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Preface
Understanding the smallest building blocks of life is a fascinating journey that requires the use of state-of-
the-art equipment, cooperating with the brightest minds, and developing new ideas along the way. It is a

privilege to work in this field.
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Summary

Collagen, the most abundant protein in bone, tendon, skin, and muscles, is characterized by its hierarchical
structure and fascinating mechanical properties. It plays a paramount role in many structural components
of the human body. Collagen fibrils are an intermediate building block in the hierarchical structure and
contain a large amount of tropocollagen molecules aligned in a specific quasi-hexagonal pattern. An
important feature of this pattern is D-band spacing, which is attributed to a periodic occurrence of overlap
and gap zone between adjacent molecules. In nature, collagen fibrils undergo a mineralization process to
attain unique structural properties. This process has been explored widely on lab scale and evidence shows
that different degrees of mineralization can lead to significantly different mechanical properties.

Obtaining nanoscale information regarding both local D-band spacing changes and collagen mineralization
requires state-of-the-art analytical techniques. D-band spacing change is often determined using either
small angle x-ray scattering (SAXS) or atomic force microscopy (AFM), where the D-band spacing changes
are averaged across a larger area or measured with less temporal resolution respectively. In-situ
transmission electron microscopy (TEM) with its high spatial and temporal resolution is the ideal tool to
employ for the tracking of local D-band spacing changes upon fibril strain, providing new insights on
structural dynamics of the collagen structure. Analyzing in real time the collagen dynamics of
mineralization at nanoscale is currently not possible and requires method development in the field of
liquid phase TEM (LP-TEM).

Therefore, this thesis focuses on developing in-situ TEM techniques to study the collagen structure and
dynamics in different conditions. First, the deformation behavior of single collagen fibril is monitored
under tension in real time with a strong focus on changes in D-band spacing; second, the development of
a new LP-TEM workflow to probe the collagen native structure and even the mineralization process in
solution is reported.

The work is organized as follows:

e Chapter one introduces background of material and methods used.

e Chapter two addresses the structure dynamics of collagen and demonstrate that collagen deforms
in-homogeneously under tension. With the use of in-situ TEM it is possible to track local D-band
spacing changes and to provide evidence that these changes are not equal across the length of
the fibril.

e Chapter three reports the method development towards monitoring in-situ collagen
mineralization. The strategy how to translate the collagen mineralization process from lab scale
to LP-TEM is reported. Both sample preparation and liquid deposition have been optimized,
however, challenges regarding absolute contrast and beam effects remain. Furthermore, lab
mineralization experiments have concluded that the process cannot be translated into the liquid
cell in a straightforward manner and requires greater optimization with potential liquid phase cell
re-design.

e Chapter four presents the conclusions and outlook of this work. In-situ TEM has provided
significant evidence in the debate ongoing in the scientific community regarding the deformation
mechanism of collagen. Sample preparation and liquid deposition techniques have been
optimized and insights are shared. In addition, despite challenges regarding in-situ monitoring of
the mineralization behavior remain, ways to overcome them are studied and reported.
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Chapter 1 Introduction
In this chapter the theoretical background is given to highlight important characteristics, challenges, and
concepts of the methods and techniques applied in this thesis. First, the important features of electron
microscopy are explained followed by an in-depth overview of TEM. Finally, the collagen structures and
its mineralization are discussed.

1.1 Electron microscopy

The development of the first electron microscope by Ruska in 1932 enabled accelerated insight in both
nanoscience and material science. Electron microscopy gives rise to material characterization at the length
scale that is far beyond the capability of an optical microscopy. According to the de Broglie relation (1),
electrons that have been accelerated at high voltage hold a much smaller wavelength than visible light. In
equation (1): 4 is the wavelength, p the momentum, h Planck’s constant, m mass, and v velocity.

A=—=— (1)

Therefore, applying high energy electrons for image formation, ensures that the limit on the spatial
resolution is no longer determined by the diffraction limit for visible light. Both scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) techniques are based on this feature; SEM
and TEM microscopes generate high energy electrons in a beam which impact the specimen inside a
vacuum chamber. SEM microscopes are designed primarily to work based on reflection of the electron
beam to examine material surfaces, while TEM microscopes enable examination of the specimen internal-
structure via transmission of the electron beam. ! For both SEM and TEM, the interaction of electrons with
the material is important to generate a signal and thus an image. Figure 1 displays the interaction of
electrons with materials. Primary electrons are released from an electron source and interact with the
specimen to form, amongst others, secondary electrons (SE) and back scattered electrons (BSE). 2
Concerning electron specimen interactions, there is a distinction between elastic and inelastic
interactions. Elastically scattered electrons experience a change of direction but not a change of
wavelength (energy); inelastic scattered electrons, on the other hand, have a longer wavelength (energy
loss) and in turn generate a range of signals to characterize the material. Additionally, coherent elastically
scattered electrons are used to analyze crystal structure. Important parameters influencing the inelastic
scattering are specimen thickness, interaction volume, and electron transparency.
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Figure 1: The interaction of incoming primary electrons with a sample. (a) Useful signals generated by electron-matter interactions
in a thin sample. (b) Formation of SE, BSE, and X-rays in thick samples and limits of escape within the interaction volume. *
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A general limitation, as part of any high-resolution imaging technique, is that only a small part of the
specimen is analyzed, and additional bulk experiments are required to confirm hypothesis. Furthermore,
TEM presents 2D images of 3D specimens, posing challenges in drawing conclusions on 3D scale.
Additionally, ionizing radiation leads to damage of the specimen. Finally, TEM requires thin specimen, in
the order of few hundred nm, and the thinning process might change both the structure and chemistry of
the sample.

1.2 Transmission Electron Microscopy

TEM is a key experimental technique for visualizing and analyzing structures and morphologies of samples.
3 In order to have electrons with sufficient energy to pass through a 100 nm sample, accelerating voltages
in the order of (80 to 400) keV are typically used. 2 Figure 2 illustrates the typical physical design of a TEM
consisting of a series of magnetic lenses arranged sequentially along the electron beam direction.
Condenser lenses before the specimen focus the electrons into a beam of controlled diameter and
convergence. The objective lens focuses the transmitted electrons to form the diffraction pattern and first
image. Projector lenses then magnify the image or diffraction pattern onto the detection system. For
quality purposes it is critical to align several key lenses before each analysis. Specimens are placed in
specifically designed holders with the possibility to tilt along one or two axes. Modern sample holders can
achieve tilt angles up to 70°, relying on the physical space between the pole pieces. The ability to maneuver
an object in the electron beam grants the possibility to perform 3D structure analysis by tomography.
Sufficient contrast is required to distinguish objects from images obtained. The definition of contrast in
guantitative terms is the difference in intensity between two adjacent areas. This difference can be
obtained in several ways. Figure 3 illustrates some of the major contrast modes that involve differences in
mass-density, thickness, and crystal orientation. As shown in Figure 3a, the high density region of the
specimen interacts more strongly with the incoming electrons leading to a decrease in image intensity.
This contrast mode is often referred to as mass-contrast and is only applicable for homogeneously thick
samples. Figure 3b represents the effect of thickness difference to generate contrast. In samples with
uneven thickness, TEM will provide a reduced image intensity with increasing specimen thickness,
additionally providing information such as surface roughness, or object outline. The contrast effects in
Figure 3a and b are generally combined as mass-thickness-contrast. This type of contrast is similar to the
Lambert-Beer absorption contrast. 2 In case of crystalline structures, image contrast will also depend on
the orientation of the crystal lattice with respect to the electron beam.? Strong diffraction spots are
generated if lattice planes are parallel to the electron beam, which in turn are filtered out by the objective
aperture resulting in lowered intensity, as illustrated in Figure 3c.
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Figure 3: Schematic overview of different contrast modes. a) mass-density, b) thickness, and c) crystal orientation. 2

