
3.1 Collagen Characterization  
3.1.1 Collagen solution 
In this work two different collagen type-1 solutions were used, one made from rat tail tendon extract 
and one made from bovine hide extract. These collagen solutions are stored at low pH levels (pH ≤ 3), so 
that the collagen fibrils are dissociated and remain in solution as individual collagen molecules.37 The first 
step of any experiment involving these collagen solutions is the self-assembly of the soluble collagen 
extract. This was done by increasing the pH of a collagen solution to physiological levels, which triggers 
the dissociated collagen to self-assemble into collagen fibrils.36 During our experiments, we have noticed 
the self-assembly of collagen is very sensitive to the environmental conditions. Conditions that work for 
one specific type of collagen solution do not automatically work for another type of collagen solution. As 
a result, a lot of trial and error was necessary to find the optimum conditions for the proper self-assembly 
of the collagen fibrils.  
 
Poorly Self-Assembled Collagen 
In a first attempt to self-assemble the soluble collagen made from rat tail tendon extract, the same 
conditions and approach as applied by Nudelman et al.16 was used. Nudelman et al. used a common 
saline HEPES buffer (10 mM, pH 7.4) containing NaCl (150 mM) to increase the pH of the collagen solution 
to physiological levels. We soon found that our rat tail extract was too acidic (0.2M acetic acid, pH 3.0) 
for the buffering capacity of the HEPES buffer solution. After injecting the collagen solution inside the 
HEPES buffer, the pH did not increase above pH 4.7. This is far below physiological values and the collagen 
fibrils therefore remained disassembled in solution. To overcome this problem, the rat tail extract was 
dialyzed to 0.05M acetic acid. This was sufficient to keep the pH at a steady 7.2 after injecting the dialyzed 
rat tail extract into the HEPES buffer solution and incubating it at 37 °C for approximately one hour. The 
results were studied with TEM and can be seen in (Fig. 27). From these TEM images it is clear that the 
collagen still has not properly self-assembled, despite having reached a physiological pH level. There is 
no characteristic banding pattern visible and the fibrils appear to be randomly twisted together. 
 

 
Fig. 27 – TEM images of poorly assembled rat tail collagen in HEPES buffer (10 mM, pH 7.4) containing 150 mM NaCl. Incubated 
at 37 °C for approx. one hour.  (A) Overview image. (B) Higher magnification of the region indicated in (A). 

The reason for this poor self-assembly is unclear. The pH of the solution has reached physiological levels 
and the ionic strength of the saline HEPES buffer should be sufficient to cause the self-assembly of this 
type of collagen.11,15,48 The experiment was repeated using the same conditions and approach as applied 
by Olszta et al.11 They used a slightly different buffer to increase the pH of the collagen solution: a TRIS 
buffer (50 mM, pH 7.4) containing NaCl (150 mM). The results using the TRIS buffer were, however, 
identical to our previous results with the HEPES buffer.  
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The twisting indicates that the collagen molecules do have some kind of interaction with each other but 
for some reason the interaction is not strong enough to cause the complete self-assembly of a collagen 
fibril. This twisting behavior has been observed before and has sometimes been attributed to the local 
unwinding of a collagen fibril.75,76 If that is the case, there should also be some fully assembled fibrils in 
the solution. We did not observe any assembled fibrils in the TEM images, so we tend to assume 
something has happened to the collagen during the processing of the extract. It is possible that the 
telopeptide ends of the collagen molecules were damaged or removed entirely, limiting its ability to self-
assemble.27,34 No further experiments were done with this type of collagen. 
 
Similar experiments were performed with the soluble collagen made from bovine hide extract. The same 
conditions used by Olszta et al.11 were used for the self-assembly. To better understand the earliest 
stages of self-assembly, the collagen was studied in the hydrated state and vitrified samples were imaged 
using CryoTEM (Fig. 28). Again no banding pattern is visible, indicating that the collagen fibrils were not 
fully self-assembled yet. Contrary to the rat tail tendon extract, no twisting was observed and many thin, 
dissociated collagen molecules are visible in the background. A possible explanation for this poor 
assembly is that the system did not receive enough time to increase the pH to physiological levels and 
therefore only dissociated collagen molecules were collected on the CryoTEM grid. These images confirm 
that the bovine hide extract consists of very thin dissociated collagen molecules prior to their self-
assembly in collagen fibrils.  
 

 
Fig. 28 – CryoTEM images of poorly assembled bovine hide collagen in TRIS buffer (50 mM, pH 7.4) containing 150 mM NaCl. 
Incubated at 37 °C for approx. one hour. (A) Overview image. (B) Higher magnification. 

Despite the poor self-assembly of the fibrils, there is no reason to assume there is anything wrong with 
this type of collagen. Instead we assume the system simply needs more time to reach physiological pH 
levels.   
 
Proper Self-Assembled Collagen 
In the following experiments the incubation time was increased to approximately 3 hours at 37 °C. This 
was long enough for the proper self-assembly of this bovine hide extract (Fig. 29). In the image seen in 
(Fig. 29A) both fully assembled collagen fibrils (thick) as well as some dissociated collagen (thin) can be 
observed. Because we are working with an acidic collagen extract, it is not uncommon that not all 
collagen molecules will have fully self-assembled into fibrils yet. A zoomed in image of a fully assembled 
collagen fibril (Fig. 29B) reveals a fibril with a thickness of approximately 150 nm and a characteristic 
banding pattern. 
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Fig. 29 – TEM images of properly assembled bovine hide collagen in TRIS buffer (50 mM, pH 7.4) containing 150 mM NaCl and 
incubated at 37 °C for 3 hours. The samples are stained with 1.0 wt% uranyl acetate to enhance contrast. (A) Fully assembled 
fibrils (thick) and dissociated collagen (thin) can be seen. (B) Higher magnification of collagen fibril showing a clear banding 
pattern. 

To study the banding pattern in more detail, an electron transmission profile was constructed from the 
alternating gap zone and overlap zones present in the collagen fibril. The transmission profile shows the 
fibril has a repeat pattern of roughly 67 nm in length, consisting from a gap zone and overlap zone of 
roughly 40 nm and 27 nm in length, respectively (Fig. 30A). The electron transmission profile shows a 
higher electron transmission in the gap zone than in the overlap zone, which makes sense considering 
there is a difference in electron density between the two regions (Fig. 30B). Small discrepancies in the 
length of the repeat pattern can be explained by the fact that these collagen fibrils are dried prior to 
imaging. The results are, however, very consistent with results found in literature.16  
 

 
Fig. 30 – (A) Zoomed in TEM image of an individual collagen fibril stained with 1.0 wt% uranyl acetate. The more dense overlap 
zone has a lower relative electron transmission and is roughly 27 nm in length. The less dense gap zone has a higher relative 
electron transmission and is roughly 40 nm in length.  (B) Electron transmission map of the repeat pattern highlighted in (A).  

Chemical Composition 
To get a better understanding about the chemical composition of a mineralized collagen fibril at the 
nanoscale, individual fibrils were scanned and measured using Atom Probe Tomography (APT). The 
ultimate goal of these measurements is to optimize the APT technique for organic samples, which is 
something that has never been done before.69 APT can be used to get three-dimensional information on 
both the position and the chemical identity of atoms inside, for example, bone. Bone is, however, a highly 
complex biomaterial that contains many different atoms. This makes it impossible to properly analyze 
the mass spectrum and to make a three-dimensional reconstruction of the bone sample, without having 
a reference material. By measuring individual collagen fibrils, the peaks corresponding to collagen can 
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be filtered out of the spectrum of the bone sample. The same can be done for the bone apatite crystals 
and for the mineralized collagen fibril. So far only measurements with individual collagen fibrils were 
performed. Nevertheless this is the first time ever that somebody has successfully measured a protein 
with an Atom Probe.  
 
Sample preparation for the Atom Probe is tedious and it took a lot of time to find a successful approach 
for picking up collagen fibrils and positioning them on substrate, so that they could be transferred to the 
Atom Probe. The biggest problems with the sample preparation were the poor contrast of collagen fibrils, 
the fact that collagen fibrils tend to stick particularly well to different surfaces and that the fibrils in 
general are difficult to pick up from a flat surface. The poor contrast could not be solved. Because the 
individual collagen fibrils only consist of C,H,N and O, they have limited contrast inside the SEM. Normally 
this can be solved by staining the fibrils with, for example, uranyl acetate. But because we are using the 
fibrils as a reference point for the measurement of a bone sample, they cannot be stained as this would 
mess up the reference. Several different surfaces were tested before individual fibrils could successfully 
be picked up. Collagen sticks very well to surfaces of silica and carbon and it was challenging to scoop up 
a fibril from a flat surface. To overcome both problems, we used TEM grids, which contain a thin 
perforated carbon film consisting of circular holes of about 3 µm in diameter. By applying collagen on 
these specific grids, individual fibrils occasionally cross the holes, which makes it possible to pick them 
up using a Kleindiek micromanipulator. 
 
The collagen fibril has to be attached to silicon post on a different substrate so that it can be transferred 
to the Atom Probe. To attach the fibril to the silicon post, we first pick up an InP nanowire with the 
Kleindiek needle. The nanowire is attached to the Kleindiek needle by Focused Ion Beam deposition of 
platinum. This combination of needle and nanowire is then used to pick up a collagen fibril, again by 
platinum deposition (Fig. 31A). The nanowire with the fibril is then transferred to a silicon post and the 
nanowire is broken off (Fig. 31B). We use this method because it is much easier to break the InP nanowire 
than the Kleindiek needle.  
 

 
Fig. 31 – Sample preparation for characterization of a collagen fibril with APT. (A) An individual fibril was removed from the 
surface of a TEM grid using a Kleindiek micromanipulator in combination with an InP nanowire. (B) After pick up, the fibril is 
attached to a silicon post and the InP nanowire is broken off. 

After sample pick up, the sample is ready to be measured in the Atom Probe. To do so individual ions are 
sequentially evaporated from the collagen fibril and are collected on a position-sensitive detector. The 
result is a mass spectrum, which can be seen in (Fig. 32). 
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Fig. 32 – Mass spectrum generated by the Atom Probe from a single individual collagen fibril.  

There is a strong signal for (atomic) carbon (m/q 6 and 12), hydrogen (m/q 1 and 2) and nitrogen (m/q 7 
and 14). An oxygen signal was not detected. There are also a lot of fragments present in the mass 
spectrum. Some of them could be identified but most of them are still unknown. It is important to note 
that no platinum signal was detected. This is good because it indicates the spectrum comes exclusively 
from the collagen fibril and not from the position where the fibril was attached to the InP nanowire and 
the silicon post.  
 
