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Summary 

Nature provides us tremendous information in terms of the design rules of hierarchical 
materials therefore throughout the scientific journey of humankind, scientists are constantly 
inspired by nature to produce hierarchical materials. Hierarchical materials, whether natural 
or synthetic, are organized matters in a multiscale manner, therefore, displaying distinct 
architectural structures at alternating length scales with each level of the structure being a 
self-forming individual building block. The structural complexity of hierarchical materials 
intrinsically provides tremendous physical properties that otherwise cannot be obtained. In 
nature, we find interesting examples of highly ordered and porous materials with pore 
structures tuned to their specific functions such as bone and diatoms. For example, bone is a 
composite biomaterial composed of inorganic hydroxyapatite minerals and organic collagen 
proteins organized into a sophisticated architecture with a multiscale structural hierarchy 
responsible for providing strength and protection. In another example, the silica formed by 
diatoms demonstrates a high and complex multiscale porosity and hierarchical organization. 

The formation of biological hierarchical materials, as well as of many synthetic ones 
occurs from aqueous media. Self-organization at ambient conditions through a bottom-up 
strategy is the hallmark of biological materials, a strategy that provides invaluable insights to 
design rules of synthetic hierarchical materials. By exploiting the bottom-up synthesis route 
one can create complex hierarchical end materials by employing rather simple building 
blocks. Furthermore, because both natural and synthetic materials have multiple levels of 
three-dimensional structural hierarchy, two-dimensional imaging techniques do not provide 
adequate structural information. Consequently, to determine the fine details of each 
hierarchical organizational level of either synthetic or natural materials, advanced electron 
microscopy techniques such as electron tomography and focused ion beam/serial slice and 
view is required. 

After a short introduction highlighting the motivation of this thesis and explaining 
the experimental methods used in this thesis (Chapter 1), the formation of supracolloids using 
spherical building blocks namely polystyrene latex and silica nanoparticles is presented in 
Chapter 2 which describes the first level of hierarchy that is formed by employing bottom-
up strategy. Later, in Chapter 3 the formation of more complex supracolloids is described by 
altering the size ratios of the primary organic and inorganic building blocks. By tuning the 
size ratio, which is the simplest parameter, it is shown that the final order of smaller 
components on the surface of the larger component can be controlled. Consequently, a novel 
bottom-up strategy combining the enthalpy-driven self-assembly of particles at low 
concentration and the entropy-driven packing of particles at high concentration is 
demonstrated in Chapter 4 to create a porous silica-based hierarchical material. In Chapter 5 
the self-assembly process of collagen molecules leading to the formation of a model platform 
that mimics the hierarchy of bone is demonstrated. The orientation of collagen fibrils induced 
by adjusting the initial concentration and environmental parameters provides an in vitro 
platform for cells to govern their functionalities. A detailed multiscale structural analysis of 
control and pathological bone is demonstrated in Chapter 6 and 7. It is shown that the 
mutations that occur at the molecular level affect the multiscale hierarchy of bone in 
pathological conditions. Finally, in Chapter 8 a summary of insights that gained over the 
course of making this thesis is laid out. 

xi 
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Chapter 1  

2 

1. General Introduction 

1.1 Adobe House versus Skyscraper 

Probably all readers know what a skyscraper is: a large and complex towering building with 
all kinds of technical provisions. Less known is maybe an adobe house: a small and simple 
one-floor building with only the bare essentials provided. Surely the comparison given in the 
title does not express the content of the rest of this thesis but when we think about the 
definition of a building which is a structure with a roof and walls(1), fundamentally an adobe 
house is the same as a skyscraper: they are both categorized as buildings. Then the question 
becomes: what is the most obvious difference between an adobe house and a skyscraper? 
Among the many different aspects such as materials and mechanical integrity, the complexity 
in architecture at each level of organization is the most fundamental difference between an 
adobe house and a skyscraper.  

Similar to skyscrapers, synthetic and natural hierarchical materials exhibit distinct 
complex architectural characteristics at each level of organization. For example, bone is a 
biomaterial that has a complex hierarchical organization providing toughness and stiffness at 
the same time(2). A characteristic fundamental building block of bone is the mineralized 
collagen fibril. The mineralized collagen fibril, together with other proteins and components 
of bone, are arranged in a complex hierarchical structure over 9 levels that is responsible for 
the mechanical properties of this unique biomaterial(3). 

Engineers teach us that the strength of a building highly depends on its architectural 
design, the amount of building material used, and the mechanical properties of the building 
materials. A tiny miscalculation or lack of using proper basic materials in the process of 
building a skyscraper would have catastrophic effects, and the same holds true for synthetic 
or natural hierarchical materials. A man-made tiny miscalculation is equivalent to a small 
mutation at the molecular level in the process of bone formation. Bone related diseases and 
pathological tissues occur in the event of a mutation in the genes encoding the type I 
collagen(4). As a consequence, these genetic mutations not only change one amino acid in 
collagen molecules but also have an impact on bone structure from the nanoscale all the way 
up to the macroscopic level(5). 

Being able to build a structure with complex architectural design is something that comes 
with a tremendous amount of knowledge that humankind accumulated over thousands of 
years. However, in the scientific community luckily, we do not need tens of thousands of 
years to build synthetic complex hierarchical materials. In the past few decades, tremendous 
progress was made in making synthetic hierarchical materials having a wide range of 
composition and morphology, leading to a scalar of properties. For self-assembly in particular 
(particle) size, shape, and surface chemistry are important. Similar to how cells in our bodies 
control and tune the formation of the simplest building blocks during the process of bone 
formation, we, as scientists, can also control (at least partially) the events that occur at the. 
nano level in order to tune the self-assembly of fundamental building blocks and further 
create more complex structures. 

1.2 Hierarchical Materials 

1.2.1 Synthetic Materials 

General Introduction 

  3 

The preparation of well-defined fundamental building blocks is the first step in order to create 
synthetic hierarchical materials, the latter being a process that is comparable to building a 
construction starting from the bricks. In the same way, as bricks can be the elementary units 
for a building and atoms being the elementary units of crystals and molecules, colloidal 
nanoparticles can be employed as fundamental building blocks for synthetic hierarchical 
materials.  

As individual colloidal nanoparticles have useful properties, mixing and combining 
different organic and inorganic nanoparticles allow scientists to explore uncharted areas of 
material properties. Under optimum solution conditions, colloidal nanoparticles can form 
well-defined structures that can be classified as supraparticles. Tuning the size, shape, and 
composition of each component is a crucial step in various fields of science and technology. 
To produce supraparticles, one can follow one of several strategies. One strategy denoted as 
template free synthesis(6) relies on mixing preformed organic nanoparticles with a precursor 
of the inorganic component. This method leads to a random distribution of inorganic 
nanoparticles on the surface of the organic nanoparticles and this nonuniformity in 
distribution and size of the inorganic nanoparticles can lead to a reduction of efficiency in 
applications such as catalysts(6). Another strategy to produce supraparticles is to utilize the 
colloidal self-assembly of preformed organic and inorganic nanoparticles by finely tuning 
the solution conditions(7). Colloidal self-assembly of preformed individual nanoparticles 
overcomes many of the problems associated with template-free synthesis by using dynamic 
repulsive and attractive interactions to tune the assembly of both components and control the 
size, composition, and distribution of inorganic nanoparticle on the surface of organic 
nanoparticles.  

Almost 40 years ago Harley et al. and Luckham et al. laid the ground for the field of the 
adsorption of oppositely charged small particles into larger particles by utilizing the colloidal 
self-assembly of individual nanoparticles at different electrolyte concentration vie 
electrostatic interactions(8,9). It has been shown that the formation of raspberry-like 
supraparticles was possible by using hetero-coagulation strategy to attach small anionic latex 
particles onto larger cationic latex particles. Electrostatic interactions between small and 
larger nanoparticles have been exploited since then to create raspberry-like supraparticles 
from inorganic and organic nanoparticles as well. In one of the earlier examples, the assembly 
of different inorganic nanoparticles onto larger polystyrene particles which is an excellent 
example of the flexibility of the colloidal self-assembly approach to create raspberry 
supraparticles with different components has been shown(10). While silica formed by living 
organisms, namely diatoms, is fascinating since it demonstrates a high and complex 
multiscale porosity which still can provide good mechanical properties, it is also the most 
abundant mineral on earth and has excellent mechanical and thermal properties. Therefore, 
silica would be an attractive material, provided the porosity, tunable pore structure, and 
mechanical properties can be tailored for specific applications.  

With these thoughts in mind, several aspects of colloidal self-assembly of silica and 
polystyrene latex nanoparticles, the formation of raspberry supraparticles as well as the 
formation of multiscale ordered hierarchical end material will be investigated in this thesis. 

1.2.2 Natural Materials 

Natural materials often show exhibit tremendous hardness, damage resistance, and strength(2). 
These extraordinary properties of materials found in nature, including bone(11), nacre(12),  
exoskeleton of beetles(13), and many other biological materials, have attracted the attention of 
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the scientific community for many years in the past. It is well known that one of the major 
reasons for having biological materials such superior properties is their complex hierarchical 
organization(2).  

For instance, nacreous mollusk shells, which consist of 95% CaCO3 by volume, 
demonstrates mechanical properties that are better than for monolithic CaCO3

(14). Several 
features that provide superior mechanical properties have been identified, including and most 
importantly the staggered brick-and-mortar organization and interlocked platelets of nacre(12). 
From the standpoint of the interplay between hierarchical organization and mechanical 
properties, another important example is bone. Bone is a natural material that has a complex 
hierarchical organization which provides support and protection. The hierarchical 
organization of bone starts at the molecular level where the formation of collagen begins with 
three alpha chains; two α1 and a single α2 chain which then assemble into a triple helix. Each 
of these alpha chains consists of approximately 1000 amino acids, Glycine-X-Y being the 
most repetitive unit. After the formation of collagen from the three initial alpha chains and 
cleaving the non-helical N and C registration peptides, a mature tropocollagen molecule 
remains. This forms the organic building block with a length of approximately 300 nm and a 
diameter of 1.5 nm(15).  

Lateral and longitudinal aggregation of the collagen molecules is the next essential step 
in the extension of the structures from the nanoscale to microscale. This extension starts with 
the formation of a collagen microfibril, which is constructed from five collagen molecules 
that are stacked in a quarter-staggered array. This array is then assembled into a semi-
hexagonal arrangement and is stacked in such a way that there is an approximately 67 nm 
repeat zone between the ends of two staggered molecules over the lateral direction(16). Placing 
multiple of these semi-hexagonal quarter staggered arrays over the lateral direction and 
binding together via the crosslinks forms a collagen fibril. Incorporation of carbonated 
hydroxyapatite into the gaps of the fibril leads to the formation of mineralized collagen fibrils.  

Being the fundamental building block in the hierarchical organization of bone, 
mineralized collagen fibrils then assemble into a higher level of organization, namely arrays 
of collagen fibers. The assembly process of mineralized collagen fibrils in vivo is rather 
complex, starting in the endoplasmic reticulum of the osteoblasts and extending into to 
extracellular space. The diameter of these arrays of collagen fibers can vary between slightly 
less than a micrometer to several micrometers(17–19). From this point onwards, the hierarchical 
organization of bone diversifies as different types of bone, such as lamellar and woven bone, 
are known. Here, our focus will be on lamellar bone due to the fact that 80% of the total bone 
mass of an adult human skeleton consists of lamellar bone. Moreover, lamellar bone contains 
collagen fibrils that are arranged in parallel arrays and demonstrate greater strength compared 
to woven bone(17–19). 

A complex hierarchical organization can only provide extraordinary properties to natural 
materials if the design rules during the formation of natural materials were obeyed. In such 
cases where undesired interventions during the formation of natural materials occur, the 
hierarchical organization of those biomaterials will be disturbed which results in less 
favorable mechanical properties. A typical example for bone is a disease called osteogenesis 
imperfecta(4), where a single mutation on the molecular level affects the hierarchical 
organization of the whole bone at the macroscopic level. The most common structural defect 
in type I collagen causing osteogenesis imperfecta are glycine substitutions in the helical 
domain(15) which results in severe clinical consequences such as skeletal fragility and 
substantial growth deficiencies(5).  

General Introduction 

  5 

To that end, the hierarchical organization of control and pathological bone will be 
investigated in this thesis by employing a top-down approach. Within the hierarchical 
structure, each level of organization will be addressed and investigated in an attempt to 
understand the effect of a mutation that occurs at the molecular level.  

1.3 Electron Microscopy 

Synthetic and natural hierarchical materials have been analyzed by a variety of microscopy 
techniques which include scanning electron microscopy (SEM)(20), transmission electron 
microscopy (TEM)(21,22), and more advanced techniques such as focused ion beam / serial 
slice and view (FIB/SSV)(3,23–26) and electron tomography (ET)(3). While conventional 
electron microscopy techniques might be sufficient to identify the broader features of 
hierarchical materials, the fine details of these materials in 3D at the length scale of 
fundamental building blocks can only be truly identified and interpreted by employing 
advanced electron microscopy techniques. Therefore, throughout this thesis, either synthetic 
or natural hierarchical materials will be characterized by using both conventional (2D) and 
advanced electron microscopy (3D) techniques. 

1.3.1 Transmission Electron Microscopy 

A transmission electron microscope operates on the same basic principles as the light 
microscope but uses electrons instead of light. Because the wavelength of electrons is much 
smaller than that of light, the attainable resolution for TEM images is many orders of 
magnitude better than that from a light microscope. Thus, TEMs can reveal the finest details 
of internal structure - in some cases as small as individual atoms. In a typical TEM, an 
electron beam is generated from an electron source. The electron beam then travels through 
the condenser system eventually forming a parallel electron beam, which passes through and 
interacts with a very thin sample. The beam which transmitted the sample, with gathered 
information of the samples, later passes through an objective lens before it reaches a detector 
where eventually the image is recorded. Additionally, the contrast of the TEM images is 
generated by the interaction of electrons with the sample. Electrons can be subjected to 
different types of interaction with the sample which leads to various types of signals with 
different content of information. Most frequently used TEM techniques mainly collect the 
bright field (BF) signal which contains electrons that have undergone no interaction with the 
sample or that have been scattered inelastically or elastically(27)(28). 

Whether a natural or synthetic complex hierarchical material, both need to be 
characterized in detail by employing advanced techniques. As those materials have multiple 
levels of complexity and 3D organizational hierarchy, 2D imaging methods do not provide 
detailed structural information. Therefore, an advanced TEM technique, namely electron 
tomography (ET) (Figure 1.1), is employed in order to unwrap the fine details of natural and 
synthetic hierarchical materials that were used in this thesis. The growing importance of 
electron tomography has been previously demonstrated with the focus being put on biological 
materials(3,20) as well as materials science(29,30). In the process of electron tomography, a series 
of 2D images are acquired by tilting the sample in the electron beam and recording one image 
at incremental degrees of rotation. Subsequently, the collected images are used to reconstruct 
a 3D intensity map of the sample which provides additional information compared to 
conventional 2D techniques.  
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Figure 1.1: A schematic overview and workflow of electron tomography. 

1.3.2 Scanning Electron Microscopy 

A scanning electron microscope is a type of electron microscope that produces images of a 
given sample using a focused beam of electrons that scans the surface of a sample(31). 
Electrons that are interacting with the sample produce a variety of signals depending on the 
structure and location at which they interact. Interactions that occur between electrons and 
atoms on and beneath the surface of the sample generate back-scattered electrons (BSE), 
secondary electrons (SE), and various other signals including characteristic X-rays, which 
provide topographical and compositional information(31). 

The SEM is one of the most frequently used characterization methods when it comes to 
examining either synthetic or natural hierarchical materials. The most important aspect of 
SEM is that it offers the key advantage of high spatial resolution (can be <1 nm) combined 
with a large depth of field and wide field of view. Moreover, the SEM provides us with the 
ability to image across multiple length scales starting from millimeter level all the way down 
to the nanometer level. 

The microscope consists of an electron gun, one or two condenser lenses, two pairs of 
beam deflection coils, the objective lens, and apertures (Figure 1.2a). The specimen chamber 
contains the sample stage, detectors required for the different signals, and a CCD camera 
which helps with setting the working distance or detect possible issues. The specimen 
chamber and column are both vacuum evacuated. The vacuum in the electron column reduces 
the signal interference from electrons hitting gas molecules when being sent towards the 
sample. The electrons used for imaging are generated using an electron gun, these guns are 
either based on the thermionic emission from a tungsten filament that is heated to about 2700 
K, or are generated using a field emission gun (FEG). The electrons generated by the gun are 
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accelerated towards the anode by a voltage ranging from 0.5-30 kV. As mentioned, both SEs 
and BSEs can be used to image different samples as both have their advantages and 
disadvantages when used in imaging specifically of biological materials. BSE was preferred 
when imaging during serial slice and view, due to its improved contrast for distinguishing 
between different structures in complex biological materials such as bone. SEs are mainly 
used for surface topography and in detecting regions of interest.  

  

Figure 1.2 a) A schematic overview of an SEM with its most commonly used detectors (SE and BSE). 

Adapted from ref(32); b) A schematic image of the SSV imaging method. Prior to the SSV procedure, 

the surrounding material is milled away to prevent re-deposition and open up the surface of the 

region of interest. Adapted from ref(33). 

Serial slice and view or serial surface view (SSV) is an advanced 3D imaging technique, 
which can be employed in an SEM that contains a dual-beam setup with both an electron and 
an ion source (Figure 1.2b). The technique allows the user to obtain information from a 
specific volume of interest. This information involves the sequentially slicing of thin sections 
using the focused ion beam (FIB) and imaging the newly exposed surface. Performing this 
sequence of cutting and imaging over a certain volume produces a stack of images that can 
be reconstructed into a 3D volume. Viewing the structures of the multi-layered hierarchical 
organization both in natural and synthetic materials in a 3D intensity map of the imaged 
sample volume provides a greater amount of information than a 2D image ever could. 

1.4 Aim and Outline 

This thesis serves on ultimately one purpose which is elucidating the fine details of some 
natural and synthetic hierarchical materials starting from the level of a basic building block 
to the level of the macroscopic material. Additionally, in the case of synthetic hierarchical 
materials, this thesis also aims at understanding the interplay of self-assembly between 
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inorganic and organic nanoparticles and how would this specific self-assembly behavior be 
affected by the solution conditions. 

In Chapter 2 an explanation to predict and to understand the self-assembly behavior of 
silica and polystyrene nanoparticles in water is given by using DLVO theory and results are 
supported by employing time-resolved Cryo-TEM and DLS experiments. The interplay 
between organic and inorganic nanoparticles and eventually formation of raspberry 
supraparticles occurs when self-assembly is promoted by controlling the ionic strength of the 
solution. The final structure of building blocks made by using silica and polystyrene 
nanoparticles depends on the ionic strength, i.e., Debye length. 

In Chapter 3 we put the theory that was proposed in Chapter 2 to the test. By applying the 
insights that we gained in terms of suitable solution conditions that promote the formation of 
raspberry supraparticles, we aim to produce similar raspberry supraparticles by tuning the 
size ratio between inorganic and organic nanoparticles. In Chapter 4 we demonstrate that the 
enthalpy-driven self-assembly of nanoparticles at low concentration and the entropy-driven 
packing of nanoparticles at high concentration can be combined into a single strategy to 
achieve multiscale ordered three-dimensional materials. 

Chapter 5 serves as a bridge between synthetic and natural hierarchical materials which 
are the two main pillars of this thesis. In Chapter 5 we aim to produce a material that mimics 
the hierarchical structure and composition of one of the natural materials namely bone as 
close as possible. To achieve that we used collagen solutions dried on glass substrates in a 
controlled manner to produce ordered collagen patterns in order to govern cell behavior. In 
Chapter 6 and Chapter 7 we aim to reveal the hierarchical organization of control and 
pathological bone starting from the basic building block level (collagen fibrils and minerals) 
to the material level (organization of osteocytes and patterns of collagen fibers).  
Finally, general conclusions and an outlook are presented in Chapter 8. 
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Chapter 2 

Building Reversible Nanoraspberries 
 

The adsorption mechanism of small positively charged silica nanoparticles (SiO2 NPs) onto 
larger polystyrene latex nanoparticles (PSL NPs) forming hybrid particles was studied. 
CryoTEM showed the morphology of these supraparticles to be raspberry-like. After surface 
modification of the SiO2 NPs, the optimum pH regime to initiate the formation of nano-
raspberries was determined. Thereafter, their size evolution was evaluated by dynamic light 
scattering for different surface charge densities. Reversibility of nano-raspberry formation 
was shown by cycling the pH of the mixture to make interparticle forces either attractive or 
repulsive, while their stability was confirmed experimentally. The number of SiO2 NPs on 
the PSL NPs as determined with cryoTEM matched the theoretically expected maximum 
number. Understanding and controlling the relevant parameters, such as size and charge of 
the individual particles and the Debye length, will pave the way to better control the 
formation of nano-raspberries and higher-order assemblies thereof. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results described in this chapter are based on: 

E. Deniz Eren, Mohammad-Amin Moradi, Heiner Friedrich and Gijsbertus de With, Nano 

Letters 2021. 

00000 -17x24_BNW.indd   2200000 -17x24_BNW.indd   22 20-04-2021   11:2020-04-2021   11:20



Chapter 1  

10 

  

 

11 
 

 

Chapter 2 

Building Reversible Nanoraspberries 
 

The adsorption mechanism of small positively charged silica nanoparticles (SiO2 NPs) onto 
larger polystyrene latex nanoparticles (PSL NPs) forming hybrid particles was studied. 
CryoTEM showed the morphology of these supraparticles to be raspberry-like. After surface 
modification of the SiO2 NPs, the optimum pH regime to initiate the formation of nano-
raspberries was determined. Thereafter, their size evolution was evaluated by dynamic light 
scattering for different surface charge densities. Reversibility of nano-raspberry formation 
was shown by cycling the pH of the mixture to make interparticle forces either attractive or 
repulsive, while their stability was confirmed experimentally. The number of SiO2 NPs on 
the PSL NPs as determined with cryoTEM matched the theoretically expected maximum 
number. Understanding and controlling the relevant parameters, such as size and charge of 
the individual particles and the Debye length, will pave the way to better control the 
formation of nano-raspberries and higher-order assemblies thereof. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results described in this chapter are based on: 

E. Deniz Eren, Mohammad-Amin Moradi, Heiner Friedrich and Gijsbertus de With, Nano 

Letters 2021. 

00000 -17x24_BNW.indd   2300000 -17x24_BNW.indd   23 20-04-2021   11:2020-04-2021   11:20



Chapter 2  

12 

2.1 Introduction  

Small simple building blocks can assemble into disordered or ordered complex structures in 
nature(1,2) or in a laboratory(3,4). If these building blocks assemble into complex ordered 
structures without human intervention, it is called self-assembly(5). Myriads of complex 
structures can be formed via self-assembly, such as colloidal crystals(4), lipid bilayers(6), 
cytoskeletons of cells(7), and virus capsids(8). Self-assembly can be induced in binary colloidal 
systems to form stable raspberry-like structures by finely balancing the attractive and 
repulsive forces between them. Although it sounds like a simple task, the formation of 
raspberry particles requires a good understanding and controlling the critical forces 
responsible for tuning the kinetics of the assembly process.   

In order to force small nanoparticles to attach onto the surface of a larger nanoparticle to 
create a raspberry nanoparticle, one needs to be aware of the importance of the key 
parameters governing the behaviour of individual nanoparticles in the solution. Formation of 
raspberry nanoparticles can be induced if attractive interactions between the different 
nanoparticles overcome the repulsive interactions(9). Various types of raspberry particles 
consisting of organic and inorganic nanoparticles have been created on varying length scales 
by tuning the process conditions, such as ionic strength, pH, type of solvent, and 
temperature(10–15). Importantly, electrostatic interactions(16) between individual nanoparticles 
play a crucial role in their self-assembly. Electrostatic interactions between individual 
nanoparticles are highly susceptible to the ionic strength and pH of the solution, which opens 
new possibilities to control the self-assembly of individual nanoparticles, and thus control 
over the formation of raspberry nanoparticles(10,17). Consequently, the key aspect of 
controlling the formation of nano-raspberries is to understand and manipulate the attractive 
and repulsive forces governing the behavior of different building blocks. To that end, 
understanding and controlling the stability of SiO2 NPs, the PSL NPs, and the nano-
raspberries, as well as the aggregation dynamics of the nano-raspberries as a function of pH 
and ionic strength of the solution, will be the focus of this paper.   

In the past, adsorption phenomena of oppositely charged spherical colloidal particles(12–

15,18,19) have been studied intensively. Vincent et al.(13) studied the deposition of positively 
charged polystyrene latex microspheres onto negatively charged polystyrene latex particles 
and examined the effect of poly (vinyl alcohol) and ionic strength on the deposition kinetics 
of small particles. Similarly, Harley et al.(14) showed the adsorption of small negatively 
charged latex nanoparticles onto larger positively charged latex particles by employing a new 
thin-film, freeze-drying/scanning electron microscopy technique. More recently it has been 
shown that deposition of different organic and inorganic nanoparticles onto larger latex 
particles can be achieved(20–23). Sadowska et al. showed that deposition of positively charged 
100 nm polystyrene latex nanoparticles onto negatively charged 820 nm polystyrene latex 
particles can be initiated by adjusting the ionic strength of the solution(21). In another study 
by Sadowska et al. it was demonstrated that the coverage of larger polystyrene latex particles 
by smaller silver nanoparticles(22) can be controlled to a certain degree by controlling the 
ionic strength of the solution. In still other studies, in line with the above-mentioned works, 
the coverage of polystyrene microspheres by different inorganic nanoparticles was 
demonstrated(20,24). Using a different strategy, Lan et al.(25) showed a method where they 
synthesized raspberry colloids by injecting at 70 °C a mixture of acrylate monomers, styrene 
and the crosslinker divinylbenzene into a water-ethanol solution (80/20 v/v) containing the 
initiator 2,2′-azobis(2-methylpropionamide) dihydrochloride. Due to the solubility 
differences of styrene and acrylate monomers in the water-ethanol mixture, dispersion 
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polymerization of the acrylate monomers and surfactant-free emulsion polymerization of 
styrene-rich emulsion droplets occurred simultaneously which resulted in the formation of 
~45 nm polyacrylate and ~200 nm polystyrene particles. Thereafter, these nanoparticles fused 
thereby creating raspberry colloids in the presence of the cross-linker. They found that the 
solvent conditions and the concentration of cross-linker were crucial in the formation process 
of raspberry particles.  Recently, we showed that the enthalpy-driven self-assembly of 
particles at low concentration and the entropy-driven packing of particles at high 
concentration can be combined into a single strategy to achieve three-dimensional structured 
multi-component materials(26). Last but not least, raspberry-like particles consisting of an 
organic and an inorganic component can play a crucial role in the rational design of the hybrid 
materials, possibly to be used in applications such as catalysts(27), plasmonics(28) and bio-
devices(29). 

The main goal of this paper is to monitor the aggregation dynamics and elucidate the 
driving forces of adsorption of silica nanoparticles (SiO2 NPs) on polystyrene latex 
nanoparticles (PSL NPs). The covering process by the SiO2 NPs is determined under in-situ 
conditions via time-resolved cryoTEM and dynamic light scattering experiments. By cycling 
the pH of the mixture to make interparticle forces either attractive or repulsive, we show the 
reversibility of nano-raspberry formation. In addition to experiments, the stability of the SiO2 
NPs, the PSL NPs and the nano-raspberries as a function of pH and ionic strength of the 
solution, is described using DLVO theory. 

2.2 Results and Discussion 

Zeta potential measurements (Figure 2.1a) were conducted to determine the surface charges 
of the individual nanoparticle samples and to prove that the surface modification process 
resulted in SiO2 NPs with reversible charge. Before surface modification, the SiO2 NPs were 
only negatively charged over the pH range 3-9, while after surface modification the surface 
of SiO2 NPs became positively charged below a pH of approximately 5.5. The same technique 
was employed to determine the surface charge of the PSL NPs and for the whole pH range 
considered the PSL NPs respond to pH changes but remain in a range between approximately 
−40 mV to −60 mV (Figure 2.1a). 
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Figure 2.1 a) Zeta potential measurements of PSL NPs, bare SiO2 NPs, and surface-modified SiO2 NPs. 

b) Evolution of the hydrodynamic diameter of aggregates in a mixture of 30 nm surface-modified SiO2 

NPs and 100 nm PSL NPs at different pHs over time. Results for pH 9 and pH 12 overlap for the whole 

range as they do for pH 5 and 6. The lines drawn are a guide to the eye. 

In order to determine the most efficient pH range to initiate self-assembly between the 
PSL NPs and SiO2 NPs, time-resolved DLS experiments were conducted to monitor the 
formation of aggregates as a function of time at pH values ranging from 2 to 12 (Figures 2.1b, 
Figure A2.3 and A2.4). The DLS results show that at pH 12 and pH 9, the hydrodynamic 
diameter of the hybrid particles does not change and is constant over time at 105 ± 4 nm (for 
details SI3 and SI4). This constant value of the hydrodynamic diameter at pH 12 and pH 9 
over 106 s (or about 1 month) clearly suggests that the PSL NPs and SiO2 NPs do not attach 
to each other owing to repulsive Coulomb interactions at this specific pH range. At pH 6 and 
pH 5 the hydrodynamic diameter for the mixture of SiO2 NPs and PSL NPs also shows a 
constant hydrodynamic diameter over a period of 1 month, but now at a value of 158 ± 5 nm, 
thus significantly larger than the bare PSL. At pH 4 the measured hydrodynamic diameter is 
152 ± 3 nm, does not change initially after mixing, but increases to 216 ± 4 nm after 1 month. 
This can be explained by the low zeta potential value for the hybrid particles at pH 4 which 
was measured to be +6 ± 0.3 mV. The fact these hybrid particles are positively charged 
indicates that positively charged SiO2 NPs are partly covering the negatively charged surfaces 
of PSL NPs. Finally, the hydrodynamic diameter results obtained from a mixture at pH 2 
indicates that the PSL NPs and SiO2 NPs are highly attractive at this pH. They form hybrid 
particles already 2 minutes after mixing for which the hydrodynamic diameter was measured 
to be 257 nm and increasing to many micrometers after one month (Figure 2.1b, pink 
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triangles). Although a precise interpretation of DLS and zeta potential data cannot be 
expected as their prerequisites are not completely fulfilled, they nevertheless offer sufficient 
guidance to explain the mechanism. 

In summary, three different regimes can be observed from the DLS results: 1) a regime 
where the particle diameter stays constant at the size of the PSL NPs suggesting that 
individual nanoparticles do not interact with each other (Figure 2.1b; black squares, and red 
circles), 2) a regime where the particle diameter increased in size relative to the PSL NPs 
suggesting that individual nanoparticles form hybrid particles due to the attractive Coulomb 
forces (Figure 2.1b; green, blue, and turquoise triangles), and 3) a regime in which the particle 
diameter increases far beyond the PSL NP size indicating that large aggregates are formed in 
time (Figure 2.1b; pink triangle). This has been confirmed with cryoTEM, which also shows 
their raspberry-like morphology for pH 4 (Figure 2.2a, 2.2b) and pH 2 after 2 minutes of 
mixing the PSL NPs and SiO2 NPs (Figure 2c-h), with PSL NPs partly covered with SiO2 
NPs (Figure 2.2c, 2.2d, 2.2e) as well as PSL NPs fully covered with SiO2 NPs (Figure 2.2f, 
2.2g, 2.2h). 

CryoTEM results also show that 1 week after mixing at pH 2 the PSL NPs and SiO2 NPs 
form networks of well-defined nano-raspberries with the PSL NPs fully covered with SiO2 

NPs (Figure 2i, 2j). Moreover, DLS results at pH 2 clearly show a gradual increase of the 
hydrodynamic diameter over time. After 6 hours, the hydrodynamic diameter was measured 
as 511 nm, indicating that several nano-raspberries are attached to each other. Finally, the 
DLS results after 1 month show that the hydrodynamic diameter at pH 2 increased to 7600 
nm, indicating that the nano-raspberries are forming agglomerates, as proved via cryoTEM 
(Figure 2.2k, 2.2l, and enveloped with yellow borders in Figure 2.2m).  
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Figure 2.2 CryoTEM images of the mixture of PSL NPs and SiO2 NPs a), b) at pH 4 taken 1 month 

after mixing, c-h)  at pH 2 taken 2 minutes after mixing. In this case  several images are shown to 

demonstrate clearly in detail that the PSL NPs are not fully covered with SiO2 NPs yet, i, j) at pH 2 

taken 1 week after mixing, k-m) at pH 2 taken 1 month after mixing, and n-p) at pH 12 taken 1 month 

after mixing. 
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To compare the experimental results for the number of SiO2 NPs on the surface of PSL NPs 
we used a theoretical estimate as given by Mansfield et al39. They studied how many ‘’probe’’ 
(small) spheres on average can be attached to a ‘’target’’ (large) sphere by a random 
attachment process until all available sites on the surface of the target sphere are exhausted. 
In this calculation the authors either allowed mobility of the small spheres attached to the 
large sphere or not, ultimately resulting in small differences and we assume here immobile 
small spheres. The mean number of the small spheres M that can be attached is given by: 

      1
 

with the constant K = 2.187 ± 0.00439. By using this model, we calculated M and 
compared these results with the experimental results obtained from cryoET (Supporting 
Movie 1). It appears that the number of SiO2 NPs attached to the surface of PSL NPs can be 
predicted quite accurately. For example, in the case of the single nano-raspberry shown in 
Figure 2.3, the theoretical prediction shows that the number of small particles attached to the 
surface of the large particle should be  Mtheor  = 55.5, while cryoET results demonstrate that 
Mexp = 54.  The excellent agreement between the experimental and theoretical M-values is 
also a good indicator that equilibrium was reached. 

 

 
Figure 2.3 Cross-sections at different heights in a nano-raspberry as obtained from cryoET 

reconstructions (a-e) show that the PSL nanoparticle is fully covered with SiO2 NPs. Scale bars 100 

nm. Further, f) shows the cryoTEM image of a single nano-raspberry, and g) and h) show the side and 

top view of the 3D reconstruction of the same nano-raspberry, respectively. 

At this point, one needs to consider that the stability of colloidal particles in a solution 
depends on the balance between attractive van der Waals and repulsive double-layer forces. 
It is also important to note that at higher salt concentrations bridging of nano-raspberries by 
SiO2 NPs could occur. Consequently, insufficient repulsive forces will eventually result in 
an unstable colloidal suspension where nanoparticles stick to each other due to van der Waals 
forces(16). The zeta potential boundary between stable and non-stable colloids is considered 
to be ± 25 or ± 30 mV(30). Hence, in order to determine the stability and cyclability of the 
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after mixing. 
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To compare the experimental results for the number of SiO2 NPs on the surface of PSL NPs 
we used a theoretical estimate as given by Mansfield et al39. They studied how many ‘’probe’’ 
(small) spheres on average can be attached to a ‘’target’’ (large) sphere by a random 
attachment process until all available sites on the surface of the target sphere are exhausted. 
In this calculation the authors either allowed mobility of the small spheres attached to the 
large sphere or not, ultimately resulting in small differences and we assume here immobile 
small spheres. The mean number of the small spheres M that can be attached is given by: 

      1
 

with the constant K = 2.187 ± 0.00439. By using this model, we calculated M and 
compared these results with the experimental results obtained from cryoET (Supporting 
Movie 1). It appears that the number of SiO2 NPs attached to the surface of PSL NPs can be 
predicted quite accurately. For example, in the case of the single nano-raspberry shown in 
Figure 2.3, the theoretical prediction shows that the number of small particles attached to the 
surface of the large particle should be  Mtheor  = 55.5, while cryoET results demonstrate that 
Mexp = 54.  The excellent agreement between the experimental and theoretical M-values is 
also a good indicator that equilibrium was reached. 

 

 
Figure 2.3 Cross-sections at different heights in a nano-raspberry as obtained from cryoET 

reconstructions (a-e) show that the PSL nanoparticle is fully covered with SiO2 NPs. Scale bars 100 

nm. Further, f) shows the cryoTEM image of a single nano-raspberry, and g) and h) show the side and 

top view of the 3D reconstruction of the same nano-raspberry, respectively. 

At this point, one needs to consider that the stability of colloidal particles in a solution 
depends on the balance between attractive van der Waals and repulsive double-layer forces. 
It is also important to note that at higher salt concentrations bridging of nano-raspberries by 
SiO2 NPs could occur. Consequently, insufficient repulsive forces will eventually result in 
an unstable colloidal suspension where nanoparticles stick to each other due to van der Waals 
forces(16). The zeta potential boundary between stable and non-stable colloids is considered 
to be ± 25 or ± 30 mV(30). Hence, in order to determine the stability and cyclability of the 
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nano-raspberry assembly, electrophoretic mobility and zeta potential measurements were 
conducted (Figure A2.5). 

The zeta potential can be linked to the surface charge and can change due to changes in 
pH or due to the salt content of the medium. Results obtained from the mixture at pH 2 
demonstrate that the zeta potential of the solution is +21 mV (Figure A2.5a). Because the 
SiO2 NPs were surface modified by APTES molecules, the amine moieties on the surface of 
the SiO2 NPs are protonated at pH 2. Therefore, we can conclude that the surface of PSL NPs 
was fully covered by SiO2 NPs. The behaviour of individual PSL NPs and SiO2 NPs is quite 
different at pH 4, pH 5, and pH 6 as compared to pH 2. The zeta potentials of mixtures 
measured after 1 week at pH 4, pH 5, and pH 6 were +6 ± 0.3 mV, −5 ± 0.7 mV, and −4 ± 
0.3 mV, respectively (Figure A2.5a).  

These results indicate that PSL NPs and SiO2 NPs have limited interaction with each 
other, as corroborated by the hydrodynamic diameter measurements. Zeta potential 
measurements at pH 9 and pH 12 for the mixtures show highly negatively charged particles, 
which is in line with the zeta potential measurements of the individual PSL NPs and SiO2 
NPs. Individual nanoparticle systems also have a negatively charged surface at higher pHs, 
making it impossible for them to form nano-raspberries upon mixing (Figure 2.2n, 2.2o, 2.2p).   

Furthermore, the reversible and dynamic nature of the nano-raspberries was evaluated 
via cryoTEM and DLS by adjusting the pH of the mixture (Figure 2.4). First, PSL NPs and 
SiO2 NPs were mixed at neutral pH which was thereafter dropped to pH 2 by adding a mixture 
of 0.1 M KCl (50 ml) and 0.1 M HCl (13 ml)(31,32) in order to initiate the formation of nano-
raspberries (Figure 2.3). CryoTEM results indicate that the formation of nano-raspberries 
was successful, and they were efficiently separated from each other. Subsequently, the pH 
was increased to 10 by adding a mixture of 0.2 M KCl (50 ml) and 0.2 M NaOH (12 ml) in 
order to investigate whether the nano-raspberries would stay intact or that individual, 
separated PSL NPs and SiO2 NPs would be observed. CryoTEM results obtained at pH 10, 
demonstrate that separated PSL NPs and SiO2 NPs are observed, indicating that the nano-
raspberries fully dissociated and that the PSL NPs and SiO2 NPs repel each other (Figure 
2.4b), although some small clusters of silica NPs can be observed. In order to fully understand 
the presence of small clusters of silica NPs, we conducted a series of zeta potential 
experiments to evaluate the behaviour of the mixture upon altering the pH. The most striking 
result found was the gradual decrease of the zeta potential of the solution upon increasing the 
pH from 2 to 10 during the 1st cycle (Figure 2.4e, the transition from a to b). This is important 
because the second increase of the pH from 2 to 10 occurred very steeply (Figure 2.4e, the 
transition from c to d) resulting in an immediate negatively charged mixture. This might 
explain why we observed some clusters of SiO2 NPs still sticking to each other creating chain-
like structures (Figure 2.4b). Although we were always very meticulous while conducting 
the experiments, waiting until solutions reach equilibrium before conducting the imaging 
experiments, one can infer from Figure 2.4f that due to the gradual decrease of zeta potential 
during the transition from pH 2 to 10 (the transition from a to b) the mixture may not have 
reached equilibrium yet and that some of the SiO2 NPs are still in contact with each other.  

Thereafter, for the same solution, the pH was adjusted from 10 to 2 (the transition from 
b to c), for which cryoTEM results confirmed the reformation of nano-raspberries (Figure 
2,4c). Finally, the pH was increased to 10 (the transition from c to d) again in order to observe 
whether they disassociate again. CryoTEM imaging demonstrated that the nano-raspberries 
indeed dissociate again, indicating that the individual particles are repelling each other 
(Figure 2.4d) and supporting the results obtained from DLS (Figure 2.4f). Taking everything 
into consideration, this demonstrates the reversible nature of this particle system. 
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Figure 2.4 Dynamic and reversible nature of nano-raspberries as evaluated by cryoTEM 

characterization made by surface-modified SiO2 NPs mixed with PSL NPs: a) Mixture at pH 2; b) The 

mixture as shown in a) brought at pH 10; c) The mixture shown in b) brought at pH 2 again; d) The 

mixture shown in c) brought at pH 10 again; e) DLS results at various pH corresponding to the 

cryoTEM images a) to d) (see also Figure A2.6b). The error bars indicate the standard deviation in the 

mean which is typically 10 nm; f) Zeta potential measurements for PSL NPs, SiO2 NPs, and mixtures 

used in the reversibility experiments as a function of pH. 

The pH was dropped once more to 2 to monitor the possible structural alteration of the 
mixture. Consistent with the hydrodynamic radius for further cyclability experiments (Figure 
A2.6), the structure was much less well-defined. Hence, although the behaviour of the nano-
raspberries was designated as reversible above, after all, it may be better to label it as pseudo-
reversible. As upon repeating the pH cycle the ionic strength inevitably increases, at some 
point the reversibility is terminated. An important parameter to consider in this respect is the 
Debye length , which is a measure of the range of electrostatic effects in a solution for a 
given charged particle (Equation 1) given by: 

   2/ (1) 
with e (C) being the elementary charge, ε0 (F∙m−1) the vacuum permittivity, εr (-) the relative 
permittivity (dielectric constant) of the medium, k (J∙K−1) the Boltzmann constant and T (K) 
the temperature. Further, the ionic strength I is given by: 

   
 ∑   (2) 

Here cj (M, mol∙L−1) is the molar concentration of ion j and zj is the charge number of that 
ion. The number ½ accounts for the fact that both cations and anions are included. Thus, for 
a given aqueous solution containing charged PSL NPs and SiO2 NPs at room temperature, 
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order to investigate whether the nano-raspberries would stay intact or that individual, 
separated PSL NPs and SiO2 NPs would be observed. CryoTEM results obtained at pH 10, 
demonstrate that separated PSL NPs and SiO2 NPs are observed, indicating that the nano-
raspberries fully dissociated and that the PSL NPs and SiO2 NPs repel each other (Figure 
2.4b), although some small clusters of silica NPs can be observed. In order to fully understand 
the presence of small clusters of silica NPs, we conducted a series of zeta potential 
experiments to evaluate the behaviour of the mixture upon altering the pH. The most striking 
result found was the gradual decrease of the zeta potential of the solution upon increasing the 
pH from 2 to 10 during the 1st cycle (Figure 2.4e, the transition from a to b). This is important 
because the second increase of the pH from 2 to 10 occurred very steeply (Figure 2.4e, the 
transition from c to d) resulting in an immediate negatively charged mixture. This might 
explain why we observed some clusters of SiO2 NPs still sticking to each other creating chain-
like structures (Figure 2.4b). Although we were always very meticulous while conducting 
the experiments, waiting until solutions reach equilibrium before conducting the imaging 
experiments, one can infer from Figure 2.4f that due to the gradual decrease of zeta potential 
during the transition from pH 2 to 10 (the transition from a to b) the mixture may not have 
reached equilibrium yet and that some of the SiO2 NPs are still in contact with each other.  

Thereafter, for the same solution, the pH was adjusted from 10 to 2 (the transition from 
b to c), for which cryoTEM results confirmed the reformation of nano-raspberries (Figure 
2,4c). Finally, the pH was increased to 10 (the transition from c to d) again in order to observe 
whether they disassociate again. CryoTEM imaging demonstrated that the nano-raspberries 
indeed dissociate again, indicating that the individual particles are repelling each other 
(Figure 2.4d) and supporting the results obtained from DLS (Figure 2.4f). Taking everything 
into consideration, this demonstrates the reversible nature of this particle system. 
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The pH was dropped once more to 2 to monitor the possible structural alteration of the 
mixture. Consistent with the hydrodynamic radius for further cyclability experiments (Figure 
A2.6), the structure was much less well-defined. Hence, although the behaviour of the nano-
raspberries was designated as reversible above, after all, it may be better to label it as pseudo-
reversible. As upon repeating the pH cycle the ionic strength inevitably increases, at some 
point the reversibility is terminated. An important parameter to consider in this respect is the 
Debye length , which is a measure of the range of electrostatic effects in a solution for a 
given charged particle (Equation 1) given by: 

   2/ (1) 
with e (C) being the elementary charge, ε0 (F∙m−1) the vacuum permittivity, εr (-) the relative 
permittivity (dielectric constant) of the medium, k (J∙K−1) the Boltzmann constant and T (K) 
the temperature. Further, the ionic strength I is given by: 

   
 ∑   (2) 

Here cj (M, mol∙L−1) is the molar concentration of ion j and zj is the charge number of that 
ion. The number ½ accounts for the fact that both cations and anions are included. Thus, for 
a given aqueous solution containing charged PSL NPs and SiO2 NPs at room temperature, 
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the Debye length is only dependent on the ionic strength, meaning that by adjusting cyclically 
the pH, the double layer of the individual particles is continuously compressed up to a certain 
point after which they are more or less fully screened (Figure 2.5). 

 
Figure 2.5 Influence of changing ionic strength I on the Debye length κ−1 in water at a 25 °C. Ionic 

strength values corresponding to cycling steps in Figure 2.3 shown as a, b, c, and d. 

2.3 Conclusion 

In summary, it was demonstrated that the preparation of nano-raspberries, with PSL NPs of 
about 100 nm acting as the core and SiO2 NPs of about 30 nm providing the shell, was 
achieved. The key is that the formation of nano-raspberries is highly dependent on the 
interaction strength between individual nanoparticles in the solution and therefore one can 
control the formation of supraparticles by simply tuning the ionic strength of the solution. 
Moreover, our results show that the distribution of SiO2 NPs over the PSL NPs can be 
controlled by adjusting the pH of the medium. It was demonstrated via cryoTEM that the 
electrostatic interaction between the supraparticles is not strong enough to prevent them to 
be separated over one month, even if the required pH is maintained. Furthermore, the 
(pseudo-)reversible nature of these nano-raspberries was shown by cycling pH between 2 and 
10. Cycling obviously increases the ionic strength and above a critical ionic strength of the 
solution (approximately 140 mol.m-3), nano-raspberries cannot re-assemble anymore, as a 
high salt concentration implies a small Debye screening length and therefore short-ranged 
interaction forces. Finally, from the experimental data the number of small SiO2 NPs on the 
surface of large PSL NP was determined, showing a good agreement with the theoretical 
calculations. 
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2.4 Materials and Methods 

2.4.1 Experimental 

Aqueous suspensions of negatively charged PSL spheres were obtained from either Sigma-
Aldrich (LB1) or Fisher Scientific (Distrilab) and used as received. Ultrapure water (with a 
resistivity of 18 MΩ cm obtained using a Milli-Q water purifier) was used in all experiments. 
A stock dispersion was prepared by diluting the PSL NPs dispersion 1:10 with ultrapure water. 
SiO2 NPs were synthesized according to previously described methods(34,35) (See Supporting 
Information, Materials and Methods). Size and surface charge characterization of the as-
synthesized SiO2 NPs were conducted using dynamic light scattering (Zeta-sizer, Malvern). 
As-synthesized silica nanoparticles are negatively charged over a broad range of solution 
conditions. In order to facilitate charge reversal by changing the pH, a previously published 
surface functionalization method was employed(36) (See Supporting Information Materials 
and Methods). In order to perform the reversibility experiments, the amount of buffer 
necessary was calculated based on the desired ionic strength for the specific sample volume 
(Table S1).  

Cryogenic transmission electron microscopy (cryoTEM) and dynamic light scattering 
(DLS) were employed to measure the size distribution of silica nanoparticles and to monitor 
the evolution of the hydrodynamic diameter of the aggregates as a function of surface charge 
density as determined by zeta potential measurements. Cryo-TEM samples were prepared by 
depositing 3 µl samples on a 200 mesh Cu grid with Quantifoil R2/2 holey carbon film 
(Quantifoil Micro Tools GmbH) or Lacey / Carbon 200 mesh (Electron Microscopy 
Sciences). All TEM grids were surface plasma treated for 40 s using a Cressington 208 carbon 
coater prior to use. An automated vitrification robot (Fisher Scientific Vitrobot Mark IV) was 
used for plunge vitrification in liquid ethane. Cryo-TEM studies were performed on the TU/e 
cryoTITAN (Thermo Fisher Scientific) operated at 300 kV, equipped with a field emission 
gun (FEG), a post-column Gatan Energy Filter (GIF) and a post-GIF 2k × 2k Gatan CCD 
camera. The size and SiO2 NP coverage of the supraparticles which have the raspberry-like 
morphology were measured from the Cryo-TEM images using typically 250 particles. 