Sample preparation plays a paramount role in obtaining high quality images with adequate contrast that
represent the specimen without artifacts. There are several ways to prepare an electron transparent
sample, amongst others ultramicrotomy, ion-beam thinning, focused ion beam (FIB) milling, and
vitrification of liquid samples. Although TEM has very high resolution and is able to visualize in great detail
microstructures of materials, early TEM design does not allow the availability of, for instance, heating,
electrical fields, and aqueous environment to monitor processes and mechanisms. In the next chapter, the
general concept of in-situ TEM and LP-TEM is introduced and the challenges are highlighted.
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1.3 In-situ TEM

In-situ TEM incorporates the benefit of the high spatial and temporal resolution of the TEM with the ability
to follow specimens over time with the application of external stimuli that in some cases closely
reassemble real-world conditions. # Due to these features, a steady increase in the application of in-situ
TEM for advanced research and the need for material scientist to further develop and optimize sample
holders and sample preparations is recognized. An overview of ongoing developments, amongst others,
can be found in the work of Taheri et al. 4, Ross °, Tromp and Ross ©, de Jonge and Ross 7, and Cho. & Current
available options include TEM holders that apply heat, atmospheric pressure, and even allow liquids to be
present in the microscope environment. Continuous imaging of specimen allows for in-depth analysis of
structural nanoscale changes.

1.3.1 LP-TEM

LP-TEM is a technique that enables direct real-time imaging of dynamic processes occurring in the
presence of liquid at nanoscale. °~* With advances in microfabrication, the first liquid cell was developed
by Williamson et al. ** and it was based upon very thin but robust silicon nitride membranes as imaging
windows. In liquid cells, a ultra-thin layer of liquid is encapsulated between a pair of microchips to ensure
compatibility with the high vacuum conditions inside the electron microscope, see Figure 4.

Electron beam

b

as @ J @) O Liquid (static or flowing)

Silicon nitride membrane

Silicon

Imaging
spectroscopy O Bubble nucleation and growth

. Nanocrystal growth and sintering
':':':' Biomaterial structure

M Electrochemical deposition

Figure 4: Liquid cell design for in-situ TEM imaging. >

Current state of the art silicon nitride liquid cell technology comprises dedicated TEM holders with possible
additional functionalities, such as liquid flow, heating, and electrical biasing. An example of a process that
can be followed by LP-TEM is liquid-liquid phase separation. 2 In order to evaluate these processes using
a wider range of TEM capabilities is key and one of the main ongoing developments in the field.
Developments have made it possible to apply additional microscopy modes such as dark-field, high-
resolution TEM, and aberration corrected imaging. Within the field of analytical microscopy, further
developments are ongoing to incorporate both electron energy-loss spectroscopy (EELS) and X-ray energy
dispersive spectroscopy (XEDS) to provide chemical composition of the specimen, down to an atomic level.
>16-18 The main limitations of liquid phase microscopy remain image resolution and electron beam effects.
5> The reduced resolution is an apparent problem related to scattering electrons in both the liquid layer as
well as the window material. Liquid layer thickness is often difficult to control as window materials
inherently bulge towards the center of the window due to the pressure difference between the cell interior
and the high vacuum of the microscope chamber. Although there are several possibilities to control the
bulging of the window and increase resolution, it has to be kept in mind that an ultra-thin layer might
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generate results that are different from experiments performed in bulk. > Another possible route to
increase resolution involves the change of the window material from silicon nitride to graphene. ®
Graphene is used to encapsulate liquid droplets. Thanks to the strong van der Waals interaction between
adjacent graphene sheets, liquid pockets are formed encapsulating the sample as shown in Figure 5. In
addition to the reduced thickness, graphene also assists in reducing charging of the sample. ¥ The
formation of closed liquid droplets eliminates the possibility to flow additional chemicals into the liquid
droplet.

Encapsulated solulo-

Figure 5: Schematic representation of a graphene liquid cell sample encapsulation.

While performing in-situ TEM, it is crucial to understand and control electron beam-induced effects which
could influence the outcome of the experiment, thereby severely compromising the quality of the research
and leading to wrong conclusions. # Beam induced effects can include: atomic displacement, sputtering,
heating, ionization, and charging. & Transfer of the momentum of primary electrons generates
displacement of atoms often referred to as knock-on damage, while surface atoms that are ejected as a
result of the primary electrons lead to sputtering of the surface. Primary electrons, when scattered
inelastically, can transfer their energy, causing heating, or excite the material, leading to a change in
electronic configuration. Expulsion of secondary and Auger electrons results in electrostatic charging of
the sample. As example, hydrated electrons from water radiolysis can cause nucleation and growth of gold
nanoparticles by reducing Au(lll), from HAuCls, to Au(0). 8

Figure 6: Electron beam-induced nanoparticle nucleation and growth. Gold nanoparticle nucleation and growth from the precursor
solution from hydrated electrons.

11
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1.4 Collagen

1.4.1 Structure and D-band

Collagen is the most abundant protein in the human body, distinguished by its main function of providing
structural stability to tissue. Collagen is a hierarchical structure with multiple characteristic features, see
Figure 7. %

Tissues (tendon, bone) /
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~ k
\
ANy
Collagen fiber )

length = mm & 95
diameter = 10 ym 2 i m-

\‘\ W 5
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Figure 7: Hierarchical structure of collagen.?°

The collagen molecule is comprised of a trimeric polypeptide chain with repeating amino acid triplet in the
form of Gly-X-Y, where the most abundant constituents of X and Y are proline and hydroxyproline. These
molecules assemble in a 5-staggered configuration, first illustrated in 2D by the Hodge-Petruska model %,
with a well-defined offset between adjacent molecules giving rise to a gap and an overlap zone. These
zones are responsible for the notable D-band spacing of 67 nm already reported in several papers. 2%
The D-band space entails an overlap and gap zone of, respectively, 40 and 27 nm. Multiples of these 5-
staggered configurations further assemble in a quasi-hexagonal lattice to form the collagen fibril.