Based on the data a three-dimensional reconstruction of the fibril was created (Fig. 33). The 
reconstruction is approximately 13 x 13 x 20 nm3 and consists of approximately 100.000 atoms. Out of 
these about 20% is accounted for by the elements H, C and N. The dimensions of the reconstruction are 
based on the field of view of the ATP measurement. The field of view is a result of the thickness of the 
collagen fibril and a projection parameter called the image compression factor. The diameter of the tip 
of the fibril is about 30 nm wide. The image compression factor is the geometrically ratio between the 
angle of the fibril with respect to the horizontal as seen in the SEM image and the angle of the fibril with 
respect to the horizontal as seen on the detector. This compression factor is basically a measurement for 
how much of the fibril is imaged on the detector and how much passes by the detector. Because the 
collagen fibril is not a straight fiber, it is very difficult to estimate the angle. Instead a parameter was 
estimated which is commonly used for nanowires of the same size. 
 

 
Fig. 33 – 3D Reconstruction of the collagen fibril generated by the Atom Probe. H = blue ; C = red ; N = cyan ; O = green. The 
reconstruction consists of approximately 100.000 atoms. H, C and N account for approximately 20% of the total amount. 
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The reconstruction (Fig. 33) looks like a random distribution of elements and not much can be said about 
the structure of the fibril itself. The reconstruction is based on a lot of assumptions. Only a small portion 
of the fibril could be measured before the fibril flew off the silicon post due to applied acceleration 
voltage. Because the fibril flew off, it was not possible to look at the fibril again in the SEM after the ATP 
measurement to determine which part of the fibril was actually measured. This makes it difficult to 
compare the results from the reconstruction with the actual sample. It also makes it difficult to estimate 
an accurate image correction factor. Secondly, many fragments are still unidentified in the mass 
spectrum. The software generates a rough reconstruction because it cannot tell the position of atoms 
inside a fragment. Instead it represents a fragment as an element inside an element. A CNH fragment, 
for example, would show up in the reconstruction as a carbon atom with a nitrogen atom and hydrogen 
atom inside the sphere of the carbon atom. 
 
 An Atom Probe measurement on a well-defined, inorganic sample can consist up to 14 million atoms.70 
It is unlikely that measurements on organic samples can match the resolution of measurements on 
inorganic samples anytime soon. The next step in the optimization process of APT for organic samples is 
to collect a lot more collagen fibrils and to simply measure them. Once more fragments can be identified 
and the image correction factor can be estimated better, more accurate reconstructions can be made. 
The next step is then to measure mineralized collagen fibrils. Ideally a reconstruction can be made 
showing the bone apatite crystals inside the collagen fibrils. Once that is possible, the ultimate goal is to 
measure an actual sample of bone.  
 
3.1.2 Collagen sponge 
Besides the two aforementioned soluble collagen solutions, a collagen sponge composed of 
reconstituted type-I bovine collagen was also used in this work. The biggest advantage of this sponge 
over collagen from solution is that the fibrils in the sponge are already self-assembled. The downside is 
that the sponge consist of a thick crosslinked network, which makes the study of individual fibrils more 
difficult.  
 
To characterize the collagen sponge, the collagen sponge was cut in smaller pieces and applied on a SEM 
stub (Fig. 34A). Analysis revealed a sponge like material composed completely of individual collagen 
fibrils (Fig. 34B). The sample was coated with a layer of gold to reduce charging. The characteristic 
banding pattern of the collagen fibrils is clearly visible, confirming that the collagen sponge is indeed 
made up from assembled type-1 collagen fibrils. 
 

 
Fig. 34 – SEM images of the collagen sponge.  The sample is coated with a layer of gold to reduce charging. (A) Overview 
image of a small piece of collagen sponge. (B) Higher magnification of the region indicated in (A), revealing that the sponge 
is made up entirely from assembled collagen fibrils. 

To study individual collagen fibrils from this sponge with TEM, the sponge was crushed in liquid nitrogen 
and applied on a TEM grid. TEM revealed the sponge actually consists of thick fibers, which themselves 
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consist of several individual assembled collagen fibrils bundled together (Fig. 35A). These individual, 
isolated fibrils clearly show the fibril has the characteristic banding pattern (Fig. 35B). 
 

 
Fig. 35 – TEM images of the collagen sponge. (A) The sponge is built up from thick fibers consisting of multiple individual 
collagen fibrils. (B) The banding pattern is clearly visible in an isolated collagen fibril. 

3.2 Calcium Phosphate Mineralization 
After the collagen has self-assembled, it can be mineralized to study the templating action of the collagen 
scaffold and its ability to direct the formation of nanometer sized plate like crystals. To do so, first the 
mineralization of the collagen fibril with calcium phosphate was studied in more detail.  
 
3.2.1 Calcium Phosphate Nucleation 
To screen for the optimum mineralization conditions, the nucleation of the calcium phosphate particles 
was investigated using DLS. This was done following the study of Habraken et al.41 DLS measurements 
were performed on mineralization solutions consisting of a 50 mM TRIS buffer containing 150 mM NaCl, 
5.8 mM CaCl2 and 4.12 mM K2HPO4 with various pH levels and various amounts of polyaspartic acid. In 
these experiments the mean count rate was measured against time to analyze the effect of pH and 
concentration of polyaspartic acid on the rate of nucleation and precipitation of the calcium phosphate 
mineralization solutions (Fig. 36).  
 

 
Fig. 36 – DLS measurements on the nucleation and precipitation of calcium phosphate mineralization solutions varying in 
both pH and concentration polyaspartic acid. (A) Effect of pH. The concentration of polyaspartic acid was kept constant at 25 
µg/ml. (B) Effect of concentration of polyaspartic acid. The pH was kept constant at 7.4. 
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Upon addition of the calcium chloride solution to the potassium phosphate solution, calcium phosphate 
particles start to nucleate and aggregate and are detected by the DLS machine. This leads to an increase 
in the average scattering intensity, which is represented by an increase of the mean count rate. At a 
certain point in time the particles form aggregates that are so large that they sink to the bottom of the 
sample cuvette. At this point no light is scattered anymore and the mean count rate drops to zero. In 
between these time points, the mean count rate stays roughly constant. This indicates the rate of 
aggregation of the particles is approximately equal to the rate of which the particles precipitate.  
 
To study the effect of pH and concentration of polyaspartic acid on the nucleation of calcium phosphate, 
three sets of DLS experiments were done. First the starting materials were measured to see if these 
caused any scattering events on their own. This was not the cause so any change in mean count rate 
should originate from the formation of calcium phosphate particles. In the second experiment calcium 
phosphate solutions with a pH varying from pH 7.4 to pH 9.0 and with a constant concentration of 
polyaspartic acid of 25 µg/ml pAsp  were measured (Fig. 36A). In the last experiment the pH was kept 
constant at pH 7.4 and the concentration of polyaspartic acid was varied from 0 to 50 µg/ml (Fig. 36B).  
 
For the mineralization of collagen, typical pH values are around pH 7.4 and typical concentrations of 
polyaspartic acid lay in the range of 10 µg/ml pAsp to 25 µg/ml pAsp.4,11,12,16,41 From (Fig. 36A) we can see 
that the graph at pH 7.4 is very different than the graph at higher pH levels. Only at pH 7.4 the mean 
count rate first increases, then becomes constant and eventually falls down to zero. At higher pH levels, 
the mean count rate is much higher and is already constant directly from the start of the measurement. 
This implies the average scattering intensity is much higher and that particles immediately form 
aggregates the moment the solutions are added together. From (Fig. 36B) we can see that an increase in 
the concentration of polyaspartic acid leads to a decrease in the mean count rate. It is known that 
polyaspartic acid stabilizes the amorphous calcium phosphate particles in solution and inhibits the 
formation of hydroxyapatite crystals.11 Without polyaspartic acid, the calcium phosphate particles 
immediately precipitate when the solutions are added together. Increasing the concentration of 
polyaspartic acid results in longer stabilization times and hence it takes longer before all particles have 
sunk to the bottom of the cuvette. If the concentration of polyaspartic acid is too high, however, it will 
also prevent the calcium phosphate transforming into crystalline material.  
 
The crystals formed at pH 7.4 in the absence of polyaspartic acid were analyzed in more detail with TEM. 
TEM revealed that in time all calcium phosphate particles have transformed into thin, plate like crystals 
(Fig. 37A). Electron diffraction on these crystals showed a ring pattern that is quite consistent with 
hydroxyapatite (Fig. 37B).11 These results are consistent with the plate like crystals Habraken et al. found 
in their study.41 
 

 
Fig. 37 – (A) TEM image of hydroxyapatite crystals grown after 24 hours in the absence of polyaspartic acid. (B) Electron 
diffraction pattern of the crystals highlighted in (A). (C) Radial average plot of the diffraction pattern shown in (B). 

A 

(310) 

(211) 
(002) 

 

B 

(002) 

(211) 

(310) 

C 



32 
 

The electron diffraction pattern was analyzed in more detail using a MATLAB script calibrated specifically 
for the electron microscope used in this work. The script calculates the radial intensity average versus 
the spacing of the diffraction pattern. In short it works as followed. After loading a diffraction pattern in 
the GUI, the exact center of the diffraction pattern has to be determined. This is done by selecting five 
or more points on one of the diffraction rings. The script then automatically fits a circle through these 
points and calculates the center. After selecting the right calibration file and the camera length, the radial 
average is calculated. The beam stop is automatically masked prior to the calculation. A second MATLAB 
script was then used to first estimate the baseline of the dataset and then to subtract it, so that only the 
peaks are left. The resulting radial average plot can be seen in (Fig. 37C).  
 
3.2.2 Mineralization in the absence of polyaspartic acid 
To study the effect of polyaspartic acid on the mineralization of the collagen fibrils, a piece of collagen 
sponge was mineralized in the absence of polyaspartic acid. This was done following the study of 
Nudelman et al.16 A piece of degassed collagen sponge was immersed in a HEPES buffer solution (10 mM, 
pH 7.4) containing CaCl2 (2.7 mM,) and K2HPO4 (1.35 mM) for 24 hours. Calcium phosphate crystals grew 
on the outside of the collagen fibrils and are large enough to be viewed with SEM (Fig. 38). These results 
are consistent with literature.16 Polyaspartic acid acts as an inhibitor for crystal formation so without 
polyaspartic acid, you would indeed expect extrafibrillar mineralization to take place. 
 

 
Fig. 38 – SEM images of mineralized collagen sponge without polyaspartic acid. The sample was coated with a layer of 
chromium to reduce charging. Large calcium phosphate crystals can be seen on the exterior of the collagen fibrils. The 
highlighted areas are the areas where EDX measurements have been taken from. 1) crystal. 2) fibril. 