DLS was used to determine the number weighted size distribution, electrophoretic 
mobility and zeta potential of the silica nanoparticles, as well as the polystyrene latex 
nanoparticles, employing the Debye approximation. Size evolution and corresponding zeta 
potential values of the nano-raspberries for a given surface charge density were also 
monitored in time and with varying pH. The sizes of the PSL NPs, SiO2 NPs, and nano-
raspberries are reported as mean ± standard deviation of the mean. 

The zeta potential, electrophoretic mobility, and size distribution of the SiO2 NPs and 
PSL NPs were determined to better understand the behaviour of the individual nanoparticle 
systems. The conversion from electrophoretic mobility to zeta potential was done by 
employing the Henry equation using the Smoluchowski approximation as appropriate for 
aqueous dispersions(37). The size of the SiO2 NPs determined from cryoTEM was 28.8 ± 0.4 
nm (Figure A2.1a, 1b, and 1c) and 30.2 ± 0.8 nm according to DLS (Figure A2.1d). At this 
point, it is important to note that the size of the silica nanoparticles as measured by cryoTEM 
is often smaller than the size measured by DLS. Although frequently size measured by DLS 
shows a somewhat larger value than as measured by microscopy(38), this is not always the 
case(39). Generally, a comparison of the results of these methods is not straightforward at 
all(40–42). DLS was employed to analyse the PSL NPs which showed a hydrodynamic diameter 
of 100 ± 9 nm (Figure A2.2). 
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2.6 Appendix 

2.6.1 Synthesis of Silica Nanoparticles 

100 mg L-lysine (Fluka) was dissolved in 100 ml pure water in a 250 ml three-neck flask by 
magnetically stirring (270 rpm) at 60 °C. Thereafter, the formation of the SiO2 NPs was 
initiated by adding 6 ml tetraethyl orthosilicate (TEOS) to the reaction solution and the 
reaction vessel was closed off by a rubber septum with a small needle inserted as a vent. The 
reaction was left meanwhile stirring for 1 day. 

2.6.2 Surface Modification of Silica Nanoparticles 

Silica nanoparticles need to be surface modified to provide them with the proper charge 
density and as a result, having a controllable interaction for building block assembly for the 
following step. To modify the surface of silica nanoparticles, 1 wt% (3-Aminopropyl) 
triethoxysilane (APTES) (Sigma-Aldrich) solution in water (pH ∼11) was slowly added to 
the as-prepared silica suspension while stirring vigorously (~700 rpm). The initial amount of 
APTES and colloidal silica used had a silane:silica weight ratio of 1:50, above which the 
particles rapidly coagulated. The silane-silica mixture was then washed by repeated 
centrifugation and replacement of the supernatant for at least five times. 

2.6.3 Size Measurements of Silica and Polystyrene Latex Nanoparticles 

Size distributions were determined by manually measuring the short and long axes of 
individual silica nanoparticles (SiO2 NPs) in cryoTEM images using an in-house made 
MATLAB script. The average radius of a SiO2 NP was taken to be a quarter of the sum of 
the long and short axes of the SiO2 NP and the size is reported as: mean ± standard deviation 
of the mean (262 SiO2 NPs were used to calculate the size distribution and the size was found 
to be 28.8 ± 0.4 nm). The results can be seen in Figure A2.1.  
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2.6.1 Synthesis of Silica Nanoparticles 

100 mg L-lysine (Fluka) was dissolved in 100 ml pure water in a 250 ml three-neck flask by 
magnetically stirring (270 rpm) at 60 °C. Thereafter, the formation of the SiO2 NPs was 
initiated by adding 6 ml tetraethyl orthosilicate (TEOS) to the reaction solution and the 
reaction vessel was closed off by a rubber septum with a small needle inserted as a vent. The 
reaction was left meanwhile stirring for 1 day. 

2.6.2 Surface Modification of Silica Nanoparticles 

Silica nanoparticles need to be surface modified to provide them with the proper charge 
density and as a result, having a controllable interaction for building block assembly for the 
following step. To modify the surface of silica nanoparticles, 1 wt% (3-Aminopropyl) 
triethoxysilane (APTES) (Sigma-Aldrich) solution in water (pH ∼11) was slowly added to 
the as-prepared silica suspension while stirring vigorously (~700 rpm). The initial amount of 
APTES and colloidal silica used had a silane:silica weight ratio of 1:50, above which the 
particles rapidly coagulated. The silane-silica mixture was then washed by repeated 
centrifugation and replacement of the supernatant for at least five times. 

2.6.3 Size Measurements of Silica and Polystyrene Latex Nanoparticles 

Size distributions were determined by manually measuring the short and long axes of 
individual silica nanoparticles (SiO2 NPs) in cryoTEM images using an in-house made 
MATLAB script. The average radius of a SiO2 NP was taken to be a quarter of the sum of 
the long and short axes of the SiO2 NP and the size is reported as: mean ± standard deviation 
of the mean (262 SiO2 NPs were used to calculate the size distribution and the size was found 
to be 28.8 ± 0.4 nm). The results can be seen in Figure A2.1.  
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Figure A2.1 The size distribution of the SiO2 NPs determined from a-b) cryoTEM images using an in-house 

made MATLAB script, c) Histogram showing the size distribution of silica nanoparticles obtained from 

image b, and d) The number distribution of the size of the silica nanoparticles before and after surface 

modification determined by DLS. 

 
Figure A2.2. The size distribution of the PSL NPs determined from DLS. 
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2.6.4 DLS Measurements of Silica, Polystyrene Latex, and Mixtures at Different pH 

Values 

Dynamic light scattering (DLS) is a technique that depends on the interaction of the light 
with the nanoparticles of interest in a given solution. It measures the diameter of the particles 
D under Brownian motion by calculating the time-dependent fluctuations of the intensity of 
the scattered light. The output of DLS is the intensity weighted distribution, which is 
proportional to D6, while imaging results in the number distribution proportional to D0. 
Considering the fact that in our system, there is approximately a 3.5 fold difference for the 
diameter of the SiO2 and PSL NPs, a factor 3.56 difference in scattering power in the Rayleigh 
region results. Therefore, the signal coming from 100 nm PSL NPs overshadows the signal 
which is coming from 30 nm SiO2 NPs in the intensity weighted distribution.  
 

Figure A2.3. Results obtained from dynamic light scattering analysis by using individual polystyrene latex, silica 

nanoparticles and mixture at pH 2. a) The autocorrelation function g of individual nanoparticles and the mixture of 

polystyrene latex and silica nanoparticles mixed after 2 minutes at pH 2, b) The autocorrelation function g of the 

mixture at pH 2 over time, c) Intensity weighted, and d) Number weighted dynamic light scattering results of the 

mixture at pH 2 showing the size distribution of mixture depending on the time after which reaction is initiated. 
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Figure A2.4. The autocorrelation function g of mixtures of polystyrene latex and silica nanoparticles as a function 

of time. Dynamic light scattering measurements obtained mixing after; a) 2 minutes, b) 30 minutes, c) 1 hour, d) 

1.5 hours, e) 6 hours, and f) 1 month. 
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Figure A2.5. a) Zeta potential and b) electrophoretic mobility for PSL NPs and SiO2 NPs mixtures as 

a function of pH. 

2.6.5 Pseudo-reversibility of Nano-raspberries 

The pseudo-reversibility of nano-raspberry assembly and disassembly was evaluated by 
changing the pH of the solution repeatedly. Figure A2.6 shows the cryoTEM and DLS results 
of the mixture after the 5th time of pH change and the results indicate that after a critical point, 
SiO2 NPs and PSL NPs cannot form well-defined nano-raspberries anymore due to the 
increased salt concentration. 

 
Figure A2.6. CryoTEM image corresponds to the point marked with the yellow arrow which is cycle 

#5. 

2.6.6 Theoretical Considerations 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was employed to investigate the 
colloidal stability of the individual silica and polystyrene latex nanoparticles, and the nano-
raspberries as DLVO theory provides a quantitative theoretical understanding of the 
interaction potential between two charged particles interacting in a liquid medium1.  
According to DLVO theory, the net interaction between two nanoparticles (VDLVO) is the sum 
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of the repulsive electrostatic double-layer or Coulomb interactions (VCoul) and the attractive 
van der Waals (VvdW) interaction potential1, so that 

     
The electrostatic interactions between two spherical objects of equal surface potential 

and equal size is calculated using Poisson-Boltzmann formulation.1,2 The classical DLVO 
theory is based on the linearized Poisson-Boltzmann equation for which an analytical solution 
exists2, but various approximate expressions have been proposed3–5. Here we used the 
expression as given by Sader et al.5 in order to calculate the electrostatic interaction potential 
between two spherical objects at the constant surface potential for any distance regardless of 
the particle size:  

  64π  
2  ℎ     ln1  exp−ℎ 

                                 where   expℎ/2 tan h exp−ℎ/2 tan h/4 

and where ε is the relative dielectric constant of the solvent, h is the closest separation 
between the nanoparticles’ surfaces,  is the surface potential of the particle of interest 
(which can be an individual nanoparticle system or nano-raspberries), and  is the Debye 
length, which is described in the main text. Above mentioned equations are good 
approximations for the numerical calculations of the full Poisson-Boltzmann equation at 
constant surface potential6. 

The van der Waals attraction between two particles of equal size is calculated according 
to the Hamaker formulation of intermolecular forces assuming pairwise additivity2. Although 
this still is an approximation, it nevertheless describes the physical origin of the interaction1. 
The expression for the van der Waals interaction potential is given by:  

   − 6  2
ℎ  4ℎ  2

ℎ  4ℎ  4  ln  ℎ  4ℎℎ  4ℎ   4 

where R is the radius of the particle, h is the closest separation between the nanoparticles’ 
surfaces, and AH is the Hamaker constant, which quantifies the properties of the material7. 
For the calculation we consider one single nano-raspberry as a particle composed of a 
spherical polystyrene latex core and silica nanoparticles attached to the curved surface. The 
radius of silica nanoparticles used was RSilica ≅ 15 nm while polystyrene latex core radius was 
RPS ≅ 50 nm which totals to a nano-raspberry nanoparticle diameter of D = 160 nm. For silica 
and polystyrene AH values as given by Bergström8, AH = 4.6×10−21 J, and by Tsaur9 and 
Fowkes10, AH = 5.0×10−21 J were used. For nano-raspberries covered with SiO2 nanoparticles, 
the value of for silica, AH = 4.6×10−21 J, was used8. 

The stability of individual PSL NPs, SiO2 NPs, and nano-raspberries as calculated is 
shown in Figure A2.7. The results indicate that the Si NPs have an energy barrier of about 
3.3 kT as compared to the PSL NPs with about 50 kT. The calculations for the DLVO potential 
energy diagrams in Figure SI7b were made by considering the fact that PSL NPs and SiO2 
NPs formed nano-raspberries in the medium at certain pH values. For example, at pH 2, we 
consider the supraparticle for the DLVO calculations to be a single particle with a radius of 
80 nm. As can be seen from the results, at pH 2 supraparticles have an energy barrier of about 
1.5 kT, indicating that nano-raspberries cannot stay separated from each other for a longer 
period of time, as also shown via cryoTEM in the manuscript (Figure 2.2n–2.2p). Moreover, 
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the DLVO potential curves calculated for the nano-raspberries and individual nanoparticle 
systems show numerical values in good agreement with calculations made on similar 
systems11, strongly indicating the applicability of our system to different sizes of nanoparticle 
mixtures. 

 
Figure A2.7. The total interaction potential of a) two SiO2 NPs and two PSL NPs as a function of 

separation distance, and b) nano-raspberries at different pH values. 

Obviously, the calculations given above do not describe the formation process of the 
nano-raspberries. To model that formation process, several aspects should be considered. 
• The mixing entropy of the dispersion is changing as the counter-ions are decorating the 

particles. The effect is expected to be not too large, but a calculation will require the 
surface density of charged sites on the surface of the particles. 

• The assumption of a constant dielectric permittivity as normally used is unlikely to be 
valid close to the nano-raspberries, which renders the decay not exponential as in the 
original DLVO theory. Instead, it becomes close to arithmetic, like electrostatics close 
to a bilayer, as shown, for example, in a Monte Carlo simulation12. 

• Various options exist to model the van der Waals contribution13. This refers not only to 
the expression used for the van der Waals attraction, but also to the assumed structure of 
the interacting parts involved. 

• For really small particles (5-10 nm) the hydration forces are relevant14,15. Even if 
modeled by an exponential function, this requires information about two more 
parameters. 

• As there are positively and negatively charged particles, there is a coupling between the 
various equilibria involved16 upon mixing the particles, which should be considered. 

• Finally, the SiO2 NPs can be considered as a polyion for which the equilibrium also 
should be taken into account17,18. 

All these aspects will have to be incorporated to realistically model nano-raspberry 
formation, but this inevitably will result in a complex model.  
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2.6.7 Supplementary Tables 

Table A2.1. Composition of pH buffers used in this study.  

Target 

pH 

pH Comp. A Conc. A 

(M) 

Vol. A 

(ml) 

Comp. B Conc. B 

(M) 

Vol. B 

(ml) 

Ionic 

Strength 

(mM) 

2 1.6 KCl 0.1 50 HCl 0.1 13 79.4  

4 3.9 Acetic acid 0.1 164 CH3COO
Na 

0.1 36 72 

6 5.9 KH2PO4 0.1 100 NaOH 0.1 11.6 89.6 

12 12.4 KCl 0.1 50 NaOH 0.1 12 80.6 
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Chapter 3 

Extending the range of Nanoraspberries 
 

Control over the assembly and morphology of nanoscale functional building blocks is of great 
importance to hybrid and porous nanomaterials. Combining different types of spherical 
nanoparticles with different size ratios in a hierarchical assembly process allows us to control 
the final structure of multi-component assemblies. Here, we study the organization of small 
silica nanoparticles (SiO2 NPs) on the surface of large polystyrene latex nanoparticles (PSL 
NPs) prepared by the colloidal self-assembly approach. We describe the formation of 
supraparticles with a widely varying size ratio range for complete and partial coverage, by 
controlling the electrostatic interactions between PSL NPs and SiO2 NPs and their 
concentrations. In this way, hierarchically ordered supraparticles with varying morphologies 
were realized. In particular, partially covered but stable supraparticles were realized, offering 
the option to create fully covered supraparticles of which the shell contains two different 
types of nanoparticles. 
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submitted. 

00000 -17x24_BNW.indd   4400000 -17x24_BNW.indd   44 20-04-2021   11:2020-04-2021   11:20



Chapter 2  

32 

 

  

   

33 
 

Chapter 3 

Extending the range of Nanoraspberries 
 

Control over the assembly and morphology of nanoscale functional building blocks is of great 
importance to hybrid and porous nanomaterials. Combining different types of spherical 
nanoparticles with different size ratios in a hierarchical assembly process allows us to control 
the final structure of multi-component assemblies. Here, we study the organization of small 
silica nanoparticles (SiO2 NPs) on the surface of large polystyrene latex nanoparticles (PSL 
NPs) prepared by the colloidal self-assembly approach. We describe the formation of 
supraparticles with a widely varying size ratio range for complete and partial coverage, by 
controlling the electrostatic interactions between PSL NPs and SiO2 NPs and their 
concentrations. In this way, hierarchically ordered supraparticles with varying morphologies 
were realized. In particular, partially covered but stable supraparticles were realized, offering 
the option to create fully covered supraparticles of which the shell contains two different 
types of nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results described in this chapter are based on: 

E. Deniz Eren, Mohammad-Amin Moradi, Heiner Friedrich and Gijsbertus de With, to be 

submitted. 

00000 -17x24_BNW.indd   4500000 -17x24_BNW.indd   45 20-04-2021   11:2020-04-2021   11:20



Chapter 3  

34 

3.1 Introduction  

Remarkable structural patterns formed by spherical objects of the same size or with different 
sizes can be readily found in nature. Examples include S-layer proteins on outer cell 
membranes(1), biomineralized shells on coccolithophores(2) and lenses on insect eyes(3). 
However, they can be man-made as well, for example, C60 fullerenes(4,5) and solid-stabilized 
emulsion droplets(6). The design of nanoparticles that combine well-defined geometries with 
a substantial complexity has gained a great deal of interest in colloidal science(7–10). 
Furthermore, if this complexity covers both composition and interfacial anisotropy, such 
tailor-made hybrid nanoparticles can pave the way for structures that cannot be obtained by 
simply mixing their individual elements(11,12). The self-assembly of colloidal particles can be 
controlled by altering the geometry, shape, or topology of the particles, by modifying the 
attractive forces between two different types of particles, or by confining them onto a curved 
surface.   
Two basic routes to attach nanoparticles to polymeric particles have been developed, namely 
ex-situ and in situ approaches. The in situ approaches rely on the synthesis of nanoparticles 
from inorganic precursors within preformed polymeric particles. A myriad of hybrid 
nanoparticles was synthesized this way from various polymeric particles(13). However, a 
major drawback of this approach is that it results in wide size distributions. On the other hand, 
the ex-situ approaches make use of the controlled assembly of preformed inorganic and 
polymeric nanoparticles and it has been shown in the literature that raspberry-like 
supraparticles can be obtained from binary mixtures of oppositely charged colloids by using 
two different components(14–17).  
Assembly of small particles on a curved bigger particle is a complex and interesting 
phenomenon(18–20). If the assembly of spherical particles is initiated on a flat surface, due to 
entropy, they will pack into a hexagonal arrangement, meaning that particles will have in 
principle six nearest-neighbors. If one maps this arrangement on a sphere, it appears that such 
a map is impossible, unless some non-six coordinations are introduced (10,18). C60 fullerenes(4,5) 
and soccer balls(21) are typical examples of this phenomenon(22), showing 12 pentagonal 
patches and 20 hexagonal patches. Considering the centers of the patches as distributed over 
a sphere, we thus have 12 five-coordinated and 20 six-coordinated centers.  As the number 
of particles on the sphere increases, additional dislocations are introduced, which consist of 
pairs of 5-7 defects. Bausch et al. investigated very large systems by initiating the assembly 
of the same sizes of microspheres onto an emulsion droplet(19,20). They demonstrated that with 
increasing size ratio indeed mainly six coordinated centers are present with a certain amount 
of compensating dislocations (5-7 defects, or as they called them, grain boundary scars). 
We recently showed that the novel type of supraparticles based on polystyrene and silica and 
called nano-raspberries can lead to materials with a complex hierarchy(23). We also 
demonstrated the inherent reversibility of these supraparticles(17). In general, the controlled 
formation of raspberries, whether silica nanoparticles on polystyrene latex nanoparticles or 
otherwise, could be an important enabler for the design of next-generation nanomaterials. 
The use of hybrid particles having other well-defined shapes could further extend  the 
potential of these complex colloidal supraparticles. Expanding the toolbox of such 
supraparticles with different sizes, size ratios and shapes with the aim of targeting superlattice 
structures and properties will allow us to create novel materials for a myriad of applications. 
Here we study for spherical particles the effect of several variables, such as concentrations 
and pH, on the degree of and the maximum coverage of the larger particles by smaller ones, 
again using silica and polystyrene. 
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3.2 Results and Discussion 

Silica nanoparticles with controlled size were synthesized according to the previously 
reported work by Yokoi et al.(24) and Carcouët et al.(25). There are many advantages of this 
method, but the most important one is the tremendous control over the size of silica 
nanoparticles. CryoTEM results indeed indicated that the diameter of as-synthesized silica 
nanoparticles is well-controlled (Figure 3.1a, 3.1b), which is in line with the results obtained 
from DLS size measurements (Figure 3.1c, see Appendix, section 3.6.1). As-synthesized 
SiO2 NPs are inherently negatively charged(25) (Figure 3.1d), one must, therefore, in order to 
initiate the formation of supraparticles, modify the surface of the as-synthesized SiO2 NPs. 
Surface modification of the SiO2 NPs was achieved by reaction with functional silanes 
according to a procedure by Pham et al.(26). After surface modification cryoTEM was 
conducted to determine any possible alterations in the size of the SiO2 NPs. The cryoTEM 
results prove that the size of SiO2 NPs were not altered upon surface modification (Figure 
3.1c); however, DLS measurements show a slight increase in diameter from 24 to 27 nm due 
to the presence of the functional groups on the surface of SiO2 NPs(27) (Figure 3.1c, see 
Appendix, section 3.6.2). As the formation of supraparticles depends on the attractive 
interactions between two components, zeta potential measurements were conducted in order 
to investigate the alterations in the surface charge of the SiNPs following surface 
modification. For as-synthesized SiO2 NPs, a negatively charged nature is demonstrated at 
pH 2, while zeta potential measurements after surface modification indicate positively 
charged particles (Figure 3.1d).  
Negatively charged polystyrene latex nanoparticles with various diameters were 
characterized by employing the same methods described above to determine the size and 
surface charge. While the cryoTEM results (Figure 3.1e) indicated that the diameter of the 
PSL NPs was in line with those obtained from DLS size measurements (Figure 3.1c), zeta 
potential measurements showed the negatively charged nature of the PSL nanoparticles 
(Figure 3.1d.) 

 
Figure 3.1 Characterization of the organic and inorganic nanoparticles used in this study: CryoTEM 

image of a), b) as-synthesized silica nanoparticles, c) DLS results of different nanoparticles used in this 

study, d) Surface charge of polystyrene latex nanoparticles, as-synthesized and surface-modified silica 

nanoparticles, and e) Representative cryoTEM image of polystyrene latex nanoparticles. Scale bars: 

100 nm.  
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In order to initiate the formation of supraparticles, the dispersions containing the SiO2 
NPs and the PSL NPs were gently mixed and the pH was lowered to 2, where SiO2 NPs and 
PSL NPs can form supraparticles due to the attractive electrostatic forces(17). CryoTEM 
results of the binary supraparticles created after adsorption of SiO2 NPs on the surface of PSL 
NPs are shown in Figure 3.2a-e. We focus on studying supraparticles with a high surface 
coverage of SiO2 NPs, as can be seen in various cryoTEM images and 3D reconstructions 
(Figure 3.2f-j).  

 

Figure 3.2. Characterization of the supraparticles: CryoTEM images of supraparticles made by 

adjusting the size ratio of surface-modified silica nanoparticles and polystyrene latex nanoparticles. a) 

r1/r2 = 4.6, b) r1/r2 = 5.6, c) r1/r2 = 14, d) r1/r2 = 17, and e) r1/r2 = 13.3. Scale bars: 100 nm. Further 

3D reconstruction (f-j) of a supraparticle demonstrating the full coverage of a single PSL NP. 

In order to confirm that supraparticles are indeed three-dimensional complex structures, cryo-
electron tomography (cryoET) was conducted. From the cross-sectional cryoET 
reconstructions at different tilt angles, it is clear that SiO2 NPs are attached over the whole 
surface of the PSL nanoparticles (Figure 3.3a-r). To compare the number of SiO2 NPs 
attached on the surface of PSL NPs, a theoretical estimate given by Mansfield et al(28) was 
employed. They studied how many ‘’probe’’ (small) spheres on average would become 
attached to a ‘’target’’ (large) sphere if the process continues until all available sites are 
exhausted on the surface of the target sphere. This was done by either allowing mobility of 
the small sphere over the large sphere or not, only leading to small differences. As will be 
elaborated later on, we assume here immobile small spheres. Mansfield et al. calculated the 
number of small spheres on the surface of a large sphere by considering that the radius of the 
large sphere r1 is much larger than that of the small spheres r2, i. e. r1 > r2. The mean number 
of the small spheres M that can be attached is given by:  

      1
 

with the constant K = 2.187 ± 0.004(28). By using the same model, we calculated M for 
supraparticles made by using different size ratios and compared the result with the 
experimental results obtained from cryoET (Figure 3.3). One important parameter that needs 
to be mentioned here is the size variation of the silica and polystyrene nanoparticles in our 
system. While the radius of SiO2 NPs used to form supraparticles in Figure 3.3a-f is 12 ± 0.6 
nm, the radius of SiO2 NPs used to form supraparticles in Figure 3g-r is measured as 14 ± 
0.45 nm (SI1). While the difference seems small, the effect becomes significant upon 
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calculating the number of SiO2 NPs attached to the surface of PSL NPs. As the radius of 
separate PSL NPs in different systems used in our study ranged between 40 nm and 225 nm, 
the number of SiO2 NPS on the surface of PSL NPs varied between 40 and 585 depending 
on the size ratio. Upon comparing all the experimental results with those of the theoretical 
calculations (Figure 3.3u), it appears that the number of SiO2 NPs attached to the surface of 
PSL NPs as a function of size ratio can be predicted quite accurately (Figure 3u). As an 
example, in case the size ratio of large to small nanoparticle is r1/r2 = 6.07, the theoretical 
predictions show that the number of small particles attached to the surface of the large particle 
should be  Mtheor  = 109.3, while cryoET results demonstrate that Mexp =  107 (Figure 3.3u – 
orange circle). The excellent agreement between the experimental and theoretical M-values 
is also a good indicator that equilibrium was reached. 

 

 
Figure 3.3 Cross-sections at different heights in supraparticles as obtained from cryoET 

reconstructions and having size ratios r1/r2 = 3.3 (a-f), r1/r2 = 5.6 (g-l) and r1/r2 = 18.4 (m-r) show that 

the PSL nanoparticles are fully covered with SiO2 NPs. Scale bars: 100 nm. Further (t) and (u) show 

the supraparticle radius size ratio versus number of attached particles. 

After confirming that the number of SiO2 NPs attached to the surface of the PSL NPs is 
indeed maximal, we proceeded by analyzing the arrangements of SiO2 NPs on the surface of 
PSL nanoparticles. To that purpose, cryoET was conducted for several supraparticles with 
different size ratios, followed by extraction of the positional information and coordination 
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PSL nanoparticles. To that purpose, cryoET was conducted for several supraparticles with 
different size ratios, followed by extraction of the positional information and coordination 
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number (CN), i.e. the number of nearest-neighbors, for all SiO2 NPs. The positions of small 
SiO2 NPs were determined by acquiring projection images at different angles and by 
combining these different images in order to construct a set of 3-D coordinates for all SiO2 
NPs covering a PSL NP. 

Our analysis indicates that for different size ratios of small and large nanoparticles, the 
SiO2 NPs were arranged in different configurations (Figure 3.4).  For the smaller size ratios 
CNs of 3, 4, 5, 6, 7 and 8 occurred, whereas for bigger size ratios CN = 5 and CN = 7 grain 
boundary-like line dislocations were found, in line with what was demonstrated by Bausch 
et al.(20). It is also clear from our results that upon increasing the size ratio between SiO2 NPs 
and PSL NPs, the fraction of CN =  6 configurations within one system increases. At this 
point, it is important to realize that while on a flat surface, spherical particles can pack in 
their most favourable hexagonal arrangement, on a sphere there must be some additional 
defects, i.e. CN ≠ 6 configurations(18,29). An increasing fraction with CN = 6 with increasing 
size ratio is observed though, as shown in Figure 3.4. 

 
Figure 3.4 Hierarchical organization of silica nanoparticles on the surface of polystyrene latex 

nanoparticles showing the CNs as a function of size ratio r1/r2 (a). For size ratios (r1/r2) 3.33, 3.95, 

4.04, 6, 6.07, and 18.4 the number of SiO2 NPs attached to the PSL NPs are 39, 54, 55, 106, 107, and 

585, respectively. An example of a hexagonally coordinated SiO2 NP (b) and an example of a seven-

fold coordinated SiO2 NP (c). Depending on the size ratio between nanoparticles, 40 to 520 

coordinations were analyzed.  
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In the present work, while calculating the maximum number of small nanoparticles 
(SiO2 NPs) on the surface of a large particle (PSL NPs), we used particle concentrations that 
resulted in full coverage. However, in order to demonstrate that varying the concentration 
ratio of SiO2 NPs versus PSL NPs results in less-than-full covered supraparticles, we mixed 
organic and inorganic nanoparticles by halving the concentration of SiO2 NPs. Figure 3.5 and 
Figure 3.6 demonstrate the partial coverage of PSL NPs as a result of the insufficient number 
of SiO2 NPs in the mixture.  

At this point, it might be useful to ask the question of what sort of information can be 
extracted from results such as shown in Figure 3.5 and Figure 3.6. The answer to that question 
possibly can give us further clues in terms of the design rules on supraparticles in general. 
The goal is: how can one create optimum conditions under which the desired structure (in 
this case a supraparticle) can spontaneously self-assemble? While an answer providing the 
full solution to that question seems distant, we can still shed light on some aspects of the 
design rules of the supraparticle formation process. The formation of supraparticles by using 
colloidally stable nanoparticles can be initiated by balancing the repulsive and attractive 
forces(30–35). Further decoration of (large) nanoparticles with (small) nanoparticles is 
continued when attractive interactions between the nanoparticles are stronger than their 
repulsive counterparts(32). This phenomenon can be seen in Figure 3.5 where a series of 
cryoTEM images demonstrate the gradual increase of surface coverage of PSL NPs. While 
initially only three SiO2 NPs were attached to the surface of one PSL NP, the surface coverage 
increases as the attractive interaction between nanoparticles still overcomes the repulsive 
counterpart. To that end, it is crucial to emphasize that if the attractive forces are too strong 
in the system, aggregates will be formed  that eventually result in the precipitation of 
macroscopic agglomerates(33,34). 

 
Figure 3.5. CryoTEM results of stepwise coverage of a single PSL NP.  

On the other hand, the self-assembly of small nanoparticles on the surface of the large 
nanoparticles terminates upon reaching the equilibrium between attractive and repulsive 
forces(32). Electrostatic interaction between nanoparticles can be used as a tool to regulate 
their self-assembly(36–42). These forces are very sensitive to the ionic strength and pH of the 
solution, providing possibilities to tailor their magnitude and control the formation process. 
While attractive and repulsive forces between individual nanoparticles are two pillars for the 
formation of supraparticles, several other important parameters play a crucial role in order to 
obtain the desired supraparticles, such as the concentration of the particles in the mixture. It 
is clear from Figure 3.6 that the formation of supraparticles has stopped due to the lack of 
sufficient SiO2 NPs present in the mixture, even though the time required for the formation 
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of fully covered supraparticles has been granted (1 week) and the attractive interaction 
between SiO2 NPs and PSL NPs is optimum (pH 2 is the optimum conditions for the 
formation of fully covered supraparticles as shown in Figure 3.2 and Figure 3.3). This, in 
principle, allows the nanoparticles to form supraparticles and eventually reach the 
equilibrium. 
 

 

Figure 3.6. CryoTEM results of mixture where partial coverage of PSL NPs by SiO2 NPs can be seen 

due to the low concentration of SiO2 NPs. 

Prior to mentioning another advantage of having control over the formation of partially 
covered stable supraparticles in terms of the design rules, one of the inherent features of SiO2 
NPs needs to be discussed. As mentioned before, after landing on the surface of PSL NPs, a 
specific SiO2 NP is assumed to be immobile, thereby occupying a random but immutable 
position on the surface. Assuming mobility one would expect a regular overage of the SiO2 
NPs over the PSL NP. Examining several partially covered supraparticles, it became clear 
the coverage is not regular. A possible explanation is that, if the attachment is stable, the 
bonding energy should be several times kT, where kT represents the thermal energy. For 
lateral mobility on the PSL surface, on the other hand, the bonding energy should be not too 
large. In essence, stable attachment thus prevents lateral mobility. We conclude therefore that, 
once a SiO2 NP has landed under suitable solution conditions, that particular SiO2 NP will be 
immobile. This inherent feature of SiO2 NPs can be exploited to advantage in order to create 
supraparticles with two different types of small NPs, a type of supraparticle which we 
baptized “dual coverage supraparticles”.  Several aspects of supraparticles described in this 
work were investigated previously(17,23) and it is important to state that all the experiments 
including cryoTEM, cryoET, size, and zeta potential measurement were conducted anew for 
the current study and where overlapping, showed very similar results, this demonstrates the 
highly reproducible nature of these supraparticles. 

3.3 Conclusion 

CryoTEM investigations show that PSL NPs with a size between 80 nm and 450 nm could 
be covered with a layer of SiO2 NPs ranging in size between 24 and 28 nm. Comparing the 
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coverage with theoretical estimates, we conclude that maximum coverage was obtained. For 
low size ratio, the coordination number of the SiO2 NPs on the PSL NP varies between 3 and 
7, while for larger ratio mainly 5, 6 and 7-fold coordination occurs with an increasing fraction 
of 6-fold coordination. Moreover, we demonstrate that coverage of PSL NPs can be 
controlled by adjusting the concentration of SiO2 NPs which allows us to create partially 
covered stable supraparticles. 

3.4 Materials and Methods 

3.4.1 Materials 

3.4.1.1 Polystyrene latex nanoparticles 

Aqueous suspensions of Polystyrene latex (PSL) nanoparticles (NPs) were obtained from 
either Sigma-Aldrich (LB1) or Fisher Scientific (Distrilab) and used as received. Polystyrene 
latex nanoparticles (Aldrich) with a diameter of 80 nm, 170 nm and 400 nm and with 0.1% 
Sodium Azide preservative and with a trace amount of surfactant were used for size effect 
experiments. 

3.4.1.2 Synthesis and surface modification of silica nanoparticles 

 Synthesis of silica nanoparticles with controlled sizes was achieved using the Yokoi 
method(24) in combination with a method reported by Carcouët et al.(25) that uses lysine (Fluka, 
location) in combination with tetraethyl ortho silicate (TEOS, VWR, location).  Following 
the Yokoi method, L-lysine (100 mg) was dissolved in pure water (100 ml) in a three-neck 
250 ml flask and the reaction was magnetically stirred (270 rpm) at 60 °C under reflux. 
Thereafter, the reaction was initiated by adding Tetraethyl orthosilicate (TEOS) in one swift 
motion to the reaction solution. The reaction was continued for 24 h. Size measurement of 
resulting particles conducted by Dynamic Light Scattering (DLS,  ZetaNano, location) and 
cryoTEM imaging (Figure 3.1). The resulting diameter of as-synthesized SiO2 NPs used to 
form supraparticles in this study was measured to be 28 ± 0.9 nm (Figure SI1) and 24 ± 1.2 
nm (Figure SI2), respectively. The sizes of the SiO2 NPs are reported as mean ± standard 
deviation of the mean. 
The functionalization of the silica surface with ammonium groups was performed based on 
the method described by Pham et al.(26) using (3-Aminopropyl) triethoxysilane (APTES, 
Sigma-Aldrich, CAS Number 919-30-2), with a 1:50 – 1:200 weight ratio of APTES to silica. 
The APTES was diluted in THF to a 4% (V/V) APTES in THF solution. The desired amount 
of the APTES-THF solution was pipetted into a stirring sample of silica dispersion, after 
which stirring was continued for 30 minutes. 

3.4.1.3 Formation of Supraparticles 

A stock dispersion was prepared by diluting the PSL NPs dispersion 1:10 with water. The 
buffer volume added was calculated based on the desired ionic strength for the specific 
sample volume (see table S1). The remaining sample volume was thereafter split between a 
PSL stock dispersion and a (modified) silica solution to a Vsilica/VPSL = 0.8 ratio. To investigate 
the influence of the size ratio of particles on the ordering of small nanoparticles, we used 
different sizes of large and small nanoparticles. For silica particles with a diameter ranging 
between 20 nm to 30 nm and for polystyrene particles with a diameter ranging between 80 
nm to 450 nm were chosen. 
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baptized “dual coverage supraparticles”.  Several aspects of supraparticles described in this 
work were investigated previously(17,23) and it is important to state that all the experiments 
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the current study and where overlapping, showed very similar results, this demonstrates the 
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coverage with theoretical estimates, we conclude that maximum coverage was obtained. For 
low size ratio, the coordination number of the SiO2 NPs on the PSL NP varies between 3 and 
7, while for larger ratio mainly 5, 6 and 7-fold coordination occurs with an increasing fraction 
of 6-fold coordination. Moreover, we demonstrate that coverage of PSL NPs can be 
controlled by adjusting the concentration of SiO2 NPs which allows us to create partially 
covered stable supraparticles. 

3.4 Materials and Methods 

3.4.1 Materials 

3.4.1.1 Polystyrene latex nanoparticles 

Aqueous suspensions of Polystyrene latex (PSL) nanoparticles (NPs) were obtained from 
either Sigma-Aldrich (LB1) or Fisher Scientific (Distrilab) and used as received. Polystyrene 
latex nanoparticles (Aldrich) with a diameter of 80 nm, 170 nm and 400 nm and with 0.1% 
Sodium Azide preservative and with a trace amount of surfactant were used for size effect 
experiments. 

3.4.1.2 Synthesis and surface modification of silica nanoparticles 

 Synthesis of silica nanoparticles with controlled sizes was achieved using the Yokoi 
method(24) in combination with a method reported by Carcouët et al.(25) that uses lysine (Fluka, 
location) in combination with tetraethyl ortho silicate (TEOS, VWR, location).  Following 
the Yokoi method, L-lysine (100 mg) was dissolved in pure water (100 ml) in a three-neck 
250 ml flask and the reaction was magnetically stirred (270 rpm) at 60 °C under reflux. 
Thereafter, the reaction was initiated by adding Tetraethyl orthosilicate (TEOS) in one swift 
motion to the reaction solution. The reaction was continued for 24 h. Size measurement of 
resulting particles conducted by Dynamic Light Scattering (DLS,  ZetaNano, location) and 
cryoTEM imaging (Figure 3.1). The resulting diameter of as-synthesized SiO2 NPs used to 
form supraparticles in this study was measured to be 28 ± 0.9 nm (Figure SI1) and 24 ± 1.2 
nm (Figure SI2), respectively. The sizes of the SiO2 NPs are reported as mean ± standard 
deviation of the mean. 
The functionalization of the silica surface with ammonium groups was performed based on 
the method described by Pham et al.(26) using (3-Aminopropyl) triethoxysilane (APTES, 
Sigma-Aldrich, CAS Number 919-30-2), with a 1:50 – 1:200 weight ratio of APTES to silica. 
The APTES was diluted in THF to a 4% (V/V) APTES in THF solution. The desired amount 
of the APTES-THF solution was pipetted into a stirring sample of silica dispersion, after 
which stirring was continued for 30 minutes. 

3.4.1.3 Formation of Supraparticles 

A stock dispersion was prepared by diluting the PSL NPs dispersion 1:10 with water. The 
buffer volume added was calculated based on the desired ionic strength for the specific 
sample volume (see table S1). The remaining sample volume was thereafter split between a 
PSL stock dispersion and a (modified) silica solution to a Vsilica/VPSL = 0.8 ratio. To investigate 
the influence of the size ratio of particles on the ordering of small nanoparticles, we used 
different sizes of large and small nanoparticles. For silica particles with a diameter ranging 
between 20 nm to 30 nm and for polystyrene particles with a diameter ranging between 80 
nm to 450 nm were chosen. 
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3.4.2 Methods 

3.4.2.1 CryoTEM Sample Preparation 

CryoTEM studies were performed on the TU/e cryoTITAN (Thermo Fisher Scientific, 
www.cryotem.nl) equipped with a field emission gun (FEG), a postcolumn Gatan Energy 
Filter (model 2002) and a post‐GIF 2k × 2k Gatan CCD camera (model 794). Data were 
acquired at 300 kV acceleration voltage. Samples were prepared by depositing 3 µl samples 
on a 200 mesh Cu grid with a Quantifoil R 2/2 holey carbon film (Quantifoil Micro Tools 
GmbH) or Lacey / Carbon 200 mesh (Electron Microscopy Sciences). All TEM grids were 
surface plasma treated for 40 s using a Cressington 208 carbon coater prior to use. An 
automated vitrification robot (Thermo Fisher Scientific, Vitrobot Mark III) was used for 
plunge vitrification in liquid ethane. Images were recorded with a total electron flux of fewer 
than 100 e−·Å−2. In-house Matlab scripts were used for TEM image analysis. 

3.4.2.2 Cryo Electron Tomography 

The electron tomography tilt series were taken by tilting the specimen from −65° to 65°, 2° 
or 3° per step. The alignment and 3-dimensional reconstruction of the tilt series were done 
by using IMOD software using SiO2 NPs as the markers or patch tracking modules. The 
images are taken in 6500, 11500, and 19000 times magnification, with a pixel size of 1.4, 
0.76, and 0.47 nm. Defocus value used were −10, −5, and −2 μm, respectively. The total dose 
is about 100 e−.Å-2. Tomographic tilt series acquisition was performed with Inspect 3D 
software (Thermo Fisher Scientific). Alignment and reconstruction were carried out in IMOD 
using SIRT with 5-20 iterations. Subsequently, in some cases, data were denoised by a 
nonlinear anisotropic diffusion filter prior to visualization. The final 3D reconstructions are 
shown in the supplementary movies S1, S2, S3, S4, S5, and S6. 
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3.6 Appendix 
3.6.1 Size measurements of silica nanoparticles 

 

Figure A3.1. The size distribution of the SiO2 NPs determined from a-b) cryoTEM images using an in-

house made MATLAB script, c) Histogram showing the size distribution of silica nanoparticles obtained 

from image b, and d) The number distribution of the size of the silica nanoparticles before and after surface 

modification determined by DLS. 
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3.4.2 Methods 

3.4.2.1 CryoTEM Sample Preparation 

CryoTEM studies were performed on the TU/e cryoTITAN (Thermo Fisher Scientific, 
www.cryotem.nl) equipped with a field emission gun (FEG), a postcolumn Gatan Energy 
Filter (model 2002) and a post‐GIF 2k × 2k Gatan CCD camera (model 794). Data were 
acquired at 300 kV acceleration voltage. Samples were prepared by depositing 3 µl samples 
on a 200 mesh Cu grid with a Quantifoil R 2/2 holey carbon film (Quantifoil Micro Tools 
GmbH) or Lacey / Carbon 200 mesh (Electron Microscopy Sciences). All TEM grids were 
surface plasma treated for 40 s using a Cressington 208 carbon coater prior to use. An 
automated vitrification robot (Thermo Fisher Scientific, Vitrobot Mark III) was used for 
plunge vitrification in liquid ethane. Images were recorded with a total electron flux of fewer 
than 100 e−·Å−2. In-house Matlab scripts were used for TEM image analysis. 

3.4.2.2 Cryo Electron Tomography 

The electron tomography tilt series were taken by tilting the specimen from −65° to 65°, 2° 
or 3° per step. The alignment and 3-dimensional reconstruction of the tilt series were done 
by using IMOD software using SiO2 NPs as the markers or patch tracking modules. The 
images are taken in 6500, 11500, and 19000 times magnification, with a pixel size of 1.4, 
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3.6 Appendix 
3.6.1 Size measurements of silica nanoparticles 

 

Figure A3.1. The size distribution of the SiO2 NPs determined from a-b) cryoTEM images using an in-

house made MATLAB script, c) Histogram showing the size distribution of silica nanoparticles obtained 

from image b, and d) The number distribution of the size of the silica nanoparticles before and after surface 

modification determined by DLS. 
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Figure A3.2. The size distribution of the SiO2 NPs determined from a-b) cryoTEM images using an in-

house made MATLAB script, c) Histogram showing the size distribution of silica nanoparticles obtained 

from image b, and d) The number distribution of the size of the silica nanoparticles before and after surface 

modification determined by DLS. 

3.6.2 Surface modification of silica nanoparticles 

The SiO2 NPs used in this study were surface modified with (3-Aminopropyl) triethoxysilane 
(APTS or APTES) by using a protocol described by Pham et al(1) in order to add amino groups 
to the surface of SiO2 NPs. In order to successfully modify the surface of SiO2 NPs, initially, 
APTES was diluted in Tetrahydrofuran (THF) to a 4% (V/V) (or 4.2% (m/m)) APTES to 
THF solution. Thereafter, surface modified SiO2 NPs were made by adding 10 µl of 4% (V/V) 
THF to 2.35 ml bare SiO2 NPs which results in a surface modified SiO2 with a weight ratio 
of 1:50 of silane to silica. Owing to the high reactivity(2) of APTES in water, it is expected 
that no free silane would remain in the solution which was demonstrated by Pham et al(26) 
and Kaiser et al(3). Moreover, it was demonstrated that when added to water the trietoxysilane 
groups hydrolyze to form silanols in the solutions(2). Through the condensation reaction of 
silanols, these hydrogen bonds are converted into covalent links forming a network of 
polymers. Thereafter, these networks of polymers deposit on the surface of SiO2 NPs and 
bind to them via further condensation reaction for which an illustration is shown in Figure 
S3. 
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Figure A3.3. Reaction path of APTES with the surface of SiO2 NPs in the aqueous medium. (Adapted with 

permission from ref (2)). 

Owing to the condensation mechanism shown above, the silanes cannot form a single layer 
on the surface of silica, rather they form a multilayer. The size difference that we observed 
in our study (~3 nm) after the surface modification of SiO2 is attributed to this particular 
effect. It was demonstrated in the literature that the size of the APTES molecule is 0.5 nm(4). 
Munguía-Cortés et al. showed the surface modification of SBA-15 with APTES and 
measured the reduction in pore size after the surface modification. They found a pore size 
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reduction of 4 nm(4) compared to surface-modified and bare samples. Moreover, by using a 
similar approach Jung et al.(5) modified the surface of silica nanoparticles in order to 
determine the effectivity of the different surface modification procedures. They found that 
while the diameter of bare silica nanoparticles was 137 nm, it was changed to 141 nm after 
the surface modification which was demonstrated by using DLS and TEM. 

3.6.3 Supplementary Table 

Target 

pH 

pH Comp. A Conc. A 

(M) 

Vol. A 

(ml) 

Comp. B Conc. B 

(M) 

Vol. B 

(ml) 

Ionic 

Strength 

(mM) 

2 1.6 KCl 0.1 50 HCl 0.1 13 79.4  

4 3.9 Acetic acid 0.1 164 CH3COO
Na 

0.1 36 72 

6 5.9 KH2PO4 0.1 100 NaOH 0.1 11.6 89.6 

12 12.4 KCl 0.1 50 NaOH 0.1 12 80.6 

Table A3.2. Composition of pH buffers used in this study 

3.6.4 References 

1. 1.  Pham K.N., Fullston D., Sagoe-Crentsil K., Aust. J. Chem. 60 (2007) 662–666.  
2.  Hermanson G.T., Bioconjugate Tech. 1 (2013) 535–548.  
3.  Kaiser, E., Colescott, R. L., Bossinger, C. D., Cook P.I., Anal. Biochem. 34 (1970) 595–598.  
4.  Munguía-Cortés L., Domínguez-Ortiz A., J. Mex. Chem. Soc. 61 (2017) 273–281.  
5.  Jung H.S., Moon D.S., Lee J.K., J. Nanomater. 2012 (2012) 1-8.  
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Chapter 4 

Spontaneous organization of supracolloids 
into three-dimensional structured materials 
 

Periodic nano- or micro-scale structures are used to control light, energy and mass 
transportation. Colloidal organization is the most versatile method for controlling nano- and 
micro-scale order, employing either the enthalpy-driven self-assembly of particles at low 
concentration, or the entropy-driven packing of particles at high concentration. Nonetheless, 
it cannot yet provide the spontaneous three-dimensional organization of multi-component 
particles at high concentration. Here we combine these two concepts into a single strategy to 
achieve hierarchical multi-component materials. We tune the electrostatic attraction between 
polymer and silica nanoparticles to create dynamic supracolloids whose components upon 
drying, reorganize by entropy into three-dimensional structured materials. Cryogenic 
electron tomography reveals the kinetic pathways, while Monte Carlo simulations combined 
with a kinetic model provide design rules for forming the supracolloids and controlling the 
kinetic pathways. This approach may be useful to fabricate hierarchical hybrid materials for 
distinct technological applications. 
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4.1 Introduction 

One of the grand challenges in materials science is the organization of matter from the 
molecular level, through the nano- and mesoscale domains, up to the macroscopic level.(1) 
Colloidal assembly, which deals with interactions between particles of 1 nm to 1 µm in size, 
(2,3) provides generically applicable strategies for the organization of multiple types of 
colloids.(4,5) Examples include the use of hydrophilic-hydrophobic interactions,(6) 
electrostatics,(7, 8) and DNA base pairing.(9,10) These interactions can control the formation of 
either nano-scale assemblies which remain stable in solution,(9) or meso- to macro-scale 
structures that form precipitates.(6,8,11) In the absence of the specific interactions mentioned 
above, colloids can spontaneously organize at high concentrations, driven by entropy. Here 
spontaneous means that the assembly in 3D occurs in a single step during drying. Spherical 
particles will typically form face-centered-cubic (FCC) or hexagonally-close-packed (HCP) 
lattices,(12) which can be controlled through the use of surface templates(13), or spherical 
confinement.(14) The formation of exotic mesophases through the simple drying of dendritic 
molecules(15,16) sparked great interest in the role that shape and entropy play in the 
organization of particles into complex structures at high concentrations.(17,18,19,20,21) 
Simulations showed that by controlling particle shape, it is possible to spontaneously form a 
wide range of structures including crystals, quasicrystals, liquid crystals and plastic crystals. 
(17,22,23) Entropy-driven assembly through controlled drying has been extended to the 
formation of 2D binary, (24,25,26,27,28) or ternary, (29) nanoparticle superlattices, which in a layer-
by-layer approach can be used to make hierarchically structured materials.(30) Open ordered 
porous materials obtained by mixing binary systems have been reported, in which polymer 
particle templates are employed for photonic crystals or catalyst supports from oxides like 
silica or titania.(8,31,32,33,34,35) However, the formation of hybrid materials with nano- and 
mesoscale order through the spontaneous 3D hierarchical organization of colloids consisting 
of two or more components is not achievable through either of these strategies and remains 
a key challenge in materials science. 