12
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Figure 8: Formation process collagen fibril. a) triple helix building block. b) 5-staggered 2D representation with characteristic 67
nm D-band. c) 3D version of the 5-staggered configuration. d) assembly of micro-fibrils into a collagen fibril. Adopted from. 26

Collagen fibrils can further convene to form even high order hierarchical structures, for example, tendons,
bone, and skin. ¥ Collagen fibrils and their hierarchical structure play an important role when it comes to
mechanical behavior since it is the smallest structural unit in which the build of the hierarchical structure
plays a significant role to the overall mechanical performance of the structure. Therefore, evaluation of
the effect of applying tension to a collagen fibril has been extensively studied. 282938393037 A important
feature of such fibrils under tension is the increase in D-band spacing and more specifically, the increase
in the gap/overlap ratio. 2° Unfortunately, the underlying deformation mechanism is still not clear, for
example, whether the deformation is an homogeneous 34%*2 or inhomogeneous process 20324344 js still
on debate. Recently, studies have been performed on single fibrils either by AFM or SAXS to monitor the
D-band spacing behavior after tension. These tools have certain disadvantages when monitoring structural
changes in time on a nanoscale. In the case of AFM, the interaction of the tip with the soft matter reduces
the opportunity to measure a single small area successively and the temporal and spatial resolution is not
optimal. 3 The D-band spacing pattern obtained via SAXS is from averaging over a larger area. **

13
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1.4.2 Staining

Contrast enhancement for the TEM specimen preparation remains an important pre-treatment procedure
for most biological samples, since they are made up of weak scattering elements. In order to increase this
lack of contrast, a benchmark method is to apply chemical staining with strongly scattering elements, for
instance with heavy elements. Ideally, the heavy metal compound associates with specific features of the
specimen. Two types of staining are distinguished:

e Positive staining: staining agent creates a thin film layer around the specimen.
o Negative staining: staining agent provides contrast to the environment instead of the object.

The two types of staining and the effect on collagen D-band spacing identification are schematically
illustrated below Figure 9. 244546

%Q !1.

o
< I. ”
- - ”
— Ve

Figure 9: a) Schematic of negative (left) and positive (right) staining.*> b) Negative (left) and positive (right) of collagen fibrils. 2*

1.4.3 Mineralization

Enhancing the mechanical strength of collagen is paramount for structural functions, such as bone and
tooth. This enhancement is achieved in nature by mineralizing calcium phosphate (CaP) in the hierarchical
porous substructures of collagen. Little is known about the effect of collagen matrix confinement and the
role of non-collagenous proteins (NCPs) on the nucleation of CaP minerals. Experimental evidence
demonstrates that nucleation is depending on whether it occurs extrafibrillar or intrafibrillar, see Figure
10. ¥ However, the mechanisms behind the transport, infiltration, and transformation of amorphous
calcium phosphate (ACP) into minerals remain unclear. 2247750

14
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Figure 10: Different types of CaP mineralization. a) extrafibrillar nucleation, b) intrafibrillar nucleation, and c) confined space
growth. 7

1.5 Aim of this research

This thesis aims at developing in-situ TEM techniques to study the collagen structure and dynamics in
different conditions. First, the deformation behavior of single collagen fibril is monitored under tension at
real time; the high temporal and spatial resolution of the TEM allows for precise and fast monitoring of
the structural changes occurring on fibril level during strain. The contribution of this work to the collagen
stretching debate is reported in chapter 2.

Second, a new LP-TEM workflow is developed to probe the collagen native structure and even the
mineralization process in solution. Chapter 3 will describe the method development results of this thesis
towards LP-TEM of collagen mineralization. The method development comprises:

e Single collagen fibril preparation: cryo-milling.

o Sample loading and liquid cell assembly: ultra-low volume liquid handling system.

e Optimization of the TEM protocol to be able to analyze these soft matter materials without
significant damage.

15
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Chapter 2 in-situ Observation of collagen stretching

With in-situ TEM real time image series of how fibrils behave under tension are recorded. Upon analysis
of these image series, it is possible to confirm the inhomogeneous mechanical behavior of collagen
reported in several studies. 344

2.1 Materials and methods

2.1.1 Collagen suspension
The collagen suspension is obtained using the method described in detail in 3.2.1..

2.1.2 Chip preparation

The liquid cell consists of two chips, a bottom and top chip, each of which contains a 50 nm thick electron
transparent Silicon Nitride window (DENS-solutions BV). The chips are firstly solvent washed by using
acetone, ethanol, and isopropanol in the order mentioned for two minutes per solvent, and subsequently
plasma treated for ten minutes at 20 Watts using oxygen as carrier on an Emitech K1050X.

The latest version of the chips on the market no longer have a protective film layer that must be washed
out and, therefore, are only plasma treated for one minute at 20 W. This ensures a slightly hydrophobic
surface which is ideal for precise droplet placing and assists in maintaining a hydrated sample thanks to
reduced surface area of the droplet.

2.1.3 Sample loading
The collagen suspension is directly deposited on the bottom chip using an Eppendorf micro-pipette. A
droplet with the size of 1 pl is placed on the bottom chip and allowed to dry. The obtained chip is placed
inside the TEM holder.

Figure 11: Collagen suspension deposited on a bottom chip using Eppendorf micro-pipette.

2.1.4 TEM analysis

TEM imaging is performed on a FEI Technai 20 (type Sphera) operated at 200 kV equipped with a LaBs
filament and a 1k x 1k Gatan CCD camera. Movies are captured using the software package TEM Imaging
& Analysis (TIA).

2.1.5 Data analysis

Images are formatted to a stack (MRC format >!) using MATLAB and the obtained image series are analyzed
using both TIA and Fiji software. For selected frames, the D-band spacing at three different positions along
the long axis of the fibril and the length of the fibril are measured. The fibril length is determined from two
fixed reference points, as shown in Figure 12.

17



TU/e

Figure 12: Length determination fibril. Reference points are at fixed points of the fibril, bottom at the bend, top at the intersection
with another feature.

The D-band spacing is obtained by plotting a line profile of a fixed length in Fiji, which will be referred to
as a segment, along the long axis of the fibril. For each segment a peak to peak distance is determined
from the plot profile as shown in Figure 13b. The distance between the first and last peak is divided by the
number of peaks to obtain the average D-band spacing. This procedure is performed three times along the
length of the fibril to obtain an average D-band spacing. Strain mentioned in this thesis is based on the
engineering strain and is calculated using Equation (2).
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Figure 13: D-band spacing calculation. a) Positioning of the line profile on the long axis of the fibril. Line profile broadness is equal
to roughly eightfold pixel distance. b) Determination of the total number of peaks and peak to peak distance from the plot profile.
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2.2 Collagen stretching

Whether collagen fibrils deform via a homogeneous or inhomogeneous route is still on debate. Being able
to visualize fibril behavior under tension could lead to new insights into the collagen deformation
mechanisms. Multiple collagen fibrils that are scattered across the broken window material provide the
opportunity to observe fibril deformation since the electron beam causes the silicon-nitride window to
deflect, indirectly applying tension to the collagen fibrils. Although the deflection is uncontrollable, it
provides strain to the fibrils covering the gaps. Several image series are captured to follow this mechanical
process. Figure 14 presents the overview of different fibrils, (a) the window area of the first image series
and (b) the window area of the second image series measured one month later. Figure 14c shows a
schematic representation of the timeline while imaging the first window area to highlight that Fibril 1 is
not measured consecutively. Fibril 1 and 2 stretch with visible D-band spacing and provide information
regarding strain effects on D-band spacing and overall length changes. Fibril 3 displays necking behavior
under tension, however, the D-band spacing is too difficult to be determined due to lack of contrast.

Timeline first window area (a)

Figure 14: Overview of the different fibrils imaged. a) First window area displaying Fibril 1 and the control experiment. Imaged at
dose rate 7.5 e nm?s, b) Second window area displaying Fibril 2 and 3. Imaged at dose rate 5 e nm2s? and 21 e nm2s!
respectively. c) Timeline at which images of the first window area are obtained.