To verify whether the crystals were made up from calcium and phosphate, EDX measurements were 
done on both a crystal and on a collagen fibril. The results can be seen in (Fig. 39). 
 

 
Fig. 39 – EDX measurements on the sample seen in (Fig. 38B). The results clearly show the crystals consist of calcium 
phosphate. The fibril contains no calcium nor any phosphate, indicating it not been mineralized. 
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From the EDX measurements it is clear that the crystals indeed consist of calcium and phosphate. The 
measurement on the fibril shows no presence of calcium and phosphate. This indicates that the fibril 
itself has not been mineralized. This is not surprising considering no polyaspartic acid was added. 
 
To study the effect of polyaspartic acid on the mineralization of individual collagen fibrils, a piece of 
collagen sponge was immersed in a mineralization solution consisting of a HEPES buffer solution (10 mM, 
pH 7.4) containing CaCl2 (2.7 mM), K2HPO4 (1.35 mM), mineralized for 48 to 72 hours and subsequently 
crushed in liquid nitrogen and applied on a TEM grid. After 48 hours, the fibril is completely encapsulated 
with material and crystals can be observed everywhere on the exterior of the fibrils (Fig. 40A). After 72 
hours, similar results are observed (Fig. 40B). Plate shaped crystals are clustered on the outside of fibrils 
and do not appear to be infiltrating the collagen fibril. These results are consistent with literature and 
confirm extrafibrillar mineralization indeed takes place in the absence of polyaspartic acid.  
 

 
Fig. 40 – TEM images of mineralized collagen sponge without polyaspartic acid. The samples were stained with 1.0 wt% uranyl 
acetate to enhance contrast. (A) 48 hours of mineralization. The fibrils are fully covered with material and many crystals are 
present on the exterior of the fibrils. (B) 72 hours of mineralization. Hydroxyapatite crystals are clustered and located 
exclusively on the exterior of the fibrils. 

3.2.3 Mineralization in the presence of polyaspartic acid 
To study the templating action of the collagen fibrils, the mineralization has to take place intrafibrillarly. 
The mineralization was therefore studied in the presence of polyaspartic acid. Again similar conditions 
as applied by Nudelman et al.16 were used. A piece of collagen sponge was immersed in a mineralization 
solution consisting of a HEPES buffer solution (10 mM, pH 7.4) containing CaCl2 (2.7 mM,), K2HPO4 (1.35 
mM) and 10 µg/ml pAsp, mineralized for 48 to 72 hours and subsequently crushed in liquid nitrogen and 
applied on a TEM grid. The result after mineralization can be seen in (Fig. 41). Even after 72 hours, the 
collagen fibrils are not properly mineralized yet. Plate  shaped  calcium phosphate  crystals  are  visible  
directly  on  the  outside  of  the  fibril  and  the  fibril  itself  appears  to  be covered with material (Fig. 
41A) In a zoomed in image the calcium phosphate appears to attempt infiltration but is unsuccessful.  
Plate  shaped  crystals  are seen  exclusively  on  the  outside  of  the  fibril  and  the  banding pattern of 
the collagen is still clearly visible (Fig. 41B). It is not clear what the thin lines are that are visible inside the 
banding pattern of the fibril. Electron Diffraction yielded no sign of crystallinity. They could be an artifact 
from the staining of the sample with uranyl acetate.  
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Fig. 41 – TEM images of mineralized collagen sponge in the presence of 10 µg/ml pAsp. The samples were stained with 1.0 
wt% uranyl acetate to enhance contrast. (A) 48 hours of mineralization. Hydroxyapatite crystals are visible on the outside of 
the fibril. (B) 72 hours of mineralization. Calcium phosphate crystals appear to be attached to the fibril but cannot seem to 
infiltrate the fibril. 

The reason for this behavior is unclear and we can only speculate why this type of collagen is not 
successfully mineralized after 72 hours. The collagen sponge is made up from reconstituted type-I 
collagen fibrils but it is unclear what has happened to the collagen exactly during the processing. Prior to 
mineralizing the collagen sponge, the sponge is first degassed and hydrated in water. If the interior of 
the sponge was not fully hydrated, it might be difficult for the calcium phosphate to infiltrate the collagen 
fibrils. Earlier TEM results also indicated the collagen sponge consists of thick collagen fibers, which 
themselves consist of individual assembled fibrils. If the fibrils are too tightly crosslinked, the calcium 
phosphate might also have difficulty infiltrating the collagen fibrils. 
 
Because it is unclear what has happened to the collagen sponge, the sponge was discarded in favor of 
the soluble bovine hide extract. Because the self-assembly of the soluble collagen was done inside a TRIS 
buffer, the mineralization was also done inside a TRIS buffer. Similar conditions as applied by Olszta et 
al.58 were used. In short a TEM grid absorbed with self-assembled collagen was placed in a mineralization 
solution consisting of a TRIS buffer (50 mM, pH 7.4) containing CaCl2 (4.5 mM) and K2HPO4 (2.1 mM) and 
10 µg/ml pAsp inside a 96 culture well-plate. The well-plate was then heated for 24 hours at 37 °C. The 
resulting TEM images can be seen in (Fig. 42).  
 

 
Fig. 42 – TEM images of mineralized bovine hide collagen in the presence of 10 µg/ml pAsp. Samples were mineralized inside 
a culture well-late for 24 hours at 37 °C. Hydroxyapatite crystals appear to be exclusively present outside the fibrils. Samples 
were stained with 1.0 wt% uranyl acetate to enhance contrast. 

The results are unexpected. In the presence of polyaspartic acid, mineralization is supposed to take place 
intrafibrillarly. This is, however, not the case. The banding pattern in the collagen fibrils is still visible, 
indicating the fibrils have not been fully infiltrated with calcium phosphate. The abundance of plate 
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shaped crystals indicate the amorphous calcium phosphate has already transformed into crystalline 
material. Electron diffraction confirms the plate shaped crystals are consistent with hydroxyapatite. It is 
difficult to say if amorphous calcium phosphate has entered the fibrils at all or if the mineralization has 
only taken place extrafibrillarly. The results are very different from the results with the collagen sponge. 
The TEM images in (Fig. 42) suggest the calcium phosphate has difficulty infiltrating the fibrils. In the case 
of the soluble bovine collagen, there are crystals present everywhere in the background of the image 
and not just on the exterior of the fibrils. Self-assembled collagen fibrils were absorbed on the TEM grid 
prior to mineralization and for reasons unknown they appear to have simply no interaction with the 
mineralization solution.  
 
Fibril infiltration 
To further explore the mineralization process, more time resolved experiments were carried out using 
the bovine hide collagen. Instead of mineralizing fibrils that were already absorbed on a TEM grid, in the 
next experiment the fibrils were mineralized directly in solution at 37 °C using a TRIS buffer (50 mM, pH 
7.4) containing CaCl2 (4.5 mM) and K2HPO4 (2.1 mM) and 10 µg/ml pAsp.  
 
After 48 hours the collagen fibrils appear to be covered with material (Fig. 43A). A zoomed in image of 
an individual fibril clearly shows the banding pattern is only partially visible (Fig. 43B). The diffraction 
pattern (Fig. 43C) showed no sign of crystallinity, which indicates the fibrils might be infiltrated with 
amorphous calcium phosphate. It is, however, also possible that the fibrils have only been infiltrated with 
calcium ions instead of amorphous calcium phosphate. 
 

 
Fig. 43 – TEM images of mineralized bovine hide collagen in the presence of 10 µg/ml pAsp. Samples were mineralized inside 
a TRIS buffer solution at 37 °C and were stained with 1.0 wt% uranyl acetate to enhance contrast. (A) Image after 48 hour of 
mineralization. The fibrils are completely covered with material. (B) Zoomed-in image of an individual fibril. The banding 
pattern is vaguely visible, indicating material has possibly infiltrated the fibril. (C) Electron diffraction pattern of the 
highlighted area. The pattern showed no sign of crystallinity.  

Intrafibrillar mineralization 
To investigate the infiltration behavior in more detail, fibrils were mineralized for longer time periods. 
After 72 hours still no intrafibrillar mineralization was observed so the mineralization was extended to 
two weeks. The results are shown in (Fig. 44). The outside of the fibril appears to be covered with 
material, possibly amorphous calcium phosphate that has not yet infiltrated in the fibril. The banding 
pattern of the fibril is only partially visible and small crystals are present along the long axis of the 
collagen fibril (Fig. 44A,D). Electron diffraction shows clear signs of crystallinity (Fig. 44B,E). The electron 
diffraction patterns were analyzed in more detail using the aforementioned MATLAB scripts (Fig. 44C,F) 
and the d-spacing values are close to values reported for hydroxyapatite.11  
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Fig. 44 – TEM images of mineralized bovine hide collagen in the presence of 10 µg/ml pAsp. Samples were mineralized inside 
a TRIS buffer solution at 37 °C and were stained with 1.0 wt% uranyl acetate to enhance contrast. (AD) TEM images after 2 
weeks of mineralization. Small crystals are present along the long axis of the fibrils. (B,E) Corresponding electron diffraction 
patterns showing a clear sign of crystallinity. (C,F) Radial average plot of the diffraction patterns shown in (B,E) respectively. 

The results are distinctly different to those found in literature. In the case of Nudelman et al.16 elongated, 
oriented platelets of apatite crystals were formed over the entire length of the fiber. In our case the 
crystals do not appear to be platelets. It is difficult to be sure that the mineralization has taken place 
intrafibrillarly. To be sure the crystals are actually inside the fibril, electron tomography can be used to 
create a complete three-dimensional reconstruction of the fibril. From (Fig. 44A,D) we can see that the 
crystals are evenly distributed over the length of the fibril. The electron diffraction pattern consists of 
clear spots, which indicates the crystals have a certain orientation. They appear to be aligned along the 
long axis of the fibril, which indicates there is involvement of the collagen matrix. We therefore tend to 
believe we have succeeded in the intrafibrillar mineralization of this specific type of collagen.  
 
3.3 Calcium Carbonate Mineralization 
The next step in our study on the templating action of the collagen scaffold was to mineralize the collagen 
fibril with crystalline calcium carbonate.  
 