In this work, a design strategy is presented in which interfacial chemistry is used to create 
multi-component building blocks(36,37), that are dynamic over a wide range of concentrations. 
The building blocks are supracolloids: hybrid particles formed from a polymer core and a 
corona of several silica nanoparticles (SNPs). Creating supracolloids by assembly of 
nanoparticles around cores by opposite charge interactions has been discussed. (38,39,40) At 
high concentrations (during drying), the supracolloids organize as distinct individual building 
blocks. During this secondary organization step, the constituting components of the 
supracolloids spontaneously reorganize and form, driven by entropy, macroscopic materials 
with 3D nano- and mesoscale order. Their morphology is determined by the size, shape and 
interfacial chemistry of the individual component particles, as well as the dynamic structure 
of the supracolloid, and the entropy-driven reorganization process upon drying (Figure 4.1a). 

4.2 Results and Discussions 

4.2.1 Formation and Analysis of the Supracolloids 

We demonstrate this general concept using silica nanoparticles (SNPs, 10 nm and 30 nm) 
surface functionalized with 3-aminopropyl triethoxysilane (APTES, pKa ~7) (Figure 4.1b), 
polystyrene latex (PSL) spheres (100, 140 and 170 nm) with sulfonic acid surface groups 
(pKa ~1) and butyl acrylate /methyl methacrylate spheres of 80 nm synthesized using starved-
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feed emulsion polymerization with equal wt% of monomers in 1 wt% SDS (surfactant), 
Na2CO3 (buffer) and 0.25 wt% KPS (initiator) solution. Zeta potential measurements over a 
range of pH values show that at high pH both component particles display a negative charge, 
whereas at low pH the SNPs become positively charged due to protonation of the surface 
amines (Figure 4.1c). To create our supracolloids we mixed solutions of SNPs with PSL 
spheres in a range of pHs, ionic strengths, particle concentrations and particle number ratios 
(Table A4.1, A4.2). Cryogenic transmission electron microscopy (cryoTEM),(41) was used to 
qualitatively assess the formation of the supracolloids (Figure 4.1d, 4.1e and Figure A4.1, 
A4.2). At pH > 7 the SNP and PSL particles remain separated, while at pH < 5 particles 
assemble into discrete multi-component supracolloids. Under specific conditions (APTES to 
silica 1:50, ionic strength 0.3 mM, pH ~2-3) it is possible to create supracolloids with SNPs 
fully covering the surfaces of the PSL spheres (Figure A4.3). After optimizing the assembly 
conditions, cryogenic electron tomography (cryoET) was performed to quantitatively analyse 
the spatial organization of the SNPs on the PSL surface (Figure 4.1f, 4.1g, 4.1h, Figure A4.4 
and Figure A4.5). For spheres to form a close-packed structure on a surface it is essential to 
avoid irreversible random sequential absorption,(42) which requires a detailed balance of 
absorption-desorption and particle hopping. On a flat surface spheres will pack, driven by 
entropy, into a 6-coordinate arrangement. This is not possible on a curved surface and spheres 
must pack into a mixed 6 and non-6 coordinate arrangement.(43) Euler proposed that the 
spheres having non-6 coordination numbers (c) can be considered as point defects, 
characterized by a disclination charge q, where q = 6 – c.(44) Bausch et al. showed that as the 
particle size ratio increases  these point defects become too energetically costly and linear 
arrays of disclinations or ‘grain boundaries” are formed instead; here we are below the size 
ratios where grain boundaries should form. (44,45) The SNPs pack into a mixture of 4, 5, 6, and 
7 coordinate arrangements where the total number of SNPs and the coordination numbers 
depend on the particle sizes and size ratios (Figure 4.1f-h, and Figure A4.6). For every 
supracolloid examined, the mean radius and its associated standard deviation was calculated 
by averaging the distance of each SNP centroid (extracted from electron tomography data) 
from the calculated center of the supracolloid. 
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Figure 4.1 Synthesis and self-assembly of the supracolloids. a) Schematic showing the binary assembly strategy 

for colloidal organization. b) Surface functionalization of SNPs. c) Plot of the zeta-potential of SNPs and PSL 

spheres versus pH, showing that at low pH there will be a strong attraction between the functional SNPs (1:50 

functional group:SNP) and PSL particles. The error bars represent the standard deviation in the mean for three 

measurements. d) CryoTEM images of mixtures of 30 nm SNPs and 100 nm PSL spheres at pH 10 (left, not assembled) 

and pH 2 (right), showing that at low pH the SNPs form a close-packed structure on the surface of the PSL spheres. 

e) CryoTEM images of mixtures of 30 nm SNPs and 100 nm BA/MMA spheres at pH 10 (left, not assembled) and 

pH 2 (right), showing that at low pH the SNPs form a close-packed structure on the surface of the PSL spheres (for 

BA/MMA-SNP supracolloids see Figure A4.7-A4.9). Analysis of the dispersity of SNP nearest-neighbour network 

on the surface of f), a 100 nm and h), a 150 nm PSL sphere covered by nominal 30 nm SNPs, g) Plot of the number 

of SNPs on surface of single PSL sphere (nSNP) versus the supracolloid radius (rsupracolloid) with the blue and orange 

arrow corresponding to the examples shown in f) and h), respectively. The range of the supracolloid radius is due 

to its natural dispersity while the error bars indicate the standard deviation in the mean according to the procedure 

for determining the radius. Maximally achievable coverage of a larger sphere by smaller spheres based on 

(Mansfield, J. Chem. Phys. 105, 3245 (1996)) is shown as the red dashed line in g).  
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Figure 4.2 SEM analysis of the macroscopic materials. In panels a) to f) the top, first middle, second middle and 

bottom parts show a cryoTEM image of the supracolloid, a SEM image of the different samples after drying, a SEM 

image after removal of the PSL spheres by depolymerisation at 500 °C, and the corresponding FFT results of the 

structures, respectively. g), reconstruction of 3D FIB-SEM tomography data, inset: h), surface rendering of the 

reconstructed volume showing the hexagonal arrangement of the supracolloids. i) FIB-SEM cross-section showing 

the arrangement of SNPs filling the interstitial spaces between the PSLs, inset: j), high magnification of the same 

region i). k), SEM image showing the hierarchical ordering of the SNPs in the dried material, inset: l), high 

magnification of the same region k). m), FFT of the SEM image in k) showing the hexagonal nano/meso arrangement 

of both the PSLs (information in center) and the SNPs (information in the highlighted circle). Inset: n), inverse FFT 

of the highlighted area showing the hexagonal lattice of the SNPs. All scale bars are 1 µm. 
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4.2.2 Formation and Analysis of the 3D Structured Materials 

To organize the supracolloids at high concentration into hierarchically structured materials, 
solutions were dried on a variety of substrates (amorphous carbon, silicon wafers, and glass 
slides), under a range of temperatures (4, 7, 10, 18 and 22 °C), and a range of relative 
humidities (60, 65, 75, 95 and 99%). In some cases the supracolloid samples contained excess 
SNPs (Figure 4.2, c-f top row), however, during drying the excess SNPs separate from the 
supracolloids due to the phenomena of stratification, (46) and are typically found at a different 
location of the substrate compared to the hierarchically structured materials. Moreover, 
cryoTEM analysis of the supracolloids after centrifuging and removing the free SNPs shows 
the supracolloids to be intact. (extra information is given in Supplementary Discussion and 
Figure A4.10). After drying a more optimally packed structure arises by reorganization 
such that a single layer of silica separates the latex particles and silica particles fill the 
tetrahedral and octahedral holes of the close packed structure of the supracolloids. The 
surface of the hybrid assemblies was analysed by scanning electron microscopy (SEM) 
(Figure 4.2, Table A4.3). Figures 4.2a-f show the most ordered structures obtained for each 
SNP / PSL combination, where the SNPs form a dense network around the PSL spheres. 
After depolymerization at ca. 500 °C still close-packed structures are present (Figure 4.2a-f 
third row) with more or less faults which result in somewhat different six-fold Fast Fourier 
Transform (FFT) patterns. (Figure 4.2a-f fourth row). A summary of domain sizes and wall 
thicknesses is given in Table A4.4 and Figure A4.11-A4.14. Volume imaging using Focused 
Ion Beam SEM tomography (FIB-SEM, Figure 4.2m, 4.2n) shows the hexagonal 
organization of the supracolloids in 3D, underlining that they indeed act as spherical building 
blocks that organize in 3D at high concentrations, driven by entropy. Close inspection of the 
internal (Figures 4.2o, 4.2p) and surface (Figures 4.2q, 4.2r) structure of the porous SNP 
network shows that the SNPs reorganized prior to drying to form a close packed (entropically 
favoured) structure (rewetting disturbs the order in  Figure A4.15). This can be seen from the 
filled “interstitial sites” between the supracolloids (Figure 4.2o, inset) and the long-range 
order observed in the FFT (Figure 4.2s) and reverse filtered FFT (Figure 4.2t). The FFT 
shows an arced six-fold pattern which indicates the SNPs also pack hexagonally with some 
distortions to the long-range order. The sizes of the domains extend from sub-micrometer to 
over tens of micrometers (Figure A4.16). For the 100 nm PSL-30 SNP and 100 nm PSL-10 
SNP combinations, the domain sizes are between 1-10 μm, while for the combinations 
involving the 140 nm PSL and 170 nm PSL, where the droplet surface curvature plays a role, 
the domain size is 10-100 µm, with a depth about 10 layers. See Figure A4.17 for FIB-SEM 
lamella images of dried supracolloids as measured by TEM at different tilt angles, showing 
the order in the supracolloid and homogeneity in the SNP distribution. 
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Figure 4.3 Analysis of the supracolloid 3D organization by cryoET. a, schematic representation showing the 

rearrangement of the 30 nm SNPs at the 100 nm PSL surface during slow and b, fast drying. While during slow 

drying rearrangements of SNPs into secondary layers (shown in green) occurs, this effect is basically absent for fast 

drying. c, CryoTEM image of a supracolloid cluster formed in which SNPs rearranged during slow drying. The 

dashed rectangle shows the interface of two supracolloids presented in a. c, z-slice from the tomographic 

reconstruction of a non-clustering supracolloid sample in the concentrated regime during fast drying and d, the 

coordination map for the SNPs in c showing the undisturbed surface packing. For details of data analysis see Figure 

A4.5. 

The dynamics between the SNPs and the PSL spheres on the supracolloid surface seem to 
play a key role in achieving a hierarchical 3D organization by allowing the formation of 
entropically favoured structures prior to full solvent evaporation. However, the formation of 
the supracolloids is an essential first step in obtaining well-ordered macroscopic materials. 
Drying solutions of dispersed particles results in disordered or macroscopically phase 
separated areas of the individual SNPs and PSL spheres (Table A4.3). This is explained by 
the phenomenon of colloidal stratification, which describes how particles of different sizes 
phase separate during drying.(46) In fact, even for solutions which contained highly ordered 
supracolloids at low concentrations (as analysed by cryoTEM), drying may result in 
disordered and macroscopically phase separated materials (Table A4.3). 

4.2.3 Analysis of the Organization Pathways 

To investigate the different organization pathways, from highly ordered supracolloids to 
either ordered or disordered macroscopic materials, time-resolved cryoET was performed 
during the drying process (Figure 4.3, Figure A4.18-20). For samples that resulted in 

00000 -17x24_BNW.indd   6600000 -17x24_BNW.indd   66 20-04-2021   11:2020-04-2021   11:20



Chapter 4  

54 

4.2.2 Formation and Analysis of the 3D Structured Materials 

To organize the supracolloids at high concentration into hierarchically structured materials, 
solutions were dried on a variety of substrates (amorphous carbon, silicon wafers, and glass 
slides), under a range of temperatures (4, 7, 10, 18 and 22 °C), and a range of relative 
humidities (60, 65, 75, 95 and 99%). In some cases the supracolloid samples contained excess 
SNPs (Figure 4.2, c-f top row), however, during drying the excess SNPs separate from the 
supracolloids due to the phenomena of stratification, (46) and are typically found at a different 
location of the substrate compared to the hierarchically structured materials. Moreover, 
cryoTEM analysis of the supracolloids after centrifuging and removing the free SNPs shows 
the supracolloids to be intact. (extra information is given in Supplementary Discussion and 
Figure A4.10). After drying a more optimally packed structure arises by reorganization 
such that a single layer of silica separates the latex particles and silica particles fill the 
tetrahedral and octahedral holes of the close packed structure of the supracolloids. The 
surface of the hybrid assemblies was analysed by scanning electron microscopy (SEM) 
(Figure 4.2, Table A4.3). Figures 4.2a-f show the most ordered structures obtained for each 
SNP / PSL combination, where the SNPs form a dense network around the PSL spheres. 
After depolymerization at ca. 500 °C still close-packed structures are present (Figure 4.2a-f 
third row) with more or less faults which result in somewhat different six-fold Fast Fourier 
Transform (FFT) patterns. (Figure 4.2a-f fourth row). A summary of domain sizes and wall 
thicknesses is given in Table A4.4 and Figure A4.11-A4.14. Volume imaging using Focused 
Ion Beam SEM tomography (FIB-SEM, Figure 4.2m, 4.2n) shows the hexagonal 
organization of the supracolloids in 3D, underlining that they indeed act as spherical building 
blocks that organize in 3D at high concentrations, driven by entropy. Close inspection of the 
internal (Figures 4.2o, 4.2p) and surface (Figures 4.2q, 4.2r) structure of the porous SNP 
network shows that the SNPs reorganized prior to drying to form a close packed (entropically 
favoured) structure (rewetting disturbs the order in  Figure A4.15). This can be seen from the 
filled “interstitial sites” between the supracolloids (Figure 4.2o, inset) and the long-range 
order observed in the FFT (Figure 4.2s) and reverse filtered FFT (Figure 4.2t). The FFT 
shows an arced six-fold pattern which indicates the SNPs also pack hexagonally with some 
distortions to the long-range order. The sizes of the domains extend from sub-micrometer to 
over tens of micrometers (Figure A4.16). For the 100 nm PSL-30 SNP and 100 nm PSL-10 
SNP combinations, the domain sizes are between 1-10 μm, while for the combinations 
involving the 140 nm PSL and 170 nm PSL, where the droplet surface curvature plays a role, 
the domain size is 10-100 µm, with a depth about 10 layers. See Figure A4.17 for FIB-SEM 
lamella images of dried supracolloids as measured by TEM at different tilt angles, showing 
the order in the supracolloid and homogeneity in the SNP distribution. 

Spontaneous organization of supracolloids into three-dimensional structured materials 

  55 

 
Figure 4.3 Analysis of the supracolloid 3D organization by cryoET. a, schematic representation showing the 

rearrangement of the 30 nm SNPs at the 100 nm PSL surface during slow and b, fast drying. While during slow 

drying rearrangements of SNPs into secondary layers (shown in green) occurs, this effect is basically absent for fast 

drying. c, CryoTEM image of a supracolloid cluster formed in which SNPs rearranged during slow drying. The 

dashed rectangle shows the interface of two supracolloids presented in a. c, z-slice from the tomographic 

reconstruction of a non-clustering supracolloid sample in the concentrated regime during fast drying and d, the 

coordination map for the SNPs in c showing the undisturbed surface packing. For details of data analysis see Figure 

A4.5. 

The dynamics between the SNPs and the PSL spheres on the supracolloid surface seem to 
play a key role in achieving a hierarchical 3D organization by allowing the formation of 
entropically favoured structures prior to full solvent evaporation. However, the formation of 
the supracolloids is an essential first step in obtaining well-ordered macroscopic materials. 
Drying solutions of dispersed particles results in disordered or macroscopically phase 
separated areas of the individual SNPs and PSL spheres (Table A4.3). This is explained by 
the phenomenon of colloidal stratification, which describes how particles of different sizes 
phase separate during drying.(46) In fact, even for solutions which contained highly ordered 
supracolloids at low concentrations (as analysed by cryoTEM), drying may result in 
disordered and macroscopically phase separated materials (Table A4.3). 

4.2.3 Analysis of the Organization Pathways 

To investigate the different organization pathways, from highly ordered supracolloids to 
either ordered or disordered macroscopic materials, time-resolved cryoET was performed 
during the drying process (Figure 4.3, Figure A4.18-20). For samples that resulted in 

00000 -17x24_BNW.indd   6700000 -17x24_BNW.indd   67 20-04-2021   11:2020-04-2021   11:20



Chapter 4  

56 

disordered structures we observed the formation of intermediate supracolloid clusters 
(Figures 4.3a, 4.3c). These clusters consist of two or more PSL spheres of which the 
surrounding SNP layers are not preserved due to a rearrangement of the supracolloids from 
their initial organization in solution. Without this dynamic reorganization a double SNP layer 
would always be present between two adjacent PSL spheres (Figures 4.3b, 4.3d, and 4.3e). 
However, in many of the clusters we observe only a single layer of SNPs (Figure A4.19) or 
even direct contact between two PSL spheres (Figure A4.17). Subsequent to the 
reorganization clearly demonstrating that supracolloids are dynamic, the PSL:SNP number 
ratio and the SNP coordination number decreases upon further drying due to disassembly and 
phase separation (Figure A4.18m). Hence, in order to form hierarchically ordered hybrid 
materials, PSL cluster formation should be avoided as this results in the irreversible 
disassembly of the building blocks in the early stage of drying.  

Indeed, for pathways leading to highly ordered materials we observed that the 
supracolloids remain separated (i.e. no clustering is observed) until they organize into a 
hexagonal lattice at sufficient high concentrations (Figure 4.3d and Figure A4.20). 
Importantly, cryoET showed that their PSL:SNP ratio and the SNP nearest-neighbour 
network was still the same as for the initial dispersed system at low concentration (Figure 
4.3e). This even holds for the situation where some of the SNPs from neighbouring PSL 
spheres are within the same distance as those on the same PSL sphere (Figure A4.20). For 
the close packing of spheres that have the same charge, the separation distance is dictated by 
both geometric considerations and electrostatic repulsion between the particles. 
Consequently, we infer that here the supracolloids are kept apart by the electrostatic repulsion 
between SNPs on adjacent assemblies. Therefore, this stage of organization represents the 
most optimal packed structure the supracolloids can form without reorganization. During 
drying a more optimally packed structure arises by entropy driven reorganization in the 
almost dry state, in such a way that the structure changes from a two-particle to a one-particle 
silica interlayer between the latex particles. The silica particles likely go in the tetrahedral 
and octahedral holes, as they cannot move far in the jammed structure (Figure 4.3). In support 
of the above, zeta potential measurements showed that the overall charge of the supracolloids 
in Figure 4.3 was +9 mV and + 25 mV for the disordered and ordered systems respectively. 
According to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory higher zeta potential 
measurements correlate with particle stability,(47,48) indicating that forming supracolloids 
with higher total surface charges is essential for preserving supracolloid integrity and 
avoiding cluster formation. However, the overall charge on the supracolloids is not the only 
factor in determining structural evolution during concentration increase caused by drying. 
The drying time should be smaller than the reorganization time, to prevent the reorganization 
shown in Figure 4.3a, but the repulsive forces between the supracolloids, decreasing with 
increasing ionic strength, should remain sufficiently present to promote the formation of the 
structure shown in Figure 4.3b. Where most colloidal organization strategies involve drying 
samples as slowly as possible - in some case over several days,(49) we observed that drying 
times of ~30 minutes resulted in ordered materials whereas drying time of > 1 hour resulted 
in disordered materials (Table A4.3). 

4.2.4 Modelling Supracolloid Formation and Organization 

We modelled the kinetics of the assembly process by considering how the relative 
concentration of each species evolves with time during the drying process (Figure 4.4a). We 
consider a system of SNPs at a concentration S, which may stick to the PSL surfaces with N 
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positions available on each PSL. The concentration of PSLs with n SNPs stuck to it is Pn. 
The formation of a PSL particle covered with n SNPs can be due to adsorption of an SNP on 
a PSL particle covered with n−1 SNPs as described by a rate constant kf, or desorption of an 
SNP from an PSL particle covered with n+1 SNPs as described by a rate constant kb. 
Adsorption requires the proximity of an SNP and PSL particle covered with n−1 SNPs, so 
that the rate of formation is second order. Desorption depends only on the PSLs covered with 
n+1 SNPs and is thus first order. As in the simulations drying is not taken explicitly into 
account, for simplicity this effect was incorporated by taking cluster formation as irreversible 
with rate constant kd. For simplicity and to limit the number of parameters within the model, 
the rate constants kf, kb, and kd are assumed to be independent of the number of SNPs on the 
composite particles.  

 
Figure 4.4 Modelling and optimization of the colloidal organization process. a, schematic of the assembly reaction 

network showing the various pathways to ordered and disordered materials of 100 nm PSL and 30 nm SNP and b, 

concentration of P60 vs. time according to the population balance from equations 1 and 2, showing the maximum at 

tx = ~1800 s.  In this example the parameter values used were P0(0) = 1 mol m−3; S(0) = 1 m−3; kf = 1 m3 s−1 mol-1; 

kb = 1 s−1 and kd = 0.001 m3
 s

−1
 mol−1. c, phase diagram generated by Monte Carlo simulations of the binary 

assemblies for a range of charge numbers of the small and large spheres, ZS and ZL. The background is coloured 

according to the number of SNPs on the surface of the supracolloids.  

The population balance equations for a composite particle of n small SNPs surrounding a 
PSL are given by 

   −  −  −  −   ∑                 (1) 


   − ∑    ∑    (2) 

Measuring all these rate constants, especially during drying, where the solution conditions 
(concentration, ionic strength, pH, etc.) will be continuously changing would be extremely 
challenging. However, it is clear that the concentration of fully covered PSL spheres (Pmax) 
goes through a maximum at time tx (Figure 4.4b), where x is dependent on kf, kb and kd, and 
tx indicates the time corresponding to the maximum concentration of Pmax in the system. In 
the simulation we assumed that Pmax = P60. To achieve the supracolloid morphology shown 
in Figure 4.3c, the drying time should be optimized to coincide with tx. In particular, sufficient 
repulsion between the supracolloids should remain present until they are fixed in a hexagonal 
pattern, where some reorganization can take place leading to a single layer of SNPs between 
PSLs. 
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challenging. However, it is clear that the concentration of fully covered PSL spheres (Pmax) 
goes through a maximum at time tx (Figure 4.4b), where x is dependent on kf, kb and kd, and 
tx indicates the time corresponding to the maximum concentration of Pmax in the system. In 
the simulation we assumed that Pmax = P60. To achieve the supracolloid morphology shown 
in Figure 4.3c, the drying time should be optimized to coincide with tx. In particular, sufficient 
repulsion between the supracolloids should remain present until they are fixed in a hexagonal 
pattern, where some reorganization can take place leading to a single layer of SNPs between 
PSLs. 
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To develop basic design rules for the formation of the supracolloids Monte Carlo 
simulations were performed by considering the solution as a binary mixture of hard spheres 
with diameter σ1 and σ2 and a positive and negative surface charge density, interacting via a 
Yukawa potential,(50) to account for the screening effect of the salts in solution. The two 
particles of species i and j interact via the potential 

 (3) 

with β = 1 / kBT (T being the temperature of the solvent), κ = 1 / λD , (λD being the Debye 
screening length in solution), and rij the distance between the particles. Also, the potential is 
cut at a cut-off distance rc equal to 5 times λD. 

In particular, the amplitude of the potential Aij depends on the surface charge of the 
species as 

(4) 

 
with λB being the Bjerrum length, and Zi and Zj the charge number of the two species. To 
study the aggregation process of SNPs onto the surface of PSL, we set up a simulation box 
with one PSL fixed in the centre of the box, and SNPs free to move in the simulation box. 
We start the simulation at high temperatures, where the SNPs are free to diffuse due to 
thermal agitation. Simulated annealing by quenching the system to lower and lower 
temperatures then triggers its energy-driven aggregation process and at temperature T ≃ 0 
provides extremely low-energy states of the system of one PSL and many SNPs (See 
Supplementary Video 2). Performing the aggregation study for many different values of the 
particle charges and determining the final cluster structures resulted in a state diagram as a 
function of charge numbers of the small and large particles, ZS and ZL, respectively, for the 
design of the supracolloids (Figure 4.4c). Using this state diagram it is synthetically simple 
to optimize the supracolloid morphology for our strategy towards hybrid materials, as the 
respective surface charges on the individual particles can easily be tuned using surface 
chemistry and solution conditions.  

4.3 Conclusions 

Here, we presented the design and formation of hierarchically ordered materials through the 
colloidal assembly of spherical binary supracolloids, using a general strategy that can be 
extended to colloidal systems with more components or even non-spherical building blocks. 
Intrinsic to this design is that enthalpic interactions cause the formation of the supracolloids, 
which subsequently self-assemble into 3D ordered structures driven by entropy, whereafter 
some rearrangements driven by enthalpy can occur. This two-step mechanism requires a 
subtle balance of particle sizes ratio, energetic interactions (dictated by surface chemistry and 
solutions conditions), and the kinetics of the drying process. In addition, it is important that 
the dynamic nature of the supracolloids is maintained during the hierarchical self-assembly 
process and that phase separation and stratification are avoided. Considering the versatility 
of colloidal self-assembly and the simple design rules provided here to optimize the system, 
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we anticipate that this fundamental approach will lead to new hierarchical hybrid materials, 
which benefit from a modular building block assembly. The re-definition of the building 
block at different scales will be key to move from hybrid materials to multi-component and 
multi-scale hierarchies. High surface area materials in absorption, catalysis and multi-
component nanostructures with controlled flow in porous media are potential applications for 
these well-controlled materials. 

4.4 Materials and Methods  

Aqueous suspensions of Polystyrene latex (PSL) spheres were obtained from either Sigma-
Aldrich (LB1) or Fisher Scientific (Distrilab) and used as received. 110 nm (standard 
deviation 14 nm, volume concentration 10%) PSL Spheres (Aldrich) with 0.1% Sodium 
Azide preservative and surfactant, 140 nm PSL (volume concentration < 5%) and 170 nm 
PSL (volume concentration < 6%) with a trace amount of surfactant were used for size effect 
experiments. L-lysine has been supplied from Fluka, and tetraethyl orthosilicate (TEOS) was 
obtained from VWR. (3-Aminopropyl) triethoxysilane (APTES) was ordered from Merck 
(Sigma-Aldrich). pH buffers were prepared as shown in Table A4.1.  

4.4.1 Synthesis of Silica Nanoparticles 

Silica nanoparticles (SNPs) were synthesized using the Yokoi method(51), employing a 
similar procedure as Carcouët et al. (52) L-lysine (100 mg, Fluka) was dissolved in pure water 
(100 ml) in a three-neck 250 ml flask, and the reaction solution was magnetically stirred (270 
rpm) at 60 °C under reflux. Later, the reaction was initiated by adding tetraethyl orthosilicate 
(TEOS) (6 ml – for 30 nm SNPs, 0.6 ml – for 10 nm SNPs, VWR) in one swift motion to the 
reaction solution. The reaction was terminated after 24 h.(52) For 30 nm SNPs, size 
measurement of resulting particles by Dynamic Light Scattering (DLS) (ZetaNano) gave a 
Z-average diameter of 31 nm and an intensity averaged particle diameter of 35 nm. CryoTEM 
imaging and analysis show an approximate size of about 26 nm. For 10 nm particles, DLS 
gave a Z average diameter of 11 nm and an intensity averaged particle diameter of 13 nm. 
CryoTEM analysis indicated an approximate size of about 9 nm.  

4.4.2 Surface Functionalization of Silica Nanoparticles 

The colloidal silica suspension was diluted to 10 wt-% (pH ∼9), and a 1 wt-% silane solution 
in water (pH ∼11) was slowly added while stirring vigorously. The initial amount of APTES 
and colloidal silica was used such that the silane: silica weight ratio was kept at 1:200, above 
which the particles rapidly coagulated. The silane: silica mixture was then washed by 
repeated centrifugation and replacement of supernatant at least five times. Ultrapure water 
(resistivity of 18 MΩ cm by Milli-Q water purifier) was used in all experiments.(53)  

4.4.3 Self-assembly of Supracolloids  

A stock dispersion was prepared by diluting PSL 1:10 with water. Added buffer volume was 
calculated based on the desired ionic strength for the specific sample volume (see 
Supplementary Table 1). The remaining sample volume was then split between the PSL stock 
dispersion and a (modified) SNP solution to a VSNP/VPSL = 0.8 ratio. About seven days after 
mixing, 0.1 to 10 µL was picked to deposit as a droplet on the desired substrate for controlled 
drying experiments. 
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To develop basic design rules for the formation of the supracolloids Monte Carlo 
simulations were performed by considering the solution as a binary mixture of hard spheres 
with diameter σ1 and σ2 and a positive and negative surface charge density, interacting via a 
Yukawa potential,(50) to account for the screening effect of the salts in solution. The two 
particles of species i and j interact via the potential 
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with β = 1 / kBT (T being the temperature of the solvent), κ = 1 / λD , (λD being the Debye 
screening length in solution), and rij the distance between the particles. Also, the potential is 
cut at a cut-off distance rc equal to 5 times λD. 

In particular, the amplitude of the potential Aij depends on the surface charge of the 
species as 
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with λB being the Bjerrum length, and Zi and Zj the charge number of the two species. To 
study the aggregation process of SNPs onto the surface of PSL, we set up a simulation box 
with one PSL fixed in the centre of the box, and SNPs free to move in the simulation box. 
We start the simulation at high temperatures, where the SNPs are free to diffuse due to 
thermal agitation. Simulated annealing by quenching the system to lower and lower 
temperatures then triggers its energy-driven aggregation process and at temperature T ≃ 0 
provides extremely low-energy states of the system of one PSL and many SNPs (See 
Supplementary Video 2). Performing the aggregation study for many different values of the 
particle charges and determining the final cluster structures resulted in a state diagram as a 
function of charge numbers of the small and large particles, ZS and ZL, respectively, for the 
design of the supracolloids (Figure 4.4c). Using this state diagram it is synthetically simple 
to optimize the supracolloid morphology for our strategy towards hybrid materials, as the 
respective surface charges on the individual particles can easily be tuned using surface 
chemistry and solution conditions.  

4.3 Conclusions 

Here, we presented the design and formation of hierarchically ordered materials through the 
colloidal assembly of spherical binary supracolloids, using a general strategy that can be 
extended to colloidal systems with more components or even non-spherical building blocks. 
Intrinsic to this design is that enthalpic interactions cause the formation of the supracolloids, 
which subsequently self-assemble into 3D ordered structures driven by entropy, whereafter 
some rearrangements driven by enthalpy can occur. This two-step mechanism requires a 
subtle balance of particle sizes ratio, energetic interactions (dictated by surface chemistry and 
solutions conditions), and the kinetics of the drying process. In addition, it is important that 
the dynamic nature of the supracolloids is maintained during the hierarchical self-assembly 
process and that phase separation and stratification are avoided. Considering the versatility 
of colloidal self-assembly and the simple design rules provided here to optimize the system, 
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we anticipate that this fundamental approach will lead to new hierarchical hybrid materials, 
which benefit from a modular building block assembly. The re-definition of the building 
block at different scales will be key to move from hybrid materials to multi-component and 
multi-scale hierarchies. High surface area materials in absorption, catalysis and multi-
component nanostructures with controlled flow in porous media are potential applications for 
these well-controlled materials. 

4.4 Materials and Methods  

Aqueous suspensions of Polystyrene latex (PSL) spheres were obtained from either Sigma-
Aldrich (LB1) or Fisher Scientific (Distrilab) and used as received. 110 nm (standard 
deviation 14 nm, volume concentration 10%) PSL Spheres (Aldrich) with 0.1% Sodium 
Azide preservative and surfactant, 140 nm PSL (volume concentration < 5%) and 170 nm 
PSL (volume concentration < 6%) with a trace amount of surfactant were used for size effect 
experiments. L-lysine has been supplied from Fluka, and tetraethyl orthosilicate (TEOS) was 
obtained from VWR. (3-Aminopropyl) triethoxysilane (APTES) was ordered from Merck 
(Sigma-Aldrich). pH buffers were prepared as shown in Table A4.1.  

4.4.1 Synthesis of Silica Nanoparticles 

Silica nanoparticles (SNPs) were synthesized using the Yokoi method(51), employing a 
similar procedure as Carcouët et al. (52) L-lysine (100 mg, Fluka) was dissolved in pure water 
(100 ml) in a three-neck 250 ml flask, and the reaction solution was magnetically stirred (270 
rpm) at 60 °C under reflux. Later, the reaction was initiated by adding tetraethyl orthosilicate 
(TEOS) (6 ml – for 30 nm SNPs, 0.6 ml – for 10 nm SNPs, VWR) in one swift motion to the 
reaction solution. The reaction was terminated after 24 h.(52) For 30 nm SNPs, size 
measurement of resulting particles by Dynamic Light Scattering (DLS) (ZetaNano) gave a 
Z-average diameter of 31 nm and an intensity averaged particle diameter of 35 nm. CryoTEM 
imaging and analysis show an approximate size of about 26 nm. For 10 nm particles, DLS 
gave a Z average diameter of 11 nm and an intensity averaged particle diameter of 13 nm. 
CryoTEM analysis indicated an approximate size of about 9 nm.  

4.4.2 Surface Functionalization of Silica Nanoparticles 

The colloidal silica suspension was diluted to 10 wt-% (pH ∼9), and a 1 wt-% silane solution 
in water (pH ∼11) was slowly added while stirring vigorously. The initial amount of APTES 
and colloidal silica was used such that the silane: silica weight ratio was kept at 1:200, above 
which the particles rapidly coagulated. The silane: silica mixture was then washed by 
repeated centrifugation and replacement of supernatant at least five times. Ultrapure water 
(resistivity of 18 MΩ cm by Milli-Q water purifier) was used in all experiments.(53)  

4.4.3 Self-assembly of Supracolloids  

A stock dispersion was prepared by diluting PSL 1:10 with water. Added buffer volume was 
calculated based on the desired ionic strength for the specific sample volume (see 
Supplementary Table 1). The remaining sample volume was then split between the PSL stock 
dispersion and a (modified) SNP solution to a VSNP/VPSL = 0.8 ratio. About seven days after 
mixing, 0.1 to 10 µL was picked to deposit as a droplet on the desired substrate for controlled 
drying experiments. 
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4.4.4 CryoTEM and cryoET 

CryoTEM samples were prepared by depositing 3 µl samples on a 200 mesh Cu grid with 
Quantifoil R2/2 holey carbon film (Quantifoil Micro Tools GmbH) or Lacey / Carbon 200 
mesh (Electron Microscopy Sciences). All TEM grids were surface plasma treated for 40 
seconds using a Cressington 208 carbon coater prior to use. An automated vitrification robot 
(Fisher Scientific Vitrobot Mark III) was used for plunge vitrification in liquid ethane. 
CryoTEM studies were performed on the TU/e cryoTITAN (Thermo Fisher Scientific) 
operated at 300 kV, equipped with a field emission gun (FEG), a post-column Gatan Energy 
Filter (GIF) and a post-GIF 2k x 2k Gatan CCD camera. Images were recorded with a total 
electron flux of fewer than 100 e- .Å−2. In-house developed Matlab scripts were used for 
image analysis. The electron tomography tilt series were taken by tilting the specimen from 
−65° to 65°, 2° or 3° per step with Inspect 3D software (Thermo Fisher Scientific). The 
alignment and 3-dimensional reconstruction of the tilt series were done by using IMOD 
software using SNPs as fiducials or by patch tracking and reconstructed using SIRT with 10-
40 iterations. The images were taken at 6500, 11500, and 19000 times nominal magnification, 
with a pixel size of 1.4, 0.76, and 0.47 nm, respectively. The nominal defocus during data 
acquisition was set to −10, −5, and −2 μm, respectively. The total dose for acquisition was 
approximately 100 e- .Å−2. Subsequently, in some cases, data were denoised by nonlinear 
anisotropic diffusion prior to visualization. The resulted 3D reconstructions are shown in 
supporting movies Supplementary Video 3 and Supplementary Video 4.  

4.4.5 Analysis of Supracolloids Organization from Tomographic Data 

To quantitatively analyze the SNP arrangements on the surface of silica particles, we 
performed image analysis on the cryoET data of several samples and applied the following 
steps to extract the positional data and neighboring networks of the SNPs. For the associated 
tilt series and the 3D reconstruction, see supporting information movie SM3. Template 
matching of spheres was used to determine the position of silica particles in an inversed 
contrast tomogram of the supracolloids or dried materials. The inversed contrast was 
calculated to minimize the background signal, thus, increasing the signal to noise ratio 
resulting in a more reliable template matching for the SNP in the 3D image. 

4.4.5.1 Step 1: Find probable PSL centers 

The input for this step is a list of XYZ coordinates of the SNP centers, displayed in Figure 
A4.1a. The first step was to make an XYZ-grid that covers all the silica centers. Next, for 
every point on the grid, the distance to all the other SNP centers was calculated. After that, 
for every grid point, the amount of SNP between a minimum and maximum distance was 
counted. The grid points that have at least a minimum amount of silica particles were selected; 
the rest was discarded. The results of the selected centers were displayed in Figure A4.1b.  

4.4.5.2 Step 2: Locate centers of the probable PSL clusters 

From the clusters of SNPs, probable PSL center locations of a single value were desired. It 
was done using MATLAB’s region props. In some cases, we needed to decide manually 
because sometimes two locations would be found for a single PS particle. The results can be 
seen in Figure A4.1c. 
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4.4.5.3 Step 3: Find the radius and corrected centers 

For every found PSL particle, all the SNPs in a 110-pixel radius (corresponding to the 
expected PSL radius + diameter of an SNP) were used. The SNPs were fitted on a sphere 
using the least-squares method. In some cases, the fitted radius may be smaller than 110 
pixels, and the correlated center may differ as well compared to the center located in step 2. 
That is why the sphere should be refitted using the points that are close to the new center and 
within the new radius times a margin. This iteration can be repeated many times. The resulted 
fitted spheres can be seen in Figure A4.1d. 

4.4.5.4 Step 4. Dividing the Silica particles over the PSL centers 

In the next step, the SNPs were divided over the PSL centers based on the distance to the 
center. In general, the SNP point was connected to the closest PSL point except in the 
exceptional cases, where the distance was irrationally long. When these points were 
successfully divided over the PSL centers, an alpha shape can be made. The alpha shapes are 
displayed in Figure A4.1e. 

4.4.5.5 Step 5. Including unresolved points 

Some of the SNP particles may not be connected to PSL particles. In most cases, these SNPs 
were on the borders of the three-dimensional coordinates and far away from PSL particles. 
However, in some cases, the particles are close to a PSL particle, and it is possible that these 
SNP particles were included in the alpha shapes manually. After finding all the SNPs that 
belong to one supracolloid particle, we calculated the nearest-neighbor distance and nearest-
neighbor network for each SNP-PSL particle. We could then calculate the coordination 
numbers followed by a coordination map on each supracolloidal particle, as shown in Figure 
A4.5. 
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Quantifoil R2/2 holey carbon film (Quantifoil Micro Tools GmbH) or Lacey / Carbon 200 
mesh (Electron Microscopy Sciences). All TEM grids were surface plasma treated for 40 
seconds using a Cressington 208 carbon coater prior to use. An automated vitrification robot 
(Fisher Scientific Vitrobot Mark III) was used for plunge vitrification in liquid ethane. 
CryoTEM studies were performed on the TU/e cryoTITAN (Thermo Fisher Scientific) 
operated at 300 kV, equipped with a field emission gun (FEG), a post-column Gatan Energy 
Filter (GIF) and a post-GIF 2k x 2k Gatan CCD camera. Images were recorded with a total 
electron flux of fewer than 100 e- .Å−2. In-house developed Matlab scripts were used for 
image analysis. The electron tomography tilt series were taken by tilting the specimen from 
−65° to 65°, 2° or 3° per step with Inspect 3D software (Thermo Fisher Scientific). The 
alignment and 3-dimensional reconstruction of the tilt series were done by using IMOD 
software using SNPs as fiducials or by patch tracking and reconstructed using SIRT with 10-
40 iterations. The images were taken at 6500, 11500, and 19000 times nominal magnification, 
with a pixel size of 1.4, 0.76, and 0.47 nm, respectively. The nominal defocus during data 
acquisition was set to −10, −5, and −2 μm, respectively. The total dose for acquisition was 
approximately 100 e- .Å−2. Subsequently, in some cases, data were denoised by nonlinear 
anisotropic diffusion prior to visualization. The resulted 3D reconstructions are shown in 
supporting movies Supplementary Video 3 and Supplementary Video 4.  

4.4.5 Analysis of Supracolloids Organization from Tomographic Data 

To quantitatively analyze the SNP arrangements on the surface of silica particles, we 
performed image analysis on the cryoET data of several samples and applied the following 
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tilt series and the 3D reconstruction, see supporting information movie SM3. Template 
matching of spheres was used to determine the position of silica particles in an inversed 
contrast tomogram of the supracolloids or dried materials. The inversed contrast was 
calculated to minimize the background signal, thus, increasing the signal to noise ratio 
resulting in a more reliable template matching for the SNP in the 3D image. 

4.4.5.1 Step 1: Find probable PSL centers 

The input for this step is a list of XYZ coordinates of the SNP centers, displayed in Figure 
A4.1a. The first step was to make an XYZ-grid that covers all the silica centers. Next, for 
every point on the grid, the distance to all the other SNP centers was calculated. After that, 
for every grid point, the amount of SNP between a minimum and maximum distance was 
counted. The grid points that have at least a minimum amount of silica particles were selected; 
the rest was discarded. The results of the selected centers were displayed in Figure A4.1b.  

4.4.5.2 Step 2: Locate centers of the probable PSL clusters 

From the clusters of SNPs, probable PSL center locations of a single value were desired. It 
was done using MATLAB’s region props. In some cases, we needed to decide manually 
because sometimes two locations would be found for a single PS particle. The results can be 
seen in Figure A4.1c. 
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4.4.5.3 Step 3: Find the radius and corrected centers 

For every found PSL particle, all the SNPs in a 110-pixel radius (corresponding to the 
expected PSL radius + diameter of an SNP) were used. The SNPs were fitted on a sphere 
using the least-squares method. In some cases, the fitted radius may be smaller than 110 
pixels, and the correlated center may differ as well compared to the center located in step 2. 
That is why the sphere should be refitted using the points that are close to the new center and 
within the new radius times a margin. This iteration can be repeated many times. The resulted 
fitted spheres can be seen in Figure A4.1d. 

4.4.5.4 Step 4. Dividing the Silica particles over the PSL centers 

In the next step, the SNPs were divided over the PSL centers based on the distance to the 
center. In general, the SNP point was connected to the closest PSL point except in the 
exceptional cases, where the distance was irrationally long. When these points were 
successfully divided over the PSL centers, an alpha shape can be made. The alpha shapes are 
displayed in Figure A4.1e. 

4.4.5.5 Step 5. Including unresolved points 

Some of the SNP particles may not be connected to PSL particles. In most cases, these SNPs 
were on the borders of the three-dimensional coordinates and far away from PSL particles. 
However, in some cases, the particles are close to a PSL particle, and it is possible that these 
SNP particles were included in the alpha shapes manually. After finding all the SNPs that 
belong to one supracolloid particle, we calculated the nearest-neighbor distance and nearest-
neighbor network for each SNP-PSL particle. We could then calculate the coordination 
numbers followed by a coordination map on each supracolloidal particle, as shown in Figure 
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4.6 Appendix 

4.6.1 Serial Slice and View 

The FIB-SEM tomography of the bulk material was performed in a dual-beam FIB/SEM (FEI 
Quanta FEG 600, Thermo Fisher Scientific) under high-vacuum conditions (10−6 mbar). In 
situ Pt deposition was accomplished across a region of interest by ion beam induced 
deposition before the tomography. Subsequently, the FIB (30 kV, 0.1 nA) milled 640 
consecutive slices with a width of 10 µm and a slice thickness of 10 nm. The SEM recorded 
images in SE mode with a scan resolution of 2048 × 1768 pixels per image 4.94 × 4.94 nm 
per pixel and dwell time 10 µs per pixel.  

4.6.2 TEM Lamella Preparation using FIB-SEM 

The TEM lamella preparation was performed in a dual-beam FIB/SEM (FEI Quanta FEG 
600, Thermo Fisher Scientific), equipped with a gallium ion source operating in the 
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accelerating voltage range 0.5-30 kV and an omniprobe™ micromanipulator. A thin section 
from the calcined colloidal crystalline sample, which consists of 170 nm PSL and 30 nm 
SNPs for transmission-electron microscopy studies was prepared using a focussed ion beam 
(FIB) lift-out. The most important part of preparing a TEM specimen was making the thin 
section without causing significant damage in the prepared specimen. Ordering of 
supracolloids may be affected by either the ion or electron beam during the imaging and 
milling processes. Therefore, it was essential to employ low enough electron and ion beam 
energies and beam currents (100 pA-500 pA) during the processes. Initially, a layer of the 
protective platinum layer was deposited on the area of interest. Later two trenches on both 
sides of the region of interest were formed with a depth of 10 µm. The sample was then tilted 
by 7 degrees in order to form the U-shaped trench, and micromanipulator was inserted to 
remove the TEM lamella from the bulk sample. Finally, the lamella was transferred to the 3 
post lift-out TEM half-grid (Agar Scientific AGJ420) in order to use it for further electron 
tomography characterization. 

4.6.3 Analysis of Supracolloids from Tomographic Data 

After finding all the SNPs that belong to one supracolloid particle, we calculated the nearest-
neighbor distance and nearest-neighbor network for each SNP-PSL particle. We could then 
calculate the coordination numbers followed by a coordination map on each supracolloidal 
particle, as illustrated in Figure A4.5. 

The average coordination number of each SNP was calculated. It was expected that all 
the values are between 5 and 6, as shown in Figure A4.6a, and for most of them, it is above 
5.5. This indicated the number of hexagons on the surface of each PSL particle is higher than 
pentagons. Figure A4.6b showed the pair correlation function for all the SNPs in all the 
supracolloids and showed the first and second nearest-neighbor peaks in the system of 
supracolloids. 

4.6.4 BA/MMA Latex and SNP Supracolloids 

Besides showing a ”high degree of tolerance for varying the sizes of the particles” we 
followed the reviewers suggestion and extended the study to another type of polymer particle, 
namely (BA/MMA copolymer). As can be seen from the zeta potential versus pH curve, a 
similar behavior (Figure A4.7) as for the polystyrene latex is observed resulting in strong 
electrostatic attraction between the SNPs and polymer spheres. Furthermore, SEM analysis 
of macroscopic materials prepared from SNP & BA/MMA spheres after drying (Figure A4.9) 
revealed a similar organization as shown before for the SNP & PSL supracolloids (Figure 
A4.15a,b). 

Examples of the supracolloids made of P (BA/MMA)-Silica NPs at different APTES to 
silica ratios and corresponding zeta potential values of mixtures at pH 2 indicated on the 
upper right side of the images are shown in Figure A4.8. 

The BA/MMA supracolloids dried in the same manner as the SNP/PSL supracolloids but 
we used a lower temperature since the BA/MMA particles have a Tg lower than 20 °C. To 
better asses the structure of this hybrid material dried at 5 ∘C, an FFT mask has been used for 
the large and small objects in the image and the inversed FFT images generated to show the 
filtered particles arrangement. To lower the noise and measure the lattice parameters (Figure 
A4.9), the autocorrelation function of the system has been used and results show the new 
different structures achieved from different supraparticles. 