19
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2.2.1 Overall changes under strain

Figure 15 presents the strain and D-band spacing behavior of the stretched fibrils over time. Fibril 1 is
stretched slowly up to almost 80 % strain and the strain vs time data are plotted in Figure 15 with orange
dots. However, this deformation has not been imaged in a continuous series, resulting lack of data for this
fibril in the time between approximately 350 and 1750 s. in this time window, an adjacent area was
monitored (as indicated in green by the timeline in Figure 14c). In order to bridge the gap in strain data for
Fibril 1, it has been observed that the window material deflected by the electron beam is the same material
attached to Fibril 1, therefore, by measuring the displacement of the window material, the additional
elongation (strain) of Fibril 1 is estimated. This estimation is visualized by the green set of data points in
Figure 15c. The starting position of the green set is determined by plotting a fit through the orange data
points. The remaining data points are calculated based on the extension of the window material added to
the strain fixed for the first point. Despite not having images to confirm, the used approach provides data
points that are all in line with the extension of Fibril 1. Fibril 2 is measured one month after Fibril 1 and in
order to superimpose the data in Figure 15c the D-band spacing is used. The first D-band spacing measured
for Fibril 2 is 76 nm and this point is placed in Figure 15d to obtain a superimposed time. The obtained
time is then used to plot the straining data in Figure 15c. Both Fibril 1 and 2 experience loss of periodic D-
band spacing. This loss of periodicity in D-band spacing could be attributed to internal sliding or slipping
of collagen molecules when strains >30 % are achieved. *° Further in-depth analysis regarding D-band
spacing changes will therefore focus on the first orange data set. The strain applied to Fibril 1 is
approximately 22.4 % while the D-band spacing increases on average by 9.1 %. D-band spacing is reported
in literature to increase by 40 % of the applied strain; when calculating it for the here reported case results
to 9.0 %, in perfect agreement with the measured value in this study. ?°
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Figure 15: a) Timeframes 330 and 3050 illustrating the elongation of the Fibril 1. b) Original timeframes of Fibril 2 that are
superimposed on the timescale of Fibril 1. c) Strain of Fibril 1 as a function of time with Fibril 2 superimposed, , additionally the
estimated strain from the adjacent area of Fibril 1. d) D-band spacing as a function of time with Fibril 2 superimposed.

2.2.2 Local D-band spacing changes

To understand how the local structure changes under tension, the individual D-band spacing is tracked
during stretching, as shown in Figure 16 and Appendix 1: Local segment change. The orange pattern,
representing frame 332, extends compared to the blue pattern, frame 10, as expected based on the
average increase in D-band spacing upon strain. It is found that the increase in each segment is not equal.
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Figure 16d shows the overview of the averaged D-band spacing in each segment. The averaged D-band
spacing across all segments at frame 10 and 332 are indicated by the blue and orange dashed line,
respectively. Segments 4 and 5, and to a lesser extent, segments 3, all display deviating behavior from the
average increase. Segments 4 and 5 indicate a smaller increase in D-band spacing compared to the average
while segment 3 depicts a larger increase in D-band spacing. These results therefore prove that the
increase in D-band spacing is not a homogeneous process and is possibly driven by small local defects that
generate inhomogeneous deformation. This inhomogeneous mechanical behavior has been suggested or
observed earlier. 324449
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Figure 16: Fibril image of frame 10 (a) and 332 (b). c¢) Normalized intensity profile of frame 10 and 332 devided in six individual
segments to evaluate local changes in D-band spacing. d) Dashed lines represent the average of the frame and the dots represent
the individual D-band spacing of each segment. Varying increase in local D-band spacing increase.

2.2.3 Necking

The observation of necking in the stretched collagen fibril further confirms that collagen stretching is an
inhomogeneous process. Fibril 3 in Figure 14b is subjected to a higher strain, greater than 100 %, and
eventually breaks. When strain has reached above 30 %, the D-band spacing of this fibril is no longer
visible. The inability to determine the D-band spacing is due to the loss of periodic structure.?’ Although it
was not possible to follow the D-band spacing, the fibril breaking gives valuable insight into possible
mechanisms related to the rupturing of a fibril. Both homogeneous 3% as well as inhomogeneous
20324344 hehavior of collagen fibrils under tension have been reported before, but as indicated in Figure
17, inhomogeneous mechanical response plays a significant role in the deformation behavior of a collagen
fibril. Figure 17 displays the diameter development of three regions just before and after the fibril breaks.
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The change in diameter is only significant at the breaking point (blue circle) while the other two regions
stay approximately constant (red and orange circles). In case of homogeneous distribution of the force, it
is expected to see a different rate in diameter change depending on the starting diameter. However, both
the 70 nm and 40 nm region display similar behavior whilst the 25 nm region experiences a significant
diameter reduction. These phenomena further indicate that stress is not equally distributed within the
fibril leading to so-called necking behavior where the weakest section will experience the highest
deformation. Additionally, below the orange marked region there are additional signs of necking. The
occurrence of necking further supports the inhomogeneity of the fibril internal structure.
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Figure 17: Diameter changes of selected regions of a collagen fibril with necking behavior illustrated at the blue circles.

2.2.4 Mechanistic discussion

Figure 18 shows schematically the changes in D-band spacing after stress is applied to a collagen fibril and
more specifically the gap/overlap ratio.?° It is found that locally the increase in D-band spacing is not
homogeneous across the fibril. Assuming that the gap is most vulnerable to strain, it could lead to a local
difference between the gap/overlap ratio increase in agreement with the visualized local change in D-band
spacing increase. Therefore, it is hypothesized that upon deformation, the increase in gap/overlap ratio is
inhomogeneous along the fibril and caused by small local defects in the substructure of collagen fibrils.
Other evidence of inhomogeneous behavior reported in literature shows that an optimized full-atom
structure of a collagen fibril obtained from 100 ns simulation indicates significant variations being present
in the structure that indicate presence of local defects. #° Silver et al. 5> demonstrate the effect of the level
of cross-linking on mechanical response. Additionally, Puxkandl et al. ** and Redaelli et al. 3 illustrate that
at higher hierarchal levels individual collagen fibrils are linked together by matrix material, proteoglycans,
which could act as load transfer elements. Furthermore, Zhu et al. % provide additional evidence that
fluctuations occur at the interaction surface of collagen. It is also shown by Gutsmann et al. ** that collagen
fibrils are structured in-homogeneously, composed of a hard shell and soft core. Figure 19 represents a
comparison between the work of Gutsmann et al. ** (a) and images obtained in this thesis (b). The observed
structures by Gutsmann et al. ** that entail backfolding, overlapping, and other phenomena supporting
the inhomogeneity can also be seen in results as obtained for this thesis.
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Figure 18: Schematic representation of the effect of applied strain on the D-band spacing of a collagen fibril, the increase in
gap/overlap ratio has been exaggerated to emphasize the hypothesis that the ratio increase is not homogeneous. a) Fibril without
strain applied with uniform D-band spacing and constant gap/overlap ratio. b) Stretched fibril with increased D-band spacing and
gap/overlap ratio. Gap/overlap increase is not uniform across fibril.

Figure 19: a) AFM images indicating specific folding and overlapping phenomena common for hand shell soft core materials.** b)
Current in-situ TEM work illustrating similar effects of folding and overlapping.