A piece of degassed collagen sponge was immersed in a mineralization solution consisting of CaCl2 (10 
mM, and 1 mg/ml poly(allylamine hydrochloride). The vial was placed inside a desiccator and a second 
vial containing ammonium carbonate was placed next to the first vial. The CO2 and NH3 gas released from 
the ammonium carbonate slowly diffused into the calcium chloride solution and induced the formation 
of CaCO3 within the sponge. After approximately 17 hours the sponge was removed from the 
mineralization solution, washed, stained with osmium tetraoxide, dehydrated in an ethanol series, 
embedded in epoxy resin, sectioned using an ultramicrotome and applied on TEM grids. A section 
containing the collagen sponge can be seen in (Fig. 45A). The majority of the section consist of epoxy 
resin. The white regions are the collagen sponge. The dark lines are folding lines induced in the sample 
due to the cutting.  A zoomed in image reveals a cross section of the collagen fibrils embedded in the 
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epoxy (Fig. 45B). Because the sponge consists of a network of collagen fibrils, the fibrils are oriented in 
random directions in the epoxy. Without staining, the contrast of the collagen as compared to the epoxy 
resin is, however, very poor. Only using high under focus values the collagen banding pattern can vaguely 
be determined. No crystals were found in this region of the section, indicating the collagen sponge has 
not completely mineralized. 
 

 
Fig. 45 – TEM images of mineralized collagen sponge in the presence of 1 mg/ml poly(allylamine hydrochloride). (A) Overview 
image of a 70 nm thick section of the sponge. (B) Higher magnification of the region indicated in (A), revealing the presence 
of collagen fibrils in a background of epoxy resin.  

There are also multiple regions that contain a lot of small crystals, such as the one seen in (Fig. 46A). It is 
difficult to know for sure if there is any collagen present in the background or if these crystals just 
randomly nucleated in this region. There is no direct visual evidence that suggests the presence of 
collagen fibrils, even while using high under focus values. The crystals, however, appear to be aligned in 
a certain direction, as indicated by the arrow in (Fig. 46A). The corresponding diffraction pattern (Fig. 
46B) also clearly shows the crystals have a certain orientation. This indicates the crystals are not just 
randomly dispersed on the cross section but that they have been aligned by something, possibly by an 
underlying collagen fibril. The electron diffraction pattern was analyzed in more detail using the 
aforementioned MATLAB script (Fig. 46C). The d-spacing values are close to values reported for vaterite.  
 

 
Fig. 46 – TEM image of mineralized collagen sponge in the presence of 1 mg/ml poly(allylamine hydrochloride). (A) Region 
containing a lot of small crystals. The arrow indicates the alignment direction of the crystals. (B) Diffraction pattern 
corresponding to the highlighted region in (A). (C) Radial average plot of the diffraction pattern shown in (B). 

A similar region can be seen in (Fig. 47A). The crystals in this region definitely show a certain alignment 
as indicated by the arrow. The alignment might come from an underlying collagen fibril that is present in 
the background. However, no visual evidence was found that confirms the presence of a collagen fibril.    
The corresponding diffraction pattern (Fig. 47B) show a clear sign of crystallinity. The electron diffraction 
pattern was analyzed in more detail using the aforementioned MATLAB script (Fig. 47C). The d-spacing 
values are close to values reported for vaterite.  
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Fig. 47 – TEM image of mineralized collagen sponge in the presence of 1 mg/ml poly(allylamine hydrochloride). (A) Region 
containing a lot of small crystals. The arrow indicates the alignment direction of the crystals. (B) Diffraction pattern 
corresponding to the highlighted region in (A). (C) Radial average plot of the diffraction pattern shown in (B). 

Effect of staining 
To enhance the contrast of the collagen fibrils, the sections were post-stained with either a 1.0 wt% 
uranyl acetate or 1.0 wt% sodium silicotungstate solution. Uranyl acetate works great when looking at 
individual self-assembled collagen fibrils in TEM but in the case of a collagen sponge embedded in epoxy, 
the uranyl acetate only had limited effect (Fig. 48A). The contrast is somewhat better than without 
staining and when zoomed in, the banding pattern of the fibrils could be identified. The contrast is, 
however, still very poor. On top of that, the uranyl acetate has a pH of about 4.5, which could potentially 
dissolve the calcium carbonate crystals present in the sample. Sodium silicotungstate is a negative 
staining agent. The effect of this staining agent was, however, much better than with uranyl acetate. 
After post staining the sections with sodium silicotungstate, the banding pattern of the collagen fibril is 
clearly visible (Fig. 48B). On top of that, a SST solution can be neutralized by adding a small amount of 
base. 
 

 
Fig. 48 – TEM images of mineralized collagen sponge in the presence of 1 mg/ml poly(allylamine hydrochloride). (A) Sample 
stained with 1.0 wt% uranyl acetate for 5 min. (B) Sample stained with 1.0 wt% sodium silicotungstate for 5 min.  

Intrafibrillar mineralization 
After having improved the contrast of the fibrils, the final challenge was to find a region where both the 
crystals as well as the collagen could clearly be observed. Most sections contain a significant amount of 
collagen fibrils present in every possible direction. To find a well-defined cross section of a collagen fibril 
in combination with crystals located inside the fibril, is not easy.  
 
One of these regions can be seen in (Fig. 49A). This image reveals a cross section of a collagen fibril with 
crystals located inside the cross section. Because the sample is a thin section of the collagen sponge, the 
crystals located inside the fibril in the image must also be inside the actual fibril. The sample was tilted 
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from -45° to + 45° to confirm this was indeed the case.  The corresponding electron diffraction pattern 
shows a very faint reflection, indicating some crystallinity (Fig. 49B). These results lead us to conclude we 
have achieved intrafibrillar mineralization of this type of collagen with a crystalline polymorph of calcium 
carbonate. The electron diffraction pattern was analyzed in more detail using the aforementioned 
MATLAB script (Fig. 49C). The d-spacing values are close to values reported for vaterite. Because the 
reflection is so faint, there is quite a lot of noise present in the radial average plot, which makes it difficult 
to identify the correct reflections. 
 

 
Fig. 49 – TEM image of mineralized collagen sponge in the presence of 1 mg/ml poly(allylamine hydrochloride). (A) Region 
containing both a collagen fibril and crystals. (B) Diffraction pattern corresponding to the highlighted region in (A). Sample 
was stained with 1.0 wt% sodium silicotungstate to enhance contrast. (C) Radial average plot of the diffraction pattern shown 
in (B). 

3.4 Collagen Conclusion 
We have shown the successful intrafibrillar mineralization of two different types of collagen with two 
different materials. Based on the above results we can conclude in general that collagen is a complex 
biological system to work with. We have had multiple issues with both the self-assembly as well as the 
mineralization of the collagen fibril. The reasons for these issues were not always clear and this made us 
realize how little we actually know of the mineralization process. Our results show no direct evidence 
that the collagen scaffold directs the formation of ultrathin crystals, unlike what has been shown in 
literature.4 We believe that the mineralization process itself has to be studied in more detail before the 
templating action of the collagen fibril can be successfully explored.  
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Chapter 4. Results and discussion – Liquid Crystal Membrane 
 
4.1 Membrane Characterization 
Before the liquid crystal membranes can be mineralized and their abilities as a template model can be 
studied, the membranes first have to be properly characterized. From the literature we know that the 
nanopores present in the membrane can be disrupted by raising the pH of the system higher than 9 using 
0.05M KOH. At this pH level the carboxylic acid groups present in the membrane are neutralized and 
form carboxylate salts with the K+ ions, which subsequently disrupt the hydrogen-bond bridges.64   
 
POM with cross polarizers was used to analyze the alignment of the liquid crystals before and after 
opening the nanopores with 0.05 M KOH. The membranes were viewed under two different polarization 
directions. The films clearly show birefringence, which indicates there is alignment of the liquid crystal 
molecules (Fig. 50A,B). If the molecules were not aligned but instead would be randomly oriented, the 
film would not show any birefringence. The overall alignment of the film does not change upon breaking 
the hydrogen-bond bridges. The crystals are all aligned parallel to the substrate, both before and after 
opening the nanopores. The difference in interference color is caused by a difference in optical 
retardation between the closed and opened films. The optical retardation is the product of the film 
thickness d and the birefringence ∆n. After disrupting the hydrogen-bond bridges, the order of the 
carboxylic acid groups becomes more random and hence the liquid crystals become less anisotropic and 
the birefringence ∆n decreases. The film also swells up and becomes very fragile after the hydrogen-
bond bridges are disrupted. As a result the film curls up at the edges, as can be seen in (Fig. 50B). The 
film thickness before opening the pores is between 15 and 20 µm.62  The d-spacing of the layers before 
opening is approximately 2.7 nm and increases to approximately 3.4 - 3.7 nm after opening the pores.61,63  
Gonzalez et al. 61 reported that for these kind of hydrogen-bond bridged liquid crystal membranes, the 
optical retardation in the opened state drops to about 10% of its initial value.  
 
Because we want to compare the development of the mineral phase within the liquid crystal membrane 
with the development of the mineral phase inside the collagen scaffold, we want to use similar conditions 
as used in the mineralization of collagen. This means being as close as possible to physiological conditions, 
such as using a pH of 7.4. Kuringen et al.64 reported that the pH of the liquid crystal membrane system has 
to remain above pH 8.5 for the pores to stay completely open. It is important to note that in their study 
they only looked at the influence of sodium ions and potassium ions, which both have an electric charge of 
+1. These sodium or potassium ions can readily dissociate from the carboxylate moieties and can be 
replaced by a proton upon the decrease of pH. For our mineralization reaction we use calcium ions. Calcium 
ions have an electric charge of +2 and form carboxylate salts with two carboxylate moieties. These 
complexes are therefore more stable and the calcium ions will dissociate less easily from the carboxylate 
moieties. This hypothesis was tested by first immersing the liquid crystal membranes in 0.05 M KOH to 
open the pores and subsequently immersing the opened films in a 50 mM TRIS buffer solution (pH 7.4) 
containing 11.6 mM CaCl2 and 150 mM NaCl for 24 hours. POM confirmed that after opening the pores 
with CaCl2 the overall alignment of the film has not changed (Fig. 50C). The difference in interference 
color between the opened state by KOH and the opened state by CaCl2 is possibly due to the stronger 
interaction of the calcium ions with the carboxylic moieties than the interaction of the potassium ions with 
the carboxylic moieties. The order of the carboxylic acid groups is not as high as in the case of the hydrogen-
bond bridged state but it is expected to be larger than in the opened state by KOH. This yields a different 
birefringence, which can be observed by the difference in interference color. 
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Fig. 50 – Schematic illustration of the different state of the liquid crystal membrane and the corresponding POM images taken 
between cross polarizers (arrows indicate polarization direction). (A) Closed state with the hydrogen-bond bridges still intact. 
(B) Opened state with hydrogen-bond bridges disrupted by immersing the film in 0.05M KOH. (C) Opened state with the 
hydrogen-bond bridges disrupted by immersing the film in an 11.6 mM CaCl2 solution at pH 7.4. 
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Further characterization was done using FTIR. The spectra of a closed film, an opened film with KOH and 
an opened film with CaCl2 are shown in (Fig. 51).  
 