00000 -17x24_BNW.indd   7400000 -17x24_BNW.indd   74 20-04-2021   11:2120-04-2021   11:21



Chapter 4  

62 

21. Glotzer SC, Solomon MJ., Nat Mater 6 (2007) 557-562. 
22. de Graaf J, van Roij R, Dijkstra M., Physical Review Letters 107 (2011) 155501. 
23. Dijkstra M., Adv Chem Phys 156 (2015) 35-71. 
24. Talapin DV, Shevchenko EV, Bodnarchuk MI, Murray CB., Nature 461 (2009) 964-967. 
25. Shevchenko EV, Talapin DV, Kotov NA, Murray CB., Nature 439 (2006) 55-59. 
26. Kim MH, Im SH, Park OO., Advanced Materials 17 (2005) 2501. 
27. Friedrich H, Gommes CJ, Overgaag K, Vanmaekelbergh D., Nano Lett 9 (2009) 2719-2724. 
28. Evers WH, De Nijs B, Filion L, Vanmaekelbergh D., Nano Lett 10 (2010) 4235-4241. 
29. Evers WH, Friedrich H, Vanmaekelbergh D., Angew Chem Int Ed Engl 48 (2009) 9655-9657. 
30. Singh G, Pillai S, Arpanaei A, Kingshott P., Adv Funct Mater 21 (2011) 2556-2563. 
31. Subramanian G, Manoharan VN, Thorne JD, Pine DJ., Advanced Materials 11 (1999) 1261-1265. 
32. Subramanian G, Biswas R, Sigalas MM, Ho K-M., Appl Phys Lett 74 (1999) 3933-3935. 
33. Chai GS, Shin IS, Yu J-S. Advanced Materials 16 (2004) 2057-2061. 
34. Meng QB, Fu CH, Einaga Y, Sato O., Chemistry of Materials 14 (2002) 83-88. 
35. Cho Y-S, Yi G-R, Manoharan VN, Yang S-M., J Am Chem Soc 127 (2005) 15968-15975. 
36. Chen Q, Bae SC, Granick S. Nature 469 (2011) 381-384. 
37. Chen Q, Whitmer JK, Jiang S, Bae SC, Luijten E, Granick E., Science 331 (2011) 199. 
38. Hsiao LC, Pradeep S., Current Opinion in Colloid & Interface Science 43 (2019) 94-112. 
39. Harley S, Thompson DW, Vincent B. Colloids Surf 62 (1992) 163-176. 
40. De Silva Indrasekara AS, Norton SJ, Vo-Dinh T., Langmuir 34 (2018) 14617-14623. 
41. Patterson JP, Xu Y, Moradi MA, Sommerdijk NAJM, Friedrich H. Acc Chem Res 50 (2017) 

1495-1501. 
42. Evans JW., Reviews of Modern Physics 65 (1993) 1281-1329. 
43. Manoharan VN., Science 349 (2015) 1253751. 
44. Bausch AR, Bowick MJ, Cacciuto A, Dinsmore AD, Weitz DA., Science 299 (2003): 1716-1718. 
45. Guerra RE, Kelleher CP, Hollingsworth AD, Chaikin PM., Nature 554 (2018) 346. 
46. Keddie J, Routh AF., Fundamentals of latex film formation: processes and properties. Springer, 

2010. 
47. Verwey EJ., J Phys Colloid Chem 51 (1947) 631-636. 
48. Derjaguin B, Landau L. Prog Surf Sci 43 (1993) 30-59. 
49. Cong H, Yu B., J Colloid Interface Sci 353 (2011) 131-136. 
50. Robbins MO, Kremer K, Grest GS., Journal of Chemical Physics 88 (1988) 3286-3312. 
51. Carcouët, C. C. M. C. Nano Lett. 14 (2014) 1433–1438  
52. Pham, K. N., Fullston, D., Sagoe-Crentsil, K., Aust. J. Chem. 60 (2007) 662–666. 
53. McKenzie, B. E., Angew. Chem. Int. Ed. Engl. 54 (2015) 2457–2461. 

4.6 Appendix 

4.6.1 Serial Slice and View 

The FIB-SEM tomography of the bulk material was performed in a dual-beam FIB/SEM (FEI 
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neighbor distance and nearest-neighbor network for each SNP-PSL particle. We could then 
calculate the coordination numbers followed by a coordination map on each supracolloidal 
particle, as illustrated in Figure A4.5. 

The average coordination number of each SNP was calculated. It was expected that all 
the values are between 5 and 6, as shown in Figure A4.6a, and for most of them, it is above 
5.5. This indicated the number of hexagons on the surface of each PSL particle is higher than 
pentagons. Figure A4.6b showed the pair correlation function for all the SNPs in all the 
supracolloids and showed the first and second nearest-neighbor peaks in the system of 
supracolloids. 

4.6.4 BA/MMA Latex and SNP Supracolloids 

Besides showing a ”high degree of tolerance for varying the sizes of the particles” we 
followed the reviewers suggestion and extended the study to another type of polymer particle, 
namely (BA/MMA copolymer). As can be seen from the zeta potential versus pH curve, a 
similar behavior (Figure A4.7) as for the polystyrene latex is observed resulting in strong 
electrostatic attraction between the SNPs and polymer spheres. Furthermore, SEM analysis 
of macroscopic materials prepared from SNP & BA/MMA spheres after drying (Figure A4.9) 
revealed a similar organization as shown before for the SNP & PSL supracolloids (Figure 
A4.15a,b). 

Examples of the supracolloids made of P (BA/MMA)-Silica NPs at different APTES to 
silica ratios and corresponding zeta potential values of mixtures at pH 2 indicated on the 
upper right side of the images are shown in Figure A4.8. 

The BA/MMA supracolloids dried in the same manner as the SNP/PSL supracolloids but 
we used a lower temperature since the BA/MMA particles have a Tg lower than 20 °C. To 
better asses the structure of this hybrid material dried at 5 ∘C, an FFT mask has been used for 
the large and small objects in the image and the inversed FFT images generated to show the 
filtered particles arrangement. To lower the noise and measure the lattice parameters (Figure 
A4.9), the autocorrelation function of the system has been used and results show the new 
different structures achieved from different supraparticles. 
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4.6.5 Controlled Drying of Supracolloids 

To prepare hybrid materials, we investigated the effect of evaporation by controlling the 
humidity of the medium and the concentration of the material. We dried the dispersions in a 
fast or slow approach. For slow drying, the thin liquid layers prepared for TEM imaging we 
have applied a drain time (before blotting) or waiting time (after blotting) to the sample in 
the Vitrobot (Table A4.3). We adjusted high humidity level to introduce slow drying in the 
thin liquid layer. On the other samples of a few microliters were dried in the ambient 
conditions at a vertical or horizontal condition on a carbon or silicon substrate, which 
categorizes under the fast drying process. 

The turbulent flows in a drying droplet are misleading factors to the formation of ordered 
material. In some experiments, we have checked some routine processes of drying materials 
to see if we can optimize the material we got in the previous step into a well-ordered 
supracolloid lattice. We employed drop-casting, dip coating, diagonal drying, and spin 
coating on CF TEM grids. CryoTEM and SEM results in Table A4.3 showed part of the 
results from these experiments. 
The coffee ring area of the droplets shows the order in all the experiments. The sizes of the 
domains extend from sub-micrometer to over tens of micrometers, as can be seen in Figure 
A4.16. For 100-30 and 100-10 combinations, the domain sizes are between 1-10 μm, while 
for 140 and 170 PSL combinations, where the droplet surface curve plays a role, the domain 
size is 10-100 µm with a depth about 10 layers. When a small amount of water is added into 
an ordered structure which was formed by fast drying, the ordered structure is fully disturbed 
(Figure A4.15c,d).  

As shown in Figure A4.8, excess SNP is not required to form fully covered supracolloids, 
if the surfaces charged are sufficiently balanced, which in the case of Figure A4.8 is achieved 
by varying the surface functionalization of the SNPs.The main phenomena to consider when 
drying a mixture of particles with different sizes is stratification. For this reason, if excess 
silica is present during drying, it quickly separates from the supracolloids and it is typically 
found in another location on the dried substrate, in particular on the carbon film of the TEM 
grid (Figure A4.10). Moreover, examining the supracolloids after centrifuging and removing 
the free SNPs, the supracolloids appeared to be intact. We adsorbed the excess silica on a 
carbon coated TEM grid by giving a minute of waiting time at 99% humidity before blotting 
in the vitrobot as can be seen in the Figure A4.10. 

4.6.6 Time-resolved cryoET of the Slow Drying Process 

The snapshots of the tomographic reconstruction show the cut-off of the supracolloid, where 
the SNP sits on the surface of the PSL (Supplementary Video 3). When a cluster of 
supracolloids was formed, the single layer of SNPs (Supplementary Video 4) or the touching 
surface of PSLs (Supplementary Video 5) were apparent. The videos show the tilt series of 
the cryoET experiments together with the 3D reconstruction (supporting information movie 
Supplementary Video 3, 4, and 5). 

Figure A4.18 shows the stages of how a 500 nl droplet of the supracolloid dispersion from 
100 nm PSL and 30 nm SNP (zeta potential +9 ev) was dried at ambient conditions (RT 
~20 °C and 65% RH) including a summary of these tomographic studies, together with the 
coordination maps of silica-based on the derived nearest-neighbor distance from the analysis. 
Figure A4.18m shows a thin cross-section of a tomographic reconstruction and therefore does 
not show silica particles located above and below that section. Figure A4.18n shows a thicker 
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section from the same sample, providing more additional information about the disordered 
packing. 

As shown in Figure A4.19, a single layer SNP formed at the interface when two PSL-
SNP supracolloid touched. It can also be seen in Figure A4.18b that some PSLs can touch in 
the cluster or the dried material.  

4.6.7 CryoET Analysis of Highly Charged and Fast Dried Supracolloids 

It can be seen in Figure A4.20 that at the proper conditions, supracolloids stayed intact and 
did not reorganize even at high concentrations (See Supplementary Video 6 and 7). 

 

Figure A4.1. The analysis of tomographic data in 5 steps: (a) Find probable PSL centers (b) Locate centers of the 

probable PSL clusters (c) Finding the radius and corrected centers (d) Dividing the SNPs over the PS centers (e) 

Including unresolved points. 
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section from the same sample, providing more additional information about the disordered 
packing. 
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Figure A4.2. Formation of supracolloids from amine-functionalized silica 1:200 and PSL particles in low (a) and 

high (b) magnification, which shows supracolloids with about 20 SNPs per PSL particle and coagulation of them in 

a pH = 6 buffer. 

 
Figure A4.3. Formation of highly covered supracolloidal particles at pH ~2 (a) and the effect of concentration 

through drying (b) on the coagulation of the PSL-SNP supracolloids and spare SNPs in the solution. Both cryoTEM 

images were taken from the same sample before and in between drying a droplet inside a humid Vitrobot system. 
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Figure A4.4. After the optimization of the number ratio of the SNP to PSL by calculating the number of SNP of each 

size that can cover a PSL with up to 5% extra. Conditions of the fully covered 60 SNP/PSL in low (a) and high (b) 

magnification cryoTEM images. 
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Figure A4.5. First coordination maps of all the particles analyzed 

shown in Figure A4.1 and used for Figure 4.1g in the main text, together 

with the according coordination number histograms. 
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Figure A4.6. The average coordination number of each particle (a) and the occurrences of all pairs of silica 

particles on each particle (b), shows the nearest-neighbor distance and the second nearest-neighbor distance for 

SNP in the set of supracolloids. 

 

 
Figure A4.7. Plot of the zeta-potential of SNPs, PSL and P(BA/MMA) latex versus pH, showing that, at low pH, 

there will be a strong attraction between the SNPs and polymer spheres.  
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Figure A4.8. Binary Particles made by using P (BA/MMA)-Silica NPs: a-b) APTES to silica 1:20, c-d) APTES to 

silica 1:50, e-f) APTES to silica 1:100, g-h) APTES to silica 1:200, and i) APTES to silica 1:50 (excess silica was 

used). Corresponding zeta potential values of mixtures at pH 2 indicated on the upper right side of the images. 
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Figure A4.9. Mixture of P(BA/MMA) and SNPs at pH 2 dried on silicon substrate at 5 °C a). FFT mask of the red 

squared region in a) is shown with a smaller particles mask b) and the following masked image c) and its 

autocorrelation d). The FFT mask for the larger dark particles e) and the masked image f) and its autocorrelation 

g) showing the arrangement of particles.  

b 
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squared region in a) is shown with a smaller particles mask b) and the following masked image c) and its 

autocorrelation d). The FFT mask for the larger dark particles e) and the masked image f) and its autocorrelation 

g) showing the arrangement of particles.  

b 
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Figure A4.10. low and high magnification of supracolloids before (a,b) and after (c,d,e,f) removal of excess SNP 

via centrifugation. Red bands show some SNP absorbed to the carbon material of a lacey TEM grid. cryoTEM 

samples are prepared on carbon coated TEM grids (e,f) to fully remove excess SNP aggregates from the dispersion. 

Spontaneous organization of supracolloids into three-dimensional structured materials 

  73 

 

 
Figure A4.11. Autocorrelation function b) of the ordered material using 170 nm PSL – 10 nm SNP a) and 

measurement of the related lattice parameters c-e).  

 
Figure A4.12. Autocorrelation function b) of the ordered material using 140 nm PSL – 30 nm SNP a) and 

measurement of the related lattice parameters c-e). 

 
Figure A4.13. Autocorrelation function b) of the ordered material using 140 nm PSL – 10 nm SNP a) and 

measurement of the related lattice parameters c-e). 
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Figure A4.14. Autocorrelation function b) of the ordered material using 170 nm PSL – 30 nm SNP a) and 

measurement of the related lattice parameters c-e).  

 
Figure A4.15. a,b) Supracolloids dried on a substrate as described in the manuscript, c,d) The same dried sample 

after the addition of a small droplet of water on top of the sample and subsequently dried as described before. 
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Figure A4.16. SEM images of the dried samples: a) whole block of ordered material, b) single domain of ordered 

structure and c) high magnification of the surface, d) low magnification, e,f) higher magnification of a cross-section, 

g) low magnification and h,i) high magnification of  another cross-section with a lower height view. The domain 

sizes are over tens of micrometers in the x-y direction and 1-10 μm in the z direction. 
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Figure A4.17. A FIB-SEM lamella prepared of a vertically dried supraparticle and measured by TEM at different 

tilt angles, showing the order in the supracolloid and homogeneity in the SNP distribution. Images highlighted 

showing three layers of supraparticles of 170 PSLs and 30 nm SNPs. 
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Figure A4.18. A 500 nl droplet of the supracolloid dispersion from 100 nm PSL and 30 nm SNP (zeta potential +9 

ev) was dried at ambient conditions (RT ~20 °C and 65% RH) (a), after about 6-7 minutes the middle of the droplets 

forms a pit (b) and it takes about 2-3 more minutes to dry out into a white stain (c-j). Samples analyzed with electron 

tomography in (k) to (n) are taken from (a), (d-f), (g-h), and (i-j) states, respectively. Section thickness in (k), (l) is 

~3 nm, in (m) is ~4.2 nm and in (n) is ~7.5 nm. The nearest-neighbor peak, taken from the total distance distribution, 

and the associated coordination number histogram for each state is shown as well. 
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Figure A4.19. Cryo-Electron Tomography provides a quantitative analysis of the hybrid materials during their 

drying induced assembly. The nearest-neighbor network map allows for the determination of the number of SNP-

SNP. This analysis shows there is only one layer of silica at the interface of two supracolloids. 

 
Figure A4.20. Supracolloids preserved in the nearest-neighbor distance of silica particles on a spherical surface in 

a sample with zeta potential of +25 eV and concentrated in between the vitrification process. A cut-off of the 3D 

reconstruction (a), 3D view of the SNPs on top of the particles (b), the nearest neighbor network of the SNPs in the 

system (c), and the SNP-SNP distance histogram (d) was shown in this cryoET analysis. 

4.6.8 Supplementary Tables 
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In the process of synthesizing pH-dependent silica nanoparticles, a range of buffer solutions 
is used to disperse the bare or functionalized SNPs. The actual measured ingredients of the 
buffer solutions and the aimed-for and measured pH values are presented in Table A4.1. 
These buffer solutions were used in order to obain the data for Figure 4.1c. 

Table A4.3. Composition of pH buffers.  

Target 

pH 

Measured 

pH 

Comp. A Conc. A 

(M) 

Vol. A 

(ml) 

Comp. 

B 

Conc. B 

(M) 

Vol. B 

(ml) 

Ionic 

Strength 

(mM) 

2 1.6 KCL 0.1 50 HCL 0.1 13 79.4  

4 3.9 Acetic 
acid 

0.1 164 CH3CO
ONa 

0.1 36 72 

6 5.9 KH2PO4 0.1 100 NaOH 0.1 11.6 89.6 

12 12.4 KCl 0.2 50 NaOH 0.2 12 161.3 

 
In addition to the pH switch for the SNPs, we need to visualize the SNP and PSL interaction 
in cryoTEM. So it was not just enough to induce the interaction but we also needed to make 
samples that show statistically representative particles. The PSL and functionalized SNP 
(with 1:50 or 1:200 APTES to silica ratio) are mixed and turned into high and low pH 
dispersions, followed by immediate or delayed vitrification from a few seconds to a couple 
of hours. The conditions of this supraparticle optimization are shown in Table A4.2. 

Table A4.2. Optimizing the supracolloid samples of 100 nm PSL and 30 nm SNP.  

Exp. 30 nm 

SNP 

100 nm 

PSL 

Mixture Drying profile at 99% Humidity 

 pH pH Silica/PS V/V pHm silane/silica Waiting (min) 

1.  8-9 1-2  8 8/2-3  1:200  overnight 

2.  8-9 1-2 8 8/ 2-3 1:200 180 

3.  8-9 6-7 8 8 /2-3  1:50 0, overnight 

4.  2-3 2-3 4 4/2-3 1:50 0 
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1 “ac” is an acrylate latex 
 

Exp. Silica Latex Mixture Dry

-ing 
Table A4.3. Optimizing the drying process for supracolloids of 

PSL and SNPs. 

 Size 
(nm) 

pH Size 
(nm) 

pH SNP
/PSL 
(V/
V) 

pH
mix 

Fast 
/ 
Slo
w 

 Size 
(nm) 

pH Siz pH SN
P/P
SL 
(V/
V) 

pHm

ix 
Fast / Slow 

1 30 8-9 82ac1 
9-
10 

10 2-3 S 2 30 8-9 100 6-7 18 6-7 S 

  

3 30 8-9 100 6-7 8 2-3 S 4 30 4-5 140 NA 5 4-5 S 

  

5. 30 4-5 170 NA 2 4-5 F 6 30 8-9 100 6-7 8 2-3 F 
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1 “ac” is an acrylate latex 

  

7 30 8-9 140 6-7 8 2-3 F 8 10 8-9 170 6-7 8 2-3 F 

  

9 30 8-9 170 6-7 8 2-3 F 
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Table A4.4. The lattice parameters for the well ordered materials in Figure 4.2 as determined in Figures A4.10 to 

A4.13.The label a-b indicates the size of PCL  and SNP nanoparticles, respectively. The labels A, B, and C refer to 

the +, 0 and - angle directions as given in Figures A4.10b-A4.13b. 

Lattice parameter (nm) 170-10 140-10 170-30 140-30 

A 168 ~17 134 ~19 179  ~35 142 ~27 
B 168  134  200  160  
C 152  161  187  138  
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Chapter 5 

Self-agglomerated collagen patterns govern 
cell behavior  
Reciprocity between cells and their surrounding extracellular matrix is one of the main 
drivers for cellular function and, in turn, matrix maintenance and remodeling. Unraveling 
how cells respond to their environment is key in understanding mechanisms of health and 
disease. In all these examples, matrix anisotropy is an important element, since it can alter 
the cell shape and fate. In this work, the objective is to develop and exploit easy-to-produce 
platforms that can be used to study the cellular response to natural proteins assembled into 
diverse topographical cues. We demonstrate a robust and simple approach to form collagen 
substrates with different topographies by evaporating droplets of a collagen solution. Upon 
evaporation of the collagen solution, a stain of collagen is left behind, composed of three 
regions with a distinct pattern: an isotropic region, a concentric ring pattern, and a radially 
oriented region. The formation and size of these regions can be controlled by the evaporation 
rate of the droplet and initial collagen concentration.  The patterns form topographical cues 
inducing a pattern-specific cell (tenocyte) morphology, density, and proliferation. Rapid and 
cost-effective production of different self-agglomerated collagen topographies and their 
interfaces enables further study of the cell shape-phenotype relationship in vitro. Substrate 
topography and in analogy tissue architecture remains a cue that can and will be used to steer 
and understand cell function in vitro, which in turn can be applied in vivo, e.g. in optimizing 
tissue engineering applications.  

 

 

 

 

 

 

 

The results described in this chapter are based on: 

Aysegul Dede Eren*, E. Deniz Eren*, Twan J.S. Wilting*, Jan de Boer, Hanneke 

Gelderblom and Jasper Foolen. Scientific Reports 2021. 

*: These authors contributed equally to this work. 
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5.1 Introduction 

Cell morphology is affected by its physical environment, which was shown to strongly 
modulate cell fate. For instance, healthy tendon tissue is composed of highly ordered 
anisotropic collagen fibers and tenocytes adopt a spindle-like cell morphology and ultimately, 
functionally contribute to tissue homeostasis(1). In tendinopathy, however, tissue organization 
is disrupted and, hence, the collagen network becomes more isotropic. Concordantly, 
tenocyte morphology transforms into a stellate-shape, and they change their proliferation 
speed and produce matrix proteins that compromise tendon function(2). Various in vitro 

platforms have been developed to study the relation between matrix structure or substrate 
topography and cell morphology and the resulting downstream responses. Production of such 
in vitro platforms often requires the use of advanced tools such as micro-contact printing (3), 
electrospinning (4), or dip-pen nanolithography (5). Whilst these tools allow the generation of 
a wide variety of surface patterns that can induce an elongated cell morphology, they are also 
time-consuming and expensive. Therefore, there is a need for a simple, fast, and cheap 
method to produce topographies that can induce specific morphologies of tenocytes (spindle-
shaped versus stellate-shaped) to study the cell shape-fate relation.  

Evaporation of a liquid solution droplet is a simple, yet powerful technique to assemble 
non-volatile solutes into highly-ordered structures(6). When a liquid droplet containing 
colloidal particles or polymers evaporates, it leaves behind a distinct and reproducible pattern, 
such as the well-known coffee stain(7). The key behind this remarkably robust pattern 
formation is an evaporation-driven capillary flow that transports particles towards the 
contact-line of the droplet(7,8) . The local increase in solute concentration near the contact line 
subsequently leads to jamming(9) , crystallisation(10), gelation(11) or phase separation(12) 
depending on the molecular interaction of the various components. By controlling the 
evaporation rate of the droplet and the motion of its contact line, a sequence of deposits with 
a rich spectrum of deposition patterns can be formed(7,13). This evaporative self-assembly of 
solutes is widely used in the soft-matter, fluid-dynamics, material-science, and chemistry 
communities to create ordered structures on the nano- and micrometer scale, i.e. where direct 
manipulation is impossible(7,13–16). In earlier phenomenological reports(17,18), experiments 
revealed that remarkable well-ordered deposition patterns form by simply letting droplets 
consisting of a solution of collagen type I triple helices evaporate on a glass substrate. In a 
recent study this method has also been applied to radially orient skeletal muscle cells(19). 
However, here we show a wider variety of collagen patterns to which tenocytes respond 
differently. The method has not yet been exploited to generate collagen platforms for the 
study of the physiological response of cells to different topographies and interfaces.   

In this study, we present a robust and simple approach to generate complex collagen 
topographies consisting of isotropic and two kinds of anisotropic domains of different 
structures by evaporating collagen type I solution droplets. We demonstrate how the initial 
collagen concentration and evaporation rate of the droplet can be used to control the pattern 
morphology. Moreover, we explore the ability of different isotropic and anisotropic collagen 
patterns to steer cellular functions such as cell alignment, distribution, shape, and 
proliferation. 
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5.2 Results and Discussions 

5.2.1 Multiscale Well-ordered Organization of Collagen Patterns Depends on 

Concentration and Humidity.  

In this study, droplets of a collagen solution with different concentrations were evaporated 
on glass substrates inside a climate chamber with well-controlled humidity, schematically 
shown in Figure 5.1a. Using Polarized Light Microscopy (PLM), we analysed the deposition 
patterns formed for different initial collagen concentrations and relative humidity (and hence 
the evaporation rate of the droplet). Three types of deposition patterns were observed. Figure 
5.1 shows the different patterns found at the center, middle, and periphery of the dried stain. 
Due to the structural differences in the collagen deposition pattern in each region, as 
discussed below, we from now on define the regions as isotropic for the center, concentric 
for the middle region and radial for the periphery. A complete overview of the collagen 
patterns obtained at the periphery and middle regions and the influence of the relative 
humidity and collagen concentration is presented in Figure 5.2. PLM images obtained from 
the center region are not included in Figure 5.2 as the center region demonstrates more or 
less a flat homogenous characteristic. In the peripheral region radially oriented v-shaped 
collagen patterns appear, which becomes more abundant at high initial collagen concentration 
(Figure 5.2a). Moving radially inwards from the periphery towards the center, different 
collagen patterns appeared (Figure 5.2b). For collagen solutions with initial concentrations 
of 1 mg ml−1 and 10 mg ml−1, little or no collagen patterning was observed in the middle 
region. Note that PLM only produces a signal when there is alignment of collagen that results 
in birefringence, i.e. polarization of the light. By consequence, the absence of a signal does 
not imply that there is no collagen present on the substrate. 

However, well-ordered concentric-ring shaped collagen patterns were found for collagen 
solutions with an initial concentration of 5 mg ml−1 (Figure 5.2b, middle row). Irrespective 
of the concentration or humidity, the central area consisted of a random collagen pattern. In 
the remainder of the paper, we will refer to the center of the stain as ‘isotropic region’, the 
middle of the stain as ‘concentric region’, and the periphery as ‘radial region’. 

 
Figure 5.1 Different topographical patterns formed after collagen droplet evaporation. (a) Schematic overview of 

the climate chamber and pipetted collagen droplets on glass samples, which form a collagen stain. (b) Polarized 

light microscopy (PLM) image accompanied by a sketch of the collagen patterns formed when using a 5 mg ml−1 

collagen solution. Three different regions formed, i.e. an isotropic region in the center, a region with concentric 

collagen rings patterns in the middle and a radial v-shaped pattern at the periphery. For high magnification images 

of the patterns, see Figure 5.6b1, 5.6c1 and 5.6d1. 
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contact-line of the droplet(7,8) . The local increase in solute concentration near the contact line 
subsequently leads to jamming(9) , crystallisation(10), gelation(11) or phase separation(12) 
depending on the molecular interaction of the various components. By controlling the 
evaporation rate of the droplet and the motion of its contact line, a sequence of deposits with 
a rich spectrum of deposition patterns can be formed(7,13). This evaporative self-assembly of 
solutes is widely used in the soft-matter, fluid-dynamics, material-science, and chemistry 
communities to create ordered structures on the nano- and micrometer scale, i.e. where direct 
manipulation is impossible(7,13–16). In earlier phenomenological reports(17,18), experiments 
revealed that remarkable well-ordered deposition patterns form by simply letting droplets 
consisting of a solution of collagen type I triple helices evaporate on a glass substrate. In a 
recent study this method has also been applied to radially orient skeletal muscle cells(19). 
However, here we show a wider variety of collagen patterns to which tenocytes respond 
differently. The method has not yet been exploited to generate collagen platforms for the 
study of the physiological response of cells to different topographies and interfaces.   

In this study, we present a robust and simple approach to generate complex collagen 
topographies consisting of isotropic and two kinds of anisotropic domains of different 
structures by evaporating collagen type I solution droplets. We demonstrate how the initial 
collagen concentration and evaporation rate of the droplet can be used to control the pattern 
morphology. Moreover, we explore the ability of different isotropic and anisotropic collagen 
patterns to steer cellular functions such as cell alignment, distribution, shape, and 
proliferation. 
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5.2 Results and Discussions 

5.2.1 Multiscale Well-ordered Organization of Collagen Patterns Depends on 

Concentration and Humidity.  

In this study, droplets of a collagen solution with different concentrations were evaporated 
on glass substrates inside a climate chamber with well-controlled humidity, schematically 
shown in Figure 5.1a. Using Polarized Light Microscopy (PLM), we analysed the deposition 
patterns formed for different initial collagen concentrations and relative humidity (and hence 
the evaporation rate of the droplet). Three types of deposition patterns were observed. Figure 
5.1 shows the different patterns found at the center, middle, and periphery of the dried stain. 
Due to the structural differences in the collagen deposition pattern in each region, as 
discussed below, we from now on define the regions as isotropic for the center, concentric 
for the middle region and radial for the periphery. A complete overview of the collagen 
patterns obtained at the periphery and middle regions and the influence of the relative 
humidity and collagen concentration is presented in Figure 5.2. PLM images obtained from 
the center region are not included in Figure 5.2 as the center region demonstrates more or 
less a flat homogenous characteristic. In the peripheral region radially oriented v-shaped 
collagen patterns appear, which becomes more abundant at high initial collagen concentration 
(Figure 5.2a). Moving radially inwards from the periphery towards the center, different 
collagen patterns appeared (Figure 5.2b). For collagen solutions with initial concentrations 
of 1 mg ml−1 and 10 mg ml−1, little or no collagen patterning was observed in the middle 
region. Note that PLM only produces a signal when there is alignment of collagen that results 
in birefringence, i.e. polarization of the light. By consequence, the absence of a signal does 
not imply that there is no collagen present on the substrate. 

However, well-ordered concentric-ring shaped collagen patterns were found for collagen 
solutions with an initial concentration of 5 mg ml−1 (Figure 5.2b, middle row). Irrespective 
of the concentration or humidity, the central area consisted of a random collagen pattern. In 
the remainder of the paper, we will refer to the center of the stain as ‘isotropic region’, the 
middle of the stain as ‘concentric region’, and the periphery as ‘radial region’. 

 
Figure 5.1 Different topographical patterns formed after collagen droplet evaporation. (a) Schematic overview of 

the climate chamber and pipetted collagen droplets on glass samples, which form a collagen stain. (b) Polarized 

light microscopy (PLM) image accompanied by a sketch of the collagen patterns formed when using a 5 mg ml−1 

collagen solution. Three different regions formed, i.e. an isotropic region in the center, a region with concentric 

collagen rings patterns in the middle and a radial v-shaped pattern at the periphery. For high magnification images 

of the patterns, see Figure 5.6b1, 5.6c1 and 5.6d1. 
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The most striking pattern formation was thus observed at an initial collagen concentration 
of 5 mg ml−1, regardless of the humidity. A more detailed structural analysis was employed 
on samples that originated from an initial collagen concentration of 5 mg ml−1 and 20% 
humidity (i.e. the fastest evaporation), as shown in Figure 5.2. From the periphery towards 
the center, initially a region of collagen molecules with a radially-oriented v-shaped 
organization was observed, covering only a narrow area. This peripheral region transitions 
into a well-ordered concentric ring pattern of collagen molecules. Finally, in the center of the 
drying stain an isotropic region, which lacks ordered aggregation of collagen, was found. The 
alternating dark and bright arcs in the concentric zone shown in the PLM image in Figure 5.2 
indicate a change in orientation of the collagen molecules from one ring to the next.  

 
Figure 5.2 Collagen concentration and relative humidity affect the final structure of collagen stains. (a) 

Peripheral region; A radially-oriented v-shaped collagen pattern is observed at collagen concentrations of 5 

mg ml−1 and 10 mg ml−1, whereas at 1 mg/ml radial patterns were not observed. (b) Middle region; Concentric-ring 

patterns were exclusively observed at a concentration of 5 mg ml−1, regardless of the relative humidity (middle row). 

Scale bars are 100 µm. For all experiments, N = 3. Displayed figures are representative images. 
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Strikingly, the distance between individual concentric collagen patterns in the middle 
region appeared to widen moving from the periphery towards the center. To evaluate the 
uniformity of concentric collagen patterns we measure the distance between black and white 
arcs, i.e. the wavelength of the pattern, as shown in Figure 5.3a. Irrespective of the concentric 
pattern wavelength, the alternating bright and dark collagen pattern on PLM suggests 
alternating orientations of the collagen fibrils within the pattern. Figure 5.3b and 5.3c show 
that the wavelength of collagen patterns indeed becomes wider upon moving radially inwards 
from the periphery to the center. The wavelength of the collagen patterns close to the 
periphery of the stain was 5.1 ± 0.9 µm while close to the center it was 26.7 ± 1.4 µm. PLM 
images acquired at higher magnification confirm this large difference in wavelength of the 
concentric rings from the periphery to center (Figure 5.3d and 5.3e).  

Given the results, in the remainder of the manuscript, we have used 5 mg/ml collagen 
solutions dried at 20% relative humidity, which resulted in three distinct regions, namely 
with a radial collagen orientation at the periphery, concentric in the middle region, and 
isotropic orientation in the center of the stain. 

 
Figure 5.3 Concentric collagen patterns demonstrate differences in wavelength of collagen motifs (5 mg ml−−1 

collagen solution dried at 20% relative humidity).  (a) PLM image of a concentric collagen pattern, the white arrow 

points radially outward. (b) The mean average of three different measurements that demonstrate the decreasing 

linear trend of collagen wavelength. (c) Wavelength of collagen patterns from the region that was highlighted with 

the yellow rectangle in a. (d,e) Close-up PLM images from collagen patterns that correspond to the regions 0 and 

1. For all experiments, N = 3. Displayed figures are representative images. Error bars in b indicate the standard 

deviation of the mean. 
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Strikingly, the distance between individual concentric collagen patterns in the middle 
region appeared to widen moving from the periphery towards the center. To evaluate the 
uniformity of concentric collagen patterns we measure the distance between black and white 
arcs, i.e. the wavelength of the pattern, as shown in Figure 5.3a. Irrespective of the concentric 
pattern wavelength, the alternating bright and dark collagen pattern on PLM suggests 
alternating orientations of the collagen fibrils within the pattern. Figure 5.3b and 5.3c show 
that the wavelength of collagen patterns indeed becomes wider upon moving radially inwards 
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periphery of the stain was 5.1 ± 0.9 µm while close to the center it was 26.7 ± 1.4 µm. PLM 
images acquired at higher magnification confirm this large difference in wavelength of the 
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Given the results, in the remainder of the manuscript, we have used 5 mg/ml collagen 
solutions dried at 20% relative humidity, which resulted in three distinct regions, namely 
with a radial collagen orientation at the periphery, concentric in the middle region, and 
isotropic orientation in the center of the stain. 
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deviation of the mean. 

00000 -17x24_BNW.indd   10100000 -17x24_BNW.indd   101 20-04-2021   11:2120-04-2021   11:21



Chapter 5  

90 

To further elucidate the fine details of the patterns at the nano-scale, the concentric 
collagen patterns were examined by atomic force microscopy (AFM) and scanning electron 
microscopy (SEM). From the AFM images, we observe that the alternating dark and bright 
regions of the concentric pattern observed under the PLM represent a valley-ridge-like 
topography (Figure 5.4a, 5.4b, and 5.4c). The height profile from two adjacent collagen 
patterns showed a height difference between the valley and ridge of about 180 nm (Figure 
5.4b and 5.4c). Moreover, Figure 5.4a demonstrates fibrillar structures (marked with white 
arrows) which were further imaged by SEM. Figure 5.4d and 5.4e show that the deposition 
patterns consist of collagen fibrils, despite the fact that fibrillogenesis was not actively 
induced in our samples. SEM results confirm the presence of fibrils, which are measured as 
37.7 ± 7.9 nm in diameter, by demonstrating the tightly packed collagen fibrils within the 
concentric pattern. Hence, we conclude that the evaporative aggregation of collagen naturally 
induced fibril formation within the deposition pattern.  

 
Figure 5.4 Collagen fibril formation after evaporation of a collagen droplet (5 mg ml−−1 collagen solution at 20% 

relative humidity). (a) Atomic force microscopy image displaying the height difference of adjacent concentric 

patterns. Colours correspond to different heights according to the colour bar. The white arrows indicate collagen 

fibrils formed after drying. (b,c) Three-dimensional views of the same image in (a). (d,e) Scanning electron 

microscopy images demonstrating tightly packed collagen fibrils. Collagen fibrils of approximately 40 nm in 

diameter can be seen in the magnified image (e). For all experiments, N = 3. Displayed figures are representative 

images. 
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5.2.2  Pattern Formation is Essential for Driving Tenocyte Alignment 

Next, we assess whether different collagen topographies formed by evaporating droplets can 
promote different cell alignment. To this end, we investigate the cell response to these 
patterns by visualizing and quantifying cell alignment. Collagen stains were formed by 
evaporating droplets of 1 mg ml−1 (no distinct pattern formation) and 5 mg ml−1 collagen 
solution at 20% humidity (3 distinct patterns). Rat tenocytes were seeded at low density (LD, 
1000 cells cm−2), fixed after 24 hours, and stained with Phalloidin (green) to visualize the 
actin cytoskeleton (Figure 5.5).  In absence of a clear pattern formation at 1mg ml−1, cells 
were randomly distributed and did not display differences in cell morphology between 
locations (Figure 5.5a and Figure A5.1). For the 5 mg ml−1 samples, where clear collagen 
patterns were observed, we first identified the regions that cells attach to by using PLM. 
Subsequently, cellular alignment was assessed, i.e. cells aligned preferentially radially in the 
radial region, strongly circumferentially with a spindle-shaped morphology in the concentric 
region and randomly in the central isotropic region (Figure 5.5b).  

Previous research has shown that cell density influences cell shape, migration and 
downstream signalling(18), and may possibly override the effect of the substrate topography. 
Therefore, we investigated whether the observed influence of topography on cell shape in a 
confluent cell culture is still effective. To this end, rat tenocytes were seeded at high density 
(HD, 10000 cells cm−2) and visualized as explained earlier (Figure 5.5c). Despite confluency, 
cells exposed to the pattern still displayed a strong alignment and spindle-shaped morphology 
with the patterns they were exposed to (Figure 5.5c). The different wavelengths of the 
concentric-ring topographies (as displayed in Figure 5.3 and Figure A5.2) in the concentric 
– middle region did not appear to affect cell alignment, in both LD and HD conditions. 
Overall, our results indicate that the concentric ring pattern in the 5 mg/ml-stain can promote 
cellular orientation and morphology, regardless of the cell-seeding density. 
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microscopy (SEM). From the AFM images, we observe that the alternating dark and bright 
regions of the concentric pattern observed under the PLM represent a valley-ridge-like 
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induced in our samples. SEM results confirm the presence of fibrils, which are measured as 
37.7 ± 7.9 nm in diameter, by demonstrating the tightly packed collagen fibrils within the 
concentric pattern. Hence, we conclude that the evaporative aggregation of collagen naturally 
induced fibril formation within the deposition pattern.  

 
Figure 5.4 Collagen fibril formation after evaporation of a collagen droplet (5 mg ml−−1 collagen solution at 20% 

relative humidity). (a) Atomic force microscopy image displaying the height difference of adjacent concentric 

patterns. Colours correspond to different heights according to the colour bar. The white arrows indicate collagen 

fibrils formed after drying. (b,c) Three-dimensional views of the same image in (a). (d,e) Scanning electron 

microscopy images demonstrating tightly packed collagen fibrils. Collagen fibrils of approximately 40 nm in 

diameter can be seen in the magnified image (e). For all experiments, N = 3. Displayed figures are representative 

images. 
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5.2.2  Pattern Formation is Essential for Driving Tenocyte Alignment 

Next, we assess whether different collagen topographies formed by evaporating droplets can 
promote different cell alignment. To this end, we investigate the cell response to these 
patterns by visualizing and quantifying cell alignment. Collagen stains were formed by 
evaporating droplets of 1 mg ml−1 (no distinct pattern formation) and 5 mg ml−1 collagen 
solution at 20% humidity (3 distinct patterns). Rat tenocytes were seeded at low density (LD, 
1000 cells cm−2), fixed after 24 hours, and stained with Phalloidin (green) to visualize the 
actin cytoskeleton (Figure 5.5).  In absence of a clear pattern formation at 1mg ml−1, cells 
were randomly distributed and did not display differences in cell morphology between 
locations (Figure 5.5a and Figure A5.1). For the 5 mg ml−1 samples, where clear collagen 
patterns were observed, we first identified the regions that cells attach to by using PLM. 
Subsequently, cellular alignment was assessed, i.e. cells aligned preferentially radially in the 
radial region, strongly circumferentially with a spindle-shaped morphology in the concentric 
region and randomly in the central isotropic region (Figure 5.5b).  

Previous research has shown that cell density influences cell shape, migration and 
downstream signalling(18), and may possibly override the effect of the substrate topography. 
Therefore, we investigated whether the observed influence of topography on cell shape in a 
confluent cell culture is still effective. To this end, rat tenocytes were seeded at high density 
(HD, 10000 cells cm−2) and visualized as explained earlier (Figure 5.5c). Despite confluency, 
cells exposed to the pattern still displayed a strong alignment and spindle-shaped morphology 
with the patterns they were exposed to (Figure 5.5c). The different wavelengths of the 
concentric-ring topographies (as displayed in Figure 5.3 and Figure A5.2) in the concentric 
– middle region did not appear to affect cell alignment, in both LD and HD conditions. 
Overall, our results indicate that the concentric ring pattern in the 5 mg/ml-stain can promote 
cellular orientation and morphology, regardless of the cell-seeding density. 
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Figure 5.5 Tenocytes obey topographies created by evaporated collagen droplets. (a) Rat tenocytescultured at low 

seeding density on 1 mg ml−1 collagen stains for 24 hours and stained with phalloidin (green) to visualize 

cytoskeleton. Cells neither display any orientation, nor adapt their cell shape. (b) Rat tenocytes cultured at low 

seeding density on 5 mg ml−1 collagen stain for 24 hours and stained with phalloidin (green) to visualize cytoskeleton. 

Cells display an elongated shape and a circumferential orientation aligned with the concentric pattern. (c) Rat 

tenocytes cultured at high seeding density on 5 mg ml−1 collagen stain for 24 hours and stained with Phalloidin 

(green) to visualize cytoskeleton. Similar to (b), cells display an elongated shape and a circumferential orientation 

aligned with the concentric pattern. The dashed squares indicate the regions where the magnified images were 

captured. For all experiments, N = 3. Displayed figures are representative images. 
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5.2.3 Tenocyte Orientation and Shape are Altered by Different Topographies 

To further assess the strength of the pattern in driving cellular alignment and morphology, 
cellular F-actin was visualized and quantified (Figure 5.6). Results reveal that the F-actin 
orientation in the concentric region displayed a clear peak at 90° , representative for a strong 
collagen anisotropy in the concentric direction (Figure 5.6.b1-b3). In the radial region, 
collagen displayed a marginal preference for the 0/180° angle, representative for collagen to 
align to the radial direction (Figure 5.6.c1-c3). In this region, we did not observe a clear cell 
alignment based on both visual inspection (Figure 5.6b2) and alignment calculations (Figure 
5.6b3), yet only a small preference towards the radial direction was observed. In the isotropic 
region, no preferred collagen orientation was found, since the bimodal fit (represented by the 
blue dotted line) only has an R2 of 0.19 (Figure 5.6.d1-d3).  Therefore, despite that, the 
collagen topographies strongly differed between the radial and central regions according to 
the polarized light microscopy images, they failed to induce a striking difference in cellular 
alignment. 

Subsequently, cell shape was quantified in terms of area, eccentricity, compactness, and 
solidity (Figure 5.6) and performed ANOVA to determine the statistical difference. Cells 
located on the radial region displayed the smallest cell area and cells in the isotropic region 
the largest cell area. Cellular eccentricity, a measure for cell elongation (the more elongated 
the cell, the closest the eccentricity value is to 1), was highest for cells in the concentric 
region.  Despite the modest anisotropic orientation of the cells in the radial region, the 
eccentricity was lower compared to the random region (Figure 5.6f). Cell compactness 
(higher value indicates a more elongated cell) was highest for cells on the concentric region 
(Figure 5.6g). Cell solidity (values are oppositely correlated with cell branching and 
filopodial protrusions) was highest for cells on the radial region and significantly different 
compared to cells in the isotropic region (Figure 5.6h). Overall, these results indicate that 
concentric regions induced aligned and more elongated, i.e. spindle-shaped, tenocyte 
morphology, whereas isotropic and radial regions only induced differences in cellular 
morphology. 
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5.2.3 Tenocyte Orientation and Shape are Altered by Different Topographies 

To further assess the strength of the pattern in driving cellular alignment and morphology, 
cellular F-actin was visualized and quantified (Figure 5.6). Results reveal that the F-actin 
orientation in the concentric region displayed a clear peak at 90° , representative for a strong 
collagen anisotropy in the concentric direction (Figure 5.6.b1-b3). In the radial region, 
collagen displayed a marginal preference for the 0/180° angle, representative for collagen to 
align to the radial direction (Figure 5.6.c1-c3). In this region, we did not observe a clear cell 
alignment based on both visual inspection (Figure 5.6b2) and alignment calculations (Figure 
5.6b3), yet only a small preference towards the radial direction was observed. In the isotropic 
region, no preferred collagen orientation was found, since the bimodal fit (represented by the 
blue dotted line) only has an R2 of 0.19 (Figure 5.6.d1-d3).  Therefore, despite that, the 
collagen topographies strongly differed between the radial and central regions according to 
the polarized light microscopy images, they failed to induce a striking difference in cellular 
alignment. 

Subsequently, cell shape was quantified in terms of area, eccentricity, compactness, and 
solidity (Figure 5.6) and performed ANOVA to determine the statistical difference. Cells 
located on the radial region displayed the smallest cell area and cells in the isotropic region 
the largest cell area. Cellular eccentricity, a measure for cell elongation (the more elongated 
the cell, the closest the eccentricity value is to 1), was highest for cells in the concentric 
region.  Despite the modest anisotropic orientation of the cells in the radial region, the 
eccentricity was lower compared to the random region (Figure 5.6f). Cell compactness 
(higher value indicates a more elongated cell) was highest for cells on the concentric region 
(Figure 5.6g). Cell solidity (values are oppositely correlated with cell branching and 
filopodial protrusions) was highest for cells on the radial region and significantly different 
compared to cells in the isotropic region (Figure 5.6h). Overall, these results indicate that 
concentric regions induced aligned and more elongated, i.e. spindle-shaped, tenocyte 
morphology, whereas isotropic and radial regions only induced differences in cellular 
morphology. 
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Figure 5.6 Topographies created after evaporation of collagen droplets influence tenocyte orientation and shape. 

(a) Quarter of a collagen stain that is seeded with Phalloidin-stained rat tenocytes (5 mg/ml collagen concentration, 

cells seeded at high density). (b1, c1 and d1) Representative image of the radial, concentric and random region, 

respectively. (b2, c2 and d2) Representative higher magnification phalloidin images. (b3, c3 and d3) F-actin fiber 

distributions showing a radial, concentric and random fiber distribution for the three respective regions. Red dots 

represent individual fiber fractions of the images analysed, where the blue line represents a bimodal fit. R2 values 

of b3, c3 and d3 are 0.31, 0.97 and 0.19, respectively. (e) Quantification of cell area, (f) eccentricity, (g) compactness 

and (h) solidity for cells on radial, concentric and isotropic regions. Scale bars in b2-d2 represent 100 µm. In e-h, 

each symbol represents a single image. Area, eccentricity, solidity and compactness values are represented in 

arbitrary units. Error bars represent 95% confidence intervals. Each asterisk represents statistical significance of 

the differences of cell area, compactness, eccentricity and solidity in redial, concentric and isotropic regions. *P < 

0.05, **P < 0.01. For all experiments, N = 5. The dashed squares indicate the regions where the magnified images 

were captured. 

Self-agglomerated collagen patterns govern cell behavior 

  95 

5.2.4 Topographical Architectures on Collagen Stains Affect Cell Density 

Surface topography is known to affect not only cell shape, but also proliferation and 
differentiation(18,20). Therefore, as a next step we investigated how the different topographies 
of the collagen stains affected the cell density as illustrated in Figure 5.7. The different 
colours of the cells indicate the three regions.  To obtain the average cell densities we 
calculated the total number of cells per region and the corresponding area of that region 
(Figure 5.7a and 5.7b). After performing ANOVA test, our results show that on average the 
cell density is 180 ± 24 cells mm−² in the radial region, 184 ± 21 in the concentric region and 
123.3 ± 59 cells mm−² in the isotropic region (Figure 5.7c).  These results suggest that there 
is no significant difference in cell density between radial, concentric and isotropic region.  

 
Figure 5.7 Cell density varies between patterns and is lowest for the isotropic region. (a) The cells are labelled 

red, green and blue for radial, concentric and isotropic regions. (b) Detailed view of the cells (with the same colour 

coding as in a) together with the corresponding stain, shown in the background. (c) The average densities in the 

radial (180 ± 24), concentric (184 ± 21) and isotropic region 123.3 ± 59 cells mm−² are displayed. Error bars 

represent 95% confidence intervals.  For all experiments, N = 3. 