2.2.5 Electron beam effects

To confirm that the D-band spacing behavior is not affected by the electron beam during stretching, a
threefold electron flux is used, in comparison to initial stretching experiments, to image a collagen fibril
that is not subjected to a mechanical force. Figure 20 illustrates the D-band spacing over approximately
450 s of a fibril attached on one side of the damaged window. D-band spacing does not change during
imaging, meaning the electron beam effects are negligible. Based on this observation, it can be concluded
that continuous irradiation of the fibril is not leading to changes in the D-band spacing.
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Figure 20: Electron beam investigation on single collagen fibril at 21 e nm2s. a) TEM images of the single collagen fibril in time.
Scale bar: 500 nm. b) Corresponding D-band spacing intensity profiles from dashed box in (a).

2.3 Conclusions

In summary, in-situ TEM reveals the inhomogeneous mechanical behavior of collagen. It is demonstrated
that biological materials can be visualized for long periods of time using the low dose strategy. D-band
spacing displays a distribution of lengths with an average close to 67 nm. Collagen fibrils in vacuum can
withstand strain up to 80% without failure. Upon strain the D-band spacing and in particular the
gap/overlap ratio increases as expected, however, it is shown here that this increase is not homogeneously
distributed along the long axis of the fibril. Presumably connected to the local differences in strain, necking
occurs at large deformation eventually leading to breaking of the fibril.
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Chapter 3 LP-TEM of collagen

A common challenge in biological research is visualizing the dynamics that are responsible for biological
functions. Addressing this challenge involves the development of innovative microscopy techniques to
study these dynamics at nanoscale. ’ The development of LP-TEM allows for the application of the strong
capabilities of electron microscopy to analyze liquid samples. Traditionally the examination of liquid based
processes was only possible by freezing or drying of the sample. With the development of LP-TEM it is now
possible to examine the structure and dynamics of biological materials at high temporal and spatial
resolution. The use of LP-TEM technology has aided, amongst others, recent developments in the fields of
electrochemistry, phase transformation in liquids, and life sciences. ° The ability to analyze in real time the
formation of crystalline mineral phases is of high interest in the field of collagen mineralization. Collagen
structures and mineralization processes have been extensively studies by cryo-TEM, AFM, and in-situ SAXS
and wide angle x-ray diffraction (WAXD), leading to several new insights regarding the ACP transport, D-
band spacing, and intrafibrillar mineralization. 853 However, high temporal and spatial resolution on the
dynamics behind mineral collagen interaction and the formation for CaP crystals in a liquid environment
is lacking. Applying LP-TEM to investigate the collagen structure and mineralization process might solve
remaining questions. Typical challenges in imaging soft matter in liquid is the inherent low contrast and
high beam sensitivity, therefore, sample preparation methods and imaging protocols must be developed.

This chapter mainly focusses on developing new LP-TEM preparation procedures towards visualizing the
collagen structure and its mineralization in aqueous environment. Contrast optimization is achieved by
staining and controlling thickness. Thickness is controlled by introducing an ultra-low volume liquid
handling system. To the author’s knowledge, this is the first-time collagen is imaged in aqueous
environment using LP-TEM. Furthermore, efforts towards applying the information obtained from bulk
mineralization into guiding the experimental design of the confined space of the LP-TEM are reported.

3.1 Materials and method

3.1.1 Collagen suspension
The collagen suspension is described in section 3.2.1 .

3.1.2 Collagen mineralization

To study the CaP mineralization **°° the following chemicals were used: HEPES buffer (Sigma), CaCl, (VWR),
K2HPO,4 (Merck), and poly-DL-aspartic acid (pAsp) 2-11 kDa (Sigma). Stock solutions were prepared in milli-
Q water and stored in the fridge at 6 °C. To assist dissolution both HEPES and CaCl, were sonicated for two
minutes. pAsp solution is kept for maximum a week since it is prone to bacterial contamination. Note:
milli-Q water has a pH of approximately 5.4.

3.1.3 Collagen staining
Staining was performed using Phosphotungstic acid (PTA, Sigma) dissolved in milli-Q water with a mass
fraction of 2 % as staining agent. 21244546

3.1.4 sciTEM

The sciTEM (SCIENION AG, Berlin, Germany) is an ultra-low volume liquid handling system designed for
depositing liquid sample droplets for instance on TEM liquid cell chips. °®°8 The machine consists of a high
precision drive system that enables the placement of distinct sample droplets. The sample droplets are
placed by a non-contact piezo dispensing technology that is capable of dosing liquid volumes as low as 100
pL. Furthermore, the non-contact loading allows droplets to be deposited onto fragile surfaces without
damage.
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3.1.5TEM
TEM images were obtained with a FEI Technai (Type Sphera) microscope operated at 200 kV with a LaBe
gun and a Ceta camera. Image analysis was performed in MATLAB and Fiji.

3.2 Tackling the challenges in LP-TEM of collagen

Beam effects and image resolution are two main limitations in LP-TEM. > Image resolution is mostly
affected by the liquid layer, window and material thickness, and sample beam sensitivity. Beam effects
originate from the applied electron dose, electron-liquid and electron-sample interactions. Imaging soft
matter, such as collagen by LP-TEM, would have an increased difficulty due to the extremely high beam
sensitivity and low contrast in aqueous environment, which dramatically reduce the achievable resolution.
As bonding energies of such materials are close to thermal energies, collagen structure and dynamics can
be easily affected by weak disturbance in the environment. So far this collagen structure and its
mineralization have not been investigated with LP-TEM. In this section, the first attempt into LP-TEM of
collagen is discussed in terms of challenges confronted.

3.2.1 Contrast optimization in LP-TEM of collagen

Enhancement of both, resolution and contrast, can be achieved through obtaining an ultra-thin liquid
layer thickness that will ensure minimization of the inherent scattering of electrons by electron-liquid
interactions. The scattering of electrons in the liquid layers is predominantly responsible for statistical
fluctuations, i.e. the noise, of the signal. ” Therefore, controlling the liquid layer thickness will assist in
obtaining a signal to noise ratio (SNR) that is high enough to diminish these statistical fluctuations. More
precisely, based on Rose criterion, only when the SNR exceeds a value of 3 to 5, the object can be
detected. In this section developments into controlling the liquid layer thickness in LP-TEM are
discussed. Additionally, staining as a typical contrast enhancement technique has also been tried and
reported here. Please note that achieving a thin liquid layer thickness through adaptation of the liquid
cell configuration or material is not discussed here.

3.2.1.1 Liquid layer thickness control

Sample thickness control. Ensuring that a collagen sample is thin enough for LP-TEM requires the use of
single collagen fibrils rather than large aggregations. Single collagen fibrils can be obtained from bottom-
up or top-down method. The method for bottom-up assembly of amino acids into collagen fibrils is being
researched extensively both in this group and in other institutes. However, this method has not been well
established yet and it is also difficult to extract single fibrils from resulting bottom-up assemblies.
Therefore, a top down approach is employed where a piece of collagen tape will be used as starting point.
Ideally a dispersion of individual fibrils is obtained to ensure consistent thickness and high sample
reproducibility. The following cryo-milling strategy has been developed: (1) A 2 cm sample of resorbable
collagen tape (ACE, reference number 5091000) is placed on sterile paper and hydrated using a few
droplets of milli-Q water; (2) the hydrated sample is gently placed in a mortar and frozen using liquid
nitrogen; (3) the sample is grinded, while periodically adding liquid nitrogen, until a fine powder is
obtained in which no friction can be felt; (4) the powder is freeze dried overnight to remove all water and
then used for preparing a collagen suspension (5). A 1 g/L to 5 g/L suspension is made using milli-Q water
and sonicated for 60 min. Larger fragments present in the suspension are allowed to settle and a sample
of the supernatant is used for analysis to prevent damage to the liquid cell windows.
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Figure 21: Collagen sample preparation steps. a) A 2 cm piece of collagen tape on sterile paper. b) Collagen tape hydrated with
milli-Q water. c) Freezing and grinding of the tape using liquid nitrogen, in the dropdown structural changes from frozen tape to
coarse particles to fine powder. d) Sample after freeze-drying overnight to be stored in fridge. e) Collagen suspension in which the
large particles settle on the bottom and the supernatant can be obtained for further analysis.