 
Fig. 51 – FTIR spectrum of the liquid crystal film before and after opening the nanopores with 0.05M KOH and 11.6 mM CaCl2 
at pH 7.4, respectively. The peaks are normalized on the band at 1728 cm-1. The red dotted line indicates the most important 
peaks for the H-bond bridged state. The green dotted line indicates the most important peaks for the carboxylate salt. 

A complete overview of the peaks is given in Table 1. The different bands of the spectra are assigned 
based on literature.62,64,72 The spectra are normalized on the band at 1728 cm-1, which is associated with 
the C=O stretching vibration mode of the benzoate ester group present in the crosslinker 1,4-phenylene 
bis(4-(6-(acryloyloxy)hexyloxy) benzoate (C6H). This crosslinker is present in both the opened and the 
closed state of the film and the intensity of the peak remains unaffected by the addition of KOH or CaCl2 
to the system.  
 
Table 1 – Vibrational modes of the liquid crystal film before and after opening the nanopores with KOH. 

Band (cm-1) Vibrational mode  Molecule 
1728 C=O stretch C6H crosslinker
1676 C=O stretch H-bond bridged membrane
1607 In ring C-C stretch Both
1580 In ring C-C stretch Both
1544 Symmetric COO- stretch Carboxylate salt
1512 In ring C-C stretch Both
1429 In-plane OH bend H-bond bridged membrane
1383 Asymmetric COO- stretch Carboxylate salt

The large peak at 1676 cm-1 is ascribed to the C=O stretching vibration mode of the hydrogen-bonded 
carboxylic acid groups of the benzoic acid moieties present in the 4-(6-acryloyloxylhexyloxy)benzoic acid 
(6OBA) molecule. A small peak at 1429 cm-1 is identified as the in-plane bending vibration mode of the 
OH group of the hydrogen-bonded molecule. If the hydrogen-bonds are disrupted, these peaks disappear 
completely. Upon disruption of the hydrogen bonds, a new band at 1544 cm-1 is formed, which is 
identified as the asymmetric COO- stretching vibration mode of the newly formed carboxylate salt of the 
6OBA molecule. A second large peak at 1383 cm-1 is formed, which is the symmetric COO- stretching 
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vibration mode of the carboxylate of the 6OBA molecule. The results are quite similar when the pores 
have been opened with CaCl2.  The peak associated with the C=O stretching vibration of the carboxylic 
acid groups (1675 cm-1) is still fully absent and the peaks associated with the COO- stretching vibrations 
of the carboxylate salts (1544 cm-1 and 1383 cm-1) still have a strong intensity. The peaks are slightly 
shifted and are slightly decreased in intensity as compared to the film disrupted with KOH. The peak at 
1383 cm-1 is much broader and appears to have a shoulder at 1429 cm-1. This indicates that perhaps not 
all hydrogen-bond bridges have been fully disrupted.  The absence of the large peak at 1676 cm-1 is, 
however, a strong indication that the majority of the hydrogen-bond bridges is disrupted and that the 
membrane can be infiltrated with the mineralization solution.  
 
4.2 Calcium Carbonate Mineralization 
Xu et al.65 recently showed these particular hydrogen-bond bridged liquid crystal membranes could be 
used as a template model for the growth of ultrathin CaCO3 crystals. Because we want to investigate this 
templating action in more detail, the first step was to repeat their experiment and show the membranes 
could actually be used to grow ultrathin crystals. 
 
A small piece of the liquid crystal membrane was immersed in 0.05 M KOH solution for 30 minutes to 
break up the hydrogen-bond bridges and to open the nanogaps. The pieces were then washed and 
subsequently immersed in a vial containing a solution of CaCl2 (10 mM) and 25 µg/ml polyaspartic acid. 
The vial was placed inside a dessicator and a second vial containing ammonium carbonate was placed 
next to it. The CO2 and NH3 gas released from the ammonium carbonate slowly diffused into the calcium 
chloride solution and induced the formation of CaCO3 within the membrane. After approximately 24 
hours the membrane was removed from the mineralization solution. The membrane was then fixed in 
epoxy resin and cut using an ultramicrotome. After the sections were collected on a grid, they could be 
imaged using TEM. The results are shown in (Fig. 52). 
 

 
Fig. 52 – TEM images of a liquid crystal membrane mineralized with calcium carbonate in the presence of 25 µg/ml pAsp for 
24 hours at pH 9.0. (A) Overview image of a thin section cut with an ultramicrotome. (B) Zoomed in image of the area 
highlighted in (A). (C) Zoomed in image of the area highlighted in (B). The membrane is clearly infiltrated with material. (D) 
Fast Fourier Transform of the region highlighted in (C) showing a periodicity of about 5.2 nm. 
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The results are relatively similar to the results Xu et al. reported.65 In (Fig. 52A) an overview image of the 
mineralized thin section can be seen. Near the edge of the membrane, several darker regions can be 
seen, suggesting the membrane has been infiltrated with material. When zoomed in on one of these 
areas, thin lines can be seen in the background (Fig. 52B). When zoomed in even further in this area, 
clear layers of the membrane can be observed (Fig. 52C). A Fast Fourier Transform of this area revealed 
a periodicity of approximately 5.2 nm (Fig. 52D). The material between the layers is approximately 2 nm 
in size. This corresponds quite well to the distances reported in literature, which state that the distance 
between two layers after disruption of the pores is approximately 3.4 - 3.7 nm.61,63 This is also consistent 
with what Xu et al. reported.65  
 
There are also several differences with the work from Xu et al.65 Electron diffraction revealed no sign of 
crystallinity in the potentially infiltrated region (Fig. 53B). This is contrary to the results of Xu et al.65, 
which clearly showed they could infiltrate the liquid crystalline membranes with calcite crystals. The 
absence of any reflections in the diffraction pattern is an indication that our membrane might have been 
infiltrated with amorphous calcium carbonate that has not transformed into crystalline calcium 
carbonate yet or that the crystals are too small for the electron diffraction to give any reflections. It could 
also be an indication that only calcium ions have infiltrated the membrane, causing an effect similar to 
staining samples with a heavy metal salt. The membrane itself is made up mostly of carbon and appears 
bright in the TEM image. Calcium ions are heavier than carbon and therefore scatter more electrons, 
showing up dark in the TEM image. There are only a few areas in the membrane that show up darker 
than the rest of the membrane. This could be an indication that the membrane in this area is more 
disordered and that material has accumulated in this region. When zoomed in, the membrane layers 
show up as white lines in a black background (Fig. 53). This makes it difficult to conclude whether material 
has actually infiltrated the membrane pores or just accumulated in a region where there was poor order 
of the layers. 
 

 
Fig. 53 – TEM image of a liquid crystal membrane mineralized with calcium carbonate in the presence of 25 µg/ml pAsp for 
24 hours at pH 9.0. (A) Region showing potential infiltration of the membrane with calcium carbonate. (B) Diffraction pattern 
corresponding to the highlighted region in (A). The pattern showed no sign of crystallinity. 

Because Xu et al.65 already studied the behavior of the membrane on calcium carbonate extensively, we 
did not attempt any further experiments with the mineralization of the liquid crystal membranes with 
calcium carbonate.  
 
4.3 Calcium Phosphate Mineralization 
Because we want to compare the development of the mineral phase inside the liquid crystal membranes 
with the development of the mineral phase inside the collagen fibrils, we want to use similar conditions as 
used prior for the mineralization of our collagen fibrils. We also want to compare the results to the 
mineralization of the membrane with calcium carbonate. This lead to some difficulties, as the conditions 
used by Xu et al.65 were distinctly different than the conditions we used in the case of collagen 
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mineralization. The first step was therefore to screen for the optimum conditions. Based on the results 
from Xu et al.65 and the DLS measurements from before, a polyaspartic acid concentration of 25 μg/ml was 
chosen. Our mineralization experiments with collagen showed it took approximately two weeks for the 
fibrils to show any sign of intrafibrillar mineralization, so the reaction time was set to two weeks. This is 
much longer than the 24 hour reaction time Xu et al.65 used but it is important the reaction has enough 
time for the amorphous calcium phosphate to crystallize into hydroxyapatite. Finally, in the case of 
collagen mineralization the reaction took place at pH 7.4 and 37 °C to mimic the conditions in vivo. Xu et 
al.65 mineralized the membranes at a pH of 9.0 and at room temperature. To make a proper comparison, 
both pH levels and temperatures were screened in the following experiments.  
 
The first characterization was done using FTIR. The spectra of a film mineralized at pH 7.4 at RT/37 °C 
and pH 9.0 at RT/37 °C are compared to the spectra of the liquid crystal membrane film in its closed and 
opened state. The spectra are shown in (Fig. 54). 
 

 
Fig. 54 – FTIR spectrum of the liquid crystal film after mineralizing the membrane with calcium phosphate in the presence of 
25 μg/ml pAsp for two weeks.  The peaks are normalized on the band at 1728 cm-1. The red dotted line indicates the most 
important peaks for the H-bond bridged state. The green dotted line indicates the most important peaks for the carboxylate 
salt. The blue dotted line indicates the most important peak for the phosphate. 

The absence of the C=O stretching vibration at 1676 cm-1 indicates the hydrogen-bond bridges have been 
removed after mineralization. Because the membranes have been mineralized with calcium phosphate, a 
new peak originates in the spectra. The peak at 1022 cm-1 is ascribed to the PO4

3- stretching vibration and 
is an indication whether or not phosphate is present in the membrane. From the spectra in (Fig. 54) it is 
immediately clear that the PO4

3- peak in the case of pH 7.4 at 37 °C is much larger than in the case of pH 
7.4 at RT. In the case of pH 9.0 this is, surprisingly, the other way around. The large intensity of the peak 
could be an indication that calcium phosphate has infiltrated the membrane. It could, however, also 
simply be an indication that calcium phosphate is present on the exterior of the membranes. FTIR is not 
conclusive in this case, so both the mineralization at pH 7.4 as well as the mineralization at pH 9.0 were 
further explored. 
 
4.3.1 Mineralization at pH 7.4 
POM was used to characterize the liquid crystal membrane after it has mineralized at pH 7.4 for two 
weeks. POM reveals the overall alignment of the liquid crystal molecules did not change after the 
mineralization (Fig. 55). Mineralization at room temperature yielded very similar POM images as we have 
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seen before when the pores were opened with just CaCl2 (Fig. 55A). The mineralization at 37 °C showed 
different interference colors, which might indicate the presence of crystals in between the opened pores 
(Fig. 55B). We can also clearly see black crystals on the outside of the membrane. These are likely calcium 
phosphate crystals that have been mineralized on the exterior of the membrane. This might explain the 
large intensity of the phosphate peak in the FTIR spectra shown in (Fig. 54). Despite the presence of 
crystals on the outside of the membrane, the difference in interference color indicates there might also 
be crystals present within the membrane. The membranes were therefore embedded in epoxy and cut 
using an ultramicrotome so that they could be observed with TEM. 
 