5.2.5 Surface Topography Does not Alter Cell Proliferation 

Cell proliferation is a feature, known to be affected by environmental factors, including 
surface topography(21). Concordantly, we assessed whether the topography-induced cell 
shape results in different proliferation rates after 24 hours of seeding (Figure 5.8). Image 
analysis showed that in isotropic region 70 ± 25%, in radial region 89 ± 9% and in concentric 
region 85 ± 7% of the cells were EdU positive, hence proliferating, and no statistical 
difference detected. (Figure 5.8b). As shown in our previous work(22), a surface topography 
that alters cellular morphology (as found in the radial and concentric zones, see Figure 5.6a) 
can result in a decrease in nuclear size, and hence a decrease in cell proliferation(22). Therefore, 
we further evaluated whether topographies on the radial, concentric and isotropic region 
induce changes in the nucleus shape in all cells and also specifically (Figure 5.8c) EdU 

positive cells (proliferating cells) (Figure 5.8d). The nucleus area, compactness, elongation, 
and solidity were similar for all regions, and did not differ between EdU positive cells (Figure 
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and (h) solidity for cells on radial, concentric and isotropic regions. Scale bars in b2-d2 represent 100 µm. In e-h, 

each symbol represents a single image. Area, eccentricity, solidity and compactness values are represented in 

arbitrary units. Error bars represent 95% confidence intervals. Each asterisk represents statistical significance of 

the differences of cell area, compactness, eccentricity and solidity in redial, concentric and isotropic regions. *P < 

0.05, **P < 0.01. For all experiments, N = 5. The dashed squares indicate the regions where the magnified images 

were captured. 
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5.2.4 Topographical Architectures on Collagen Stains Affect Cell Density 

Surface topography is known to affect not only cell shape, but also proliferation and 
differentiation(18,20). Therefore, as a next step we investigated how the different topographies 
of the collagen stains affected the cell density as illustrated in Figure 5.7. The different 
colours of the cells indicate the three regions.  To obtain the average cell densities we 
calculated the total number of cells per region and the corresponding area of that region 
(Figure 5.7a and 5.7b). After performing ANOVA test, our results show that on average the 
cell density is 180 ± 24 cells mm−² in the radial region, 184 ± 21 in the concentric region and 
123.3 ± 59 cells mm−² in the isotropic region (Figure 5.7c).  These results suggest that there 
is no significant difference in cell density between radial, concentric and isotropic region.  

 
Figure 5.7 Cell density varies between patterns and is lowest for the isotropic region. (a) The cells are labelled 

red, green and blue for radial, concentric and isotropic regions. (b) Detailed view of the cells (with the same colour 

coding as in a) together with the corresponding stain, shown in the background. (c) The average densities in the 

radial (180 ± 24), concentric (184 ± 21) and isotropic region 123.3 ± 59 cells mm−² are displayed. Error bars 

represent 95% confidence intervals.  For all experiments, N = 3. 

5.2.5 Surface Topography Does not Alter Cell Proliferation 

Cell proliferation is a feature, known to be affected by environmental factors, including 
surface topography(21). Concordantly, we assessed whether the topography-induced cell 
shape results in different proliferation rates after 24 hours of seeding (Figure 5.8). Image 
analysis showed that in isotropic region 70 ± 25%, in radial region 89 ± 9% and in concentric 
region 85 ± 7% of the cells were EdU positive, hence proliferating, and no statistical 
difference detected. (Figure 5.8b). As shown in our previous work(22), a surface topography 
that alters cellular morphology (as found in the radial and concentric zones, see Figure 5.6a) 
can result in a decrease in nuclear size, and hence a decrease in cell proliferation(22). Therefore, 
we further evaluated whether topographies on the radial, concentric and isotropic region 
induce changes in the nucleus shape in all cells and also specifically (Figure 5.8c) EdU 

positive cells (proliferating cells) (Figure 5.8d). The nucleus area, compactness, elongation, 
and solidity were similar for all regions, and did not differ between EdU positive cells (Figure 
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5.8c and 5.8d). These results indicate that proliferation and nucleus shape remained 
unaffected by the surface topographies.  

 
Figure 5.8 Tenocyte proliferation and nucleus shape was not affected by topographies. (a) Representative image 

of all cells (DAPI, Green-Blue) and EdU positive cells (yellow) on radial, concentric and isotropic regions. (b) 

Quantification of EdU positive cells with a trend towards lower proliferation in the isotropic region. (c) 

Quantification of nuclear shape parameters on the different regions for all cells (area, compactness, eccentricity, 

solidity) and (c) for EdU+ cells. Each symbol represents the average of a single image. Error bars represent 95% 

confidence intervals. For all experiments, N = 3. 

5.3  Conclusions 

In the present work, we demonstrated a simple method to create multiscale well-ordered 
collagen patterns by evaporating a droplet containing collagen molecules in a well-controlled 
environment and investigated how cells are affected upon being cultured on this material.  

The final deposition pattern that forms is the result of a complex interplay between the 
evaporation-driven capillary flow inside the droplet(23,24) that transports the collagen fibers 
towards the contact line, the motion and/or pinning of the contact line(13,25), the interaction 
between the collagen and the substrate(26) and the solution rheology(27). At the periphery of 
the stain, a pattern of radially-oriented v-shaped stripes was observed. These structures are 
the first that form as the droplet evaporates. Similar deposits for colloidal-particle laden 
droplets have been reported(28). Possible explanations for these structures range from 
buckling caused by the build-up of internal stress during desiccation, shear banding due to 
internal flow(29), and contact line instabilities(30), but the precise mechanism remains to be 
explored. Further experiments are necessary to reveal whether the radial deposit forms during 
the pinning phase of the contact line, and hence result from the self-assembly of the collagen 
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fibers upon accumulation at the contact line by the capillary flow(23), or during the first stages 
of contact line recession.  In later stages of the droplet life, when the contact line recedes 
while the contact angle remains constant, regular concentric ring patterns were formed 
consisting of ridges and valleys. In literature, such robust periodic patterns have been 
reported for evaporating polymer solutions(13) and are attributed to a stick-slip motion of the 
contact line that is caused by pinning/depinning events(31). In polymer solutions, the 
regularity of the pattern is caused by a self-organized pinning-depinning cycle that results 
from local changes in the solution viscosity due to the convective transport of material to the 
contact line(31). A detailed analysis of the collagen aggregation in the radial and concentric 
regions in presence of evaporation-driven capillary flow and contact-line motion is left for 
future work. Clearly, there is a need for a full exploration of the parameter space and the 
development of adequate models to predict the patterns that will form and when pattern-to-
pattern transitions will occur, depending on e.g. the droplet volume, evaporation rate and 
collagen concentration. Such modelling will help to delineate the differences between the 
results of Nerger et. al.(19), where only radial patterns are found, and the present work where 
both radial and concentric ring patterns reproducibly formed. Furthermore, it is not so clear 
why a concentration of 5 mg/ml yields a much more pounced topography than either 1 
mg ml−1 or 10 mg ml−1. The useful concentration window seems to be rather narrow, but the 
process probably can be optimised. Additionally, the transition from concentric to isotropic 
collagen organisation that occurs during the final stage of the droplet life needs to be further 
investigated to determine the influence of, e.g. gelation(11), rapid solute accumulation causing 
order-to-disorder transitions(23) and collagen adhesion on the absence of a well-defined 
pattern anisotropy in the center of the stain. 

Studying the interactions between cells and their surrounding extracellular matrix is one 
of the main steps on the path to understanding mechanisms of health and disease; hence, here 
we investigated how the nano-topographies created upon self-assembly of collagen 
molecules affect tenocytes with respect to their cytoskeletal organization, orientation and 
proliferation. We first evaluated the impact on topography on cell shape as upon cell 
attachment, initial changes are observed in the cell cytoskeleton. Different cell types (e.g. 
mesenchymal stem cells, tenocytes, epithelial cells) have been shown to adopt their 
cytoskeleton based on the micro-topographies (22,32–34) and nano-topographies(35),(36) that they 
exposed to. The topographies on the collagen stains are at nano-level and forced tenocytes to 
form an elongated shape. This result is also supported by Yang et. al. where they show that 
nano topographies as small as 50 nm led elongation and orientation of human dermal 
fibroblasts(37), and human bone marrow-derived mesenchymal stem cells(38). However, 
characteristics (pitch, ridge, and groove dimensions) of the nano-groove surface topography 
matter and can either result in elongated cell shape or lead to the formation of spherical 
aggregates of human tenocytes(39).  

In the current study, we used rat tenocytes as a cell type to investigate the role of surface 
topography on cell behaviour for the following reasons: 1) Tendon tissue naturally possesses 
a hierarchical order of strongly anisotropic collagen fibers. 2) Tenocytes naturally possess an 
elongated shape in the native tissue. However, upon culturing tenocytes on a flat surface, or 
upon disruption of the native tissue architecture, they dedifferentiate, change their 
morphology to become more spread, alter their phenotypical marker expression, and 
proliferation characteristics. 3) In the native tendon, tenocytes experience biomechanical 
cues originating from collagen fibrils at the nanometer scale (20-150 nm) and fibers are at 
micrometer-scale (10-50 µm)(40), suggesting that they can respond to very small topographies, 
such as the concentric rings. Concentric rings in the collagen stain, which have 180 nm depth 
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5.8c and 5.8d). These results indicate that proliferation and nucleus shape remained 
unaffected by the surface topographies.  

 
Figure 5.8 Tenocyte proliferation and nucleus shape was not affected by topographies. (a) Representative image 

of all cells (DAPI, Green-Blue) and EdU positive cells (yellow) on radial, concentric and isotropic regions. (b) 

Quantification of EdU positive cells with a trend towards lower proliferation in the isotropic region. (c) 

Quantification of nuclear shape parameters on the different regions for all cells (area, compactness, eccentricity, 

solidity) and (c) for EdU+ cells. Each symbol represents the average of a single image. Error bars represent 95% 

confidence intervals. For all experiments, N = 3. 

5.3  Conclusions 

In the present work, we demonstrated a simple method to create multiscale well-ordered 
collagen patterns by evaporating a droplet containing collagen molecules in a well-controlled 
environment and investigated how cells are affected upon being cultured on this material.  

The final deposition pattern that forms is the result of a complex interplay between the 
evaporation-driven capillary flow inside the droplet(23,24) that transports the collagen fibers 
towards the contact line, the motion and/or pinning of the contact line(13,25), the interaction 
between the collagen and the substrate(26) and the solution rheology(27). At the periphery of 
the stain, a pattern of radially-oriented v-shaped stripes was observed. These structures are 
the first that form as the droplet evaporates. Similar deposits for colloidal-particle laden 
droplets have been reported(28). Possible explanations for these structures range from 
buckling caused by the build-up of internal stress during desiccation, shear banding due to 
internal flow(29), and contact line instabilities(30), but the precise mechanism remains to be 
explored. Further experiments are necessary to reveal whether the radial deposit forms during 
the pinning phase of the contact line, and hence result from the self-assembly of the collagen 
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fibers upon accumulation at the contact line by the capillary flow(23), or during the first stages 
of contact line recession.  In later stages of the droplet life, when the contact line recedes 
while the contact angle remains constant, regular concentric ring patterns were formed 
consisting of ridges and valleys. In literature, such robust periodic patterns have been 
reported for evaporating polymer solutions(13) and are attributed to a stick-slip motion of the 
contact line that is caused by pinning/depinning events(31). In polymer solutions, the 
regularity of the pattern is caused by a self-organized pinning-depinning cycle that results 
from local changes in the solution viscosity due to the convective transport of material to the 
contact line(31). A detailed analysis of the collagen aggregation in the radial and concentric 
regions in presence of evaporation-driven capillary flow and contact-line motion is left for 
future work. Clearly, there is a need for a full exploration of the parameter space and the 
development of adequate models to predict the patterns that will form and when pattern-to-
pattern transitions will occur, depending on e.g. the droplet volume, evaporation rate and 
collagen concentration. Such modelling will help to delineate the differences between the 
results of Nerger et. al.(19), where only radial patterns are found, and the present work where 
both radial and concentric ring patterns reproducibly formed. Furthermore, it is not so clear 
why a concentration of 5 mg/ml yields a much more pounced topography than either 1 
mg ml−1 or 10 mg ml−1. The useful concentration window seems to be rather narrow, but the 
process probably can be optimised. Additionally, the transition from concentric to isotropic 
collagen organisation that occurs during the final stage of the droplet life needs to be further 
investigated to determine the influence of, e.g. gelation(11), rapid solute accumulation causing 
order-to-disorder transitions(23) and collagen adhesion on the absence of a well-defined 
pattern anisotropy in the center of the stain. 

Studying the interactions between cells and their surrounding extracellular matrix is one 
of the main steps on the path to understanding mechanisms of health and disease; hence, here 
we investigated how the nano-topographies created upon self-assembly of collagen 
molecules affect tenocytes with respect to their cytoskeletal organization, orientation and 
proliferation. We first evaluated the impact on topography on cell shape as upon cell 
attachment, initial changes are observed in the cell cytoskeleton. Different cell types (e.g. 
mesenchymal stem cells, tenocytes, epithelial cells) have been shown to adopt their 
cytoskeleton based on the micro-topographies (22,32–34) and nano-topographies(35),(36) that they 
exposed to. The topographies on the collagen stains are at nano-level and forced tenocytes to 
form an elongated shape. This result is also supported by Yang et. al. where they show that 
nano topographies as small as 50 nm led elongation and orientation of human dermal 
fibroblasts(37), and human bone marrow-derived mesenchymal stem cells(38). However, 
characteristics (pitch, ridge, and groove dimensions) of the nano-groove surface topography 
matter and can either result in elongated cell shape or lead to the formation of spherical 
aggregates of human tenocytes(39).  

In the current study, we used rat tenocytes as a cell type to investigate the role of surface 
topography on cell behaviour for the following reasons: 1) Tendon tissue naturally possesses 
a hierarchical order of strongly anisotropic collagen fibers. 2) Tenocytes naturally possess an 
elongated shape in the native tissue. However, upon culturing tenocytes on a flat surface, or 
upon disruption of the native tissue architecture, they dedifferentiate, change their 
morphology to become more spread, alter their phenotypical marker expression, and 
proliferation characteristics. 3) In the native tendon, tenocytes experience biomechanical 
cues originating from collagen fibrils at the nanometer scale (20-150 nm) and fibers are at 
micrometer-scale (10-50 µm)(40), suggesting that they can respond to very small topographies, 
such as the concentric rings. Concentric rings in the collagen stain, which have 180 nm depth 
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valleys in between, pushed tenocytes to an elongated morphology, which is characterized by 
an eccentricity value close to 1. Additionally, in the native tendon, tenocytes are oriented in 
the direction of collagen fibers, which was also accomplished by concentric rings. 
Furthermore, since formation of hierarchical aggregation of collagen is challenging in an in 

vitro system, our system allows tenocytes to experience more “natural” environment, 
particularly in the concentric ring with respect to topographical architecture and substrate 
itself and hence tenocytes are exposed to a rather natural ECM that is closed to a native 
healthy tendon. Therefore, collagen stains containing these concentric rings are excellent 
tools to give the sense of a natural ECM to tenocytes and further investigate cell-biomaterial 
interactions with respect to tenocyte biology.   

Proliferation is one of the highly investigated read-outs on cell-biomaterial interaction 
studies as in vivo cells do respond to changes in tissue architecture. For instance, in the heathy 
tendon, tenocytes are relatively quiescent and start proliferating during tissue remodelling in 
case the tissue anisotropy is lost(41,42). This in vivo phenomenon was recently replicated in 

vitro by showing that, upon culturing tenocytes(32) and human mesenchymal stem cells(43) on 
a tendon-biomimetic topography which possess anisotropic topographical features, tenocytes 
displayed a quiescent phenotype compared to cells cultured on a flat surface. Therefore, we 
investigated cell-biomaterial interactions with respect to cell density and proliferation in 
order to elaborate on the influence of isotropy or anisotropy in analogy to healthy and 
damaged tissue. To our surprise, we did not observe striking differences in cell proliferation 
between radial, concentric and isotropic regions, similar to the cell density after 24 hours. It 
is hypothesized that the nuclear deformation can lead to changes in chromatin structure and 
therefore led to a decrease in cell proliferation(22,44). For this reason, we calculated the 
deformation in the nucleus with respect to its shape but did not observe differences between 
regions or between EdU negative and positive cells. In a future study, we will focus on how 
to control the wavelength, width, and height of the concentric ring pattern, to investigate the 
possibility to optimize the pattern for inducing nuclear shape changes/cell proliferation. It 
was also suggested by the work of Milner and Siedlecki et al.(45) and Christopherson et al.(46) 
that a reduction in feature sizes on the material eradicated the discrepancy between nano-
topographies and flat substrates in terms of cell proliferation. Similar to our proliferation 
results, we did not observe any significant differences in cell density after 24 hours between 
the different regions. However, our experiments suggest a decrease in cell density in the 
isotropic region compared to the concentric and radial regions. Future experiments are 
required to investigate this trend, and delineate whether its origin lies in differences in cell 
migration, proliferation or apoptosis between the different zones. 

Nevertheless, other mechanisms such as integrin signalling and focal adhesion dynamics 
also influence cell proliferation and cell adhesion. Integrin signalling is one of the first steps 
upon cell attachment and initiates downstream signalling cascades for cellular responses such 
as cell adhesion, growth, motility, shape, and differentiation(47). Integrins are transmembrane 
proteins that modulate cell-biomaterial crosstalk by interacting their extracellular domain 
with the ECM and the intracellular domain with signalling molecules and can be activated 
by both surface topography (48–50) and surface chemistry (51–53). However, it is still under 
debate whether cells react initially to surface chemistry (54,55) or surface topograpy(55,56). In 
evaporated collagen, all the regions are formed by collagen, and therefore the ligand possibly 
suppresses the effect of topographical differences. As a result, cell proliferation was not 
significantly different between regions and between cells. To support this, proliferation of 
human osteoblasts on nano rough titanium films was similar to that on smooth surfaces(57).  
Furthermore, proliferation of human mesenchymal stem cells on nano topographic 
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poly(methyl methacrylate) (PMMA) was shown to be increased after 14 days of culture 
compared to their smooth counterparts(58). Accordingly, we suggest two possible 
explanations for our proliferation results: 1) The height difference between the valley and 
ridge, providing the topographical cue, is too low to cause a nuclear deformation, and thus 
do not strongly affect proliferation rate. This is supported by the lack of any topography on 
the isotropic region, which even displayed a decreasing trend in the proliferation. 2) Collagen 
as a substrate that cells bind to create a stronger signal compared to the topography of that 
collagen, and therefore the nuclear response towards proliferation was fairly similar. 
Nonetheless, considering that surface topography and chemistry act together to produce a 
biological response, these results should be further explored. For instance, focal adhesion 
kinase (FAK), Src, and Rho GTPases are among the downstream effectors of the integrin 
signalling that are known to affect cell proliferation as well as cytoskeletal changes(50),  hence, 
further investigation on the activation of these pathways can aid us to understand the effect 
of integrin signalling on the proliferation.  

The topographies created by the evaporation of collagen droplets enables studying cell-
biomaterial interactions. Firstly, the stains consist of three different topographical regions 
and with sharp interfaces in between, which enables a direct comparison of read-outs in the 
same sample. Firstly, how cells migrate on different topographies, a cell's preference to 
migrate towards certain topography and cell behaviour at the interface between different 
topographies can be investigated within a single sample. Secondly, topographies are made 
up of collagen type I, which is one of the most abundant types of collagen in the connective 
tissues such as bone and tendon. Therefore, together with biomechanical cues created by 
topographies, the effect of the biochemical cues can be investigated.  

Overall, our robust and simple approach to generate complex topographical collagen 
patterns by droplet evaporation can be used to unravel cell-matrix interactions and better 
understand and control cellular function. The collagen stains formed bear three distinct 
patterns and their interfaces, which can mimic physiological conditions. For example, the 
concentric pattern can be used to mimic a healthy tendon and the isotropic region to feature 
a tendinopathic condition. Thereby, our material can be used to reveal how cells respond to 
the different patterns and their interfaces in terms of cellular capacity for functional 
remodeling and to explore strategies to push cells on the, e.g. isotropic, patterns to display 
improved functional remodeling capacity. In addition, the underlying molecular mechanisms 
that affect this remodeling capacity, associated with topography-induced cell shape, can be 
studied. Hereby, optimal control over the pattern formed by evaporation is essential. In future 
work, we will therefore focus on mapping out the parameter space for collagen pattern 
formation inside evaporating drops and identifying the key physical mechanisms that control 
the pattern. 

5.4  Experimental 

5.4.1 Preparation of Collagen Solutions 

Lyophilized collagen I from calfskin (Elastin products, C857) was dissolved in 0.5 M acetic 
acid at 1 mg ml−1, 5 mg ml−1 and 10 mg ml−1 collagen concentrations and vortexed vigorously 
to ensure collagen was dissolved in the solution. Next, solutions were centrifuged 5 minutes 
at 300 RCF. For each experiment, fresh solutions were prepared.  
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valleys in between, pushed tenocytes to an elongated morphology, which is characterized by 
an eccentricity value close to 1. Additionally, in the native tendon, tenocytes are oriented in 
the direction of collagen fibers, which was also accomplished by concentric rings. 
Furthermore, since formation of hierarchical aggregation of collagen is challenging in an in 

vitro system, our system allows tenocytes to experience more “natural” environment, 
particularly in the concentric ring with respect to topographical architecture and substrate 
itself and hence tenocytes are exposed to a rather natural ECM that is closed to a native 
healthy tendon. Therefore, collagen stains containing these concentric rings are excellent 
tools to give the sense of a natural ECM to tenocytes and further investigate cell-biomaterial 
interactions with respect to tenocyte biology.   

Proliferation is one of the highly investigated read-outs on cell-biomaterial interaction 
studies as in vivo cells do respond to changes in tissue architecture. For instance, in the heathy 
tendon, tenocytes are relatively quiescent and start proliferating during tissue remodelling in 
case the tissue anisotropy is lost(41,42). This in vivo phenomenon was recently replicated in 

vitro by showing that, upon culturing tenocytes(32) and human mesenchymal stem cells(43) on 
a tendon-biomimetic topography which possess anisotropic topographical features, tenocytes 
displayed a quiescent phenotype compared to cells cultured on a flat surface. Therefore, we 
investigated cell-biomaterial interactions with respect to cell density and proliferation in 
order to elaborate on the influence of isotropy or anisotropy in analogy to healthy and 
damaged tissue. To our surprise, we did not observe striking differences in cell proliferation 
between radial, concentric and isotropic regions, similar to the cell density after 24 hours. It 
is hypothesized that the nuclear deformation can lead to changes in chromatin structure and 
therefore led to a decrease in cell proliferation(22,44). For this reason, we calculated the 
deformation in the nucleus with respect to its shape but did not observe differences between 
regions or between EdU negative and positive cells. In a future study, we will focus on how 
to control the wavelength, width, and height of the concentric ring pattern, to investigate the 
possibility to optimize the pattern for inducing nuclear shape changes/cell proliferation. It 
was also suggested by the work of Milner and Siedlecki et al.(45) and Christopherson et al.(46) 
that a reduction in feature sizes on the material eradicated the discrepancy between nano-
topographies and flat substrates in terms of cell proliferation. Similar to our proliferation 
results, we did not observe any significant differences in cell density after 24 hours between 
the different regions. However, our experiments suggest a decrease in cell density in the 
isotropic region compared to the concentric and radial regions. Future experiments are 
required to investigate this trend, and delineate whether its origin lies in differences in cell 
migration, proliferation or apoptosis between the different zones. 

Nevertheless, other mechanisms such as integrin signalling and focal adhesion dynamics 
also influence cell proliferation and cell adhesion. Integrin signalling is one of the first steps 
upon cell attachment and initiates downstream signalling cascades for cellular responses such 
as cell adhesion, growth, motility, shape, and differentiation(47). Integrins are transmembrane 
proteins that modulate cell-biomaterial crosstalk by interacting their extracellular domain 
with the ECM and the intracellular domain with signalling molecules and can be activated 
by both surface topography (48–50) and surface chemistry (51–53). However, it is still under 
debate whether cells react initially to surface chemistry (54,55) or surface topograpy(55,56). In 
evaporated collagen, all the regions are formed by collagen, and therefore the ligand possibly 
suppresses the effect of topographical differences. As a result, cell proliferation was not 
significantly different between regions and between cells. To support this, proliferation of 
human osteoblasts on nano rough titanium films was similar to that on smooth surfaces(57).  
Furthermore, proliferation of human mesenchymal stem cells on nano topographic 
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poly(methyl methacrylate) (PMMA) was shown to be increased after 14 days of culture 
compared to their smooth counterparts(58). Accordingly, we suggest two possible 
explanations for our proliferation results: 1) The height difference between the valley and 
ridge, providing the topographical cue, is too low to cause a nuclear deformation, and thus 
do not strongly affect proliferation rate. This is supported by the lack of any topography on 
the isotropic region, which even displayed a decreasing trend in the proliferation. 2) Collagen 
as a substrate that cells bind to create a stronger signal compared to the topography of that 
collagen, and therefore the nuclear response towards proliferation was fairly similar. 
Nonetheless, considering that surface topography and chemistry act together to produce a 
biological response, these results should be further explored. For instance, focal adhesion 
kinase (FAK), Src, and Rho GTPases are among the downstream effectors of the integrin 
signalling that are known to affect cell proliferation as well as cytoskeletal changes(50),  hence, 
further investigation on the activation of these pathways can aid us to understand the effect 
of integrin signalling on the proliferation.  

The topographies created by the evaporation of collagen droplets enables studying cell-
biomaterial interactions. Firstly, the stains consist of three different topographical regions 
and with sharp interfaces in between, which enables a direct comparison of read-outs in the 
same sample. Firstly, how cells migrate on different topographies, a cell's preference to 
migrate towards certain topography and cell behaviour at the interface between different 
topographies can be investigated within a single sample. Secondly, topographies are made 
up of collagen type I, which is one of the most abundant types of collagen in the connective 
tissues such as bone and tendon. Therefore, together with biomechanical cues created by 
topographies, the effect of the biochemical cues can be investigated.  

Overall, our robust and simple approach to generate complex topographical collagen 
patterns by droplet evaporation can be used to unravel cell-matrix interactions and better 
understand and control cellular function. The collagen stains formed bear three distinct 
patterns and their interfaces, which can mimic physiological conditions. For example, the 
concentric pattern can be used to mimic a healthy tendon and the isotropic region to feature 
a tendinopathic condition. Thereby, our material can be used to reveal how cells respond to 
the different patterns and their interfaces in terms of cellular capacity for functional 
remodeling and to explore strategies to push cells on the, e.g. isotropic, patterns to display 
improved functional remodeling capacity. In addition, the underlying molecular mechanisms 
that affect this remodeling capacity, associated with topography-induced cell shape, can be 
studied. Hereby, optimal control over the pattern formed by evaporation is essential. In future 
work, we will therefore focus on mapping out the parameter space for collagen pattern 
formation inside evaporating drops and identifying the key physical mechanisms that control 
the pattern. 

5.4  Experimental 

5.4.1 Preparation of Collagen Solutions 

Lyophilized collagen I from calfskin (Elastin products, C857) was dissolved in 0.5 M acetic 
acid at 1 mg ml−1, 5 mg ml−1 and 10 mg ml−1 collagen concentrations and vortexed vigorously 
to ensure collagen was dissolved in the solution. Next, solutions were centrifuged 5 minutes 
at 300 RCF. For each experiment, fresh solutions were prepared.  
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5.4.2 Climate Chamber and Sample Preparation 

The collagen stains are made by evaporating 50 μL droplets of the fresh collagen solution. 
Five droplets are pipetted on different glasses and placed inside the climate chamber. The 
chamber is a transparent plexiglas box in which the temperature is monitored and is 23 ± 1 °C 
for all the experiments. The relative humidity in the chamber is controlled via a N2-gas inflow 
to lower the humidity to a specified level. After an initial transient of about 15 minutes, a 
stable humidity is obtained within about 1% of the target value (a typical experiment lasts 
2.5 hours). Droplet evaporation is recorded in side- and bottom-view. In the bottom-view, 
the formation of the stain and the contact line motion are recorded via Bright Light 
Microscopy (BLM). A side-view camera is used to measure the size of the droplet and the 
contact angle with the glass substrate over time. Once all the liquid has evaporated, the 
collagen stains are stored at 4 °C until use.  

5.4.3 Isolation of Rat Tenocytes 

Rats were collected after euthanization considering their surplus status from the breeding 
program. Tenocytes were isolated from the hind limbs of 23 weeks old Cyp1a2ren strain rats 
by using a previously published protocol(32). Briefly, tendons from the hind limbs were 
digested in a solution containing collagenase type II (3mg/ml) (Worthington Biochemical), 
dispase II (Sigma-Aldrich) (4mg/ml) and 100 U/ml Penicillin/Streptomycin (Thermo Fisher 
Scientific) for 4 hours at 37 °C. Next, the solution was passed through a 70 mm cell strainer 
(Life sciences) and further spinned at 300 G for 5 minutes. Then, pellet was re-suspended in 
Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal 
bovine serum (FBS), 100 U/ml penicillin/streptomycin, tenocytes were cultivated in T-25 
flasks until 70% confluency.  

5.4.4 Sterilization of Tendon Imprints and Cell Culture 

Collagen stains was sterilized by incubating the materials in 70% ethanol for 30 minutes. 
Next, ethanol was aspirated, and remaining ethanol let to air-dry under sterile conditions. 
Subsequently, samples were washed in sterile phosphate-buffered saline (PBS, Sigma-
Aldrich) at 37 °C three times and washed with culture medium twice before use. Passage 4 
tenocytes were seeded at 1000 cells cm−2 (for low-density culture) and 10000 cells cm−2 (for 
high density culture) for subsequent orientation, cell density and proliferation analyses.  

5.4.5 Phalloidin and EdU Staining 

Upon 24 hours after seeding, cells were fixed with 4% paraformaldehyde (PFA, 
ThermoFisher Scientific) at room temperature for 20 minutes and subsequently washed with 
PBS. Afterwards, samples were incubated in were incubated in Phalloidin–
Tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC, 1:200; ThermoFisher) in PBS 
for 1 hour and washed 3 times with PBS to stain F-actin. Next, 4′,6-diamidino-2-phenylindole 
(DAPI, 1:500; Sigma-Aldrich) in PBS was used to stain nuclei for 1 hour and further washed 
3 times with PBS. Finally, samples were mounted on glass cover slides with mounting 
medium (Dako, Agilent). Samples were stored at 4 oC at dark.  

Click-iT EdU Cell Proliferation Kit (Invitrogen, C10340) for Imaging (Thermo Fisher) 
was used to detect proliferating cells as described on the manufacturer’s instructions. Briefly, 
cells were serum-starved for 24 hours before to EdU labelling to synchronize their biological 
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clock. Next, cells were fixed with 4% paraformaldehyde (PFA, ThermoFisher Scientific) at 
room temperature for 20 minutes and permeabilized with 0.5% (v/v) Triton X-100 in PBS 
for 20 minutes after 24 hours of incubation in 10 µM EdU solution. Afterwards, cells were 
treated with EdU reaction cocktail for 30 minutes in the dark and incubated in Hoechst for 
another 30 minutes to stain the nucleus. Next, samples were mounted on glass cover slides 
and stored at 4 °C at dark. 

5.4.6 Imaging  

Borosilicate Glass substrates that were employed to dry collagen solutions, were used without 
any further sample preparation step. Regions of interest were imaged between two polarizers 
with a Zeiss Axioplan 2 light microscope using transmission mode at magnifications 10×, 
20×, and 50×. The scanning electron microscopy (SEM) imaging of the glass substrates was 
performed by using a FEI Quanta FEG 600 (Thermo Fisher Scientific). Glass substrates were 
sputter-coated prior to SEM imaging in order to avoid a possible charging effect and to 
improve the imaging quality. Atomic force microscopy (AFM) measurements were 
conducted by using a NTegra Agura (NT-MDT) machine in tapping mode and Si 
microcantilever probes with a spring constant of 5 N/m. Fluorescent images were taken with 
a Leica DMi8 with TIRF Multi Color microscope (Leica Microsystems CMS) at 10× 
magnification. Lasers at excitation wavelengths of 532 nm and 647 nm were used for 
phalloidin and EdU respectively. Tile images were stitched together with LAS-AF Lite 
version 2.6 (Leica Microsystems CMS). 

5.4.7 Quantification of F-actin Orientation by Fiber Tracking and Bimodal Fitting 

F-actin stress-fiber orientation was measured by using actin stained samples based on 
previously developed fiber-tracking algorithm54. Briefly, via employing a multi-scale 
approach the principle curvature directions from the eigenvalues and the eigenvectors of the 
Hessian matrix of the image were calculated. For each image, a histogram that contains fiber 
fraction per angle (ranging from 0° to 180° and 0° to 90° degrees with a 2° interval) was 
obtained. For bimodal fitting, average fiber fractions for all images from the same protocol 
were used. To quantify the fiber distribution, the experimentally observed fractions were 
approximated by a bi-modal periodic normal probability distribution function using a 
nonlinear least-squares approximation algorithm:  

    exp cos2 −   1    exp cos2 −   1   

Hereby,  is the fiber fraction as a function of the fiber angle . Variables  and  are 
the two main fiber angles and   and   represent the dispersities of the two fiber 
distributions. An angle of 90° is parallel to the radial direction and aligned with the concentric 
direction. The parameters  and  are scaling factors for the total fiber fractions of the 
distributions.  

5.4.8 Image Analysis 

Analysis of acquired PLM and SEM images was done by using the software packages 
provided by Digital Gatan Micrograph and Image J such as Plot Profile tool to quantitively 
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5.4.2 Climate Chamber and Sample Preparation 

The collagen stains are made by evaporating 50 μL droplets of the fresh collagen solution. 
Five droplets are pipetted on different glasses and placed inside the climate chamber. The 
chamber is a transparent plexiglas box in which the temperature is monitored and is 23 ± 1 °C 
for all the experiments. The relative humidity in the chamber is controlled via a N2-gas inflow 
to lower the humidity to a specified level. After an initial transient of about 15 minutes, a 
stable humidity is obtained within about 1% of the target value (a typical experiment lasts 
2.5 hours). Droplet evaporation is recorded in side- and bottom-view. In the bottom-view, 
the formation of the stain and the contact line motion are recorded via Bright Light 
Microscopy (BLM). A side-view camera is used to measure the size of the droplet and the 
contact angle with the glass substrate over time. Once all the liquid has evaporated, the 
collagen stains are stored at 4 °C until use.  

5.4.3 Isolation of Rat Tenocytes 

Rats were collected after euthanization considering their surplus status from the breeding 
program. Tenocytes were isolated from the hind limbs of 23 weeks old Cyp1a2ren strain rats 
by using a previously published protocol(32). Briefly, tendons from the hind limbs were 
digested in a solution containing collagenase type II (3mg/ml) (Worthington Biochemical), 
dispase II (Sigma-Aldrich) (4mg/ml) and 100 U/ml Penicillin/Streptomycin (Thermo Fisher 
Scientific) for 4 hours at 37 °C. Next, the solution was passed through a 70 mm cell strainer 
(Life sciences) and further spinned at 300 G for 5 minutes. Then, pellet was re-suspended in 
Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal 
bovine serum (FBS), 100 U/ml penicillin/streptomycin, tenocytes were cultivated in T-25 
flasks until 70% confluency.  

5.4.4 Sterilization of Tendon Imprints and Cell Culture 

Collagen stains was sterilized by incubating the materials in 70% ethanol for 30 minutes. 
Next, ethanol was aspirated, and remaining ethanol let to air-dry under sterile conditions. 
Subsequently, samples were washed in sterile phosphate-buffered saline (PBS, Sigma-
Aldrich) at 37 °C three times and washed with culture medium twice before use. Passage 4 
tenocytes were seeded at 1000 cells cm−2 (for low-density culture) and 10000 cells cm−2 (for 
high density culture) for subsequent orientation, cell density and proliferation analyses.  

5.4.5 Phalloidin and EdU Staining 

Upon 24 hours after seeding, cells were fixed with 4% paraformaldehyde (PFA, 
ThermoFisher Scientific) at room temperature for 20 minutes and subsequently washed with 
PBS. Afterwards, samples were incubated in were incubated in Phalloidin–
Tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC, 1:200; ThermoFisher) in PBS 
for 1 hour and washed 3 times with PBS to stain F-actin. Next, 4′,6-diamidino-2-phenylindole 
(DAPI, 1:500; Sigma-Aldrich) in PBS was used to stain nuclei for 1 hour and further washed 
3 times with PBS. Finally, samples were mounted on glass cover slides with mounting 
medium (Dako, Agilent). Samples were stored at 4 oC at dark.  

Click-iT EdU Cell Proliferation Kit (Invitrogen, C10340) for Imaging (Thermo Fisher) 
was used to detect proliferating cells as described on the manufacturer’s instructions. Briefly, 
cells were serum-starved for 24 hours before to EdU labelling to synchronize their biological 

Self-agglomerated collagen patterns govern cell behavior 

  101 

clock. Next, cells were fixed with 4% paraformaldehyde (PFA, ThermoFisher Scientific) at 
room temperature for 20 minutes and permeabilized with 0.5% (v/v) Triton X-100 in PBS 
for 20 minutes after 24 hours of incubation in 10 µM EdU solution. Afterwards, cells were 
treated with EdU reaction cocktail for 30 minutes in the dark and incubated in Hoechst for 
another 30 minutes to stain the nucleus. Next, samples were mounted on glass cover slides 
and stored at 4 °C at dark. 

5.4.6 Imaging  

Borosilicate Glass substrates that were employed to dry collagen solutions, were used without 
any further sample preparation step. Regions of interest were imaged between two polarizers 
with a Zeiss Axioplan 2 light microscope using transmission mode at magnifications 10×, 
20×, and 50×. The scanning electron microscopy (SEM) imaging of the glass substrates was 
performed by using a FEI Quanta FEG 600 (Thermo Fisher Scientific). Glass substrates were 
sputter-coated prior to SEM imaging in order to avoid a possible charging effect and to 
improve the imaging quality. Atomic force microscopy (AFM) measurements were 
conducted by using a NTegra Agura (NT-MDT) machine in tapping mode and Si 
microcantilever probes with a spring constant of 5 N/m. Fluorescent images were taken with 
a Leica DMi8 with TIRF Multi Color microscope (Leica Microsystems CMS) at 10× 
magnification. Lasers at excitation wavelengths of 532 nm and 647 nm were used for 
phalloidin and EdU respectively. Tile images were stitched together with LAS-AF Lite 
version 2.6 (Leica Microsystems CMS). 

5.4.7 Quantification of F-actin Orientation by Fiber Tracking and Bimodal Fitting 

F-actin stress-fiber orientation was measured by using actin stained samples based on 
previously developed fiber-tracking algorithm54. Briefly, via employing a multi-scale 
approach the principle curvature directions from the eigenvalues and the eigenvectors of the 
Hessian matrix of the image were calculated. For each image, a histogram that contains fiber 
fraction per angle (ranging from 0° to 180° and 0° to 90° degrees with a 2° interval) was 
obtained. For bimodal fitting, average fiber fractions for all images from the same protocol 
were used. To quantify the fiber distribution, the experimentally observed fractions were 
approximated by a bi-modal periodic normal probability distribution function using a 
nonlinear least-squares approximation algorithm:  

    exp cos2 −   1    exp cos2 −   1   

Hereby,  is the fiber fraction as a function of the fiber angle . Variables  and  are 
the two main fiber angles and   and   represent the dispersities of the two fiber 
distributions. An angle of 90° is parallel to the radial direction and aligned with the concentric 
direction. The parameters  and  are scaling factors for the total fiber fractions of the 
distributions.  

5.4.8 Image Analysis 

Analysis of acquired PLM and SEM images was done by using the software packages 
provided by Digital Gatan Micrograph and Image J such as Plot Profile tool to quantitively 
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measure the wavelength of the collagen patterns and diameter of collagen fibrils. 
Approximately 60 images were used to calculate the wavelength of the collagen patterns and 
more than 100 collagen fibrils were picked to measure the diameter of collagen fibrils and 
results are reported as mean ± standard deviation of the mean.  Cell and nucleus shape 
parameters were extracted from CellProfiler55 by using customized pipelines for Phalloidin 
and EdU analysis. Each pipeline included background correction, nucleus and cell 
segmentations for further cell and nucleus shape analysis. Cell shape parameters were 
calculated by CellProfiler: Eccentricity is calculated by taking the ratio of the distance 
between the foci of the ellipse and its major axis length. Compactness calculated by the mean 
squared distance of the object’s pixels from the centroid divided by the area. Solidity 
calculated by taking the proportion of the pixels in the convex hull that are also in the 
object(32,59). The analysis on the regional cell densities are done with MATLAB. First, PLM 
images are used to define masks for the radial, concentric and isotropic region. The area and 
number of cells per region are calculated after placing the corresponding masks on the DAPI 
images. The cells in the image (white) are easily distinguished from the surrounding 
background (black) with a threshold in the grayscale values. Graphs are drown in GraphPad 
Prism version 8.0 (GraphPad Software, Inc., San Diego, CA) and images are prepared in 
Fiji(60). 

5.4.9 Statistics 

Statistical analyses for cell and nucleus shape analysis and proliferation were performed by 
using GraphPad Prism version 8.0 (GraphPad Software, Inc., San Diego, CA). One-way 
analysis of variance (ANOVA) was carried out to calculate the statistical difference in three 
different regions. For all statistical analysis, the significance is set at p < 0.05 and 
significance was determined by Turkey’s post-hoc test. 
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measure the wavelength of the collagen patterns and diameter of collagen fibrils. 
Approximately 60 images were used to calculate the wavelength of the collagen patterns and 
more than 100 collagen fibrils were picked to measure the diameter of collagen fibrils and 
results are reported as mean ± standard deviation of the mean.  Cell and nucleus shape 
parameters were extracted from CellProfiler55 by using customized pipelines for Phalloidin 
and EdU analysis. Each pipeline included background correction, nucleus and cell 
segmentations for further cell and nucleus shape analysis. Cell shape parameters were 
calculated by CellProfiler: Eccentricity is calculated by taking the ratio of the distance 
between the foci of the ellipse and its major axis length. Compactness calculated by the mean 
squared distance of the object’s pixels from the centroid divided by the area. Solidity 
calculated by taking the proportion of the pixels in the convex hull that are also in the 
object(32,59). The analysis on the regional cell densities are done with MATLAB. First, PLM 
images are used to define masks for the radial, concentric and isotropic region. The area and 
number of cells per region are calculated after placing the corresponding masks on the DAPI 
images. The cells in the image (white) are easily distinguished from the surrounding 
background (black) with a threshold in the grayscale values. Graphs are drown in GraphPad 
Prism version 8.0 (GraphPad Software, Inc., San Diego, CA) and images are prepared in 
Fiji(60). 

5.4.9 Statistics 

Statistical analyses for cell and nucleus shape analysis and proliferation were performed by 
using GraphPad Prism version 8.0 (GraphPad Software, Inc., San Diego, CA). One-way 
analysis of variance (ANOVA) was carried out to calculate the statistical difference in three 
different regions. For all statistical analysis, the significance is set at p < 0.05 and 
significance was determined by Turkey’s post-hoc test. 
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5.6 Appendix 

 
Figure A5.1. Random cellular alignment on a collagen stain, derived from evaporating a 1mg ml−1 collagen droplet. 

Images are obtained from randomly selected regions close to the stain  in (i) the peripheral region, (ii) the middle 

region, and  (iii) the central region were quantified for orientation and cell morphological parameters. Tenocytes 

neither displayed preferred orientations (a-c), nor differences in cell shape, between locations (d-f).  

 
Figure A5.2. The differences in collagen wavelength motifs in the concentric area did not affect cell shape, 

irrespective of the cell seeding density (low density in the left panel; high density in the right panel).   
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Chapter 6 

Multiscale hierarchical bone organization of 
in a case of osteogenesis imperfecta bone type 
IV compared to control bone  
 

Bone is a complex natural material with a hierarchical multiscale organization, crucial to 
perform its functions. Osteogenesis Imperfecta (OI) is an inherited bone disease in which 
alteration of a single mutation in the collagen type I gene leads to bone fragility with severe 
clinical consequences. In this case study we aim to draw a comprehensive picture regarding 
the hierarchical organization of a OI type IV bone sample in comparison to a control bone 
sample by combining advanced electron microscopy techniques and conventional 
histological visualizations. Our results indicate that the calcium concentration in OI type IV 
is higher compared to the control bone, in line with the fact that OI type IV bone is inherently 
hyper-mineralized. Nearest-neighbor distances of osteocytes varied from 10 µm to 30 µm in 
the control bone, while in OI type IV bone the nearest-neighboring distances are about 20% 
higher and cover a much wider range. Moreover, organizational differences of collagen fibrils 
and structural differences, such as bubble-like cavities, were found in OI type IV bone. Last 
but not least, the characteristic D-spacing was found to be smaller and the angular distribution 
of intrafibrillar minerals was found to be wider in OI type IV bone. For all features indicated, 
quantitative estimates made for OI type IV bone differ significantly from those for control 
bone.  

 

 

 

 

 

 

 

The results described in this chapter are based on: 

E. Deniz Eren, Wouter H. Nijhuis, Freek van der Weel, Aysegul Dede Eren, Sana Ansari, 

Paul H.H. Bomans, Heiner Friedrich, Ralph J. Sakkers, Harrie Weinans and Gijsbertus de 

With, to be submitted. 
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6.1 Introduction 

Bone tissue affected by pathological conditions undergoes alterations(1,2), of which the 
precise nature and its mechanical consequences are still to be revealed. Considering the fact 
that the hierarchical organization of control bone is still under debate(3) and there is still room 
for discovery, determining the structures and motifs in pathological bone needs to be dealt 
with at all hierarchical levels and should address as many aspects of the structure as possible. 
Bone is a multifunctional natural material that has a complex hierarchical organization that 
provides toughness and stiffness at the same time(4). A considerable amount of literature has 
been published concerning the hierarchical organization of bone(5–12). These studies show that 
bone is a composite material, with mineralized type I collagen fibril being the basic structural 
unit(13). Type I collagen fibrils, non-collagenous proteins, and calcium phosphate minerals 
collectively organized in a hierarchical way, are responsible for the mechanical properties of 
bone(14). The hierarchical organization of bone starts at the nano-level and extends all the way 
up to the macro-level providing a rigid framework responsible for its mechanical stiffness 
and strength and subsequent functioning(14). Severe clinical consequences(15–17) may arise as 
a result of any alteration in the hierarchical (nano- to macro-scale) organization of bone. Bone, 
as a natural composite material, comprises calcium phosphate in plate-like shaped carbonated 
hydroxyapatite crystals as the inorganic component and collagen as the organic 
component(5,13,14) acting as a template for mineralization during its formation. An example of 
an alteration in the hierarchical organization of bone is a mutation in the collagen type I gene 
which results in markedly changed mechanical properties that leads to Osteogenesis 
Imperfecta (OI).  OI is a genetic disorder also known as ‘brittle bone disease’ and its primary 
defect lies in the disturbance of the production and/or subsequent assembly of collagen type 
I by osteoblasts. The prevalence of OI has been estimated to affect between 1:15 000 to 
20 000 births(18). The clinical manifestations vary widely between the different types of OI 
ranging from patients who have mild symptoms with a normal life expectancy to intrauterine 
death(19–22). 

The majority of the OI population have an autosomal dominant inheritance leading to OI 
types I to IV due to a mutation in the COL1A1 or COL1A2 gene. These genetic defects, 
changing only one amino acid in collagen molecules, have an impact on bone structure from 
the nanoscale to the millimeter and whole bone level(23). The molecular structure of collagen 
molecules changes dramatically in such pathological conditions, i.e. the diameter of type I 
collagen fibrils in OI bone is smaller(24–27), and the collagen forms more wavy structures 
compared to its healthy counterpart, which might affect the packing of the collagen molecules 
at the fibril level(28,29). In OI bone abnormally high matrix mineralization is found 
independent of the mutation type. Fratzl-Zelman et al. found a similar crystal size in the bone 
of OI type I compared with normal bone but the relative mineral volume fraction was 
increased by 12% due to a larger number of crystals in the same matrix volume(30).  

The current understanding in the literature regarding the structural alterations in 
pathological tissues is mainly based on conventional techniques, such as histology and optical 
microscopy that provide limited information from a complex 3D material and likely hinders 
full understanding of these complex biological materials. Therefore, a 3D analysis of OI type 
IV bone relative to control bone was performed by using various micro-level to nano-level 
techniques. In this study, we aim to elucidate how a single point mutation causing OI type 
IV bone in genes coding for collagen type 1 influences the structural properties of bone tissue 
at multiple length scales in a top-down approach. Hypothesizing that by focusing on bottom-
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up and top-down approaches we can build a ‘bridge’ between the nano-level hierarchy and 
micro-level structures, unraveling the 3D structure and analyzing several aspects of the 
hierarchical organization of OI type IV bone can bring us one step closer towards 
understanding structure-function relations in bone.  