The use of sciTEM to achieve low-volume liquid loading. Solvent thickness, or in this case water layer
thickness, is a main challenge related to liquid cell thickness. Small volume liquid handling is intrinsically
difficult to perform reproducibly by hand and the droplet size obtained while using a micropipette is rather
large compared to the cell window, as visualized by Figure 11 where a single drop covers the entire cell
surface. The sciTEM tool is unique and offers the possibility to deposit reproducibly at specific positions
well defined picolitre droplets creating consistent and thin liquid cells which are desired to minimize noise
from the liquid. Furthermore, the tool has an integrated pick-and-place tool to assist in carefully
assembling the liquid cell and ensuring precise chip alignment achievable through automated recognition.
Applying the sciTEM tool minimizes human error by automating manual handling steps. Several different
types of dispensing needles with ranging surface coatings are available, and it is found that the type 3 PDC
60 appears to be the most suited for the collagen suspension in the range of 1 g/L to 2 g/L. Increasing the
concentration leads to viscosity problems upon dosing, causing fouling and loss of precise casting position.
Therefore, depending on experimental requirements, different running procedures are designed in the
sciTEM operating software: (1) dry mode: to precisely load a sample and let it dry for further analysis; (2)
wet mode: to load a sample with distinct volume and keep it hydrated. See Appendix 3: sciTEM workflow.

Dry mode is the first step in order to reach the wet mode where the combination of position and volume
play a crucial role for solvent thickness obtained in the liquid cell. As illustrated in Figure 11, the window
area of the chip is limited and precise control is critical, otherwise a thick cell is obtained due to
accumulation of sample. In sciTEM, sample loading spots can be predefined, and a certain number of drops
can be delivered to the targeted location with tens of micrometer accuracy. As shown in Figure 22 this
approach generates a well dispersed sample on the chip window.
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Figure 22: a) Selection of deposition positions on the chip. b) Result of the deposition, collagen around the window area. c) TEM
image of the window displaying the well dispersed collagen fibrils.

In wet mode, sciTEM enables the creation of a hydrated cell which is crucial for many biological systems
in addition of having precise volume deposition to control the liquid thickness. Furthermore, the sciTEM
provides full process automation. An environmental chamber is used to create a saturated atmosphere
around the chip to prevent water evaporating from the sample. As shown in Figure 23, the tip of the TEM
holder slides into the environmental chamber from the front, and there is an opening on the top to allow
sample deposition and cell closure. A slot outside the chamber is designed to maintain the top chip for
automated closure after sample deposition. Inside the chamber a layer of water together with a folded
piece of wetted paper is used to generate the saturated atmosphere. The LPEM protocol retrieves the
suspension from the micro-titer plate and deposits it on the chip. After the top chip is placed onto the
bottom chip, an image is taken to verify the cell assembly. It is important to keep in mind that the time
between sample deposition and closing by placing the top chip is approximately 25 s. Tests have revealed
that the water layer will start to evaporate despite the environmental chamber as visualized below,
however, this process takes roughly 7 minutes which is significantly longer the closing procedure.

Figure 23: Environmental chamber for the sciTEM system to ensure saturated atmosphere.
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Figure 24: Evaporation of the water inside the environmental chamber of the sciTEM.

With the assistance of sciTEM, it is feasible to deposit a well-defined liquid volume into the liquid cell with
picolitre accuracy. As demonstrated in Figure 25, three different liquid volumes (27 nL, 54 nL, and 78 nL)
are patterned by sciTEM with predefined array. Each drop is approximately 300 pL. TEM confirmed that
both the 27 and 54 nL samples are dry. The 78 nL experiment is still in hydrated state, however, the liquid
layer is slightly too thick, and no collagen is visible. Despite not being able to see the collagen, another
interesting phenomenon is seen, namely inward bulging of the window material due to Laplace forces as
shown in Figure 26. Because the discussion is still ongoing what the origin of the phenomenon is, no further
explanation is given here.
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Figure 25: Varying liquid amount. a) 27 nL, b) 54 nL, c) 78 nL. d) Droplet volume detection.
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Figure 26: Left TEM image of the hydrated liquid cell and right the liquid thickness mapping from the intensities indicating inward
bulging.
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To predefine the liquid thickness in the liquid cell, chips with a 200 nm spacer were used. Here the new
type of chip is tested, and initial testing indicate that these chips are not ideal for the collagen suspension,
as they seem to be more suited for addition of a homogeneous solution. Upon adding a suspension to the
chip, particles end up on the spacer surface making it difficult to close the cell and resulting in uneven
thickness across the window. In summary, these chips are not beneficial for the collagen suspension.

Figure 27: Collagen particles scattered across the spacer chip.

3.2.1.2 Staining

A commonly used route to increase contrast in biological samples is adding heavy metal staining agents,
which is normally called staining. These compounds either form a thin layer around structural elements or
bind to specific regions of a material. 2> The heavy metal part of these staining agents results in increased
contrast due to their large scattering potential. Staining normally involves a drying and washing step to
remove excess staining agent that interferes with the imaging. The initial idea in line with the optimized
collagen sample preparation workflow is to stain the collagen tape before the cryo-milling. To achieve this
the tape is submerged in a PTA solution with a mass fraction of 2 % (Figure 28). The submerged tape is
stored overnight and afterwards treated identical to the cryo-milling steps described in 3.2.1 .

200

Figure 28: Collagen tape submerged in PTA solution with a mass fraction of 2 %.

The collagen obtained from section 3.2.2. is re-dispersed in milli-Q water to obtain a 2 g/L collagen
suspension and deposited using the sciTEM tool on a liquid cell bottom chip for analysis. The staining agent
did either not bind sufficiently to the collagen tape or substantially washed away when the sample is re-
dispersed since the contrast increase is limited, as shown in Figure 29.

30



Figure 29: a) Overnight stained collagen tape. b) Unstained collagen sample.

As structural contrast is not enhanced strongly, two more experiments were performed. For the first
experiment a droplet of the previously described suspension is added to a TEM grid and after drying an
additional droplet of PTA solution with a mass fraction of 2 % is added and allowed to dry, this approach
will be close in line with negative staining. Second, the stained collagen is re-dispersed in a PTA solution
with a mass fraction of 2 % for 30 min, and thereafter a droplet is added to a TEM grid. Although, the
contrast is enhanced for experiment one, it involves a fully dry sample. Achieving a negative stain in a
liquid state seems very challenging. In the second experiment the increased contact time with the
additional increased surface area of the cryo-milled collagen results in a more positive stain behavior
where the staining molecules are attached or have reacted with the internal structure of the collagen. This
increases the contrast in the liquid state; however, it is not clear whether the presence of these molecules
influence the mineralization behavior of collagen.