 
Fig. 55 – POM images taken between cross polarizers (arrows indicate polarization direction) for the mineralized liquid crystal 
membranes in the presence of 25 µg/ml pAsp for two weeks at pH 7.4. (A) Mineralization at room temperature. (B) 
Mineralization at 37 °C.   

TEM yielded some interesting results. From (Fig. 56A) we can see that membrane itself is surrounded by 
epoxy film. Because the sections are so very thin and the membrane is rather fragile, several folds are 
present in the membrane. On both edges of the liquid crystal film, long rows of crystals can be seen as 
well. A zoomed in image of one of these edges reveal the presence of many crystals (Fig. 56B). These 
crystals are present in random orientations. It is important to note these crystals are not inside the liquid 
crystal membrane but have rather nucleated on the exterior of the membrane. After embedding the 
membrane in epoxy and subsequently cutting it with the ultramicrotome, the crystals were probably 
fixed in this position and a number of them where cut in half. Electron diffraction on these crystals 
confirm the crystals are hydroxyapatite. The electron diffraction pattern was analyzed in more detail 
using the aforementioned MATLAB script (Fig. 56C). The d-spacing values are close to values reported for 
hydroxyapatite.11 
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Fig. 56 – TEM images of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml pAsp for 
two weeks at pH 7.4 and 37 °C. (A) Overview image of a thin section cut with an ultramicrotome. (B) Zoomed in image of the 
area highlighted in (A). Crystals with many different orientations are found along the edge of the membrane. Inset: 
corresponding electron diffraction pattern consistent with hydroxyapatite. (C) Radial average plot of the diffraction pattern 
shown in the inset of (B). 

To be sure whether the crystals really consist of calcium and phosphate and to get more information 
about the elemental composition of the membrane and the epoxy, EDX measurements were done on 
one of the edges of the membrane. Because EDX has to be performed in STEM mode, the image was first 
analyzed using STEM mode and the results were compared to the regular TEM mode (Fig. 57). 
 

 
Fig. 57 – TEM images of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml pAsp for 
two weeks at pH 7.4 and 37 °C. (A) Image taken in TEM mode. (B) Image taken in STEM mode. The highlighted areas are the 
areas where the EDX measurements have been taken from. 1) epoxy. 2) membrane. 3) crystals. 4) crystals with smaller spot 
size. 

In STEM mode the contrast is different than in regular TEM mode. In regular TEM mode contrast is 
formed by the amount of electrons that are transmitted through the sample. Elements with high atomic 
number scatter more electrons and therefore appear dark in the image. In STEM mode contrast is formed 
by the scattered electrons. Elements with high atomic number scatter more electrons and therefore 
appear bright in the image.66 The calcium phosphate crystals therefore appear as dark objects in a TEM 
image and as light objects in a STEM image.  
 
Four EDX measurements were performed on four different locations. The results can be seen in (Fig. 58). 
The results show that the crystals indeed consist of calcium and phosphate. There is no phosphate peak 
present in either the epoxy or the liquid crystal membrane, as one would expect. A relative small calcium 
peak is present in the membrane, indicating some calcium ions might have infiltrated the membrane. 
The sodium and chloride peaks present in every spectrum are likely residues left from the buffer solution. 
This contained a relatively high salt concentration of 150 mM NaCl. The EDX results confirm our earlier 
assumption and show that the crystals are indeed made up from hydroxyapatite.   
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Fig. 58 – EDX measurements on the sample seen in Fig. 57B. The results clearly show the crystals found along the edge of 
the membrane consist of calcium phosphate. 

More sections were cut to find regions similar to the results shown before for the infiltration of the 
membrane with calcium carbonate. In (Fig. 59A) an overview image of a thin section can be seen. Near 
the edge of the membrane a dark region can be seen, indicating a possible infiltration site. When zoomed 
in on this area, similar thin lines can be seen in the background as we have observed before in the case 
of calcium carbonate (Fig. 59B). When zoomed in further on this area, bands of the membrane infiltrated 
with material can be seen (Fig. 59C). A Fast Fourier Transform of this area revealed a periodicity of 
approximately 5.6 nm (Fig. 59D). This corresponds quite well to the separation distance between two 
layers reported in literature and is close to our previous results.   
 

C 

C 

C 

C 

O 

O 

O 

O 

Na 

Na 

Na 

Na 

Si 

Si 

Si 

Si 

P 
P 

Cl 

Cl 

Cl 

Cl K 

K K 

K 

Ca 

Ca 

Ca 

Ca Ca 

Ca 



49 
 

 
Fig. 59 – TEM images of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml for two 
weeks at pH 7.4 and 37 °C. (A) Overview image of a thin section cut with an ultramicrotome. (B) Zoomed in image of the area 
highlighted in (A). Thin lines are visible in the background. (C) Zoomed in image of the area highlighted in (B). (D) Fast Fourier 
Transform of the region highlighted in (C) shows a periodicity of about 5.6 nm. 

Electron diffraction on the potentially infiltrated region showed a very faint reflection (Fig. 60B).  This is 
an indication that the membrane has indeed been mineralized with crystalline material. The reflection 
might be so faint because the crystals in the membrane are very small. The electron diffraction pattern 
was analyzed in more detail using the aforementioned MATLAB scripts (Fig. 60C) and the d-spacing is  
close to values reported for hydroxyapatite.11 Because the reflection is so faint, there is quite some noise 
present in the radial average plot. One peak, which corresponds to the (222) reflection of hydroxyapatite 
stands out above the noise, though. 
 

 
Fig. 60 – TEM image of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml pAsp for 
two weeks at pH 7.4 and 37 °C. (A) Region showing potential infiltration of the membrane with calcium phosphate. (B) 
Diffraction pattern corresponding to the highlighted region in (A). The pattern showed a very faint reflection. (C) Radial 
average plot of the diffraction pattern shown in (B). 
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To be sure whether the area really contains calcium phosphate, the area has been analyzed in more 
detail using EDX. To do so the image was first analyzed using STEM mode and the results were compared 
to the regular TEM mode (Fig. 61). The dark area lights up in STEM mode, indicating the presence of 
elements with a higher atomic number than elements present in the surrounding membrane. 
 

 
Fig. 61 – TEM images of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml pAsp for 
two weeks at pH 7.4 and 37 °C. (A) Image taken in TEM mode. (B) Image taken in STEM mode. The highlighted areas are the 
areas where the EDX measurements have been taken from. 1) small region. 2) large region. 

Two EDX measurements were then performed, one measurement was performed on a small region and 
one measurement on the entire infiltration region. The results can be seen in (Fig. 62).  
 

 
Fig. 62  – EDX measurements on the sample seen in Fig. 61B. The clearly show the crystals found along the edge of the 
membrane consist of calcium phosphate. 

A large calcium peak is present in both areas but hardly any signal for phosphate can be found. These 
results are remarkable, as it would indicate this region has not been infiltrated with calcium phosphate 
after all. The images seen with TEM, however, appear very similar to the results found in the case of 
mineralization with calcium carbonate. It is unclear what has infiltrated in these membranes exactly. The 
electron diffraction pattern of this region gave a reflection, which indicates some level of crystallinity. 
This pattern cannot occur solely from the infiltration of the membranes with calcium ions. Based on all 
these results it is not possible to conclude for certain that these membranes were infiltrated with calcium 
phosphate under these conditions. The system was therefore further studied under different conditions.  
 
4.3.2 Mineralization at pH 9.0 
The liquid crystal membranes were characterized after they were mineralized at pH 9.0 for two weeks. 
POM reveals the alignment of the liquid crystal molecules did not change after the mineralization (Fig. 
63). These POM images were different than the POM images taken after the membrane was mineralized 
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for two weeks at pH 7.4 The interference colors of the membrane after mineralization at room 
temperature (Fig. 63A) and at 37 °C (Fig. 63B)  were distinctly different. As seen before, this could be an 
indication that material has been mineralized within the pores of the membrane.  
 

 
Fig. 63 – POM images taken between cross polarizers (arrows indicate polarization direction) for the mineralized liquid crystal 
membranes in the presence of 25 µg/ml pAsp for two weeks at pH 9.0. (A) Mineralization at room temperature. (B) 
Mineralization at 37 °C.   

Because the POM results alone are inconclusive, the membrane mineralized for two weeks at 37 °C was 
embedded in epoxy and cut using an ultramicrotome so that it could be observed with TEM. The results 
are quite similar to the mineralization at pH 7.4. Again the membrane itself is surrounded by epoxy film, 
and long rows of crystals are present on the edge of the membrane (Fig. 64A). A zoomed in image of one 
of these edges reveals the presence of many crystals grouped closely together (Fig. 64B). The electron 
diffraction pattern of these crystals confirms the reflections are consistent with hydroxyapatite. The 
electron diffraction pattern was analyzed in more detail using the aforementioned MATLAB script (Fig. 
64C). The d-spacing values are close to values reported for hydroxyapatite.11 
 

 
Fig. 64  – TEM images of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml pAsp for 
two weeks at pH 9.0 and 37 °C. Image of an edge of the membrane embedded in epoxy. (B) Zoomed in image of the area 
highlighted in (A). Crystals with many different orientations are found along the edge of the membrane. Inset: corresponding 
electron diffraction pattern. 

On some sections potential infiltrated areas can be found, which are similar to the regions seen in the 
membranes mineralized at pH 7.4. One of these potential infiltrated sites can be seen in more detail in 
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(Fig. 65). In (Fig. 65A) an overview image of the thin section is shown. In the middle of the membrane, a 
darker region can be seen. When zoomed in on this area, smaller, darker spots can be seen in the 
background (Fig. 65B). When zoomed in further on this area, these dark spots appear to be small crystals 
(Fig. 65C). This is different than our previous results. This time no bands of the membrane could be 
observed. A Fast Fourier Transform of this area revealed a signal at approximately 3.2 nm (Fig. 65D). This 
value corresponds quite well to the distances reported in literature, which state that the distance 
between two layers after disruption of the pores is approximately 3.4 - 3.7 nm.61,63 This is remarkable, as 
in the case of mineralization pH 7.4 the FFT analysis revealed a periodicity of 5.6 nm. This might indicate 
that the material has not infiltrated in between the pores after all and only accumulated in this region 
because the disorder in this region is larger than in the rest of the membrane. 
 