6.2 Results 

6.2.1 Calcium Content 

The details of calcium content analysis are given in the Appendix, section 6.7. After 
optimization of the parameters (see Appendix, section 6.7.2), demineralization experiments 
were initiated using control bone and OI type IV bone. The results indicate that the calcium 
concentration in OI type IV is larger compared to control bone (Figure 6.1), which is in line 
with the fact that OI bones are inherently hyper-mineralized as reviewed by Bishop et al.(1) 

 

Figure 6.1. Cumulative calcium concentration for OI type IV and control bone in the solution per day 

(normalized to the same weight of the OI type IV and control bone pieces). 

6.2.2 Nearest-Neighbour Distance of Osteocytes 

In control bone osteocytes were present over the whole surface of an osteon (Figure 6.2a, 
6.2b), while OI type IV bone always showed smaller island-like structures that are spread 
over the surface and are either separated by the embedding material or biological material 
which are attributed to the OI disease (Figure 6.2c,d). These island-like structures were 
measured to be 65.6 ± 8.9 µm, where ± from now on indicates the sample standard deviation. 
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Figure 6.2 Optical microscopy images of a) control showing a single intact surface with clearly visible 

osteocytes (black dots) and c) OI type IV bone showing separated small island-like features. The same 

regions are shown in b) and d) using a polarizer. Scale bars: 100 µm. 

In order to quantitatively analyze the nearest-neighbor distance of the osteocytes, an in-house 
MATLAB script was employed using POM images (Figure 6.3, Appendix section 6.7.7). For 
control bone, most of the distances fall in the 0 to 30 µm range being average distance 23 µm 
which is in accordance with reported literature data(31). For the OI type IV bone, the average 
distance is longer (45 µm) and the most striking difference longer tailing up to 250 µm 
(Figure 6.3b). Fitting the distribution with a lognormal curve shows that both the mode and 
the standard deviation are larger for the OI type IV bone.  
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Figure 6.3 The experimentally determined distribution of the nearest-neighbor distances (histogram) 

and the fitted lognormal distribution (line) for a) control bone and b) OI type IV bone. 

The average canaliculi diameter for control bone was measured to be 547 ± 132 nm, while 
the average canaliculi diameter for OI Type IV was 413 ± 108 nm (Appendix section 6.7.8). 
The image collection was made by using the SSV procedure, for which we made sure that 
the cutting and subsequent imaging plane was perpendicular to the lacunar-canaliculi 
network, as shown clearly by the 3D reconstruction (Appendix section 6.7.8, Figure A6.13). 
A t-test shows that the diameters of the OI bone are significantly different from that of the 
control bone at the 5% significance level (Appendix section 6.7.2). 

Also the volume fractions of the lacunar-canalicular network were measured (Figure 
A6.15), resulting in a volume fraction of 1.49% ± 0.45% for OI type bone compared to 0.75% 
± 0.11% for control bone (Appendix section 6.7.10). Again, a t-test shows that these values 
are significantly different at the 5% significance level (Appendix section 6.7.2). 

6.2.3 Structural Motifs  

In order to study the collagen network in control and OI type IV bone picrosirius red staining 
was employed. Observations for our samples with different polarizer orientations and with 
or without a retardation plate yielded difficult to interpret results. However, it was found that 
collagen in OI bone upon picrosirius red staining shows a more yellow and/or green color, 
which is a possible indication of loosely packed fibrils according to Montes et al.(32).  

Thereafter, SEM was employed to determine the periodicity of twisted plywood motif in 
control and OI type IV bone samples. The alteration of the direction of the collagen fibrils 
can be seen due to the contrast difference in the different orientations of the layers (lamellae). 
The layers of the twisted plywood motif are clearly observed on the surface of the samples 
(Figure 6.4). The lamellae thickness has been measured by several researchers by using 
various methods with mixed and inconsistent results. For example, it has been reported that 
human collagen fibrils have a periodicity of 5-7 µm(33), 6-9 µm(34), 9.06 ± 2.13 µm(35) or 4-8 
µm(36), corresponding to a single lamellae. These discrepancies can be related with the 
methods that have been used to measure the thickness of lamellae, the bone tissue used, 
number of measurements made as well as the age and gender of the individuals that have 
been used for the studies. Our results from control bone indicate that the twisted plywood 
motif can be observed over almost the complete surface. The periodicity of the twisted motif 
can be observed over almost the complete surface. The periodicity of the twisted plywood 

00000 -17x24_BNW.indd   12200000 -17x24_BNW.indd   122 20-04-2021   11:2120-04-2021   11:21



Chapter 6  

110 

 
Figure 6.2 Optical microscopy images of a) control showing a single intact surface with clearly visible 

osteocytes (black dots) and c) OI type IV bone showing separated small island-like features. The same 

regions are shown in b) and d) using a polarizer. Scale bars: 100 µm. 

In order to quantitatively analyze the nearest-neighbor distance of the osteocytes, an in-house 
MATLAB script was employed using POM images (Figure 6.3, Appendix section 6.7.7). For 
control bone, most of the distances fall in the 0 to 30 µm range being average distance 23 µm 
which is in accordance with reported literature data(31). For the OI type IV bone, the average 
distance is longer (45 µm) and the most striking difference longer tailing up to 250 µm 
(Figure 6.3b). Fitting the distribution with a lognormal curve shows that both the mode and 
the standard deviation are larger for the OI type IV bone.  

Multiscale hierarchical bone organization  

 

  111 

 
Figure 6.3 The experimentally determined distribution of the nearest-neighbor distances (histogram) 

and the fitted lognormal distribution (line) for a) control bone and b) OI type IV bone. 

The average canaliculi diameter for control bone was measured to be 547 ± 132 nm, while 
the average canaliculi diameter for OI Type IV was 413 ± 108 nm (Appendix section 6.7.8). 
The image collection was made by using the SSV procedure, for which we made sure that 
the cutting and subsequent imaging plane was perpendicular to the lacunar-canaliculi 
network, as shown clearly by the 3D reconstruction (Appendix section 6.7.8, Figure A6.13). 
A t-test shows that the diameters of the OI bone are significantly different from that of the 
control bone at the 5% significance level (Appendix section 6.7.2). 

Also the volume fractions of the lacunar-canalicular network were measured (Figure 
A6.15), resulting in a volume fraction of 1.49% ± 0.45% for OI type bone compared to 0.75% 
± 0.11% for control bone (Appendix section 6.7.10). Again, a t-test shows that these values 
are significantly different at the 5% significance level (Appendix section 6.7.2). 

6.2.3 Structural Motifs  

In order to study the collagen network in control and OI type IV bone picrosirius red staining 
was employed. Observations for our samples with different polarizer orientations and with 
or without a retardation plate yielded difficult to interpret results. However, it was found that 
collagen in OI bone upon picrosirius red staining shows a more yellow and/or green color, 
which is a possible indication of loosely packed fibrils according to Montes et al.(32).  

Thereafter, SEM was employed to determine the periodicity of twisted plywood motif in 
control and OI type IV bone samples. The alteration of the direction of the collagen fibrils 
can be seen due to the contrast difference in the different orientations of the layers (lamellae). 
The layers of the twisted plywood motif are clearly observed on the surface of the samples 
(Figure 6.4). The lamellae thickness has been measured by several researchers by using 
various methods with mixed and inconsistent results. For example, it has been reported that 
human collagen fibrils have a periodicity of 5-7 µm(33), 6-9 µm(34), 9.06 ± 2.13 µm(35) or 4-8 
µm(36), corresponding to a single lamellae. These discrepancies can be related with the 
methods that have been used to measure the thickness of lamellae, the bone tissue used, 
number of measurements made as well as the age and gender of the individuals that have 
been used for the studies. Our results from control bone indicate that the twisted plywood 
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motif in OI type IV and control bone were determined (Figure 6.5), resulting in 4.9 ± 0.75 
µm for control bone, 3.2 ± 0.52 µm for OI type IV bone (Appendix section 6.7.11, Table 
A6.4). A t-test on the data indicates that the periodicity of the control bone differs 
significantly from that of the pathological bone at the 5% significance level (Appendix 
section 6.7.2). 

 
Figure 6.4 Twisted plywood motifs for different bone types as obtained using 2D SEM: a) control bone 

and b) OI type IV. Scale bars: 50 µm.  

Different types of structural motifs can be found in control and OI bone, in particular, 
aligned collagen fibrils coexist together with disordered collagen fibrils as demonstrated for 
human lamellar bone(34). (Figure 6.6, Supplementary Movie 1 and SM 2). Although we tried 
to obtain the same quality for Figures 6.6c and 6.6d, this appeared to be experimentally 
impossible.  

 
Figure 6.5 Representative images of twisted plywood motif of a), b) and c) control bone, d), e) and f) 

OI type IV bone. 
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Figure 6.6 Representative organizational motifs of a) and b) control bone; c) and d) OI type IV bone. 

Cross-sections of canaliculi are marked with a white arrow in a) and c). b) and d) correspond to 

highlighted yellow area in a) and c), respectively. Collagen fibrils that form a bundle-like motif are 

marked with a light orange rectangle. Scale bars: 1 µm. 

As explained and demonstrated for the first time by Reznikov et al.(34), human lamellar 
bone consists of ordered and disordered collagen motifs together with arrays of ordered 
collagen fibrils which were found to be 2 to 3 µm in diameter defined as ‘’rods’’. Here, in 
control bone (Figure 6.6a, 6.6b) aligned collagen fibrils can be observed in two different 
orientations (marked with orange rectangle in Figure 6.6b), namely in-plane and out-of-
plane. In the control bone aligned collagen fibrils form a bundle-like structure with a 
thickness measured as 1.2 - 1.5 µm. All these arrays of aligned collagen fibrils are mainly 
within the lamellar plane that is also the imaging plane during the SSV procedure. Coexisting 
out-of-plane and in-plane collagen fibrils are an inherent feature of human bone(14). In the OI 
type IV bone sample (Figure 6.6c, 6.6d), similar as for control bone, bundle-like arrays of 
aligned collagen fibrils can be found. However, the thickness of bundle-like collagen fibrils 
in the OI type IV bone was measured as 0.6 µm – 0.9 µm, which is significantly smaller than 
the about 1.5 µm what was found in control bone (Figure 6.6b, the arrays of ordered collagen 
fibrils are marked with an orange rectangle). The aligned collagen fibrils are organized into 
several layers of parallel rods and the 3D analysis of OI type IV and control bone show the 
presence of a rod-like motif in both cases. In the control bone, the diameter of the rod-like 
motif is varying between 1.2 and 1.5 µm, which is not surprising as bone characteristics are 
affected by age(37). Next, bubble-like small cavities throughout a given z-thickness were 
measured (Figure 6.7, SM 3 and SM 4). In the OI samples the diameters of these bubble-like 
cavities ranged between 80 and 100 nm and they span the whole z-depth of the sample as 
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collagen fibrils which were found to be 2 to 3 µm in diameter defined as ‘’rods’’. Here, in 
control bone (Figure 6.6a, 6.6b) aligned collagen fibrils can be observed in two different 
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thickness measured as 1.2 - 1.5 µm. All these arrays of aligned collagen fibrils are mainly 
within the lamellar plane that is also the imaging plane during the SSV procedure. Coexisting 
out-of-plane and in-plane collagen fibrils are an inherent feature of human bone(14). In the OI 
type IV bone sample (Figure 6.6c, 6.6d), similar as for control bone, bundle-like arrays of 
aligned collagen fibrils can be found. However, the thickness of bundle-like collagen fibrils 
in the OI type IV bone was measured as 0.6 µm – 0.9 µm, which is significantly smaller than 
the about 1.5 µm what was found in control bone (Figure 6.6b, the arrays of ordered collagen 
fibrils are marked with an orange rectangle). The aligned collagen fibrils are organized into 
several layers of parallel rods and the 3D analysis of OI type IV and control bone show the 
presence of a rod-like motif in both cases. In the control bone, the diameter of the rod-like 
motif is varying between 1.2 and 1.5 µm, which is not surprising as bone characteristics are 
affected by age(37). Next, bubble-like small cavities throughout a given z-thickness were 
measured (Figure 6.7, SM 3 and SM 4). In the OI samples the diameters of these bubble-like 
cavities ranged between 80 and 100 nm and they span the whole z-depth of the sample as 
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used for the SSV procedure. Moreover, the volume fraction of these cavities was calculated 
and found to be 0.0274 ± 0.0021, where ± indicates the sample standard deviation (Appendix 
section 6.7.10). In the control bone, these nanobubbles were completely absent. 

 
Figure 6.7 Images from 3D stacks of OI type IV bone; a) slice #1, c) slice #2 and e) slice #3. The areas 

indicated by the yellow rectangle are shown enlarged in b), d) and f), respectively. One representative 

bubble-like structure is marked with a white circle. This bubble-like motif is first noticed in slice #1, 

reaches its maximum diameter in slice #2, 20 nm away, and disappears in slice #3, 60 nm further away. 

6.2.4 Characteristic Features of Collagen Fibrils and Minerals  

In order to determine the nano-level features of the control and OI type IV bone samples, 100 
nm thick sections from the cortical part of both bone pieces were prepared for further TEM 
characterization. 2D projection images and images of these thin sections from control and OI 
type IV bone are not strikingly different at first glance (Figure 6.8). Collagen fibrils and 
minerals predominantly lie in the imaging plane of thin sections and therefore minerals and 
the characteristic D-spacing of collagen fibrils can be observed. 

In Figure 6.8, both in the control and OI type IV bone images, black dots that are spanning 
the whole section, are gold nanoparticles which were used as fiducial markers for the 3D 
reconstruction. In OI type IV and control bone, collagen fibrils are identifiable in 2D TEM 
images by the presence of the gap and overlap regions that are repeated along the lengths of 
the thin slices (Figure 6.8a,b). The average D-spacing values for control bone were 66.8 ± 
0.8 nm which were in line with the values that were reported in the literature(5,6), while for 
the OI type IV it was 62.0 ± 0.6 nm (Appendix section 6.7.12, Figure A6.16-18). 2D TEM 
images allow us to determine that the gap/overlap regions extend in almost perfect registry 
between adjacent collagen fibrils as shown in the literature(6). Moreover, as for the collagen 
fibrils, the mineral particles (indicated with yellow arrows in Figure 6.8c-f) also show similar 
characteristics in terms of orientation relative to c-axis of collagen fibrils and appearance, in 
OI type IV and control bone (Figure 6.8c-f). 
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Figure 6.8 2D TEM images from control bone in a), c) and d) and OI type IV bone in b), e) and f). The 

characteristic banding pattern of collagen fibrils is visible in all images. Yellow arrows indicate the 

intrafibrillar crystals. The black dots are gold nanoparticles used as fiducial markers for electron 

tomography and further reconstruction. 

Although 2D projection images are not strikingly different, nano-level structures of OI 
type IV and control bone show clear differences after 3D reconstruction of the electron 
tomography data (Figure 6.9, SM 5 and SM 6). Using focused ion beam (FIB) milling, a 100 
nm thick lamella was cut from each sample parallel to the long axes of the mineralized 
collagen fibrils and analyzed by low dose electron tomography. To optimize contrast 100 z-
slices (slice thickness 0.75 nm) of the tomographic reconstruction were averaged (Figure 
6.9a) to generate a 2D projected volume with a thickness of 75 nm. The resulting 2D 
projection showed a collagen fibril with a diameter of ~100 nm (Figure 6.9b), displaying 
again the characteristic ~67 nm banding pattern for the control sample and ~62 nm for the OI 
type IV bone sample. Analysis of the orientation of the intrafibrillar crystals confirmed that 
they were aligned along the long axis of the collagen fibril, with an angular distribution 
having a half-width of about 15° (Figure 6.9g, Appendix section 6.7.13, Figure A6.19 and 
A6.20) for control bone. Additionally, orientation analysis was conducted by viewing the 
tomographic reconstruction along the collagen fibril axis (Figures 6.9c-f, Appendix section 
6.7.13). 2D projections of 10 added adjacent tomographic xz slices (total slice thickness 7.5 
nm) showed that intrafibrillar crystals were randomly oriented in lateral directions, consistent 
with recent results(38) and have no preferred lateral orientation, with an angular distribution 
having a half-width of about 60° (Figure 6.9h) for control bone.  
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collagen fibrils and analyzed by low dose electron tomography. To optimize contrast 100 z-
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again the characteristic ~67 nm banding pattern for the control sample and ~62 nm for the OI 
type IV bone sample. Analysis of the orientation of the intrafibrillar crystals confirmed that 
they were aligned along the long axis of the collagen fibril, with an angular distribution 
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A6.20) for control bone. Additionally, orientation analysis was conducted by viewing the 
tomographic reconstruction along the collagen fibril axis (Figures 6.9c-f, Appendix section 
6.7.13). 2D projections of 10 added adjacent tomographic xz slices (total slice thickness 7.5 
nm) showed that intrafibrillar crystals were randomly oriented in lateral directions, consistent 
with recent results(38) and have no preferred lateral orientation, with an angular distribution 
having a half-width of about 60° (Figure 6.9h) for control bone.  
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The first noticeable difference between the OI type IV and the control bone is the 
disturbed packing of collagen fibrils. In control bone, there is little or no space between the 
collagen fibrils. However, in OI type IV bone, the space between the collagen fibrils is 
increased, resulting in hollow zones containing neither crystals nor collagen fibrils (Figure 
6.10a,b). The orientation of the crystals shows differences as well. While for the control bone, 
orientation analysis of the intrafibrillar crystals from the tomogram confirmed a longitudinal 
angular distribution with a half-width at half maximum of about 16°, (Figure 6.9g, Figure 
A6.20a), for OI type IV bone a similar orientation analysis showed a half-width half 
maximum of about 34° (Figure 6.10g, Figure A6.20b). Additionally, orientation analysis was 
conducted by viewing the tomographic reconstruction along the collagen fibril axis (Figure 
6.9 and 6.10c-f). 2D projections of 10 added adjacent tomographic xz slices (total slice 
thickness 7.5 nm) showed that the intrafibrillar crystals were again randomly oriented in the 
lateral direction and have no preferred lateral orientation, with an angular distribution having 
a half-width of about 60°, similar to the control bone sample.  

 
Figure 6.9 Electron tomography of control bone. a) 2D average of the top-view tomographic 

reconstruction slices (100 z-slices averaged) of the FIB thin section from control bone. The red 

rectangle depicts the single collagen fibril shown in b). b) Top-view tomographic reconstruction slice 

of single collagen fibril. Crystals are highlighted with red lines. c)-f) vertical cross-section through 

reconstruction of one single collagen fibril. Crystals are highlighted with yellow lines. g) Longitudinal 

and h) lateral angular distribution of intrafibrillar crystals shown in b), c), d), e) and f), respectively. 

About 300 crystals, at least 20 nm apart for g) and 100 nm apart for h), were analyzed. Scale bars for 

c)-f): 50 nm. 
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Figure 6.10 Electron tomography of OI type IV bone. a) 2D average of the top-view tomographic 

reconstruction slices (100 z-slices averaged) of the FIB thin section from OI type IV bone. The red 

rectangle depicts the single collagen fibril shown in b). b) Top-view tomographic reconstruction slice 

of single collagen fibril. Crystals are highlighted with red lines. c)-f) Vertical cross-section through 

reconstruction of one single collagen fibril. Crystals are highlighted with yellow lines. g) Longitudinal 

and h) lateral angular distribution of intrafibrillar crystals shown in b), c), d), e) and f). About 300 

crystals, at least 20 nm apart for g) and 100 nm apart for h), were analyzed. Scale bars for c)-f): 50 

nm. 
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Figure 6.10 Electron tomography of OI type IV bone. a) 2D average of the top-view tomographic 

reconstruction slices (100 z-slices averaged) of the FIB thin section from OI type IV bone. The red 

rectangle depicts the single collagen fibril shown in b). b) Top-view tomographic reconstruction slice 

of single collagen fibril. Crystals are highlighted with red lines. c)-f) Vertical cross-section through 

reconstruction of one single collagen fibril. Crystals are highlighted with yellow lines. g) Longitudinal 

and h) lateral angular distribution of intrafibrillar crystals shown in b), c), d), e) and f). About 300 

crystals, at least 20 nm apart for g) and 100 nm apart for h), were analyzed. Scale bars for c)-f): 50 

nm. 
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Figure 6.11 2D average of the top-view tomographic reconstruction slices a), b), c), and d) showing a 

single mineralized collagen fibril in OI Type IV bone. The defects in the mineralized collagen fibril are 

highlighted by yellow arrows. Regions with a stack of crystals and defects are marked with red and 

yellow rectangles, respectively. e) 2D average of a vertical cross-section through the tomographic 

reconstruction showing a stack of crystals and f) similarly for a defected region. Scale bars: 50 nm. 
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A more detailed analysis of a single collagen fibril from OI type IV bone is shown in 
Figure 6.11. Mineralized single collagen fibril from OI type IV bone viewed from the top 
(Figure 6.11a-d, SM7) and along the fibril (Figure 6.11e,f, SM8) shows disturbed regions in 
the hierarchy of mineralized collagen fibril structure. Several stacks of crystals can be seen 
in Figure 6.11c (marked with a red rectangle), which are tightly packed together and oriented 
with their c-axis along the fibril. The region just below that shows a clear gap between the 
crystals. The same defect can be followed from Figure 6.11b-d, proving that it spans the 
whole collagen fibril (SM 7 and SM8). The cross-sections of regions highlighted in Figure 
6.11c show stacks of crystals (marked with a white circle) (Figure 6.11e) and defected area 
between crystals (marked with a yellow square) (Figure 6.11f).  

 
Figure 6.12 2D average of the top-view tomographic reconstruction slices a), b), c), and d) showing a 

single mineralized collagen fibril in control bone. Regions with a stack of crystals and defects are 

marked with red rectangles. e), f) 2D average of a vertical cross-section through tomographic 

reconstruction showing a stack of crystals marked with a white circle. Scale bars: 50 nm. 

Moreover, a single collagen fibril from control bone is analyzed in order to compare the 
results of OI type IV bone. Mineralized single collagen fibril from control bone viewed from 
the top (Figure 6.12a-d) and along the fibril (Figure 6.12e,f) demonstrates that defects were 
found in OI type IV bone were observed to be less prominent in the structure of single 
collagen in control bone. Stacks of intrafibrillar crystals can be seen in the top (marked with 
red rectangles) and cross-sectional views (marked with white circles). It is clear from the top 
views that tightly packed intrafibrillar crystals are oriented with their c-axis along the fibril. 
The cross-sectional views of regions highlighted in top views similarly show stacks of 
crystals.  
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6.3 Discussion  

We have chosen to perform the analyses on only two bone specimens: one from the tibia of 
a 6-year-old control patient (with spondyloepiphyseal dysplasia congenital) and one from the 
femur of an 8-year-old OI type IV patient. We have no indications that the age difference 
between the two patients or the site difference (femur vs tibia) attributes to the anomalies that 
we have found. However, our findings can certainly not be generalized to all OI bone, not 
even to OI type IV. It should be realized that the classification of OI is based on clinical 
severity and not on the genetic mutation concerned. There are a plethora of genetic mutations 
in collagen type I that can lead to the various clinical subtypes and even the same genetic 
mutation within two family members can lead to different disease severities. Our current 
findings provide comprehensive data on potential (or new) tissue anomalies in OI, but require 
much more additional research that may copy our methodology and subsequently make a 
connection to bone stiffness and strength and its subsequent disease severity. 

The lacunar-canalicular network of bone contains osteocytes and their dendritic 
extensions, which allows transport of nutrients and intercellular communication. In addition, 
they are believed to serve as the mechanosensors or communication network with the surface 
cells (e.g. by diffusion of molecules such as sclerostion) that controls the processes during 
bone remodeling(39). The osteocytes and its canalicular network seem to form, in terms of 
location, shape, and directionality within the twisted plywood motif, in a similar way for all 
bone types(40).  

Nevertheless, quantitative image analysis shows some differences (for details, see 
Appendix section 6.7.7). Our findings indicate that the diameter of canaliculi is smaller being 
413 ± 108 nm in OI type IV bone compared to 547 ± 132 nm for the control bone. Here, the 
volume fraction of the lacunar-canalicular network is estimated as 1.49% for OI type IV bone 
compared to 0.75% for control bone. As the lacunar canaliculi network closely represents the 
pattern of formation(40) of bone and correlates with the overall material bone quality(41), the 
smaller diameter and larger volume fraction of canaliculi for OI type IV bone might therefore 
correlate with the altered bone quality. In any case, their somewhat larger volume fraction 
contributes to the overall porosity.  

In our study OI bone upon picrosirius red staining shows a more yellow and/or green 
color, possibly indicating loosely packed fibrils and a more woven bone structure. Previous 
studies indicate that picrosirius red staining does not yield unequivocal information about the 
orientation of collagen fibrils on which researchers generally agree. For instance, Kulkarni 
et al.(42) argued that picrosirius red staining can be employed to quantitatively analyze the 
collagen fibrils in OI and control bone, while Lattouf et al.(43) demonstrated that under a 90° 
rotation of the polarizer the colors will change and therefore correlation between specific 
orientations to color change is difficult, if not impossible, to obtain. Montes et al.(32) 
suggested that the color is also related to the physical packing of the collagen fibrils, with a 
yellow-red color for a dense packing and yellow-greenish color for loosely packed fibrils.  

In addition to picrosirius red staining, control and OI type IV bone samples were 
examined by employing SEM. Previous studies indicate that in the collagen fibrils the 
individual tropocollagen molecules have mutations, leading to a disturbed formation of the 
helical structure and resulting a different spacing of the fibrils and therefore the fibers(28,29). 
The higher level of hierarchy of bone, such as the twisted plywood motif, possibly are 
affected by this disturbed structure at the lower levels. The lamellae thickness has been 
measured by several researchers by using various methods with mixed and inconsistent 
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results. For example, it has been reported that human collagen fibrils have a periodicity of 5-
7 µm(33), 6-9 µm(34), 9.06 ± 2.13 µm(35) or 4-8 µm(36), corresponding to a single lamellae. 
These discrepancies can be related with the methods that have been used to measure the 
thickness of lamellae, the bone tissue used, number of measurements made as well as the age 
and gender of the individuals that have been used for the studies. It can be assumed that 
together with many other factors such as hypermineralization and reduced bone volume the 
increased fragility of OI type IV bone are a result of the disturbed architecture of the twisted 
plywood motif. 

Since the load bearing capacity of control bone and pathological bone is different, this 
might be related to differences in the rod-like motif of the collagen fibrils. This rod-like motif  
was described in the literature previously in detail for human bone(14). Reznikov et al.(34) 
described the different motifs in human bone and showed that the diameter of the rod-like 
motif is ranging between 2 and 3 µm. The ages of individuals in the study of Reznikov et al. 
were 77, 59 and 20 years, while we used bone pieces which were obtained from children with 
the age of 6-year-old for the control bone sample and 8-year-old for the OI type IV bone 
sample. Reznikov et al. showed that rod-like motifs are present in minipig(44) and human 
bone(34), but not in rat bone(45). The question is how collagen fibrils arrange themselves under 
different levels of mechanical loading. From our 3D SSV analysis, we hypothesize that the 
inherently poorer mechanical properties of OI bone can be related to the smaller diameter of 
the rod-like motifs. As rod-life motifs predominantly consist of collagen fibrils, a smaller 
diameter of rod-like motif means that less energy can be absorbed as collagen is the main 
energy absorbing factor. This probably affects the toughness of OI type IV compared to 
control bone. 

For OI bone, we did not find a single study considering a 3D analysis by employing the 
SSV method. To the best of our knowledge, both the presence and altered diameter of rod-
like motifs in OI type IV bone was not demonstrated before although their presence has been 
shown previously in human bone(34) (supposedly healthy but not explicitly stated). 

Furthermore, the bubble-like cavities found in OI type IV bone (and not in the control 
bone) might decrease the mechanical properties. For OI type IV bone the average volume 
fraction of these cavities was measured as 0.03. These cavities increase the porosity, and 
together with the increased porosity of the lacunar-canaliculi network, the strength decrease 
is estimated to be about 10% (see Appendix section 6.7.9). This decrease is within the 
bandwidth of strength reported in the literature(46), and although natural variation has not been 
taken into account, it is unlikely that it is the main cause or only cause for the low strength 
of OI bone. One important note that needs to be addressed here is that, as we used the same 
sample preparation methods and procedures for control and OI type IV bone and these 
bubble-like cavities were not observed in control bone at all, we disregard the possibility of 
having artefacts from the samples preparation steps.  

In addition to higher level hierarchical differences between control and OI type IV bone, 
organizational differences were found at nano-level as well. It was previously reported in 
literature that, the diameter of collagen fibrils in OI bone is smaller than control bone(24,25) 
and the characteristic banding pattern of collagen is found different as well(27,47). It has also 
been demonstrated that the long axes of crystals exhibit a deviation from their alignment 
parallel to collagen fibrils(28,48) and a huge variation in the shape and size of the crystals has 
been observed.(2,49,50) Here, we found smaller D-spacing values in OI type IV compared to 
the control (62 nm vs 67 nm). Furthermore, we found an increased space between the 
collagen fibrils in the OI type IV, resulting in hollow zones containing neither crystals, nor 
collagen fibrils. We hypothesize that these hollow zones might be related to altered collagen 
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et al.(42) argued that picrosirius red staining can be employed to quantitatively analyze the 
collagen fibrils in OI and control bone, while Lattouf et al.(43) demonstrated that under a 90° 
rotation of the polarizer the colors will change and therefore correlation between specific 
orientations to color change is difficult, if not impossible, to obtain. Montes et al.(32) 
suggested that the color is also related to the physical packing of the collagen fibrils, with a 
yellow-red color for a dense packing and yellow-greenish color for loosely packed fibrils.  

In addition to picrosirius red staining, control and OI type IV bone samples were 
examined by employing SEM. Previous studies indicate that in the collagen fibrils the 
individual tropocollagen molecules have mutations, leading to a disturbed formation of the 
helical structure and resulting a different spacing of the fibrils and therefore the fibers(28,29). 
The higher level of hierarchy of bone, such as the twisted plywood motif, possibly are 
affected by this disturbed structure at the lower levels. The lamellae thickness has been 
measured by several researchers by using various methods with mixed and inconsistent 
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results. For example, it has been reported that human collagen fibrils have a periodicity of 5-
7 µm(33), 6-9 µm(34), 9.06 ± 2.13 µm(35) or 4-8 µm(36), corresponding to a single lamellae. 
These discrepancies can be related with the methods that have been used to measure the 
thickness of lamellae, the bone tissue used, number of measurements made as well as the age 
and gender of the individuals that have been used for the studies. It can be assumed that 
together with many other factors such as hypermineralization and reduced bone volume the 
increased fragility of OI type IV bone are a result of the disturbed architecture of the twisted 
plywood motif. 

Since the load bearing capacity of control bone and pathological bone is different, this 
might be related to differences in the rod-like motif of the collagen fibrils. This rod-like motif  
was described in the literature previously in detail for human bone(14). Reznikov et al.(34) 
described the different motifs in human bone and showed that the diameter of the rod-like 
motif is ranging between 2 and 3 µm. The ages of individuals in the study of Reznikov et al. 
were 77, 59 and 20 years, while we used bone pieces which were obtained from children with 
the age of 6-year-old for the control bone sample and 8-year-old for the OI type IV bone 
sample. Reznikov et al. showed that rod-like motifs are present in minipig(44) and human 
bone(34), but not in rat bone(45). The question is how collagen fibrils arrange themselves under 
different levels of mechanical loading. From our 3D SSV analysis, we hypothesize that the 
inherently poorer mechanical properties of OI bone can be related to the smaller diameter of 
the rod-like motifs. As rod-life motifs predominantly consist of collagen fibrils, a smaller 
diameter of rod-like motif means that less energy can be absorbed as collagen is the main 
energy absorbing factor. This probably affects the toughness of OI type IV compared to 
control bone. 

For OI bone, we did not find a single study considering a 3D analysis by employing the 
SSV method. To the best of our knowledge, both the presence and altered diameter of rod-
like motifs in OI type IV bone was not demonstrated before although their presence has been 
shown previously in human bone(34) (supposedly healthy but not explicitly stated). 

Furthermore, the bubble-like cavities found in OI type IV bone (and not in the control 
bone) might decrease the mechanical properties. For OI type IV bone the average volume 
fraction of these cavities was measured as 0.03. These cavities increase the porosity, and 
together with the increased porosity of the lacunar-canaliculi network, the strength decrease 
is estimated to be about 10% (see Appendix section 6.7.9). This decrease is within the 
bandwidth of strength reported in the literature(46), and although natural variation has not been 
taken into account, it is unlikely that it is the main cause or only cause for the low strength 
of OI bone. One important note that needs to be addressed here is that, as we used the same 
sample preparation methods and procedures for control and OI type IV bone and these 
bubble-like cavities were not observed in control bone at all, we disregard the possibility of 
having artefacts from the samples preparation steps.  

In addition to higher level hierarchical differences between control and OI type IV bone, 
organizational differences were found at nano-level as well. It was previously reported in 
literature that, the diameter of collagen fibrils in OI bone is smaller than control bone(24,25) 
and the characteristic banding pattern of collagen is found different as well(27,47). It has also 
been demonstrated that the long axes of crystals exhibit a deviation from their alignment 
parallel to collagen fibrils(28,48) and a huge variation in the shape and size of the crystals has 
been observed.(2,49,50) Here, we found smaller D-spacing values in OI type IV compared to 
the control (62 nm vs 67 nm). Furthermore, we found an increased space between the 
collagen fibrils in the OI type IV, resulting in hollow zones containing neither crystals, nor 
collagen fibrils. We hypothesize that these hollow zones might be related to altered collagen 
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structure. As the point mutation presents in OI type IV can cause conformational changes in 
the structure of collagen at the molecular level, it can also affect the packing of collagen at 
higher level causing hollow zones between them. Finally, we showed that the full width at 
half height of the longitudinal intrafibrillar crystal distribution in the OI type IV bone sample 
is about 34° while for control bone this width is about 16° (see Appendix section 6.7.12). 
This possibly implies that more disordered collagen leads to a larger orientational freedom 
of intrafibrillar minerals. We also demonstrated that the intrafibrillar crystals were randomly 
distributed and have no preferred lateral orientation, with an angular distribution having a 
half-width of about 60°. This can potentially lead to a difference in stress concentration, the 
effect of which is difficult to estimate but, on basis of a much smaller modulus difference (as 
compared with pores), the effect is expected to be small(51). 

Summarizing, while some of the results presented in our study are well-known, such as 
hyper-mineralization of OI bones compared to control bone and smaller D-spacing, some of 
them, such as the 3D structural information obtained from SEM/FIB SSV and electron 
tomography are still unknown. Therefore we tried to explore part of a terra incognita by 
employing these advanced imaging techniques. However, such an analysis requires 
substantial effort and at present limits the number of samples. Using a limited number of 
samples, natural variability was obviously not assessed, but the effects observed are large. 

6.4 Conclusions 

In this paper, upon comparing one pathological (OI type IV) and one control bone, we 
showed differences in terms of the nearest-neighbor distances of osteocytes, average 
canaliculi diameter, canalicular density, the periodicity of the twisted plywood motif, the 
existence of nanoscale bubbles, the micro- and nano-level hierarchy of collagen fibers and 
fibrils and the inherent characteristics of mineral particles. Although most results confirm 
previous qualitative analyses, in this paper several (new) quantitative estimates are made in 
terms of the orientation of the intrafibrillar crystals, bubble-like cavities, and their possible 
effects on the mechanical properties of OI type IV bone.  

The total effect of the uncovered microstructural changes on mechanical strength is hard 
to assess as many factors play a role. For one factor, increased porosity as observed in the 
present study, it is clear that it decreases strength, although the estimated small effect, based 
on the limited data of the present study may not fully explain the diminished mechanical 
properties and high fracture risk that generally occur in OI bone. Alternatively, changed 
micropore shape instead of pore volume alone, might have an additional effect as a stress 
riser and thus lowering the strength. For another factor, a difference in stress concentration 
due to different intrafibrillar crystallite orientation, such an assessment is much more difficult 
to make, but on basis of a much smaller estimated modulus difference (as compared with 
pores) the effect is expected to be much smaller than for pores. Obviously, a major factor is 
the degree of calcification of which only the overall change but not (or, at least, quite 
insufficiently) the changes on the meso-scale, which is what counts here, are known. It is 
well possible that the altered collagen/mineral ratio induces a much lower capacity of the 
bone to absorb energy, rendering the OI bone more brittle and hence easier to fracture. 
Therefore, an overall assessment of the effect of the differences observed on the strength is 
impossible to make.  

It is clear from previous studies that elucidating the hierarchical organization of bone is a 
complex process. To fully determine and understand the hierarchical structure and possible 
structural alterations of pathological bone is even more challenging. Approaches combining 
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conventional and advanced techniques, which provide consistent and reliable results is a must 
and can pave the way for better understanding the organization of control bone and disturbed 
organization of pathological bone and finally find cues to repair these disorders.  

6.5 Experimental 

Several different characterization tools, such as atomic absorption spectroscopy (AAS), 
polarized optical microscopy (POM), scanning electron microscopy (SEM), and transmission 
electron microscopy (TEM) were used to reveal the structural differences of control and OI 
type IV bone at multiple length scales from material level (micrometer/millimeter) to 
collagen fibril level (nanometer). Polarized optical microscopy (POM) and scanning electron 
microscopy (SEM) were employed to determine the density of osteocytes in the control and 
OI type IV bone as well as to identify structural differences. AAS was employed to determine 
the mineral content of control and OI bone. Moreover, POM together with several image 
analysis tools was used to uncover the organizational differences of osteocytes in control and 
OI type IV bone. Furthermore, a set of advanced electron microscopic techniques were used 
to uncover the organization of collagen from the micrometer to the nanometer scale. Three-
dimensional focused ion beam scanning electron microscopy (3D FIB/SEM) was used to 
determine the 3D structure of bone samples at the micrometer level using block-face imaging 
in “slice and view mode”. Finally, electron tomography was used to understand the 3D 
structure of mineralized collagen fibrils at the nanometer level. 

6.5.1 Sample Collection  

The present study was carried out on cortical bone tissue samples from surgical procedures, 
which was considered medical waste. This waste is normally disposed of and can be used for 
research purposes. According to the Central Committee on Research involving Human 
Subjects (CCMO), this type of study does not require approval from an ethics committee in 
the Netherlands (for full details, see(52)). 

Bone tissue from the tibia of a 6-year-old patient with spondyloepiphyseal dysplasia 
congenital (SEDC) and bone tissue from the femur of an 8-year-old OI type IV patient was 
used. The mutations causing the OI type IV bone and detailed information regarding the 
patients which were used in this study can be found in Appendix section 6.7.1 and Table 
A6.1. SEDC is caused by a mutation in COL2A1 a gene that provides instructions for the 
production of the pro-alpha1(II) chain of type II collagen. Type II collagen is found in the 
vitreous humor of the eye and cartilage. The SEDC bone sample is considered normal since 
it was taken from the midshaft tibia which contains no type II collagen and therefore referred 
to as control bone. It is difficult, if not impossible, to obtain waste bone material from a 
completely healthy eight-year-old control person since these persons do not need corrective 
surgery. Both samples did not contain any fracture callus formation. 

6.5.2 Sample Preparation for Optical and Electron Microscopy 

Advanced electron microscopy techniques require multiple and meticulous sample 
preparation steps before they can be employed to characterize biological samples such as 
bone. Fixation, demineralization, staining, and embedding of the samples are discussed and 
for each step, the method and chemicals used are explained in detail in Appendix section 
6.7.2 (Figure A6.1-A6.4). 
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structure. As the point mutation presents in OI type IV can cause conformational changes in 
the structure of collagen at the molecular level, it can also affect the packing of collagen at 
higher level causing hollow zones between them. Finally, we showed that the full width at 
half height of the longitudinal intrafibrillar crystal distribution in the OI type IV bone sample 
is about 34° while for control bone this width is about 16° (see Appendix section 6.7.12). 
This possibly implies that more disordered collagen leads to a larger orientational freedom 
of intrafibrillar minerals. We also demonstrated that the intrafibrillar crystals were randomly 
distributed and have no preferred lateral orientation, with an angular distribution having a 
half-width of about 60°. This can potentially lead to a difference in stress concentration, the 
effect of which is difficult to estimate but, on basis of a much smaller modulus difference (as 
compared with pores), the effect is expected to be small(51). 

Summarizing, while some of the results presented in our study are well-known, such as 
hyper-mineralization of OI bones compared to control bone and smaller D-spacing, some of 
them, such as the 3D structural information obtained from SEM/FIB SSV and electron 
tomography are still unknown. Therefore we tried to explore part of a terra incognita by 
employing these advanced imaging techniques. However, such an analysis requires 
substantial effort and at present limits the number of samples. Using a limited number of 
samples, natural variability was obviously not assessed, but the effects observed are large. 

6.4 Conclusions 

In this paper, upon comparing one pathological (OI type IV) and one control bone, we 
showed differences in terms of the nearest-neighbor distances of osteocytes, average 
canaliculi diameter, canalicular density, the periodicity of the twisted plywood motif, the 
existence of nanoscale bubbles, the micro- and nano-level hierarchy of collagen fibers and 
fibrils and the inherent characteristics of mineral particles. Although most results confirm 
previous qualitative analyses, in this paper several (new) quantitative estimates are made in 
terms of the orientation of the intrafibrillar crystals, bubble-like cavities, and their possible 
effects on the mechanical properties of OI type IV bone.  

The total effect of the uncovered microstructural changes on mechanical strength is hard 
to assess as many factors play a role. For one factor, increased porosity as observed in the 
present study, it is clear that it decreases strength, although the estimated small effect, based 
on the limited data of the present study may not fully explain the diminished mechanical 
properties and high fracture risk that generally occur in OI bone. Alternatively, changed 
micropore shape instead of pore volume alone, might have an additional effect as a stress 
riser and thus lowering the strength. For another factor, a difference in stress concentration 
due to different intrafibrillar crystallite orientation, such an assessment is much more difficult 
to make, but on basis of a much smaller estimated modulus difference (as compared with 
pores) the effect is expected to be much smaller than for pores. Obviously, a major factor is 
the degree of calcification of which only the overall change but not (or, at least, quite 
insufficiently) the changes on the meso-scale, which is what counts here, are known. It is 
well possible that the altered collagen/mineral ratio induces a much lower capacity of the 
bone to absorb energy, rendering the OI bone more brittle and hence easier to fracture. 
Therefore, an overall assessment of the effect of the differences observed on the strength is 
impossible to make.  

It is clear from previous studies that elucidating the hierarchical organization of bone is a 
complex process. To fully determine and understand the hierarchical structure and possible 
structural alterations of pathological bone is even more challenging. Approaches combining 
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conventional and advanced techniques, which provide consistent and reliable results is a must 
and can pave the way for better understanding the organization of control bone and disturbed 
organization of pathological bone and finally find cues to repair these disorders.  

6.5 Experimental 

Several different characterization tools, such as atomic absorption spectroscopy (AAS), 
polarized optical microscopy (POM), scanning electron microscopy (SEM), and transmission 
electron microscopy (TEM) were used to reveal the structural differences of control and OI 
type IV bone at multiple length scales from material level (micrometer/millimeter) to 
collagen fibril level (nanometer). Polarized optical microscopy (POM) and scanning electron 
microscopy (SEM) were employed to determine the density of osteocytes in the control and 
OI type IV bone as well as to identify structural differences. AAS was employed to determine 
the mineral content of control and OI bone. Moreover, POM together with several image 
analysis tools was used to uncover the organizational differences of osteocytes in control and 
OI type IV bone. Furthermore, a set of advanced electron microscopic techniques were used 
to uncover the organization of collagen from the micrometer to the nanometer scale. Three-
dimensional focused ion beam scanning electron microscopy (3D FIB/SEM) was used to 
determine the 3D structure of bone samples at the micrometer level using block-face imaging 
in “slice and view mode”. Finally, electron tomography was used to understand the 3D 
structure of mineralized collagen fibrils at the nanometer level. 

6.5.1 Sample Collection  

The present study was carried out on cortical bone tissue samples from surgical procedures, 
which was considered medical waste. This waste is normally disposed of and can be used for 
research purposes. According to the Central Committee on Research involving Human 
Subjects (CCMO), this type of study does not require approval from an ethics committee in 
the Netherlands (for full details, see(52)). 

Bone tissue from the tibia of a 6-year-old patient with spondyloepiphyseal dysplasia 
congenital (SEDC) and bone tissue from the femur of an 8-year-old OI type IV patient was 
used. The mutations causing the OI type IV bone and detailed information regarding the 
patients which were used in this study can be found in Appendix section 6.7.1 and Table 
A6.1. SEDC is caused by a mutation in COL2A1 a gene that provides instructions for the 
production of the pro-alpha1(II) chain of type II collagen. Type II collagen is found in the 
vitreous humor of the eye and cartilage. The SEDC bone sample is considered normal since 
it was taken from the midshaft tibia which contains no type II collagen and therefore referred 
to as control bone. It is difficult, if not impossible, to obtain waste bone material from a 
completely healthy eight-year-old control person since these persons do not need corrective 
surgery. Both samples did not contain any fracture callus formation. 

6.5.2 Sample Preparation for Optical and Electron Microscopy 

Advanced electron microscopy techniques require multiple and meticulous sample 
preparation steps before they can be employed to characterize biological samples such as 
bone. Fixation, demineralization, staining, and embedding of the samples are discussed and 
for each step, the method and chemicals used are explained in detail in Appendix section 
6.7.2 (Figure A6.1-A6.4). 
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A sample of cortical bone (Appendix section 6.7.3, Figure A6.5) was cut to approximately 
2 mm × 2 mm × 2 mm. Thereafter bone pieces were immersed in a solution that contains 2% 
paraformaldehyde (PFA) and 5% ethylenediaminetetraacetic acid (EDTA) in a cacodylate 
buffer at pH 7 for 2 days. After this pre-fixation and demineralization procedure the bone 
pieces were washed using double distilled water 3 times (twice for 6 h and then once for 16 
h) on a rocking table to get rid of the residual EDTA (Full details can be found in Appendix 
section 6.7.2.). Thereafter, the samples were fixed again with 4% glutaraldehyde in a 
cacodylate buffer at pH 7 and washed with double distilled water in steps as indicated above.  

The fixed and demineralized samples were stained with a procedure called OTOTO(53) 
staining, also known as conductive staining. The OTOTO procedure relies on a sequential 
exposure of osmium tetroxide (Sigma-Aldrich, CAS No: 20816-12-0) (O) and 
thiocarbohydrazide (Sigma-Aldrich, CAS No: 2231-57-4) (T), which bind to the sample in a 
chain-like manner(53) and provides a better contrast as well as conductive properties, as 
elaborated in various studies(5,34). The Epon embedding was carried out in several steps, each 
for 2 h in 25% Epon resin + 75% acetone, 50% Epon resin + 50% acetone, 75% Epon resin 
+ 25% acetone, and 100% Epon resin, respectively, which was followed by 100% Epon resin 
overnight and final embedding in a mold for 48 h at 60 °C. After 48 h, the embedded bone 
pieces were trimmed using a glass knife on a microtome in order to expose the embedded 
tissue. The trimmed blocks were mounted on a house-made sample holder (Appendix section 
6.7.4, Figure A6.6), by using a silver paste to position them as stable as possible under the 
electron and/or ion beam and reduce the charging effect. 

6.5.2.1 Polarized Optical Microscopy (POM) 

An axioplan (Zeiss) was used for POM characterization. The embedded bone pieces were 
used in order to prepare 5 µm thick slices which were cut with the microtome and placed on 
a glass slide and covered with immersion oil and a cover glass. Regions of interest were 
imaged in transmission at different magnifications, with and without using a polarizer. In 
order to analyze the island-like structures found in OI type IV bone, in total 34 sections were 
analyzed which had dimensions of 1.5 µm by 1.5 µm.  