[— R

Figure 30: a) Experiment 1, additional droplet of PTA solution with a mass fraction of 2 % added to collagen suspension. Clear D-
band spacing of 67 nm with corresponding overlap and gap zone of 40 and 27 nm respectively. b) Experiment 2, stained collagen
re-dispersed in PTA solution with a mass fraction of 2 % for 30 min.
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3.2.2 Beam sensitivity

Determining beam effects on a biological structure is not straightforward as it requires significant contrast
to visualize the consequences of the electron beam. To investigate beam effects on collagens, a liquid cell
that contains a large collagen agglomeration in liquid was firstly dried in air and post-mortem analysis was
performed on the bottom chip as shown in Figure 31. The agglomeration appears to be still hydrated but
more clearly visible. The structure is monitored over time to assess the electron beam effect. After
approximately 3 min there is a significant change visible in the structure, and it remains unclear if it is
caused by electron beam effects or it is due to further de-hydration of the sample. Research is ongoing to
reduce beam damage effects. *°

Figure 31: Visualizing possible electron beam effects, structural changes over 170 s at dose rate 1 e nm2s™2.,

3.3 LP-TEM of collagen structures

The final goal of imaging collagen in liquid as described above is very challenging and, despite many
attempts, only a single experiment yielded a partial visualization of collagen in water, as shown in Figure
32. This is considered however a breakthrough in LP-TEM imaging since, to the author’s knowledge, it is
reported for the first time. As expected, and in line with parallel ongoing research the contrast is limited.
In low magnification, the high scatter indicates that the total thickness is not optimal. Figure 32b and c
(blue box) show the changes that occur in time, either due to beam damage or movement of the collagen,
which make the analysis of this structure very challenging. Figure 33 shows the line profile of a selected
area with a SNR of 3.8, calculated using (3), and it illustrates, in agreement with the Rose criterion, the
difficulty in identifying a structure and especially the small structural features of collagen.

Figure 32: liquid phase TEM of collagen. a) low magnification image indicative for sub-optimal thickness. b) higher magnification
image with collagen structure present in water at initial time. c) same position image in a later time with clear structural movement
(blue box).
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Gray Value

Figure 33: Determination of the SNR of a collagen fibril in a LP-TEM image. a) The LP-TEM image with the line profile of area of
interest. b) Line profile data divided in structure signal (blue) and background signal (yellow).
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3.4 Towards in-situ monitoring of collagen mineralization

Being able to prepare a hydrated sample in a liquid cell will enable the opportunity to trace dynamics of a
system over time. This will grant unique insight into many synthetic and biological systems and processes.
Although many interesting processes have been successfully monitored 131419 the total time of in-situ
experiments rarely surpasses more than an hour. This leads to limitations of applying LP-TEM from some
long duration reactions and processes, such as steel corrosion and mineralization process. Slow processes
require sacrificing some of the temporal resolution of the TEM in order to maintain the advantage of single
event tracking. Two strategies are possible to mediate this problem: (1) taking snapshots rather than
continuous imaging. This approach is similar to a typical cryo-TEM protocol but with particle tracking ability
and will generate significant information regarding the long-term effects, but it will sacrifice the temporal
resolution; (2) performing ex-situ lab experiments that assist in guiding the in-situ experimental design.
The ex-situ experiments will enable the identification of critical time ranges in which then the in-situ
technique can be performed. In this section, in order to monitor a multiple-day-long collagen
mineralization process, the second described approach is adopted and mineralization experiments in bulk
solution are firstly carried out to identify interesting time segments and optimize concentrations for
utilization in the liquid cell.

3.4.1 Collagen mineralization in bulk solution

Collagen mineralization in bulk solution will assist in determining ideal time segments for transfer and
visualization in LP-TEM. Table 1 describes the main parameters and differences between three
mineralization experiments carried out in this work. Experiments 1 and 2 are specifically designed towards
introducing the mineralization process into confined liquid cell space, while Experiment 3 is the control
one normally applied in lab environment. Furthermore, the concentration of collagen is optimized to be 2
g/L for sciTEM deposition in order to prevent the clogging of the nozzle. Figure 34 exhibits the
mineralization results from the three different experimental conditions, as reported in Table 1. The control
experiment (c) indeed shows the formation of plate-like structures inside the fibril, including swelling of
the fibril. The corresponding electron diffraction (ED) pattern (f) indicates feint presence of crystalline
structures. The other two experiments show infiltration of material into the fibril, however, there is no
clear presence of crystal structures based on the corresponding diffraction patterns. To confirm that the
crystal structures formed using the conditions of experiment 3 are indeed CaP, a control experiment with
reduced pAsp concentration is performed. PAsp is known indeed for inhibiting crystal formation,
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therefore, by reducing its concentration, clear crystal formation outside collagen fibrils is expected. The
results shown in Figure 35 confirm our hypothesis and show structures similar to those inside the fibril of
experiment 3, yet with a more defined diffraction pattern. Additionally, it is well in line with hydroxyapatite
crystals grown in the absence of pAsp. > Optimizing the experimental parameters to obtain a bulk-solution
protocol that can be used as guide for LP-TEM experiments requires further advancement in reducing the
collagen concentration and changing the heating method.

Table 1: Overview of parameters used in bulk-solution collagen mineralization experiments.

Experiment 1 Experiment 2 Experiment 3
pAsp 75 mg/L 75 mg/L 75 mg/L
CaCl, 4.5 mM 4.5 mM 4.5 mM
K.HPO, 10 mM 2.1 mM 2.1 mM
HEPES 10 mM 10 mM 10 mM
Collagen 2g/L 2g/L 5g/L
Heating method | Water bath Water bath and Oven | Oven and Oil bath
pH tuned No Yes Yes

Exp. 2

Exp. 1 Exp. 3

Figure 34: Lab mineralization results. a) TEM, d) ED of experiment 1, no crystalline structures present. b) TEM, e) ED of experiment
2, more structures are formed still outside fibril. No crystalline structures present. c) TEM, f) ED of experiment 3, the standardized
protocol results in plate-like formation inside the fibril. Diffraction pattern indicates the presence of crystalline phase, which
probably is CaP.
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Figure 35: Control experiment with reduced pAsp to enhance CaP formation. a) high density presence of crystal structures. b)
plate-like structures in agreement with literature and experiment 3. c) Diffraction pattern clearly indicating CaP structures being
present. >°

3.5 Conclusions

In conclusion, visualizing collagen in liquid via LP-TEM, although still in an early experimental phase,
appears to be feasible but requires further optimization of the parameters such as contrast and thickness,
and potentially might need a different cell design. Sample thickness from top-down sample preparation
has been optimized and semi-monodispersed single fibrils are obtained. SCiTEM has been introduced in
order to achieve the precise ultra-low liquid volume loading providing thin liquid layers.

Based on the various bulk-solution experiments, it is found that 5 g/L collagen concentration is the best
condition for CaP mineralization. Future optimization of the mineral concentrations in combination with a
2 g/L collagen concentration is required to use the lab experiments to guide the liquid phase experiments.
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Chapter 4 Conclusion and outlook

Collagen is the most abundant protein in bone and tissue and plays a paramount role in many structural
components of the human body. Collagen fibrils are an intermediate building block in the hierarchical
structure with a specific quasi-hexagonal pattern. An important feature of this pattern is D-band spacing
which is attributed to a periodic occurrence of overlap and gap zone between adjacent molecules.
Obtaining nanoscale information regarding both local D-band spacing changes and collagen mineralization
requires state of the art analytical techniques.