 
Fig. 65 – TEM images of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml for two 
weeks at pH 9.0 and 37 °C. (A) Overview image of a thin section cut with an ultramicrotome. (B) Zoomed in image of the area 
highlighted in (A). (C) Zoomed in image of the area highlighted in (B). (D) Fast Fourier Transform of the region highlighted in 
(C) shows a periodicity of about 3.2 nm. 

Electron diffraction on the potentially infiltrated region showed faint rings, indicating there is crystallinity 
(Fig. 66B). This is a strong indication that the membrane has been mineralized with a crystalline material. 
The electron diffraction pattern was analyzed in more detail using the aforementioned MATLAB script 
(Fig. 66C) and the d-spacings are close to values reported for hydroxyapatite.11 Because the rings are 
quite broad, the corresponding peaks in the radial average plot are also quite broad. This makes it difficult 
to determine the exact d-spacing. 
 
 

d= 3.22 nm 

B A 

C D 

membrane 

epoxy 



53 
 

 
Fig. 66 – TEM image of a liquid crystal membrane mineralized with calcium phosphate in the presence of 25 µg/ml pAsp for 
two weeks at pH 9.0 and 37 °C. (A) Region showing potential infiltration of the membrane with calcium phosphate. (B) 
Diffraction pattern corresponding to the highlighted region in (A). (C) Radial average plot of the diffraction pattern shown in 
(B). 

4.4 Liquid Crystal Membrane Conclusion 
The above results demonstrate that mineralization of these nanoporous liquid crystal membranes with 
both calcium carbonate and calcium phosphate is, in fact, possible. The mineralization process is, 
however, not so easy to control. It took a lot of effort to find mineralized areas within the liquid crystal 
film. This indicates the mineralization process is somehow limited. The areas that we did find, reveal that 
the membranes are not so ordered as one would expect from the literature. It appears material 
accumulates exclusively in small regions where the membrane is poorly ordered and the internal 
structure of the membrane is disrupted. A possible solution for this problem is to use a different liquid 
crystal membrane film. By increasing the crosslink density during the synthesis, it might be possible to 
create liquid crystal membranes that are still highly ordered after the pores have been opened. If the 
amount of crosslinker is increased too much, however, it is possible that the nanopores won’t be easily 
opened anymore, which would limit the growth of crystals within the nanopores. This might then be 
solved by increasing the pore size of the membrane. 
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Chapter 5. Conclusion  
 
The goal of this project was to study the development of the mineral phase within collagen fibrils as well 
as within hydrogen bond-bridged nanoporous liquid crystal membranes to investigate if these systems 
can provide a generic route for the growth of ultrathin crystals, regardless of their specific chemistry. Our 
approach was twofold and was based on the mineralization of both collagen fibrils as well as a synthetic 
model based on liquid crystal membranes, with both calcium phosphate and calcium carbonate. We have 
shown the collagen system and the liquid crystal membrane system can indeed be mineralized with both 
calcium phosphate and calcium carbonate. These results can therefore be considered as a proof of 
concept of the proposed theory. Our results, however, do not yet show conclusive evidence that the 
systems can be used as a universal template models. We have shown that many aspects of the 
mineralization process are still unresolved and more research on the development of the mineral phase 
is required to further support our hypothesis. 
 
During this project several techniques were used to study the various steps involved in the mineralization 
process. It was more difficult than expected to achieve intrafibrillar mineralization of the different 
collagen systems. The actual infiltration of the fibrils appeared to be especially difficult. We have 
explored several different types of collagen and used several mineralization conditions but in all cases 
the infiltration of the collagen fibrils with either calcium phosphate or calcium carbonate was challenging, 
despite the fact that the materials were stabilized by polyaspartic acid and poly(allylamine 
hydrochloride), respectively. The reason for this behavior is still unclear. Literature has shown it is 
possible to infiltrate and mineralize collagen fibrils using similar conditions as we used. It appears the 
collagen system is very sensitive to environmental conditions and while some mineralization conditions 
might work for one type of collagen, this is no guarantee that the conditions will work for another type 
of collagen as well. This is odd as this indicates there are some distinct differences between different 
collagen systems. 
 
Our study on the liquid crystal membranes has given us important information on the infiltration 
processes of these kind of systems. We have shown that it is possible to open the nanopores at lower pH 
levels than was assumed earlier in literature and we have shown that the pores can be infiltrated with 
calcium phosphate in a similar matter as to how calcium carbonate infiltrates the membranes. The 
amount of areas within the liquid crystal membrane containing crystalline calcium phosphate were, 
however, scarce.  This indicates there is a problem with the infiltration of the membranes. TEM shows 
that the membranes are not so ordered as one would be expected from the literature. After the 
nanopores are opened, most of the internal organization of the film is disrupted.  This makes it difficult 
to predict how much of the material in solution can actually infiltrate in the membrane pores.  
 
In conclusion, our study has demonstrated that both the collagen scaffold as well as the hydrogen-bond 
bridged nanoporous liquid crystal membranes can be mineralized with multiple materials. We believe 
the practical limitations of these systems can be resolved in time by further studying the mineralization 
process in more detail. These findings may form the basis for a better understanding of nature’s ability 
to create highly complex materials and ultimately the development of a universal template model for 
the growth of ultrathin crystals. 
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Chapter 6. Recommendations  
 
We have seen that collagen is very sensitive to environmental conditions and that we do not understand 
the exact details of the mineralization process. There are still plenty of difficulties with the infiltration of 
the collagen fibrils and the subsequent transformation of the material into crystalline, oriented platelets.  
It is also still unclear what the exact role is of the collagen matrix in the mineralization process and which 
role the various non-collagenous proteins play. We believe these problems can be addressed by using 
novel, highly advanced microscopic techniques, such as liquid phase electron microscopy and atom 
probe tomography. In situ liquid phase electron microscopy allows the imaging of processes in situ. We 
believe this technique can become a powerful tool to study the development of the mineral phase in real 
time. We also believe atom probe tomography can at one point become a powerful tool to study the 
development of the mineral phase within the fibrils in great detail and to visualize the interactions 
between the different organic and inorganic components.  Despite the fact that APT is absolutely not 
ready yet for use on organic samples at this moment, a lot of research is currently done to optimize the 
technique. 
 
The liquid crystal membranes used in this work show a lot of potential to study the mineralization 
processes without having to deal with the complexity of the collagen system. The membranes used so 
far are, however, not yet optimized for our proposed application. The internal organization of the 
membranes is heavily disrupted after the nanpores are opened. This makes it difficult to use the system 
as a proper template model for the growth of ultrathin crystals. By increasing the amount of C6H 
crosslinker during the synthesis the internal structure of the membranes will become more rigid, making 
it easier to grow crystals within the nanopores. If the amount of crosslinker is increased too much, 
however, it is likely that the nanopores won’t easily be opened anymore by base treatment. To address 
that problem, it might also be useful to increase the pore size. We believe the system has a lot of potential 
but more research is required to find the optimum conditions for the synthesis of well-ordered hydrogen 
bond bridged nanoporous liquid crystal membranes.  
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Chapter 7. Experimental 
 
7.1 Materials 
Collagen Solution 
A collagen solution from type-I rat tail tendon (4 mg/ml in 0.2M acetic acid – pH 3.0) and collagen solution 
from type-I bovine skin (TeloCol®, 1 mg/ml in 0.01M HCl – pH 2.0) were purchased from Cellsystems. At 
these low pH levels the collagen fibrils are disassembled and remain in solution.  
 
Self-assembly of the soluble collagen was done either directly on a TEM grid or inside a buffered solution. 
Regardless of the method, the goal was to increase the pH to physiological levels to trigger the collagen 
assembly into fibrils and its subsequent precipitation.36 To maintain a steady pH we used a buffer 
solution: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (10 mM, pH 7.4, Sigma 
Aldrich) containing NaCl (150 mM, Sigma Aldrich) or a tris-(hydroxymethyl)-aminomethane (TRIS) buffer 
(50 mM, pH 7.4, Merck) containing NaCl (150 mM). The pH of the buffer solutions was adjusted to pH 
7.4 by adding 1M NaOH or 1M HCl.  
 
Self-assembly of the collagen inside the buffer solution was done by injecting 75µl of the soluble collagen 
in 250 µl TRIS buffer solution and incubation at 37 °C for ~ 3 hours. After self-assembly, the collagen was 
collected on a TEM grid and the grid was rinsed in water for 1 minute and the excess liquid was manually 
blotted. 
 
Self-assembly of the collagen directly on a TEM grid was done by placing the TEM grid on a droplet of 
TRIS buffer and incubation at 37 °C and 100% humidity in a vitrification robot (FEI Vitrobot™ Mark III) for 
~ 2 hours. Afterwards the grid was rinsed in water for 1 minute and the excess liquid was manually 
blotted. 
 
Collagen Sponge 
A collagen tape composed of reconstituted type-I bovine collagen (strips of 2.5 cm x 7.5 cm) was 
purchased from Ace Surgical Supply. 
 
The sponge was prepared either by crushing the sponge in liquid nitrogen or by embedding the sponge 
in epoxy resin and cutting it with an ultramicrotome. Regardless of the method, the collagen sponge was 
first cut in smaller pieces of approximately 1 cm x 1 cm, immersed in MiliQ water and degassed overnight. 
 
Crushing the sponge in liquid nitrogen was done by placing the wet pieces of sponge inside a 
polyethylene bag, immersing the bag in a bowl of liquid nitrogen and subsequently smashing it with a 
hammer. After crushing, the collagen was resuspended in water and transferred to a TEM grid.  
 
The procedure for embedding the sponge in epoxy resin is described in the section about mineralization 
with CaCO3, as this was only done after first mineralizing the collagen sponge with CaCO3. 
 
Staining of the collagen  
Staining of the collagen was done with uranyl acetate to enhance contrast. This was performed on some 
samples directly after self-assembly of the collagen. After collecting the collagen on TEM grids, the grids 
were placed on a droplet of 1.0 wt% uranyl acetate solution for 15 seconds, then washed with MilliQ 
water for 1 minute and the excess liquid was manually blotted. 
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Mineralization of collagen solution with calcium phosphate 
Collagen mineralization with calcium phosphate was done either in the presence or absence of 
polyaspartic acid (pAsp). The mineralization was done either in a cultured well plate or inside a buffered 
solution.  
 
Mineralization in the cultured well plate was done by placing the collagen absorbed TEM grids (described 
above) in a TRIS buffer solution (50 mM, pH 7.4) containing CaCl2 (4.5 mM), K2HPO4 (2.1 mM) and 10 
µg/ml polyaspartic acid (Mw 2000-11000 Da, Sigma Aldrich) at 37 ˚C for 24 to 72 hours in a 96-well 
microplate. After mineralization the grids were washed on a droplet with water for 5 min. and the excess 
liquid was manually blotted. 
 