6.5.2.2 Serial Slice and View (SSV) 

A Quanta 3D (Thermo Fisher Scietific) dual-beam focused ion beam scanning electron 
microscope (FIB-SEM) equipped with a field emission gun (FEG) was used for Serial Slice 
and View (SSV). The trimmed blocks which were mounted on a house-made sample holder 
were used in order to apply the SSV procedure. The bone pieces were elevated to the 
eucentric height (10 mm) and tilted to 52° so that the electron beam and the ion beam are 
focused at the same point. Regions of interest (within twisted plywood motif) were identified 
(Appendix section 6.7.5, Figure A6.7a,b) and a 15 µm × 15 µm × 1.5 µm protective layer of 
platinum was deposited on the area of interest using ion beam deposition at 30 keV and 0.3 
nA. In order to expose the lamellar surface for the electron beam, a U-shaped trench was 
milled around the area of interest using the ion beam at 15 nA. The block face to be imaged 
was cleaned using an ion beam current of 0.5 nA. Thereafter the electron beam was focused 
on the cleaned block face. An automated SSV operation was initiated with a milling current 
of 1 nA and a slice thickness of either 10 nm or 30 nm. For both the OI type IV and control 
bone, 8 SSV volumes were collected with the field of view of approximately 10 × 10 µm and 
z-thickness ranging between 4 – 8 µm. The collagen fibrils still showed the characteristic 
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features, such as proper D-spacing (Appendix section 6.7.5, Figure A6.7c,d), implying that 
the structure of collagen upon sample preparation was preserved. SEM images that were 
acquired before the SSV procedure were used to calculate the periodicity of twisted plywood 
motif (Table A6.2). 

SEM images that were acquired during the SSV procedure were used to calculate the 
diameter of the canaliculi network as demonstrated in Figure A6.12. Approximately 200 
slices were used in order to determine the diameter of canaliculi. To determine the diameter 
of the canaliculi network, they were marked in x- and y-axis with yellow and red lines, 
respectively. The values are given in Table A6.3. Moreover, Figure A6.13 demonstrates the 
3D reconstruction of the canaliculi network made by employing Avizo (9.5, Thermo Fisher 
Scientific, USA) software. 

6.5.2.3 TEM lamella sample preparation 

The lamella preparation for transmission electron microscopy (TEM) was performed in a 
dual-beam FIB-SEM (Quanta 3D, Thermo Fisher Scientific), equipped with a gallium ion 
source operating in the accelerating voltage range 0.5-30 kV and an Omniprobe™ 
micromanipulator. The same trimmed blocks that were used in the SSV procedure employed 
in TEM lamella preparation as well. Using focused ion beam (FIB) milling, a lamella was 
cut parallel to the long axes of the mineralized collagen fibrils and analyzed by low dose 
electron tomography. Approximately 100 nm thick sections from the OI type IV and control 
bone were prepared for TEM studies using a FIB lift-out technique (Appendix section 6.7.6, 
Figure A6.8). Regions of interest for TEM examination were identified by visualizing the 
surface of bone pieces by optical and scanning electron microscopy. A thin section was cut 
parallel to the orientation of the long axis of the bone implying that collagen fibrils are in-
plane view upon visualizing the thin section by TEM. Thin sections (10 µm x 10 µm x 0.1 
µm) were transferred to a 3-post lift-out TEM half-grid (Appendix section 6.7.6, Figure A6.9) 
(Agar Scientific AGJ420) for further electron tomography characterization.  

6.5.2.4 TEM tomography 

Electron tomography was performed on the TU/e cryoTITAN (Thermo Fisher Scientific) 
operated at 300 kV, equipped with a field emission gun (FEG), a post-column Gatan Energy 
Filter (GIF) and a post-GIF 2k x 2k Gatan CCD camera. Electron tomography tilt series were 
taken by tilting the specimen from −65 to 65° with 2° per step. The alignment and 3-
dimensional reconstruction of tilt series were done by using IMOD software using 
Simultaneous Iterative Reconstruction Technique (SIRT) with 20 iterations(54). Analysis of 
the reconstructed tilt series was done by using the software packages of Gatan Digital 
Micrograph, Avizo and Image J.  

Figure A6.16 shows an overview of the control and OI type IV bone lamella. It can be 
seen that most of the area shows clear banding patterns that are used to calculate the 
difference between control and OI type IV bone. The areas in the yellow boxes are some of 
the example regions where a clear D-spacing is visible. The D-spacing of the collagen 
periodical structure is determined by measuring over a longer distance containing at least 10 
periods and calculate the average. Figures A6.17 and A6.18 show representative images and 
measurements regarding the D-spacing of collagen periodical structure. Moreover, to 
determine the orientation of the intrafibrillar crystals, an orientation analysis was performed. 
Tomographic slices were loaded as separate images to Matlab and the long and short axis of 
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A sample of cortical bone (Appendix section 6.7.3, Figure A6.5) was cut to approximately 
2 mm × 2 mm × 2 mm. Thereafter bone pieces were immersed in a solution that contains 2% 
paraformaldehyde (PFA) and 5% ethylenediaminetetraacetic acid (EDTA) in a cacodylate 
buffer at pH 7 for 2 days. After this pre-fixation and demineralization procedure the bone 
pieces were washed using double distilled water 3 times (twice for 6 h and then once for 16 
h) on a rocking table to get rid of the residual EDTA (Full details can be found in Appendix 
section 6.7.2.). Thereafter, the samples were fixed again with 4% glutaraldehyde in a 
cacodylate buffer at pH 7 and washed with double distilled water in steps as indicated above.  

The fixed and demineralized samples were stained with a procedure called OTOTO(53) 
staining, also known as conductive staining. The OTOTO procedure relies on a sequential 
exposure of osmium tetroxide (Sigma-Aldrich, CAS No: 20816-12-0) (O) and 
thiocarbohydrazide (Sigma-Aldrich, CAS No: 2231-57-4) (T), which bind to the sample in a 
chain-like manner(53) and provides a better contrast as well as conductive properties, as 
elaborated in various studies(5,34). The Epon embedding was carried out in several steps, each 
for 2 h in 25% Epon resin + 75% acetone, 50% Epon resin + 50% acetone, 75% Epon resin 
+ 25% acetone, and 100% Epon resin, respectively, which was followed by 100% Epon resin 
overnight and final embedding in a mold for 48 h at 60 °C. After 48 h, the embedded bone 
pieces were trimmed using a glass knife on a microtome in order to expose the embedded 
tissue. The trimmed blocks were mounted on a house-made sample holder (Appendix section 
6.7.4, Figure A6.6), by using a silver paste to position them as stable as possible under the 
electron and/or ion beam and reduce the charging effect. 

6.5.2.1 Polarized Optical Microscopy (POM) 

An axioplan (Zeiss) was used for POM characterization. The embedded bone pieces were 
used in order to prepare 5 µm thick slices which were cut with the microtome and placed on 
a glass slide and covered with immersion oil and a cover glass. Regions of interest were 
imaged in transmission at different magnifications, with and without using a polarizer. In 
order to analyze the island-like structures found in OI type IV bone, in total 34 sections were 
analyzed which had dimensions of 1.5 µm by 1.5 µm.  

6.5.2.2 Serial Slice and View (SSV) 

A Quanta 3D (Thermo Fisher Scietific) dual-beam focused ion beam scanning electron 
microscope (FIB-SEM) equipped with a field emission gun (FEG) was used for Serial Slice 
and View (SSV). The trimmed blocks which were mounted on a house-made sample holder 
were used in order to apply the SSV procedure. The bone pieces were elevated to the 
eucentric height (10 mm) and tilted to 52° so that the electron beam and the ion beam are 
focused at the same point. Regions of interest (within twisted plywood motif) were identified 
(Appendix section 6.7.5, Figure A6.7a,b) and a 15 µm × 15 µm × 1.5 µm protective layer of 
platinum was deposited on the area of interest using ion beam deposition at 30 keV and 0.3 
nA. In order to expose the lamellar surface for the electron beam, a U-shaped trench was 
milled around the area of interest using the ion beam at 15 nA. The block face to be imaged 
was cleaned using an ion beam current of 0.5 nA. Thereafter the electron beam was focused 
on the cleaned block face. An automated SSV operation was initiated with a milling current 
of 1 nA and a slice thickness of either 10 nm or 30 nm. For both the OI type IV and control 
bone, 8 SSV volumes were collected with the field of view of approximately 10 × 10 µm and 
z-thickness ranging between 4 – 8 µm. The collagen fibrils still showed the characteristic 
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features, such as proper D-spacing (Appendix section 6.7.5, Figure A6.7c,d), implying that 
the structure of collagen upon sample preparation was preserved. SEM images that were 
acquired before the SSV procedure were used to calculate the periodicity of twisted plywood 
motif (Table A6.2). 

SEM images that were acquired during the SSV procedure were used to calculate the 
diameter of the canaliculi network as demonstrated in Figure A6.12. Approximately 200 
slices were used in order to determine the diameter of canaliculi. To determine the diameter 
of the canaliculi network, they were marked in x- and y-axis with yellow and red lines, 
respectively. The values are given in Table A6.3. Moreover, Figure A6.13 demonstrates the 
3D reconstruction of the canaliculi network made by employing Avizo (9.5, Thermo Fisher 
Scientific, USA) software. 

6.5.2.3 TEM lamella sample preparation 

The lamella preparation for transmission electron microscopy (TEM) was performed in a 
dual-beam FIB-SEM (Quanta 3D, Thermo Fisher Scientific), equipped with a gallium ion 
source operating in the accelerating voltage range 0.5-30 kV and an Omniprobe™ 
micromanipulator. The same trimmed blocks that were used in the SSV procedure employed 
in TEM lamella preparation as well. Using focused ion beam (FIB) milling, a lamella was 
cut parallel to the long axes of the mineralized collagen fibrils and analyzed by low dose 
electron tomography. Approximately 100 nm thick sections from the OI type IV and control 
bone were prepared for TEM studies using a FIB lift-out technique (Appendix section 6.7.6, 
Figure A6.8). Regions of interest for TEM examination were identified by visualizing the 
surface of bone pieces by optical and scanning electron microscopy. A thin section was cut 
parallel to the orientation of the long axis of the bone implying that collagen fibrils are in-
plane view upon visualizing the thin section by TEM. Thin sections (10 µm x 10 µm x 0.1 
µm) were transferred to a 3-post lift-out TEM half-grid (Appendix section 6.7.6, Figure A6.9) 
(Agar Scientific AGJ420) for further electron tomography characterization.  

6.5.2.4 TEM tomography 

Electron tomography was performed on the TU/e cryoTITAN (Thermo Fisher Scientific) 
operated at 300 kV, equipped with a field emission gun (FEG), a post-column Gatan Energy 
Filter (GIF) and a post-GIF 2k x 2k Gatan CCD camera. Electron tomography tilt series were 
taken by tilting the specimen from −65 to 65° with 2° per step. The alignment and 3-
dimensional reconstruction of tilt series were done by using IMOD software using 
Simultaneous Iterative Reconstruction Technique (SIRT) with 20 iterations(54). Analysis of 
the reconstructed tilt series was done by using the software packages of Gatan Digital 
Micrograph, Avizo and Image J.  

Figure A6.16 shows an overview of the control and OI type IV bone lamella. It can be 
seen that most of the area shows clear banding patterns that are used to calculate the 
difference between control and OI type IV bone. The areas in the yellow boxes are some of 
the example regions where a clear D-spacing is visible. The D-spacing of the collagen 
periodical structure is determined by measuring over a longer distance containing at least 10 
periods and calculate the average. Figures A6.17 and A6.18 show representative images and 
measurements regarding the D-spacing of collagen periodical structure. Moreover, to 
determine the orientation of the intrafibrillar crystals, an orientation analysis was performed. 
Tomographic slices were loaded as separate images to Matlab and the long and short axis of 
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the crystals were manually set by clicking the four edges of the crystals. In order to avoid 
measuring the same crystals, the slices from the reconstruction were picked in a way that they 
are at least 50 nm (in z-direction) and 10 nm (in y-direction) apart from each other. 

6.5.3 Atomic Absorption Spectrometry  

An atomic absorption spectrometer (AA-7000 / Shimadzu) was used to characterize the 
calcium content of the bone samples. Native samples (Appendix section 6.7.3) that were cut 
to approximately 2 mm × 2 mm × 2 mm before any sort of sample preparation procedure 
were used and both samples were measured using the continuous flame mode. During the 
demineralization process, obtained solutions were diluted with ultra-pure water depending 
on what was necessary to bring the concentration within the concentration range that is 
known to give a linear relation for the absorbance vs concentration curve (0-4 ppm). By 
employing Atomic Absorption Spectrometry (AAS) one can determine the concentration of 
calcium in the solution for a specific volume, and with a known volume the amount of 
released mineral can be calculated.  

6.5.4 Picrosirius Red Staining 

Picrosirius Red Staining (Connective Tissue Stain, Abcam) was used to stain collagen as 
described in the following reference(55). In brief, bone samples prepared with sucrose 
incubation were embedded in Tissue-Tek (Sakura Finetek USA Inc, 25608-930), fixed to the 
cutting base plate of a cryotome (Leica CM1950) and longitudinally sectioned into slices 
with a thickness of about 5 µm. Thereafter, the optimal cutting temperature compound (Agar 
Scientific, AGR1180) was washed in ultra-pure water for two minutes and incubated in a 
Picrosirius Red solution for 60 min. Thereafter, tissue sections were first rinsed in 0.5% acetic 
acid and then rinsed in absolute ethanol. Finally, the sections were dehydrated in increasing 
series of ethanol (25%, 50%, 75% and 100% each for 3 h and mounted in DPX mounting 
medium (Sigma Aldrich). 

6.5.5 Osteocyte Lacunae and Canaliculi 

The nearest-neighbor distances of the osteocytes were calculated by using the images 
obtained by employing a polarized optical microscope which showed a network of osteocytes 
(Appendix section 6.7.7). Figure A 6.10 shows representative POM images which were used 
to calculate the nearest-neighbor distances of the osteocytes. After acquiring suitable images 
using POM, the images were loaded into MATLAB and Image J where osteocytes were 
marked manually. Furthermore, the SEM/FIB SSV method allowed us to obtain a 3D 
reconstruction for the lacunar-canalicular network (Figure A 6.11), providing unique 
information regarding its structure. The diameter of the canaliculi channels was measured 
using the individual images from which the reconstruction was made. The canaliculi chosen 
to analyze were the ones that could be followed over the longest distance. These 
measurements were performed over the shortest and longest axis of the canaliculi to account 
for their irregular shape of the channel and with a spacing of 5 or 10 sequential images 
(Appendix section 6.7.8, Figure A 6.12). 
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2D SEM imaging determined the periodicity of the twisted plywood motif while SEM FIB 
SSV provided us with 3D information regarding the specific collagen motifs within the bone 
samples which were shown in the literature before for human lamellar bone(34). In OI type IV 
bone, due to the mutations, collagen fibrils form so-called kinks in OI bone27,28  that might 
have an effect on the packing of the collagen on a larger scale and can lead to disruptions in 
the periodicity of the twisted plywood motif. For the analysis, 2D SEM imaging was done 
on areas that contain straight layers and occur near an osteon. Scanning electron microscopy 
was used to determine the periodicity of the twisted plywood motif in both of the cases. 
Imaging was focused primarily on what seemed to be straight layers that were near or in the 
circumference of an osteon. The reason why we picked those regions is to be consistent with 
both of the bone samples so that we would be able to have a more accurate determination of 
the periodicity of the twisted plywood pattern. Thereafter, the Plot Profile tool provided by 
Gatan Digital Micrograph and Image J was used to quantitively measure the periodicity of 
the twisted plywood motif.  

6.5.7 Characteristic Features of Collagen Fibrils and Minerals  

Both POM and SEM (2D and FIB SSV) were used to evaluate differences between the 
structural motifs in control and OI bone. For the POM observations, Picrosirius red staining 
of the collagen was used. This staining is due to a strong binding interaction of the acidic 
sulfonic groups of the staining agent with the basic groups of the amino acids present in the 
collagen. The staining agent also permits birefringence analysis due to the parallel alignment 
of the dye molecules with the long axis of each collagen molecule, allowing the orientation 
of the collagen fibers to be determined(42,43). The colors of the stained sections range from 
green to red under the polarizing microscope, which depends on the orientation and thickness 
of the section and the packing of the collagen fibers(56). Hence Picrosirius red staining was 
done to identify the orientation of collagen fibrils and/or fiber bundles in control and OI bone 
(Appendix section 6.7.9, Figure A 6.14).  

Thereafter, TEM was used to evaluate the nano-level differences between control and OI 
type IV bone. As is known from previously published works, hydroxyapatite crystals, as the 
inorganic component of bone, efficiently increases the load-bearing capacity of collagen, 
resulting in an increase in terms of stiffness, robustness and strength(13,57). However, 
molecular alterations in type I collagen(28,29), due to one small structural alteration in the 
sequence of one polypeptide chain of collagen such as the substitution of Glycine by any 
other amino-acid, can lead to severe changes in the bone nano-level hierarchical organization. 
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the crystals were manually set by clicking the four edges of the crystals. In order to avoid 
measuring the same crystals, the slices from the reconstruction were picked in a way that they 
are at least 50 nm (in z-direction) and 10 nm (in y-direction) apart from each other. 

6.5.3 Atomic Absorption Spectrometry  

An atomic absorption spectrometer (AA-7000 / Shimadzu) was used to characterize the 
calcium content of the bone samples. Native samples (Appendix section 6.7.3) that were cut 
to approximately 2 mm × 2 mm × 2 mm before any sort of sample preparation procedure 
were used and both samples were measured using the continuous flame mode. During the 
demineralization process, obtained solutions were diluted with ultra-pure water depending 
on what was necessary to bring the concentration within the concentration range that is 
known to give a linear relation for the absorbance vs concentration curve (0-4 ppm). By 
employing Atomic Absorption Spectrometry (AAS) one can determine the concentration of 
calcium in the solution for a specific volume, and with a known volume the amount of 
released mineral can be calculated.  

6.5.4 Picrosirius Red Staining 

Picrosirius Red Staining (Connective Tissue Stain, Abcam) was used to stain collagen as 
described in the following reference(55). In brief, bone samples prepared with sucrose 
incubation were embedded in Tissue-Tek (Sakura Finetek USA Inc, 25608-930), fixed to the 
cutting base plate of a cryotome (Leica CM1950) and longitudinally sectioned into slices 
with a thickness of about 5 µm. Thereafter, the optimal cutting temperature compound (Agar 
Scientific, AGR1180) was washed in ultra-pure water for two minutes and incubated in a 
Picrosirius Red solution for 60 min. Thereafter, tissue sections were first rinsed in 0.5% acetic 
acid and then rinsed in absolute ethanol. Finally, the sections were dehydrated in increasing 
series of ethanol (25%, 50%, 75% and 100% each for 3 h and mounted in DPX mounting 
medium (Sigma Aldrich). 

6.5.5 Osteocyte Lacunae and Canaliculi 

The nearest-neighbor distances of the osteocytes were calculated by using the images 
obtained by employing a polarized optical microscope which showed a network of osteocytes 
(Appendix section 6.7.7). Figure A 6.10 shows representative POM images which were used 
to calculate the nearest-neighbor distances of the osteocytes. After acquiring suitable images 
using POM, the images were loaded into MATLAB and Image J where osteocytes were 
marked manually. Furthermore, the SEM/FIB SSV method allowed us to obtain a 3D 
reconstruction for the lacunar-canalicular network (Figure A 6.11), providing unique 
information regarding its structure. The diameter of the canaliculi channels was measured 
using the individual images from which the reconstruction was made. The canaliculi chosen 
to analyze were the ones that could be followed over the longest distance. These 
measurements were performed over the shortest and longest axis of the canaliculi to account 
for their irregular shape of the channel and with a spacing of 5 or 10 sequential images 
(Appendix section 6.7.8, Figure A 6.12). 
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2D SEM imaging determined the periodicity of the twisted plywood motif while SEM FIB 
SSV provided us with 3D information regarding the specific collagen motifs within the bone 
samples which were shown in the literature before for human lamellar bone(34). In OI type IV 
bone, due to the mutations, collagen fibrils form so-called kinks in OI bone27,28  that might 
have an effect on the packing of the collagen on a larger scale and can lead to disruptions in 
the periodicity of the twisted plywood motif. For the analysis, 2D SEM imaging was done 
on areas that contain straight layers and occur near an osteon. Scanning electron microscopy 
was used to determine the periodicity of the twisted plywood motif in both of the cases. 
Imaging was focused primarily on what seemed to be straight layers that were near or in the 
circumference of an osteon. The reason why we picked those regions is to be consistent with 
both of the bone samples so that we would be able to have a more accurate determination of 
the periodicity of the twisted plywood pattern. Thereafter, the Plot Profile tool provided by 
Gatan Digital Micrograph and Image J was used to quantitively measure the periodicity of 
the twisted plywood motif.  

6.5.7 Characteristic Features of Collagen Fibrils and Minerals  

Both POM and SEM (2D and FIB SSV) were used to evaluate differences between the 
structural motifs in control and OI bone. For the POM observations, Picrosirius red staining 
of the collagen was used. This staining is due to a strong binding interaction of the acidic 
sulfonic groups of the staining agent with the basic groups of the amino acids present in the 
collagen. The staining agent also permits birefringence analysis due to the parallel alignment 
of the dye molecules with the long axis of each collagen molecule, allowing the orientation 
of the collagen fibers to be determined(42,43). The colors of the stained sections range from 
green to red under the polarizing microscope, which depends on the orientation and thickness 
of the section and the packing of the collagen fibers(56). Hence Picrosirius red staining was 
done to identify the orientation of collagen fibrils and/or fiber bundles in control and OI bone 
(Appendix section 6.7.9, Figure A 6.14).  

Thereafter, TEM was used to evaluate the nano-level differences between control and OI 
type IV bone. As is known from previously published works, hydroxyapatite crystals, as the 
inorganic component of bone, efficiently increases the load-bearing capacity of collagen, 
resulting in an increase in terms of stiffness, robustness and strength(13,57). However, 
molecular alterations in type I collagen(28,29), due to one small structural alteration in the 
sequence of one polypeptide chain of collagen such as the substitution of Glycine by any 
other amino-acid, can lead to severe changes in the bone nano-level hierarchical organization. 
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6.7.1 Sample information 

Bone Type Age of the 

individuals 

Gender of the 

Individuals 

Cause of OI  

OI Type IV 8 Female COL1A2 gene (in position 754 there is a glycine 
substitution with serine) 

Control Bone 6 Female - 

Supplementary Table 1. Bone samples used in this study. 

6.7.2 Materials and Methods 

6.7.2.1 Sample Preservation 

6.7.2.1.1   Cleaning 

Samples collected from the patient first were cleaned before use in the subsequent preparation 
and characterization steps. This cleaning step makes certain that no blood, unwanted cells or 
other biological material is present during subsequent processing and imaging steps. 

Aqueous phosphate-buffered saline (PBS) solution is used for the washing step to prevent 
the samples from decomposing, it prevents demineralization from taking place before 
fixation, while the neutral pH of the PBS ensures that the collagen remains stable and the 
aqueous nature of the solution results in no dehydration of the bone. Therefore the PBS’s 
neutral pH and ion concentration create an environment, which ensures that no degradation 
takes place(1). 

6.7.2.1.2   Fixation 

After the initial cleaning, the samples were further processed. These subsequent steps ensure 
that the samples can be prepared, characterized, and stored for long time periods. The first 
step in this process is fixation, its purpose is the preservation of the chemical and physical 
structure in subsequent processing within sample preparation steps and usage during 
characterization. Fixation is a physicochemical process that is gradual and complex, 
involving diffusion of fixative into the tissue and a variety of potential physical and chemical 
reactions. Currently, there is no ideal fixative and therefore there are 4 groups of agents that 
are primarily used: Aldehydes, oxidizing agents, alcohol-based fixatives, and metallic 
fixating agents. The choice of agent depends on the type of tissue and experiments that are 
to be performed(2). 

During the sample preparation, fixation was performed before and after the 
demineralization. Both fixatives used in this study are an aldehyde type (paraformaldehyde 
and glutaraldehyde) and the formation of crosslinks occurs via a reaction with the amino 
acids present on cells and most importantly the collagen. The goal of the fixation, for the 
bone samples, is to preserve the hierarchical structure of the collagen when the sample is 
demineralized, processed, and stored under different conditions. The first step uses 
paraformaldehyde (PFA), being a small molecule it has an ability to quickly diffuse into the 
sample. The initial binding reaction is largely completed within 24 hours. However, the 
disadvantage is that the following crosslink reaction is quite slow and form only over short 
distances between collagens chains, due to the PFA being a short/small molecule. PFA 
mostly binds to the primary amine of the lysine and the secondary amine on the peptide linker 
of collagen, but there are other crosslink possibilities(3,4). 
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6.7.1 Sample information 

Bone Type Age of the 

individuals 

Gender of the 

Individuals 

Cause of OI  

OI Type IV 8 Female COL1A2 gene (in position 754 there is a glycine 
substitution with serine) 

Control Bone 6 Female - 

Supplementary Table 1. Bone samples used in this study. 

6.7.2 Materials and Methods 

6.7.2.1 Sample Preservation 

6.7.2.1.1   Cleaning 

Samples collected from the patient first were cleaned before use in the subsequent preparation 
and characterization steps. This cleaning step makes certain that no blood, unwanted cells or 
other biological material is present during subsequent processing and imaging steps. 

Aqueous phosphate-buffered saline (PBS) solution is used for the washing step to prevent 
the samples from decomposing, it prevents demineralization from taking place before 
fixation, while the neutral pH of the PBS ensures that the collagen remains stable and the 
aqueous nature of the solution results in no dehydration of the bone. Therefore the PBS’s 
neutral pH and ion concentration create an environment, which ensures that no degradation 
takes place(1). 

6.7.2.1.2   Fixation 

After the initial cleaning, the samples were further processed. These subsequent steps ensure 
that the samples can be prepared, characterized, and stored for long time periods. The first 
step in this process is fixation, its purpose is the preservation of the chemical and physical 
structure in subsequent processing within sample preparation steps and usage during 
characterization. Fixation is a physicochemical process that is gradual and complex, 
involving diffusion of fixative into the tissue and a variety of potential physical and chemical 
reactions. Currently, there is no ideal fixative and therefore there are 4 groups of agents that 
are primarily used: Aldehydes, oxidizing agents, alcohol-based fixatives, and metallic 
fixating agents. The choice of agent depends on the type of tissue and experiments that are 
to be performed(2). 

During the sample preparation, fixation was performed before and after the 
demineralization. Both fixatives used in this study are an aldehyde type (paraformaldehyde 
and glutaraldehyde) and the formation of crosslinks occurs via a reaction with the amino 
acids present on cells and most importantly the collagen. The goal of the fixation, for the 
bone samples, is to preserve the hierarchical structure of the collagen when the sample is 
demineralized, processed, and stored under different conditions. The first step uses 
paraformaldehyde (PFA), being a small molecule it has an ability to quickly diffuse into the 
sample. The initial binding reaction is largely completed within 24 hours. However, the 
disadvantage is that the following crosslink reaction is quite slow and form only over short 
distances between collagens chains, due to the PFA being a short/small molecule. PFA 
mostly binds to the primary amine of the lysine and the secondary amine on the peptide linker 
of collagen, but there are other crosslink possibilities(3,4). 
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Figure A6.1. The crosslinking reaction of paraformaldehyde with the most common structures present 

on the amino acids of the Type 1 Collagen chain. 
To ensure the structure remains rigid after demineralization a second fixation step is 
performed. Glutaraldehyde (GA) is used in this second step; it diffuses into the tissue at a 
slower rate than PFA due to its relatively larger size. However, the benefit is that 
glutaraldehyde has a higher crosslink potential. It contains two reactive groups and can form 
the crosslink over a longer distance due to its relatively larger size. Furthermore, 
glutaraldehyde is able to form small oligomers/polymers with reactive aldehyde groups that 
can react with the collagen and bridge an even longer distance. Crosslinks are formed 
between the amino groups present on amino acids, the aldehyde group of glutaraldehyde 
reacts with ε-amine groups of lysine or hydroxylysine present in collagen. 

The combination of paraformaldehyde and glutaraldehyde uses the quick penetration of 
the PFA to start the stabilization of the structure. The slower penetrating glutaraldehyde used 
in the second step then forms additional crosslinks bridging larger gaps making it more rigid 
and solid. This fixation procedure preserves the native structure of bone as well as possible. 
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Figure A6.2. a) The polymerization reaction of glutaraldehyde, an aldehyde side chain is formed on 

each unit. b) The crosslinking reaction of the glutaraldehyde polymer with the amino group of collagen. 

6.7.2.1.3   Demineralization 

Demineralization of the native bone tissue is an important step in the sample preparation and 
the characterization techniques, such as polarized optical microscope (POM) and Scanning 
electron microscope/focused ion beam serial slice and view (SEM/FIB SSV). Removal of the 
minerals reduces interferences and, therefore, provides improved contrast. However, there 
are also other benefits for further sample preparation steps, e.g. in the use of microtomy. The 
removal of the minerals leads to a reduced hardness of bone, which allows the samples to be 
cut more easily and, therefore, results in fewer or no artifacts during microscopy. 

Demineralization of the native bone samples is performed using a demineralizing agent, 
which is dissolved in a suitable solution. There are two types of chemical groups that are 
primarily used in the demineralization of mineralized tissue, acids, and chelating agents. 
Despite that they are from two different chemical groups, the reaction that takes place within 
bone tissue is quite similar. The carbonated hydroxyapatite (cHAP) in the mineralized tissue 
has a natural reversible dissociation reaction when submerged in an aqueous medium. If 
nothing were to be added to this aqueous solution an equilibrium would be reached. However, 
the addition of the acid or chelating agent disturbs this equilibrium, which results in further 
demineralization of the tissue until a new equilibrium is reached.  

Previous studies have shown that using acid as the demineralizing agent leads to poorer 
preservation of the tissue relative to the chelating agent, which is partly due to the low pH at 
which the demineralization is carried out when using an acid. The low pH has a degrading 
and corrosive effect on the collagen that lead to changes in the structure(5). The degradation 
of the collagen is an undesired effect, due to the interest in the changes that occur in the 
collagen structure in pathological tissues. Therefore, a chelating agent was used during the 
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6.7.2.1.3   Demineralization 

Demineralization of the native bone tissue is an important step in the sample preparation and 
the characterization techniques, such as polarized optical microscope (POM) and Scanning 
electron microscope/focused ion beam serial slice and view (SEM/FIB SSV). Removal of the 
minerals reduces interferences and, therefore, provides improved contrast. However, there 
are also other benefits for further sample preparation steps, e.g. in the use of microtomy. The 
removal of the minerals leads to a reduced hardness of bone, which allows the samples to be 
cut more easily and, therefore, results in fewer or no artifacts during microscopy. 

Demineralization of the native bone samples is performed using a demineralizing agent, 
which is dissolved in a suitable solution. There are two types of chemical groups that are 
primarily used in the demineralization of mineralized tissue, acids, and chelating agents. 
Despite that they are from two different chemical groups, the reaction that takes place within 
bone tissue is quite similar. The carbonated hydroxyapatite (cHAP) in the mineralized tissue 
has a natural reversible dissociation reaction when submerged in an aqueous medium. If 
nothing were to be added to this aqueous solution an equilibrium would be reached. However, 
the addition of the acid or chelating agent disturbs this equilibrium, which results in further 
demineralization of the tissue until a new equilibrium is reached.  

Previous studies have shown that using acid as the demineralizing agent leads to poorer 
preservation of the tissue relative to the chelating agent, which is partly due to the low pH at 
which the demineralization is carried out when using an acid. The low pH has a degrading 
and corrosive effect on the collagen that lead to changes in the structure(5). The degradation 
of the collagen is an undesired effect, due to the interest in the changes that occur in the 
collagen structure in pathological tissues. Therefore, a chelating agent was used during the 
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demineralizing, specifically ethyl diamine tetraacetic acid (EDTA). 
Figure A6.shows how the chelating agent, EDTA, disrupts the equilibrium of cHAP in an 

aqueous medium due to the formation of a complex with the calcium that is being released. 
The complex formation with calcium results in the equilibrium of the dissociation reaction 
shifting to the right. This continues as 
long as there is a non-complexed 
EDTA present in the solution. From the 
reaction mechanism, it can also be 
concluded that the pH would still be 
lowered due to the release of protons 
from the EDTA when binding to the 
calcium (6,7). However, monitoring the 
pH, regularly replacing the solutions, 
and starting around a neutral pH, which 
is near the optimal pH for the reaction, 
should result in the inability of pH to 
influence the collagen structure.  

An atomic absorption 
spectrometer (AA-7000 / Shimadzu) 
was used to characterize the calcium 
content of the bone samples. All 
samples were measured using the 
continuous flame mode. Samples were 
diluted with ultra-pure water depending 
on what was necessary to bring the 
concentration within the concentration 
range that is known to give a linear 
relation for the absorbance versus 
concentration curve (0-4 ppm).  

By employing Atomic Absorption Spectrometry (AAS) one can determine the 
concentration of calcium in the solution for a specific volume, which can be correlated to the 
amount of released mineral from each sample. Initial experiments were conducted at 5%, 
10%, and 20% ethylenediaminetetraacetic acid (EDTA) concentrations to determine the 
optimum time for a complete demineralization (Figure A6.4). The results indicate that the 
optimum time for a complete demineralization is about 2 weeks when using 5% EDTA 
(Figure A6.4). As expected, the necessary time for a complete demineralization can be 
reduced by increasing the concentration of EDTA (Figure A6.4), however, owing to concerns 
regarding the preservation of the native bone structure, only 5% EDTA was used unless 
indicated otherwise. 

Figure A6.3. The chemical process that takes place 

during demineralization of mineralized tissue. The 

EDTA molecule shown is the most stable complex that 

can be formed. 
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Figure A6.4 a) A control measurement for the 20% concentration. The time till complete 

demineralization increases with a heavier sample. Samples were diluted by a factor 100. b) The 

cumulative calcium concentration in ppm for different demineralization agent concentrations. Samples 

were diluted by a factor of 100. 

6.7.2.1.4  Staining 

Constant improvement of the SEM characterization method has led over time to an increasing 
interest from the biological community to characterize their samples with this method. 
Unfortunately, most biological materials are not suited for this method due to their high 
resistivity (bone: 108 - 5×1010 Ω cm−1), which leads to significant charging when it is exposed 
to the electron beam. These problems could be solved when using low accelerating voltages, 
the BSE detector, or short exposure times, but these restrictions are undesirable and lead to 
poor image contrast(8). This in turn may obscure small or low contrast features and, therefore, 
leads to less accurate results relative to when the full range of imaging settings can be 
employed(9). 
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interest from the biological community to characterize their samples with this method. 
Unfortunately, most biological materials are not suited for this method due to their high 
resistivity (bone: 108 - 5×1010 Ω cm−1), which leads to significant charging when it is exposed 
to the electron beam. These problems could be solved when using low accelerating voltages, 
the BSE detector, or short exposure times, but these restrictions are undesirable and lead to 
poor image contrast(8). This in turn may obscure small or low contrast features and, therefore, 
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Bone also requires staining to make it suitable for characterization with SEM and 
performing SSV measurements. Multiple methods are available that can be used in staining 
for SEM, such as deposition of a small metal layer with a sputter coater or using a negative 
staining agent that covers the material with heavy metal. However, both methods lack the 
needed penetration depth of the agent into the sample and can cause significant sample 
shrinkage. Therefore, these methods are deemed insufficient and/or suboptimal for SSV 
measurements(10). 

To stain the complete sample including the inner laying structures OTOTO heavy metal 
staining was chosen. OTOTO can penetrate into the bone, fixate the structure, and improve 
the contrast. The O and T represent the chemicals osmium tetroxide (OsO4), staining agent, 
and thiocarbohydrazide (TCH), linking agent. The OTOTO abbreviation already suggests 
that the sample is subjected to alternating solutions of osmium and TCH, creating chains on 
the sample. During this process it is very likely that in addition to the formation of single 
chains there will also be chains that are connected between two sample surfaces and therefore 
acting as a fixative, contributing to further fixation of the bone samples(11). 

The contrast generated in the sample is due to the osmium tetroxide reacting with the 
material and deposition onto and into the material. Previous studies have shown that osmium 
tetroxide binds itself to the sample via the formation of a cyclic ester with unsaturated 
hydrocarbons on lipids and nucleic acids(12). The initial addition of OsO4 should be sufficient 
as for SSV, however, the additional TOTO procedure has proven to be advantageous in 
improving the contrast such that for example microvilli on a larva can be imaged(9). 

6.7.2.1.5 Picrosirius Red Staining 

Distinguishing the orientation of the collagen fibrils in the twisted plywood, and the ordered 
from the disordered material is difficult even with SEM and therefore not obtainable in POM 
without a staining agent. Picrosirius red stains collagen due to a strong binding interaction of 
the acidic sulfonic groups, on the staining agent, with the basic groups of the amino acids 
present in collagen. The staining agent also permits birefringence due to the parallel 
alignment of the dye molecules with the long axis of each collagen molecule, this would 
allow the orientation of the collagen fibers to be determined(13,14). The colors of the stained 
sections range from green to red under the polarizing microscope, which according to 
literature depend on, the orientation, the thickness of the section, and the packing of the 
collagen fibers (13–15). If the data shows the mentioned differences, then the images will 
possibly show any differences in the long-range orientation of the collagen fibrils.  

6.7.2.1.6 Plastic Embedding 

The OTOTO staining leaves the sample very brittle especially after drying, therefore a plastic 
embedding is necessary. The embedding helps in meeting the required hardness that is 
necessary for the bone piece to be sectioned with a microtome. Without plastic embedding, 
the structure of the bone would be damaged when thin sectioning. The damage would then 
possibly be incorrectly interpreted as changes in the structure of the bone and lead to incorrect 
results(16).  

Different types of epoxy and acrylate resins available can be used for plastic embedding. 
In this study an “Epon embedding” was used. Epon, however, is a product name for Shell its 
epoxy resins, and therefore it is an epoxy resin embedding. This type of embedding for 
electron microscopy was introduced by Kushida et al.(17) in 1959, followed by Finck et al.(18) 
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(1960) and Luft et al.(19) (1961), in their protocol Epon812 (Shell) was used. The interest in 
epoxy resins over methyl acrylate as an embedding medium is the reduced damage due to 
polymerization while keeping the excellent fine structure of the samples. Furthermore, the 
epoxy resin is also more resistant to the irradiation of the electron beam during 
measurement(19). After epon embedding and microtoming the sample is ready to be 
characterized with the chosen imaging methods. 

6.7.2.2 Statistical Tests 

For a t-test we need: 

    ̅̅∆ ,    ∆         and         ⁄ 
   ⁄  

   

with texp the normalized difference between the averages ̅  and ̅  with sample standard 
deviations s1 and s2 for n1 and n2 data points, ∆  the combined standard deviation and ν the 
number of degrees of freedom. The null hypothesis H0 is  ̅ −   0, which is true if texp < 
tν,α. Here tν,α is the theoretical t-value for ν degrees of freedom at significance level α. For the 
latter we use α = 0.05, in combination with a two-sided confidence interval. The data shows 
for both the twisted plywood periodicity (Table A6.2) and the canaliculi diameter (Table 
A6.3) that texp > tν,0.05, therefore the null hypothesis is rejected and a significant difference 
between control bone and the OI bone samples exists. 

Table A6.2. The average, standard deviation and number of data points for the twisted plywood 

periodicity diameter. The corresponding t-values are tν,0.05 = 2.00 and texp = 10.24.  
 

Control bone OI IV bone 

̅ (µm) 4.975 3.206 

s (µm) 0.758 0.524 

 n 30 24 

Table A6.3. The average, standard deviation and number of data points for the canaliculi diameter. 

The corresponding t-values are tν,0.05 = 1.97 and texp = 7.61 
 

Control bone OI IV bone 

̅ (nm) 523.2 420.4 

s (nm) 143.0 115.8 

n 176 196 

. 
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necessary for the bone piece to be sectioned with a microtome. Without plastic embedding, 
the structure of the bone would be damaged when thin sectioning. The damage would then 
possibly be incorrectly interpreted as changes in the structure of the bone and lead to incorrect 
results(16).  

Different types of epoxy and acrylate resins available can be used for plastic embedding. 
In this study an “Epon embedding” was used. Epon, however, is a product name for Shell its 
epoxy resins, and therefore it is an epoxy resin embedding. This type of embedding for 
electron microscopy was introduced by Kushida et al.(17) in 1959, followed by Finck et al.(18) 
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6.7.3 Native Bone Pieces 

Representative images of bone pieces used in this study and the coexistence of cortical and 
trabecular parts can be seen in Figure A6.5. Cortical parts of the bone pieces were selected 
explicitly for further characterization methods as marked with the red rectangle. The black 
arrow indicates the direction of ion beam cutting during the Serial Slice and View experiment. 

 
Figure A6.5. Stereo microscope images of native bone pieces demonstrating the coexistence of cortical 

and trabecular parts.  

6.7.4 Sample Preparation for Electron Microscopy Studies 

Mechanical stability of the samples which are used for SEM and SEM/FIB SSV is one of the 
most critical parameters in order to obtain reliable results for further analysis. Therefore, an 
in-house made sample holder (Figure A6.6) was used to provide the necessary stability during 
the SSV procedure. Together with the in-house sample holder, bone samples were fixed by 
using silver paste prior to the experiment.  

 

Figure A6.6. In-house made sample holder for Serial Slice and View (SSV) characterization of trimmed 

blocks contacting bone pieces.  

6.7.5 Region of Interest for Serial Slice and View 

Preserving the features of bone pieces is a critical aspect that needs careful attention. In order 
to make sure that the features are indeed preserved after sample preparation steps, such as 
fixation, staining, and cleaning, SEM imaging was conducted. As can be seen from Figure 
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A6.7 twisted plywood motif, single collagen fibrils, and even characteristic D-spacing of 
collagen fibrils are observable. 

 
Figure A6.7. SEM images of control bone sample showing a) Haversian channel, twisted plywood motif 

and osteocytes, b) close-up image of twisted plywood motif, and c), d) collagen fibrils demonstrating 

the characteristic D-spacing.   

6.7.6 TEM Lamella Preparation 

In order to analyze the structure of control and pathological bone at the nanometer level, we 
have conducted electron tomography on thin lamellas which were extracted by FIB lift out 
from the bone samples. A detailed explanation of TEM lamella preparation can be found in 
the manuscript.  
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Figure A6.8. SEM images of some TEM lamella sample preparation steps; a) Initially twisted plywood 

motif which is the region of interest was located. b) Thin lamella from the region of interest was 

extracted and transferred to a TEM half grid. c) and d) Thinning and cleaning steps were performed to 

reach the desired sample thickness for electron tomography experiments. e) Close-up SEM image from 

the thin lamella. f) TEM image of the prepared lamella.    

 

Figure A6.9. Mounting steps of 3-post lift-out TEM half-grid containing extracted thin lamella from 

bone samples. a) 3-post lift-out TEM half-grid carefully inserted to the ring, b) spring is placed to make 

sure that 3-post lift-out TEM half-grid is stable enough to transfer inside the TEM, c) corresponds to 

highlighted area in b, and d) corresponds to highlighted area in c showing a representative image of 

thin lamella from bone samples.   
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6.7.7 Nearest Neighbour Distance Analysis of Osteocytes 

Figure A6.10 shows representative POM images which were used to calculate the nearest 
neighbor distances of the osteocytes. After acquiring suitable images using POM, the images 
were loaded into MATLAB and Image J where osteocytes were marked manually.  

  

 

Figure A6.10. Optical microscope image of osteocyte network analysis of bone samples: a) osteocytes, 

b) osteocytes are marked to determine their positions, and c) Voronoi tessellation model showing the 

nearest neighbor network of osteocytes. 
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6.7.8 Analysis of canaliculi diameters 

Supplementary Figure A6.11 shows representative POM images demonstrating the canaliculi 
network marked with white arrows. 

 
Figure A6.11. Representative optical microscope images of the canaliculi network marked with white 

arrows. Black oval shapes indicate osteocytes.  

 
Figure A6.12. Representative images of canaliculi network from different serial slice and view 

experiments. Scale bars 1 µm. 
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Figure A6.13. 3D surface rendering of the lacunar-canaliculi network obtained from FIB-SEM: a), b), 

and c) Control bone. d) and e) OI IV bone. 

6.7.9 Picrosirius Red Staining  

 
Figure A6.14. POM images of picrosirius red stained normal bone using two different orientations of 

the polarizer differing by 90° without a retardation plate (a,b) and with a retardation plate (c,d). An 

osteocyte (yellow) and Haversian canal (blue) are marked as a reference. Both samples show a change 

of color for certain structures depending on the orientation of the polarizer, making it difficult to draw 

any clear conclusion. 
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6.7.10 Influence of bubble-like cavities in OI type IV bone on strength 

Although bone during fracture is not behaving fully as an elastic material, we apply here 
linear elastic fracture mechanics (LEFM) to estimate the influence of the increased porosity 
due to the observed bubble-like cavities in OI IV bone on strength. For a brief introduction 
to LEFM, see, e.g., reference (20), or for a more extensive discussion, reference (21). 

In LEFM the (fracture) strength S is estimated according to: 

S = (1/ξ)(2ER/a)1/2                                (1) 

where ξ is the so-called compliance factor (for surface defects approximately 1.12(π)1/2 ≅ 
2.0), E the elastic modulus, R the fracture energy and a the defect size. As typically the defect 
size a in bone is about a 100 µm or more and the cavities are about 50 nm in size, we assume 
that for a and ξ a similar value can be taken as for normal bone. Both E and R depend on the 
porosity φ for which various models for brittle materials are available. Useful empirical 
relations are [see e.g. reference (22,23)] 

E/E0 = exp(−aφ)     and     R/R0 = exp(−bφ)          (2) 

Here E0 and R0 are the values for fully dense material. We consider them here to represent 
normal bone and thus also use S0 to represent normal bone. Doing so, we should substitute 
∆φ due to the cavities for φ. Evaluating leads to 

S/S0 ≅ [exp(−a∆φ) exp(−b∆φ)]1/2 = exp[−(a+b)/2]∆φ        (3) 

The values for a and b reported in the literature scatter considerably, typical values being a 
≅ 4.0 and b ≅ 4.0(22), so that exp[−(a+b)/2] = exp(−4.0) ≅ 0.0183. 

The value for ∆φ for OI IV bone was estimated as the area fraction of the cavities as 
measured from 4 different images from the SSV procedure which were at least 2 µm apart 
from each other (Figure A6.15). In this way, the same cavities do not appear in different 
slices. The images were processed via ImageJ, first creating a binary image with a threshold 
depending on the intensity values of the image used. Thereafter the area fractions of the 
binary images were measured, resulting in 2.92%, 2.68%, 2.88%, and 2.47%. The average 
value is ∆φ = 0.0274 ± 0.0021, where ± indicates the sample standard deviation. 

Consequently, for S/S0 we obtain S/S0 = exp[−(a+b)/2]∆φS/S0 = 0.01830.0274 = 0.90. 
Although the model for the porosity dependence used is primarily chosen for ease of use, 
other models as described in ref (22,23) yield similar values. Also varying the exponents a and 
b down does not essentially change the result: for a = b = 3, S/S0 = 0.04980.0274 = 0.92 and for 
a = b = 2, S/S0 = 0.1350.0274 = 0.95. At any rate, the effect of the cavities on stress 
concentration is neglected, which, if done, will increase ξ and thus this strength decrease 
estimate is an approximate lower limit. Moreover, adding the increase in porosity due to the 
caniculi, ∆φ(caniculi) = 0.0074, we obtain ∆φ = ∆φ(bubble) + ∆φ(caniculi) = 0.0345, and 
leading to S/S0 = 0. 01830.0345 = 0.87 for a = b = 4 and S/S0 = 0. 04980.0345 = 0.90 for a = b = 
3. However, the strength of normal bone shows considerable scatter (see, e.g., ref (24–26)) and 
the decrease estimated falls within the scatter observed. Summarizing, although the result 
S/S0 ≅ 0.90 implies a significant decrease in strength, we conclude that this decrease is 
insufficient to explain the rather fragile behavior of OI IV bone. 
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Figure A6.15. Representative SEM images from SSV showing: a) Cross-sections of bubble-like cavities 

(marked with white arrows), b) Determining the number of bubble-like cavities observed in the slice 

image from SSV resulted in counting 106 cavities, c) Thresholding the image by marking the black dots 

automatically depending on the intensity values which indicates where the cavities are located and d) 

The result obtained from area fraction calculation by using Image J software.  
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6.7.11 Periodicity of Twisted Plywood Motif 

Table A6.4. The average thickness of twisted plywood motif for each bone type. The ± indicates the 
sample standard deviation using approximately 200 measurements 

6.7.12 Overview of the TEM lamella from control and OI type IV bone  

Figure A6.16 shows an overview of the control and OI type IV human bone lamella. It can 
be seen that most of the area shows clear banding patterns that are used to calculate the 
difference between control and OI type IV bone. The areas in the yellow boxes are some of 
the example regions where a clear D-spacing is visible.  

 
Figure A6.16. 2D projection of tomographic reconstruction slices (20 z-slices averaged) of a) control 

and b) OI Type IV bone. Scale bars: 200 nm.  

Bone Type Thickness of Twisted Plywood Motif (µm) 

OI Type IV 3.2 ± 0.52 
Control 4.9 ± 0.75 
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Figure A6.17. 2D projection images of (a-d) control bone and (i-iv) profiles of the areas marked by 

the blue rectangles in (a-d) showing the ~67 nm periodicity of the collagen fibril.  
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Figure A6.17. 2D projection images of (a-d) control bone and (i-iv) profiles of the areas marked by 

the blue rectangles in (a-d) showing the ~67 nm periodicity of the collagen fibril.  
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Figure A6.18. 2D projection images of (a-d) OI Type IV bone and (i-iv) profiles of the areas marked 

by the blue rectangles in (a-d) showing the smaller periodicity of the collagen fibril compared with 

control counterpart.  
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6.7.13 Analysis of intrafibrillar crystal orientations 

To determine the orientation of the intrafibrillar crystals, an orientation analysis was 
performed. Tomographic slices were loaded as separate images to Matlab and the long and 
short axis of the crystals were manually set by clicking the four edges of the crystals. In order 
to avoid measuring the same crystals, the slices from the reconstruction were picked in a way 
that they are at least 50 nm (in z-direction) and 10 nm (in y-direction) apart from each other. 

 
Figure A6.19. Orientation analysis of the tomographic reconstruction slices in which the length of long 

(yellow) and short (red) axes of the crystals are analyzed. (a) A representative image of mineralized 

collagen fibril in control human bone viewed from the top and (b,c) along the collagen fibril, 

respectively. (d) A representative image of mineralized collagen fibril in OI type IV bone viewed from 

the top and (e,f) along the collagen fibril, respectively. 
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Furthermore, in order to determine the full width at half maxima in control and OI type IV 
bone a Gaussian fitting was used to the results obtained from orientation analysis from the 
intrafibrillar crystals (Figure 6.9 and Figure 6.10 in the main text). Full width at half 
maximum values can be seen in Figure A6.20. 

 
Figure A6.20. The experimentally determined distribution of intrafibrillar crystals in longitudinal 

orientations and the fitted Gaussian distribution (blue line) for a) control bone and b) OI type IV bone.  
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Chapter 7 
Osteoporosis-pseudoglioma syndrome: A case 
report for a rare bone disease 
 

Using optical, scanning electron and transmission electron microscopy, combined with serial 
slice and view reconstruction, various characteristics of osteoporosis-pseudoglioma 
syndrome (OPS) bone were determined and compared to those of control bone. As expected, 
the OPS bone showed a lower calcium content by a factor of about two. The osteocyte 
network for OPS bone appeared to have a mean nearest-neighbor distance of 41 ± 37 µm as 
compared to control bone with 23 ± 16 µm and where ± indicates the sample standard 
deviation. Similarly, the canaliculi diameter appeared to be 3.8 ± 1.47 µm for OPS bone and 
4.9 ± 0.75 µm for control bone, while the periodicity of the twisted plywood motif for OPS 
bone and control bone was 3.8 ± 1.47 µm for OPS bone and 4.9 ± 0.75 µm for control bone. 
Finally, the D-band spacing of the collagen for OPS bone was 65.3 ± 1.2 nm, not significantly 
different from the value for control bone where 66.8 ± 0.8 nm resulted. Most remarkably, for 
the OPS bone certain regions do not contain any osteocytes. Although the link with the 
genetic mutation is not clear, these results do show significant differences in bone 
characteristics.  

 

 

 

 

 

 

 

 

 

 

The results described in this chapter are based on: 

E. Deniz Eren, Wouter H. Nijhuis, Ralph J. Sakkers, Harrie Weinans and Gijsbertus de 

With, to be submitted. 

00000 -17x24_BNW.indd   16200000 -17x24_BNW.indd   162 20-04-2021   11:2120-04-2021   11:21



Chapter 6  

150 

 

  

Multiscale hierarchical bone organization  

151 
 

Chapter 7 
Osteoporosis-pseudoglioma syndrome: A case 
report for a rare bone disease 
 

Using optical, scanning electron and transmission electron microscopy, combined with serial 
slice and view reconstruction, various characteristics of osteoporosis-pseudoglioma 
syndrome (OPS) bone were determined and compared to those of control bone. As expected, 
the OPS bone showed a lower calcium content by a factor of about two. The osteocyte 
network for OPS bone appeared to have a mean nearest-neighbor distance of 41 ± 37 µm as 
compared to control bone with 23 ± 16 µm and where ± indicates the sample standard 
deviation. Similarly, the canaliculi diameter appeared to be 3.8 ± 1.47 µm for OPS bone and 
4.9 ± 0.75 µm for control bone, while the periodicity of the twisted plywood motif for OPS 
bone and control bone was 3.8 ± 1.47 µm for OPS bone and 4.9 ± 0.75 µm for control bone. 
Finally, the D-band spacing of the collagen for OPS bone was 65.3 ± 1.2 nm, not significantly 
different from the value for control bone where 66.8 ± 0.8 nm resulted. Most remarkably, for 
the OPS bone certain regions do not contain any osteocytes. Although the link with the 
genetic mutation is not clear, these results do show significant differences in bone 
characteristics.  

 

 

 

 

 

 

 

 

 

 

The results described in this chapter are based on: 

E. Deniz Eren, Wouter H. Nijhuis, Ralph J. Sakkers, Harrie Weinans and Gijsbertus de 

With, to be submitted. 

00000 -17x24_BNW.indd   16300000 -17x24_BNW.indd   163 20-04-2021   11:2120-04-2021   11:21



Chapter 7  

152 

7.1 Introduction 

Bone is a multifunctional natural material that has a complex hierarchical organization 
providing toughness and stiffness at the same time(1). A considerable amount of literature has 
been published concerning the hierarchical organization of bone(2–9). These studies 
demonstrate that bone is a composite material with mineralized type I collagen fibril being 
the fundamental structural unit(10). Type I collagen fibrils, non-collagenous proteins, and 
calcium phosphate minerals, collectively organized in a hierarchical way, are responsible for 
the mechanical properties of bone(11). Additionally, proteins with versatile enzymatic and 
structural functions, which play a critical role in areas such as intracellular transport and 
osteoblast development, are equally important as fundamental building blocks in terms of 
building the hierarchal organization of bone. Defects in the genes which are responsible for 
the secretion of these proteins can cause bone tissue-related pathologies(12–18) and,  
consequently, alterations(19–24). One of the rare pathologies that can occur in bone tissue is 
osteoporosis-pseudoglioma syndrome (OPS) which is an autosomal recessive disease that is 
characterized by severe osteoporosis (thinning of the bones) and vision loss (blindness)(25). 
OPS is caused by mutations in the low-density lipoprotein (LDL) receptor-related 5 (LRP5) 
gene(26). LRP5 has an essential role in the Wnt signaling pathway(27,28) since it acts as a co-
receptor that binds Wnt proteins with Frizzled-receptors. This gene provides instructions for 
making proteins that participate in a chemical signaling pathway that affects the way cells 
and tissues develop and plays an important role in bone remodeling. In particular, the LRP5 
protein helps to regulate bone mineral density and plays a critical role in the development of 
the retina(29,30). The mutations in the LRP5 gene that cause OPS prevent cells from making 
any LRP5 protein or lead to a protein that cannot function properly(31). Loss of the function 
of this protein disrupts the chemical signaling pathways that are needed for the formation of 
healthy bone and normal retinal development, leading to the bone and eye abnormalities 
characteristic of OPS(15,32,33). 
Severe clinical consequences may arise as a result of any alteration due to the mutations in 
the molecular level during the bone formation process(34). The first distinguishable finding in 
osteoporosis-pseudoglioma patients is usually blindness presenting in the neonatal period or 
in the initial years of life. It was revealed by Lobov et al.(35) that macrophage Wnt7b is a 
short-range paracrine signal required for Wnt pathway responses and programmed cell death 
in the vascular endothelial cells of the temporary hyaloid vessels of the developing eye. It 
was suggested by Gong et al.(15) that LRP5 might be expressed in these macrophages and 
showed by Ye et al.(36) that the mutations in the LRP5 gene cause retinal 
hypervascularization. Moreover, Laine et al.(37) demonstrated that the Wnt1 expressing bone 
cells are osteocytes, rather than bone-resorbing osteoclasts or bone-forming osteoblasts. 
Osteocytes are a type of bone cell that are differentiated from osteoblasts and that become 
embedded in the mineralized collagenous matrix over time(38,39) where they keep 
communicating with each other and with the cells on the bone surface through canaliculi 
channels. This special canalicular network allows for an extraordinary close contact between 
osteocytes and bone matrix. It is known that osteocytes monitor the deformation of the bone 
matrix that results from external mechanical forces and thus play a critical role in the 
biological adaptation of bones to mechanical stimuli(39,40). More generally, the osteocytes 
together with the lacunar-canalicular network are ideally positioned(41,42) for integrating input 
from external and internal factors and for controlling groups of bone cells such as osteoblasts 
and osteoclasts that have critical roles to carry out the bone homeostasis.  Additionally, low-
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density lipoprotein (LDL) receptor-related 5 protein knockout mouse models demonstrate 
decreased osteoblast proliferation and function(43) which might alter the bone quality. 
Interestingly, it was found that the defects in trabecular bone occur without disruptions in 
collagen biosynthesis(44)(45) which suggests that the hierarchical structure of collagen would 
be preserved without any sort of alterations. 
The current understanding in the literature regarding OPS is mainly based on the studies 
which explain the events that occur either at the molecular level or highlights the clinical 
consequences. In this study, we aim to elucidate how mutation causing OPS influences the 
hierarchy of bone at multiscale and determine the microstructural differences of OPS as 
compared to control bone.  

7.2 Results 

7.2.1 Calcium Content 

One of the most important parameters when characterizing a bone with osteoporosis is the 
loss of bone density(46,47). Bone density is defined as the measure of the amount of minerals 
contained in a certain volume of bone. Measurements of bone density are used to diagnose 
osteoporosis to understand how well osteoporosis treatments are working and to predict how 
likely the bones are prone to fracture.  Here we employed AAS to determine the calcium 
content of control and OPS bone. Our results confirm a much lower calcium content by a 
factor of about two in OPS bone as compared to the control bone (Figure 7.1). 

 

Figure 7.1. Cumulative calcium concentration for osteoporosis-pseudoglioma and control bone in the 

solution per day (normalized to the same weight of the OPS and control bone samples). 
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7.2.2 Nearest-Neighbour Distance of Osteocytes 

The role of Wnt signaling in the development and maintenance of bone tissue was initially 
realized through investigations on OPS bone(15). The OPS is caused by mutations in the gene 
encoding LDL receptor-related protein 5 (LRP5), which has the role of acting as a coreceptor 
for Wnt ligands on the surface of osteoblasts, the cells which are responsible for bone 
formation. During the bone formation process, when Wnt ligands bind to LRP5, bone 
formation is induced; that is why mutations that inactivate LRP5 lead to slow bone formation 
and low bone mass. It is also well-known that osteocytes play a crucial role in terms of the 
response to mechanical stimuli, to send signals of bone formation or resorption, and to 
modify, control their microenvironment, and regulate bone homeostasis. For control bone, 
most of the distance falls into the 5 to 30 µm range (Figure 7.2a) being the average distance 
23 µm which is in accordance with reported literature data(48). For the OPS bone, the average 
distance is measured to be longer (41 µm). Fitting the distribution with a lognormal curve 
shows that both mode and the standard deviation are larger for the OPS bone (Figure 7.2b). 

 
Figure 7.2 Nearest-neighbor distances of osteocytes in a) control and b) osteoporosis-pseudoglioma 

syndrome bone. 

Not only myriads of proteins are critically important in order for osteocytes to accomplish 
their missions, but also dendritic contacts namely the lacunar canaliculi network are equally 
important for cell-to-cell communication.  Our OM images show that, while in control bone 
osteocytes are present over the whole surface of an osteon (Figure 7.3a, 7.3b), OPS bone 
always showed regions in which there are no osteocytes present (Figure 7.3c, 7.3d). Larger 
magnification OM images, as shown in Figure 7.4, demonstrate the absence of osteocytes 
even clearer.  
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Figure 7.3 Optical Microscopy images of a,b) control and c,d) osteoporosis-pseudoglioma syndrome 

bone where a,c) were taken without and b,d) with a polarizer showing that osteocytes are lower in 

density or completely missing in certain locations of the bone piece extracted from osteoporosis-

pseudoglioma syndrome bone. Scale bars are 100 µm. 

 
Figure 7.4 Zoomed in optical microscopy images of Figure 7.3: Different parts of a,b) control and c,d) 

osteoporosis-pseudoglioma syndrome bone demonstrates the absence of osteocytes in certain areas of 

osteoporosis-pseudoglioma syndrome bone. Scale bars are 50 µm. 
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Thereafter, an inherent feature of human bone, namely the twisted plywood motif, was 
analyzed. From SEM images it became clear that OPS bone demonstrated a disturbing 
twisted plywood motif compared to control bone, and therefore it was rather hard to find a 
motif that can be measured properly. The periodicities of the twisted plywood motif were 
determined (Figure 7.5), resulting in 4.9 ± 0.75 µm for control bone, 3.8 ± 1.47 µm for OPS 
bone.  Here ± indicates the sample standard deviation. A t-test on the data indicates that these 
numbers differ significantly at the 5% significance level. 

 
Figure 7.5 Representative images of twisted plywood motif of a), b) and c) control bone, d), e) and f) 

osteoporosis-pseudoglioma syndrome bone. 

Another integral part of the bone structure is the lacunar canaliculi network. The average 
canaliculi diameter for the control bone was measured to be 523 ± 143 nm, while the average 
canaliculi diameter for OPS bone was 292 ± 171 nm (Figure 7.6). Image collection was done 
by using the SSV procedure, for which we made sure that the cutting and subsequent imaging 
plane was perpendicular to the lacunar-canaliculi network, as shown clearly by the 3D 
reconstruction (Figure 7.6d). 
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Figure 7.6 Representative SEM images of canaliculi network from serial slice and view experiments 

from a) overview of osteoporosis-pseudoglioma syndrome bone showing several canaliculi, b) 

enlargement of canaliculus b shown in a), c) enlargement of canaliculus c shown in a) and d) 3D 

surface rendering of the lacunar-canaliculi network obtained from FIB-SEM. 

Thereafter, we quantitatively determined the nanoscale features of both control and OPS 
bone using SEM and TEM. The average D-spacing value of collagen for control bone was 
measured as 66.8 ± 0.8 nm, while for OPS bone 65.3 ± 1.2 nm was measured (Figure 7.7a 
and 7.7c). Moreover, no significant difference was observed upon imaging the thin lamellas 
using TEM (Figure 7.7b and 7.7d) which is an indication that the mutation that affects the 
cell-to-cell communication results in lower material properties and causes fragility of bone 
tissue. 
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Figure 7.7 Scanning and transmission electron microscopy images from a,b) control bone and c,d) 

osteoporosis-pseudoglioma syndrome bone. The characteristic banding pattern of the collagen fibrils 

is visible in all images.  

7.2.3 Discussion 

Osteoporosis-pseudoglioma syndrome (OPS) is caused by mutations in the gene encoding 
LDL receptor-related protein 5 (LRP5), which has the role of acting as a coreceptor for Wnt 
ligands on the surface of osteoblasts. During the bone formation process, when Wnt ligands 
bind to LRP5, bone formation is induced; that is why mutations that inactivate LRP5 lead to 
slow bone formation and low bone mass. It is also well-known that osteocytes play a crucial 
role in the response to mechanical stimuli to send signals of bone formation or resorption. 
Not only myriads of proteins are critically important in order for osteocytes to accomplish 
their missions, but also dendritic contacts, such as the lacunar canaliculi network, are equally 
important for cell-to-cell communication.    
As mutations related to LRP5 protein affect the bone formation process and result in the OPS 
disease and consequently inferior bone properties, differences in the lacunar-canaliculi 
network and plywood twisted motif in terms of diameter, size, periodicity, and spacing are 
possibly expected since these are inherent motifs and integral parts of bone structure. As 
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described above, various characterization techniques, for which the details are given in(49), 
were used to describe aspects of the osteocyte network, the structural motifs, and 
characteristics of collagen fibrils quantitatively. Here, we have analyzed only two bone 
samples: one from the tibia of a 6-year-old control patient (spondyloepiphyseal dysplasia 
congenital) and one from the OPS patient. It is important to note that the findings explained 
in this study cannot be generalized to all OPS bones as more samples needed to be analyzed 
by employing the same techniques.  
Contrary to higher-level hierarchical differences between control and OPS bone, structural 
differences were not found at the nano level. Here, we found that D-spacing values, being 
66.8 nm for control bone and 65.3 nm for OPS bone, are not significantly different. As 
compared to other bone pathologies where the collagen structure is directly affected by the 
mutation(13,24,50), for the OPS bone the collagen structure seems to be not affected. For 
example, in addition to similar changes in the lacunar canaliculi network and nearest-
neighbor distances of osteocytes in OI bone, the D-spacing is changed to 62 nm(49).    
Quantitative image analysis shows that the diameter of canaliculi is smaller in OPS bone 
being 290 nm compared to 520 nm for the control bone. As the lacunar canaliculi network 
represents the pattern of bone formation and closely correlates with the overall bone 
quality(51,52), our findings can be therefore might be correlated with the altered bone quality 
found in OPS bone. The higher level of structural hierarchy of the bone organization, such 
as nearest-neighbor distances of osteocytes and twisted plywood motif, possibly are affected 
by the mutations that affect the cell-to-cell communications. While the thickness of lamellae 
has been measured as 4.9 ± 0.75 µm in control bone, it was found to be 3.8 ± 1.47 µm in OPS 
bone. Together with the altered twisted plywood motif, the nearest-neighbor distances of 
osteocytes in control and OPS bone were found to be significantly different. In the control 
bone, the nearest-neighbor distance of osteocytes falls in the 5 to 30 µm range, having an 
average distance of 23 µm, while in OPS bone it was measured as 41 µm.  Moreover, as low 
bone mineral density is the hallmark of the bone with osteoporosis, we analyzed the calcium 
concentration of control and OPS bone. Our results indicate that the calcium concentration 
in control bone is larger compared to OPS bone which is in line with the fact that reduced 
bone density of OPS(15,46).   
Summarizing, the D-spacing value of collagen fibrils of OPS bone is found not to be 
significantly different compared to that of control bone. However, the features found at 
higher hierarchical levels, such as twisted plywood motif, the diameter of lacunar canaliculi 
network and the nearest-neighbor distance of osteocytes, are found to be affected by the 
mutation that causes OPS. 

7.2.4 Conclusion 

In the past, a strong correlation between the mechanical properties of bone and bone mass 
has been shown(53–56), but this can only explain part of the variations in the mechanical 
properties of human bone, leaving up other causes undiscovered. Therefore, in the context of 
bone quality assessment, accurate quantitative image processing of the three-dimensional 
bone structure is needed. In this paper, upon comparing control bone with a pathological bone 
(OPS), we demonstrated differences in terms of the nearest-neighbor distances of osteocytes, 
average canaliculi diameter, the periodicity of the twisted plywood motif, and calcium 
concentration. As the lacunar-canaliculi network together with the osteocytes are responsible 
for the transportation of nutrients and sensing the mechanical cues, changes in these 
characteristics might be connected to the inferior mechanical properties of OPS bone. 
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Figure 7.7 Scanning and transmission electron microscopy images from a,b) control bone and c,d) 

osteoporosis-pseudoglioma syndrome bone. The characteristic banding pattern of the collagen fibrils 

is visible in all images.  

7.2.3 Discussion 

Osteoporosis-pseudoglioma syndrome (OPS) is caused by mutations in the gene encoding 
LDL receptor-related protein 5 (LRP5), which has the role of acting as a coreceptor for Wnt 
ligands on the surface of osteoblasts. During the bone formation process, when Wnt ligands 
bind to LRP5, bone formation is induced; that is why mutations that inactivate LRP5 lead to 
slow bone formation and low bone mass. It is also well-known that osteocytes play a crucial 
role in the response to mechanical stimuli to send signals of bone formation or resorption. 
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important for cell-to-cell communication.    
As mutations related to LRP5 protein affect the bone formation process and result in the OPS 
disease and consequently inferior bone properties, differences in the lacunar-canaliculi 
network and plywood twisted motif in terms of diameter, size, periodicity, and spacing are 
possibly expected since these are inherent motifs and integral parts of bone structure. As 
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described above, various characterization techniques, for which the details are given in(49), 
were used to describe aspects of the osteocyte network, the structural motifs, and 
characteristics of collagen fibrils quantitatively. Here, we have analyzed only two bone 
samples: one from the tibia of a 6-year-old control patient (spondyloepiphyseal dysplasia 
congenital) and one from the OPS patient. It is important to note that the findings explained 
in this study cannot be generalized to all OPS bones as more samples needed to be analyzed 
by employing the same techniques.  
Contrary to higher-level hierarchical differences between control and OPS bone, structural 
differences were not found at the nano level. Here, we found that D-spacing values, being 
66.8 nm for control bone and 65.3 nm for OPS bone, are not significantly different. As 
compared to other bone pathologies where the collagen structure is directly affected by the 
mutation(13,24,50), for the OPS bone the collagen structure seems to be not affected. For 
example, in addition to similar changes in the lacunar canaliculi network and nearest-
neighbor distances of osteocytes in OI bone, the D-spacing is changed to 62 nm(49).    
Quantitative image analysis shows that the diameter of canaliculi is smaller in OPS bone 
being 290 nm compared to 520 nm for the control bone. As the lacunar canaliculi network 
represents the pattern of bone formation and closely correlates with the overall bone 
quality(51,52), our findings can be therefore might be correlated with the altered bone quality 
found in OPS bone. The higher level of structural hierarchy of the bone organization, such 
as nearest-neighbor distances of osteocytes and twisted plywood motif, possibly are affected 
by the mutations that affect the cell-to-cell communications. While the thickness of lamellae 
has been measured as 4.9 ± 0.75 µm in control bone, it was found to be 3.8 ± 1.47 µm in OPS 
bone. Together with the altered twisted plywood motif, the nearest-neighbor distances of 
osteocytes in control and OPS bone were found to be significantly different. In the control 
bone, the nearest-neighbor distance of osteocytes falls in the 5 to 30 µm range, having an 
average distance of 23 µm, while in OPS bone it was measured as 41 µm.  Moreover, as low 
bone mineral density is the hallmark of the bone with osteoporosis, we analyzed the calcium 
concentration of control and OPS bone. Our results indicate that the calcium concentration 
in control bone is larger compared to OPS bone which is in line with the fact that reduced 
bone density of OPS(15,46).   
Summarizing, the D-spacing value of collagen fibrils of OPS bone is found not to be 
significantly different compared to that of control bone. However, the features found at 
higher hierarchical levels, such as twisted plywood motif, the diameter of lacunar canaliculi 
network and the nearest-neighbor distance of osteocytes, are found to be affected by the 
mutation that causes OPS. 

7.2.4 Conclusion 

In the past, a strong correlation between the mechanical properties of bone and bone mass 
has been shown(53–56), but this can only explain part of the variations in the mechanical 
properties of human bone, leaving up other causes undiscovered. Therefore, in the context of 
bone quality assessment, accurate quantitative image processing of the three-dimensional 
bone structure is needed. In this paper, upon comparing control bone with a pathological bone 
(OPS), we demonstrated differences in terms of the nearest-neighbor distances of osteocytes, 
average canaliculi diameter, the periodicity of the twisted plywood motif, and calcium 
concentration. As the lacunar-canaliculi network together with the osteocytes are responsible 
for the transportation of nutrients and sensing the mechanical cues, changes in these 
characteristics might be connected to the inferior mechanical properties of OPS bone. 
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Structural changes observed for the twisted plywood motif may be the result of a disturbed 
cell-to-cell communication, as the formation of this motif is strongly correlated with the 
interplay between osteocytes. Thus, our research highlights that the variations at different 
hierarchical levels of bone organization, which are an integral part of bone structure, are 
likely to play a significant role in terms of clinical outcomes of pathological bones. 

7.3 Experimental 

7.3.1 Sample Collection  

The present study was carried out on cortical bone tissue samples from surgical procedures, 
which was considered medical waste. This waste is normally disposed of and can be used for 
research purposes. According to the Central Committee on Research involving Human 
Subjects (CCMO), this type of study does not require approval from an ethics committee in 
the Netherlands. 

Bone tissue from the tibia of a 6-year-old patient with spondyloepiphyseal dysplasia 
congenital (SEDC) and bone tissue from the femur of an OPS patient was used. The 
mutations causing the OPS bone and detailed information regarding the patients which were 
used in this study can be found in Supplementary Information (SI 1). SEDC is caused by a 
mutation in COL2A1 a gene that provides instructions for the production of the pro-alpha1(II) 
chain of type II collagen. Type II collagen is found in the vitreous humor of the eye and 
cartilage. The SEDC bone sample is considered normal since it was taken from the midshaft 
tibia which contains no type II collagen and therefore referred to as control bone. It is difficult, 
if not impossible, to obtain waste bone material from a completely healthy eight-year-old 
control person since these persons do not need corrective surgery. Both samples did not 
contain any fracture callus formation 

7.3.2 Sample Preparation for Optical and Electron Microscopy 

Advanced electron microscopy techniques require multiple and meticulous sample 
preparation steps before they can be employed to characterize biological samples such as 
bone. Fixation, demineralization, staining, and embedding of the samples are discussed and 
details for each of these methods are given in(49). 

In brief, a sample of cortical bone was cut to approximately 2 mm x 2 mm x 2 mm. 
Thereafter bone pieces were immersed in a solution that contains 2% paraformaldehyde (PFA) 
and 5% ethylenediaminetetraacetic acid (EDTA) in a cacodylate buffer at pH 7 for 2 days. 
After this pre-fixation and demineralization procedure the bone pieces were washed using 
double distilled water 3 times (twice for 6 h and then once for 16 h) on a rocking table to get 
rid of the residual EDTA (Full details can be found in(49)). Thereafter, the samples were fixed 
again with 4% glutaraldehyde in a cacodylate buffer at pH 7 and washed with double distilled 
water in steps as indicated above.  

The fixed and demineralized samples were stained with a procedure called OTOTO 
staining. The OTOTO procedure relies on a sequential exposure of osmium tetroxide (Sigma-
Aldrich, CAS No: 20816-12-0) (O) and thiocarbohydrazide (Sigma-Aldrich, CAS No: 2231-
57-4) (T), which bind to the sample in a chain-like manner and provides a better contrast as 
well as conductive properties, as elaborated in various studies. The Epon embedding was 
carried out in several steps, each for 2 h in 25% Epon resin + 75% acetone, 50% Epon resin 
+ 50% acetone, 75% Epon resin + 25% acetone, and 100% Epon resin, respectively, which 
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was followed by 100% Epon resin overnight and final embedding in a mold for 48 h at 60 °C. 
After 48 h, the embedded bone pieces were trimmed using a glass knife on a microtome in 
order to expose the embedded tissue. The trimmed blocks were mounted on a house-made 
sample holder(49), by using a silver paste to position them as stable as possible under the 
electron and/or ion beam and reduce the charging effect. 

7.3.2.1 Polarized Optical Microscopy (POM) 

An axioplan (Zeiss) was used for POM characterization. The embedded bone pieces were 
used in order to prepare 5 µm thick slices which were cut with the microtome and placed on 
a glass slide and covered with immersion oil and a cover glass. Regions of interest were 
imaged in transmission at different magnifications, with and without using a polarizer.  

7.3.2.2 Serial Slice and View (SSV) 

A Quanta 3D (FEI, The Netherlands) dual-beam focused ion beam scanning electron 
microscope (FIB-SEM) equipped with a field emission gun (FEG) was used for Serial Slice 
and View (SSV). The trimmed blocks which were mounted on a house-made sample holder 
were used in order to apply the SSV procedure. The bone pieces were elevated to the 
eucentric height (10 mm) and tilted to 52° so that the electron beam and the ion beam are 
focused at the same point. Regions of interest (within twisted plywood motif) were identified 
and a 15 µm x 15 µm x 1.5 µm protective layer of platinum was deposited on the area of 
interest using ion beam deposition at 30 keV and 0.3 nA. In order to expose the lamellar 
surface for the electron beam, a U-shaped trench was milled around the area of interest using 
the ion beam at 15 nA. The block face to be imaged was cleaned using an ion beam current 
of 0.5 nA. Thereafter the electron beam was focused on the cleaned block face. An automated 
SSV operation was initiated with a milling current of 1 nA and a slice thickness of either 10 
nm or 30 nm. For both the OPS and control bone, 6 SSV volumes were collected with the 
field of view of approximately 10 x 10 µm and z-thickness ranging between 4 – 8 µm. The 
collagen fibrils still showed the characteristic features, such as proper D-spacing (Figure 7.7), 
implying that the structure of collagen upon sample preparation was preserved.  

SEM images that were acquired during the SSV procedure were used to calculate the 
diameter of the canaliculi network. Approximately 200 slices were used in order to determine 
the diameter of canaliculi. To determine the diameter of the canaliculi network, they were 
marked in x- and y-axis with yellow and red lines, respectively. Moreover, Figure 7.5 
demonstrates the 3D reconstruction of the canaliculi network made by employing Avizo (9.5, 
TFS, USA) software. 

7.3.2.3 TEM lamella sample preparation 

The lamella preparation for transmission electron microscopy (TEM) was performed in a 
dual-beam FIB-SEM (FEI Quanta FEG 600, Thermo Fisher Scientific), equipped with a 
gallium ion source operating in the accelerating voltage range 0.5-30 kV and an omniprobe™ 
micromanipulator. The same trimmed blocks that were used in the SSV procedure employed 
in TEM lamella preparation as well. Using focused ion beam (FIB) milling, a lamella was 
cut parallel to the long axes of the mineralized collagen fibrils and analyzed by low dose 
electron tomography. Approximately 100 nm thick sections from the OPS and control bone 
were prepared for TEM studies using a FIB lift-out technique(49). Regions of interest for TEM 
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Structural changes observed for the twisted plywood motif may be the result of a disturbed 
cell-to-cell communication, as the formation of this motif is strongly correlated with the 
interplay between osteocytes. Thus, our research highlights that the variations at different 
hierarchical levels of bone organization, which are an integral part of bone structure, are 
likely to play a significant role in terms of clinical outcomes of pathological bones. 

7.3 Experimental 

7.3.1 Sample Collection  

The present study was carried out on cortical bone tissue samples from surgical procedures, 
which was considered medical waste. This waste is normally disposed of and can be used for 
research purposes. According to the Central Committee on Research involving Human 
Subjects (CCMO), this type of study does not require approval from an ethics committee in 
the Netherlands. 

Bone tissue from the tibia of a 6-year-old patient with spondyloepiphyseal dysplasia 
congenital (SEDC) and bone tissue from the femur of an OPS patient was used. The 
mutations causing the OPS bone and detailed information regarding the patients which were 
used in this study can be found in Supplementary Information (SI 1). SEDC is caused by a 
mutation in COL2A1 a gene that provides instructions for the production of the pro-alpha1(II) 
chain of type II collagen. Type II collagen is found in the vitreous humor of the eye and 
cartilage. The SEDC bone sample is considered normal since it was taken from the midshaft 
tibia which contains no type II collagen and therefore referred to as control bone. It is difficult, 
if not impossible, to obtain waste bone material from a completely healthy eight-year-old 
control person since these persons do not need corrective surgery. Both samples did not 
contain any fracture callus formation 

7.3.2 Sample Preparation for Optical and Electron Microscopy 

Advanced electron microscopy techniques require multiple and meticulous sample 
preparation steps before they can be employed to characterize biological samples such as 
bone. Fixation, demineralization, staining, and embedding of the samples are discussed and 
details for each of these methods are given in(49). 

In brief, a sample of cortical bone was cut to approximately 2 mm x 2 mm x 2 mm. 
Thereafter bone pieces were immersed in a solution that contains 2% paraformaldehyde (PFA) 
and 5% ethylenediaminetetraacetic acid (EDTA) in a cacodylate buffer at pH 7 for 2 days. 
After this pre-fixation and demineralization procedure the bone pieces were washed using 
double distilled water 3 times (twice for 6 h and then once for 16 h) on a rocking table to get 
rid of the residual EDTA (Full details can be found in(49)). Thereafter, the samples were fixed 
again with 4% glutaraldehyde in a cacodylate buffer at pH 7 and washed with double distilled 
water in steps as indicated above.  

The fixed and demineralized samples were stained with a procedure called OTOTO 
staining. The OTOTO procedure relies on a sequential exposure of osmium tetroxide (Sigma-
Aldrich, CAS No: 20816-12-0) (O) and thiocarbohydrazide (Sigma-Aldrich, CAS No: 2231-
57-4) (T), which bind to the sample in a chain-like manner and provides a better contrast as 
well as conductive properties, as elaborated in various studies. The Epon embedding was 
carried out in several steps, each for 2 h in 25% Epon resin + 75% acetone, 50% Epon resin 
+ 50% acetone, 75% Epon resin + 25% acetone, and 100% Epon resin, respectively, which 
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was followed by 100% Epon resin overnight and final embedding in a mold for 48 h at 60 °C. 
After 48 h, the embedded bone pieces were trimmed using a glass knife on a microtome in 
order to expose the embedded tissue. The trimmed blocks were mounted on a house-made 
sample holder(49), by using a silver paste to position them as stable as possible under the 
electron and/or ion beam and reduce the charging effect. 

7.3.2.1 Polarized Optical Microscopy (POM) 

An axioplan (Zeiss) was used for POM characterization. The embedded bone pieces were 
used in order to prepare 5 µm thick slices which were cut with the microtome and placed on 
a glass slide and covered with immersion oil and a cover glass. Regions of interest were 
imaged in transmission at different magnifications, with and without using a polarizer.  

7.3.2.2 Serial Slice and View (SSV) 

A Quanta 3D (FEI, The Netherlands) dual-beam focused ion beam scanning electron 
microscope (FIB-SEM) equipped with a field emission gun (FEG) was used for Serial Slice 
and View (SSV). The trimmed blocks which were mounted on a house-made sample holder 
were used in order to apply the SSV procedure. The bone pieces were elevated to the 
eucentric height (10 mm) and tilted to 52° so that the electron beam and the ion beam are 
focused at the same point. Regions of interest (within twisted plywood motif) were identified 
and a 15 µm x 15 µm x 1.5 µm protective layer of platinum was deposited on the area of 
interest using ion beam deposition at 30 keV and 0.3 nA. In order to expose the lamellar 
surface for the electron beam, a U-shaped trench was milled around the area of interest using 
the ion beam at 15 nA. The block face to be imaged was cleaned using an ion beam current 
of 0.5 nA. Thereafter the electron beam was focused on the cleaned block face. An automated 
SSV operation was initiated with a milling current of 1 nA and a slice thickness of either 10 
nm or 30 nm. For both the OPS and control bone, 6 SSV volumes were collected with the 
field of view of approximately 10 x 10 µm and z-thickness ranging between 4 – 8 µm. The 
collagen fibrils still showed the characteristic features, such as proper D-spacing (Figure 7.7), 
implying that the structure of collagen upon sample preparation was preserved.  

SEM images that were acquired during the SSV procedure were used to calculate the 
diameter of the canaliculi network. Approximately 200 slices were used in order to determine 
the diameter of canaliculi. To determine the diameter of the canaliculi network, they were 
marked in x- and y-axis with yellow and red lines, respectively. Moreover, Figure 7.5 
demonstrates the 3D reconstruction of the canaliculi network made by employing Avizo (9.5, 
TFS, USA) software. 

7.3.2.3 TEM lamella sample preparation 

The lamella preparation for transmission electron microscopy (TEM) was performed in a 
dual-beam FIB-SEM (FEI Quanta FEG 600, Thermo Fisher Scientific), equipped with a 
gallium ion source operating in the accelerating voltage range 0.5-30 kV and an omniprobe™ 
micromanipulator. The same trimmed blocks that were used in the SSV procedure employed 
in TEM lamella preparation as well. Using focused ion beam (FIB) milling, a lamella was 
cut parallel to the long axes of the mineralized collagen fibrils and analyzed by low dose 
electron tomography. Approximately 100 nm thick sections from the OPS and control bone 
were prepared for TEM studies using a FIB lift-out technique(49). Regions of interest for TEM 
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examination were identified by visualizing the surface of bone pieces by optical and scanning 
electron microscopy. A thin section was cut parallel to the orientation of the long axis of the 
bone implying that collagen fibrils are in-plane view upon visualizing the thin section by 
TEM. Thin sections (10 µm x 10 µm x 0.1 µm) were transferred to a 3-post lift-out TEM 
half-grid(49) (Agar Scientific AGJ420) for further electron tomography characterization 

7.3.3 Atomic Absorption Spectrometry  

An atomic absorption spectrometer (AA-7000 / Shimadzu) was used to characterize the 
calcium content of the bone samples. Native samples that were cut to approximately 2 mm x 
2 mm x 2 mm before any sort of sample preparation procedure were used and both samples 
were measured using the continuous flame mode. During the demineralization process, 
obtained solutions were diluted with ultra-pure water depending on what was necessary to 
bring the concentration within the concentration range that is known to give a linear relation 
for the absorbance vs concentration curve (0-4 ppm). By employing Atomic Absorption 
Spectrometry (AAS) one can determine the concentration of calcium in the solution for a 
specific volume, and with a known volume the amount of released mineral can be calculated.  
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7.5 Appendix 
7.5.1 Sample information 

Table A7.1. Bone samples used in this study. 

Bone Type Age of the 

individuals 

Gender of the 

Individuals 

Cause of OPS  

OPS TBD TBD TBD 

Control Bone 6 Female - 

7.5.2 Materials and Methods 

 

7.5.2.1 Statistical Tests 

For a t-test we need: 

    ̅̅∆ ,    ∆         and         ⁄ 
   ⁄  

   

with texp the normalized difference between the averages ̅  and ̅  with sample standard 
deviations s1 and s2 for n1 and n2 data points, ∆  the combined standard deviation and ν the 
number of degrees of freedom. The null hypothesis H0 is  ̅ −   0, which is true if texp < 
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examination were identified by visualizing the surface of bone pieces by optical and scanning 
electron microscopy. A thin section was cut parallel to the orientation of the long axis of the 
bone implying that collagen fibrils are in-plane view upon visualizing the thin section by 
TEM. Thin sections (10 µm x 10 µm x 0.1 µm) were transferred to a 3-post lift-out TEM 
half-grid(49) (Agar Scientific AGJ420) for further electron tomography characterization 
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7.5 Appendix 
7.5.1 Sample information 

Table A7.1. Bone samples used in this study. 

Bone Type Age of the 

individuals 

Gender of the 

Individuals 

Cause of OPS  

OPS TBD TBD TBD 

Control Bone 6 Female - 

7.5.2 Materials and Methods 

 

7.5.2.1 Statistical Tests 

For a t-test we need: 

    ̅̅∆ ,    ∆         and         ⁄ 
   ⁄  

   

with texp the normalized difference between the averages ̅  and ̅  with sample standard 
deviations s1 and s2 for n1 and n2 data points, ∆  the combined standard deviation and ν the 
number of degrees of freedom. The null hypothesis H0 is  ̅ −   0, which is true if texp < 
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tν,α. Here tν,α is the theoretical t-value for ν degrees of freedom at significance level α. For the 
latter we use α = 0.05, in combination with a two-sided confidence interval. The data shows 
for both the twisted plywood periodicity (Table S2) and the canaliculi diameter (Table S3) 
that texp > tν,0.05, therefore the null hypothesis is rejected and a significant difference between 
control bone and the OPS bone samples exists.  

Table A7.2. The average, standard deviation and number of data points for the twisted plywood 

periodicity diameter. The corresponding t-values are tν,0.05 = 2.00 and texp = 5.41. 
 

Control bone OPS bone 

̅ (µm) 4.975 3.820 

s (µm) 0.758 1.472 

 n 30 27 

Table A7.3. The average, standard deviation and number of data points for the canaliculi diameter. 

The corresponding t-values are tν,0.05 = 1.97 and texp = 12.8. 
 

Control bone OPS bone 

̅ (nm) 523.2 292.6 

s (nm) 143.0 171.0 

n 176 154 

7.5.3 Nearest Neighbour Distance Analysis of Osteocytes 

Figure A7.1 shows representative POM images which were used to calculate the nearest 
neighbor distances of the osteocytes. After acquiring suitable images using POM, the images 
were loaded into MATLAB and Image J where osteocytes were marked manually.  

   

Figure A7.1. Optical microscope image of osteocyte network analysis of control bone samples: a) 

osteocytes, b) osteocytes are marked to determine their positions, and c) Voronoi tessellation model 

showing the nearest neighbor network of osteocytes and OPS bone samples d) osteocytes, e) osteocytes 

are marked to determine their positions, and f) Voronoi tessellation model showing the nearest 

neighbor network of osteocytes. 
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7.5.4 Periodicity of Twisted Plywood Motif 

Table A7.4. The average thickness of twisted plywood motif for each bone type. The ± indicates the 
sample standard deviation using approximately 200 measurements. 

7.5.5 Overview of the TEM lamella from control and OI type IV bone  

Figure A7.2 and A7.3 show an overview of the control and OPS bone lamella. It can be seen 
that most of the area shows clear banding patterns that are used to calculate the difference 
between control and OPS bone. The areas in the yellow boxes are some of the example 
regions where a clear D-spacing is visible.  

 

Figure A7.2. 2D projection images of (a,b) control bone and (i-ii) profiles of the areas marked by the 

blue rectangles in (a,b) showing the ~67 nm periodicity of the collagen fibril. 2D projection images of 

(c-d) OPS bone and (iii-iv) profiles of the areas marked by the blue rectangles in (c-d). 

  

Bone Type Thickness of Twisted Plywood Motif (µm) 

OPS bone 3.8 ± 1.47 
Control 4.9 ± 0.75 
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8.1 Conclusion 

The main objective of this thesis was to gain not only a fundamental but also a detailed 
understanding of the hierarchical organization of natural and synthetic materials. In order to 
fulfill our objective, advanced electron microscopy techniques, such as electron tomography 
(ET) and focused ion beam/serial slice and view (FIB/SSV) have been applied to natural and 
synthetic materials. By utilizing advanced electron microscopy techniques, we were able to 
characterize different levels of the hierarchical organization of natural and synthetic materials 
starting from the nano-level to all the way up to the material level.  

The initial 3 experimental chapters of this thesis focused on the hierarchical organization 
of synthetic materials. In chapter 2, the deposition of silica nanoparticles onto the surface of 
polymer nanoparticles and subsequently the fine details of the process of supraparticle 
formation was studied using time resolved DLS and cryoTEM. Moreover, DLVO theory was 
employed to shed light on the crucial parameters of the stability and the reversibility of the 
supraparticles. We found that the formation of supraparticles took place under optimum 
solution conditions in terms of Debye length where inorganic and organic nanoparticles 
attract each other. It was also determined that the salt concentration of the solution plays a 
crucial role in order to initiate the reversibility of the supraparticles.  

Furthermore, the same method demonstrated in Chapter 2 was utilized to form more 
complex supraparticles with different size ratios of organic and inorganic nanoparticles. We 
found that the hierarchical order that was formed by silica nanoparticles on the surface of 
latex nanoparticles highly depends on the size ratio between these individual components. 
Thereafter, the supraparticles that were described in Chapter 2 and 3 were employed to form 
three-dimensional ordered material by combining the enthalpy-driven self-assembly of 
particles at low concentration and the entropy-driven packing of particles at high 
concentration into a single strategy in Chapter 4.  

The remaining 3 experimental chapters of this thesis focused on the hierarchical 
organization of natural materials namely human bone and material which was formed by 
following the strategies of biomimicry. In Chapter 5, we demonstrated a material of which 
the surface was coated by collagen which is the most abundant protein in mammalian 
connective tissues. As hierarchical design draws inspiration from biological materials in 
order to enhance the performance and to enable new functionalities, we draw the inspiration 
from the collagen structure which was found within the human bone namely the twisted 
plywood motif. We found that specific patterns of collagen fibrils can govern the behavior 
of cells in vitro in a way that the orientation of the cells can be controlled and tuned.  

Last 2 chapters of this thesis deal with a natural hierarchical material that can be found 
in the human body having different roles such as protection and support of internal organs(1–

3). Essentially, bone is a rigid tissue made up of inorganic and organic components eventually 
creating a framework (skeleton)(4). In order for bone tissue to perform its functions, it is 
crucial to have a hierarchical organization that starts at the nano-level and continues to prevail 
up until the material level.  In addition, bone tissue consists of different types of bone cells 
that have inherently different roles. While osteoblasts and osteocytes are responsible for the 
formation and mineralization of bone, osteoclasts are involved in the resorption of bone 
tissue(5). Together with the hierarchical organization of bone, it is critical for bone cells to 
function properly in order for bone tissue to fulfill its mission. There are, however, myriad 
of bone tissue related disorders that share similar skeletal abnormalities that cause bones to 
break more easily than it normally does(6–10). These disorders occur whether due to a mutation 
that affects the structure of collagen or due to some other mutation that affects the function 
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of bone cells. While clinical features might be similar in different types of disorders, 
nanoscale features can demonstrate stark differences depending on the mutation that affects 
the bone formation. Consequently, the last 2 chapters of this thesis focus on understanding 
the hierarchical organization of two types of bone disorder namely, osteogenesis imperfecta 
(OI) and osteoporosis pseudoglioma (OSP). We found that, while clinical outcomes are 
similar at the material level (bone tissue affected by mutations either resulted as OI or OSP 
demonstrate high fragility), nano and micro level features illustrate differences. 

8.2 Perspectives 

Efforts to improve the properties of materials by altering their inherent structures have always 
been at the center of technological developments starting from manufacturing the basic stone 
tools to advanced materials with rather complex design rules. While early humans were trying 
to change the structure of materials around them in order to more effectively interact with 
their surroundings, living organisms have already cracked the code by producing natural 
materials with complex hierarchical organizations and superior properties. Ironically, even 
though early humans lacked the knowledge of producing advanced materials with a complex 
hierarchical organization, they were unaware that their livelihoods depend on a highly 
complex natural material that was produced by their metabolism.  

The hallmark of biological materials without a doubt is the self-assembly of basic 
building blocks at the ambient conditions(11,12) through a bottom-up strategy in order to form 
a material with a complex organizational hierarchy(2,13). The structure of bone and the ways 
in which its produced as a natural material is a perfect example of such a complex 
organizational hierarchy. The formation of bone starts at the gene level which then continues 
to build itself into an abundant protein called collagen that is the fundamental building block 
of bone(1,4). Thereafter, mineralization takes place and further self-assembly of mineralized 
collagen occurs with the help of bone cells in a very complex way where a myriad of different 
pathways and biomolecules are involved(4,5). 

The parameters that need to be considered in order to build a synthetic material with a 
complex organizational hierarchy are conceptually rather similar to the parameters which are 
required to build a natural material. While these parameters are not as straightforward as one 
might think and there might not be a direct link between these parameters, they need to be 
evaluated carefully and need to be finely tuned. For instance, as the formation of a healthy 
bone tissue depends on the flawless sequence of thousands of amino acids coming together 
and forming a collagen molecule, the formation of silica-based material presented in this 
thesis depends on the perfect balance between the interaction forces of inorganic and organic 
components. While a tiny mutation in the genes which are responsible for the secretion of 
single amino acid can disturb the organization of a single collagen molecule which results in 
pathological bone tissue with severe clinical outcomes(7), similarly, a tiny miscalculation in 
terms of the salt concentration of the solution can result in ineffective Debye length which 
results in the undesired formation of binary particles(14). 

While understanding and controlling the parameters that need to be considered to initiate 
the self-assembly of fundamental building blocks in order to form natural or synthetic 
materials are important, revealing the nanoscale details of the hierarchical organization of 
such natural or synthetic materials is equally important. As it is not possible to form a material 
with a complex hierarchical organization without knowing or understanding how the 
interplay of crucial factors can drive the self-assembly of fundamental building blocks in 
solution through different pathways and consequently disturb the hierarchical organization, 
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it is not possible to accurately assess the effects of crucial factors without the ability to 
characterizing the fine details of the hierarchical organization at multiple levels. Therefore, 
it is neither surprising nor coincidence that much of the research and insights gained on 
natural and synthetic hierarchical materials parallels the development of the technology. As 
this correlation is rather clear, it is also reflected in this thesis.  

The different approaches in terms of the characterization of natural and synthetic 
hierarchical materials at multiple length scales discussed in this thesis show the importance 
of employing a variety of techniques that can provide three-dimensional information from 
different types of materials. To describe and understand whether natural or synthetic material 
with a complex hierarchical structure, it is necessary to combine a variety of techniques from 
which different information can be obtained at different length scales. While information 
regarding the fundamental building blocks at the nanoscale can be extracted from electron 
tomography, large scale effects of any sort of alteration occurring at the nanoscale can be 
extracted from techniques such as focused ion beam/serial slice and view.   
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