Mineralization inside a buffered solution was done by injecting the self-assembled collagen in TRIS buffer 
solution (described above) in another TRIS buffer solution (50 mM, pH 7.4) containing CaCl2 (4.5 mM), 
K2HPO4 (2.1 mM) and 10 µg/ml polyaspartic acid and was then incubated at 37 ˚C for 24 to 72 hours. 
After mineralization the mineralized collagen was collected on a TEM grid, washed with water for 5 min. 
and the excess liquid was manually blotted. 
 
Mineralization of collagen sponge with calcium phosphate 
Degassed pieces of collagen sponge were placed inside a HEPES buffer solution (10 mM, pH 7.4) 
containing CaCl2 (2.7 mM,), K2HPO4 (1.35 mM) and 10 µg/ml polyaspartic at 37 ˚C for 24 to 72 hours. 
After mineralization, the pieces were washed extensively with MiliQ water, crushed in liquid nitrogen, 
resuspended in water and collected on a TEM grid. 
 
Mineralization of collagen sponge with calcium carbonate 
Degassed pieces of collagen sponge were placed inside a vial containing a solution of CaCl2 (10 mM) with 
1 mg/ml poly(allylamine hydrochloride) (Mw 58000 Da, Sigma Aldrich). The vial was covered with 
parafilm and several needle holes were made in the film before the vial was placed in a closed desiccator. 
Next to the vial, a vial containing fresh (NH4)2CO3 (Sigma Aldrich) was placed.  The CO2 and NH3 gas 
released from the ammonium carbonate slowly diffuses into the calcium chloride solution and induces 
the formation of CaCO3 within the sponge. The total reaction time was ~ 17 hours. 
 
After mineralization of the sponge with CaCO3, the sponge was washed three times in water. The sponge 
was then stained with osmium tetroxide (OsO4) for approx. 3 hours to increase contrast when imaging 
and to increase the visibility of the sponge for sectioning. After staining, the sponge was dehydrated in 
an ethanol series. This was done by placing the sponge in a consecutive series of increasing % pure 
ethanol. After dehydration, the sponge was placed in a 50/50 wt%/wt% ratio of epoxy/ethanol and left 
over night. The sponge was then submerged in 100% Epofix™ Cold-Setting Embedding Resin (Electron 
Microscopy Sciences) and cured at room temperature for a total of three days. After curing, the sample 
was cut using an ultramicrotome and the sections were collected on a TEM grid. To enhance contrast, 
some sections were post-stained by placing the TEM grid on a 1 wt% uranyl acetate for 30 s – 5 min or 
by placing the TEM grid on a 1 wt % sodium silico tungstate (Agar Scientific) neutralized to pH 7, for 5 
min. After staining, the grid was washed with water and the excess liquid was manually blotted. 
 
Liquid Crystal Membrane 
The hydrogen bridged 4-(6-acryloyloxylhexyloxy) benzoic acid (6OBA) and the liquid crystalline 
crosslinker, 1,4-phenylene bis(4-(6-(acryloyloxy)hexyloxy) benzoate (C6H) were both custom made by 
Synthon Chemicals. Initiator 1-hydroxycyclohexylphenylketone (Irgacure 184) was supplied by Ciba 
Specialty Chemicals and the thermal polymerization inhibitor p-methoxyphenol was purchased from 
Sigma Aldrich. 
 
A LC mixture was made from the hydrogen bridged 6OBA and the covalently bonded crosslinker C6H in 
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a 90/10 wt%/wt% ratio. In order to make the mixture accessible for photo polymerization, 0.5 wt% 1-
hydroxycyclohexylphenylketone was added as photoinitiator. For stabilization, 0.1 wt% of p-
methoxyphenol was added as thermal polymerization inhibitor. The mixture was dissolved in 
tetrahydrofuran, which was subsequently evaporated at 50 °C for approximately 1 hour. Films with a 
thickness that varied between 15 and 20 μm were made by processing the mixture in the melt at 105 °C 
by capillary suction between two accurately spaced glass plates. The photo polymerization in the smectic 
state of the monomers was performed at 95 °C for 5 min with a mercury lamp (Omnicure s1000) at an 
intensity of approximately 5 mW cm−2 at the sample surface followed by a heat treatment at 135 °C to 
ensure maximum conversion of the acrylate groups. 
 
Mineralization of the membranes with calcium carbonate 
The liquid crystal membranes were cut in smaller pieces of approximately 0.5 × 0.5 cm and immersed in 
0.05 M KOH solution for 30 min to break up the hydrogen bridges and to open the nanogaps. The pieces 
were washed with water to remove the residual base and subsequently immersed in a vial containing a 
solution of CaCl2 (10 mM) and 25 µg/ml polyaspartic acid. The vial was covered with parafilm and several 
needle holes were made in the film and the vial was placed in a closed desiccator. Next to this vial, a vial 
containing fresh (NH4)2CO3 (Sigma Aldrich) was placed. The CO2 and NH3 gas released from the 
ammonium carbonate slowly diffuses into the calcium chloride solution and induces the formation of 
CaCO3 within the sponge. The total reaction time was ~ 24 hours. 
 
To image the membranes with TEM, the mineralized membranes were immersed in 100% Epofix™ Cold-
Setting Embedding Resin, cured at 70 °C for 3 hours and cut using an ultramicrotome. The sections were 
then collected on a TEM grid. 
 
Mineralization of the membranes with calcium phosphate 
The liquid crystal membranes were cut in smaller pieces of approximately 0.5 × 0.5 cm and immersed in 
0.05 M KOH solution for 30 min to break up the hydrogen bridges and to open the nanogaps. The pieces 
were washed with water to remove the residual base and subsequently immersed in TRIS buffer (50 mM, 
pH 7.4) containing CaCl2 (5.8 mM) and K2HPO4 (4.12 mM) and 25 µg/ml polyaspartic acid. The total 
reaction time was 2 weeks. After mineralization the membranes were washed with distilled water and 
dried with filter paper. 
 
To image the membranes with TEM, the mineralized membranes were immersed in 100% Epofix™ Cold-
Setting Embedding Resin, cured at 70 °C for 3 hours and cut using an ultramicrotome. The sections were 
then collected on a TEM grid. 
 
7.2 Methods 
Transmission Electron Microscopy 
Copper TEM grids (Continues carbon film, 200 mesh - Electron Microscopy Sciences) and gold CryoTEM 
grids (QUANTIFOIL® R2/2 Holey carbon film, 200 mesh - Quantifoil Micro Tools) were surface plasma 
treated for 40 seconds using a Cressington 208 carbon coater prior to use.  
 
Imaging of the collagen samples in the dry state was performed on a FEI Tecnai 20 (type Sphera) equipped 
with a LaB6 filament operating at 200 kV. The images were recorded using a 1k x 1k Gatan CCD camera. 
For Cryo imaging, sample vitrification was performed using an automated vitrification robot (FEI 
Vitrobot™ Mark III) for plunging into liquid ethane. CryoTEM samples were studied on the TU/e CryoTitan 
(FEI, www.cryotem.nl), equipped with a with a field emission gun operating at 300 kV and a post column 
Gatan Energy Filter. The images were recorded using a 2k x 2k Gatan CCD camera.  
 
Prior to imaging the mineralized collagen sponges and the mineralized liquid crystal membranes with 
TEM, the samples were first embedded in Epofix™ Cold-Setting Embedding Resin and cured overnight. 
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The embedded samples were trimmed at room temperature with a diamond trimming knife (DiATOME 
Cryotrim 45) and then sectioned (70 nm thickness) at room temperature with a diamond cutting knife 
(DiATOME ultra 45°) on a Reichert-Jung Ultracut-E Ultramicrotome operating at 3 mm/s. The sections 
were then transferred on copper TEM grids (continuous carbon, 200 mesh) and studied with a FEI Tecnai 
20 (type Sphera) equipped with a LaB6 filament operating at 200 kV. 
 
Scanning Electron Microscopy 
Imaging of the mineralized collagen sponges was performed on a FEI Quanta 3D FEG equipped with a 
field emission electron gun operating at 10 kV. Dried, dehydrated pieces of collagen sponge were placed 
on a SEM stub with carbon tape. Subsequently, the samples were sputter-coated with a thin layer of 
chromium using an Emitech K550 sputter coater operating at a current of 100 mA for 30 seconds. 
 
Atom Probe Tomography 
Atom Probe characterization of the collagen fibrils was performed on an IMAGO LEAP 3000X Si device 
(CAMECA) equipped with a pulsed picosecond laser (532 nm, 400 kHz) to field evaporate ions from the 
sample tip. A self-assembled collagen fibril was picked up using a Kleindiek MM3A-EM micromanipulator 
in combination with a FEI Quanta 3D FEG SEM. To pick up the collagen fibrils with the Kleindiek needle, 
the collagen was dispersed on a TEM grid containing a carbon film with circular holes of about 3 µm in 
size. (QUANTIFOIL® R 2/2, Cu 200 mesh hexagonal - Quantifoil Micro Tools). The grid was placed vertically 
inside the SEM so that the needle could push through the holes and pick up the collagen fibrils with the 
needle. 
 
Polarized Optical Microscopy 
Polarized Optical Microscopy of the liquid crystal membranes was performed on a Zeiss Axioplan 2 
equipped with a Zeiss Axiocam camera and two polarizers that were positioned either crossed or parallel 
with the sample in between. A light source with a color temperature of 3200 K was used. 
 
Energy- dispersive X-ray Spectroscopy 
EDX analysis of the mineralized liquid crystal films was performed on a FEI Tecnai 20 (Type Sphera) 
equipped with a LaB6 filament operating at 200 kV. EDX spectra were recorded on an EDAX detector in 
STEM mode using spot size 5. 
 
Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FTIR) spectra were obtained using a Varian 3100 FT-IR Excalibur 
spectrometer equipped with a Specac Golden gate diamond ATR and the spectra were signal- averaged 
over 50 scans at a resolution of 1 cm−1.  
 
Electron Diffraction 
Selected Area Electron Diffraction (SAED) of the mineralized samples was performed on a FEI Tecnai 20 
(Type Sphera) equipped with a LaB6 filament operating at 200 kV. 
 
Dynamic Light Scattering 
Dynamic light scattering (DLS) measurements were performed on a Zeta-sizer Nano-Series (Malvern 
Instruments). A measuring angle of 173˚ and a 4 mW He-Ne laser with a wavelength of 633 nm was used. 
The attenuator was set to 11, meaning no attenuation. The position of the laser was set to the center of 
the cuvette. 
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