This thesis demonstrates that in-situ TEM is a powerful analytical tool in analyzing collagen fibril
deformation mechanisms at nanoscale. Additional support for inhomogeneous mechanical behavior of
collagen is provided while demonstrating that biological materials can be visualized for long periods of
time without being damaged. A future step for collagen deformation will be imaging in native conditions
which requires further development of low dose LP-TEM imaging protocols. Additionally, development of
tailored in-situ TEM holders which enable visualization of mechanical effects on materials will contribute
significantly to material science advancement in the field.

In this work considerable steps have been made towards monitoring the mineralization behavior of
collagen in-situ. Sample preparation and liquid dosing protocols have been established. Challenges
regarding contrast and thickness have been addressed and potential solutions to overcome them have
been investigated. Towards future development, to enable visualization of collagen structure at relative
high resolution, suggestions to develop novel liquid cell holders or the use of graphene liquid cells are
made. Bottom-up assembly of collagen fibrils is identified as a potential option to obtain highly dispersed
single fibrils in an ultra-thin liquid. In addition, the introduction of a tailored liquid flow LP-TEM holder
with heating capabilities might enable capturing collagen mineral interactions in the early mineralization
stages.
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Appendix 1: Local segment change
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Appendix 2: Collagen mineralization

The first experiment is performed using the volumes and concentrations indicated in the table below.
HEPES, CaCl,, and K;HPO, are added to the pAsp and collagen or pAsp and milli-Q water. These
suspensions are transferred to a water bath of 37 °C. Samples are taken on the third, fourth and fifth
day to assess the progress of the mineralization using TEM.

Table 2: Mineralization experiment 1.

Suspension | Suspension Il (control)
0.5 mL supernatant collagen [2 g/L] | 0.5 mL milli-Q water
0.5 mL pAsp [150 mg/L] 0.5 mL pAsp [150 mg/L]
10 pL HEPES [1 M] 10 pL HEPES [1 M]

4.5 pL CaCl; [1 M] 4.5 pL CaCl, [1 M]

10 pL K;HPO4 [1 M] 10 pL K;HPO4 [1 M]

After three days a sample is taken and deposited on a TEM grid. First indications display the presence
of material around and in the fibril, which is further enhanced on day four. Unfortunately, Selected
Area Electron Diffraction (SAED), in short electron diffraction (ED), confirms the absence of crystallinity
confirming that no calcium-phosphate crystals have been formed. The fifth day sample shows more
pronunciation of the band structure but not the crystalline structures as described by for instance
Nudelman et al. ®8. Furthermore, bacteria like structures seem to be present in this sample.

Figure 36: Potential CaP infiltration on day 3 (a) and day 4 (b), electron diffraction (c) indicates no crystallinity.
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Figure 37: Day 5, appearance of bacteria like structures (a) and no visible change in banding pattern (b). c) Electron diffraction
of material in control experiment indicate no significant crystalline presence.

Based on the primary results several items required optimization. HEPES and pAsp are dissolved and
the pH is tuned to 7.4 using 1.0 M sodium hydroxide (Sigma). In the previous experiment the pH is not
tuned, and it turned out to be slightly acidic, this could in turn affect both the collagen structure as
well as the mineralization mechanism. The remaining minerals and collagen will be added to the HEPES
pAsp solution. Additionally, the heating method will be a comparison between water bath and oven.
The table below describes the details of the second experiment. A stock solution (solution a) is made
of 25 mL milli-Q water with 59.7 mg HEPES and 1.9 mg pAsp, this solution is tuned to pH 7.4.

Table 3: Mineralization experiment 2. Suspensions Il and IV serve as control experiments.

Suspension |

Suspension Il

Suspension Il

Suspension IV

3 mL solution a

3 mL solution a

3 mL solution a

3 mL solution a

6.1 mg collagen

5.9 mg collagen

13.5 pL CaCl; [1 M]

13.5 pL CaCl, [1 M]

13.5 uL CaCly [1 M]

13.5 pL CaCl; [1 M]

6.3 uL K;HPO,4 [1 M]

6.3 UL K;HPO,4 [1 M]

6.3 UL K;HPO,4 [1 M]

6.3 UL K;HPO4 [1 M]

Water bath

Water bath

Oven

Oven
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After four days a 500 pL sample is taken from each suspension, this sample is centrifuged for 6 min at
5000 rpm followed by the removal of the supernatant. Last ethanol is added to remove excess salts,
the sample is centrifuged again, and the supernatant is removed. Numerous structures are present
around the fibrils in both the water bath and oven sample, unfortunately no structures present inside
the fibril. These results are supported by the electron diffraction images from the two control samples.
Nevertheless, the control experiments display pre-nucleation structures similar to the work of
Nudelman et al. and Habraken et al. ®©

Figure 38: Day 4, minerals around collagen fibrils for both water bath (a) and oven sample (c). Electron diffraction from the
water bath (b) and oven control sample (d).

At the seventh day additional samples are taken from the oven suspensions. The samples are treated
identical to described above. Surrounding the fibril are equivalent structures as seen at day four,
however, in the bulk solution two new features appear. Large structures resembling the amorphous
calcium phosphate as visualized by Habraken et al. ® and needle like structures that appear to be in
line with the work of Fijneman *°. These structures are more evident in the control sample.

Figure 39: Day 7, structures present around fibril and in the bulk suspension (a). b) Electron diffraction from bulk structures
displaying presence of crystalline phenomena. c) control sample structures and the electron diffraction (d).
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The final experiment involves some minor changes to the addition order of the components, changes
in the collagen concentration, and the use of an oil bath. For this experiment multiple stock solutions
are made. First, solution a, 124.3 mg of HEPES dissolved in 50 mL milli-Q water and pH tuned to 7.4.
Second, two 10 mL portions of solution a are taken and named aiso and ase to which 1.5 and 0.5 mg

of pAsp are added respectively. Last, solution B, 15 mL of solution a is taken and 63 pL 1.0 M K;HPO4
is added.

Table 4: Mineralization experiment 3.

Suspension | Suspension 1l Suspension Il Suspension IV

1.5 mL solution auso | 1.5 mL solution aiso | 1.5 mL solution aso 1.5 mL solution aso

1.5 mL solution B 1.5 mL solution 1.5 mL solution B 1.5 mL solution B

15 mg collagen 15 mg collagen 15 mg collagen 3 mg collagen supernatant
13.5 uL CaCl; [1 M] 13.5 pL CaCl; [1 M] 13.5 pL CaCl; [1 M] 13.5 pL CaCl; [1 M]

Oil Oven Oven Oven

Samples are taken at the fifth day and pre-treated in the same fashion as mentioned earlier. In the
case of suspension | and Il results are very close to the work of Nudelman et al. ® with plate-like
structures being present in the fibrils together with indications of swelling. The oil bath appears to
deliver the best results. Suspension lll and IV indicate increased crystallization outside the fibril partly
as expected since pAsp is a known crystallization inhibitor for the CaP. Electron diffraction images
support this increased presence of crystalline structures. Please note that the liquid cell cannot
undergo oil bath treatment, therefore direct mineralization using this approach is not possible.

Figure 40: a) Oil bath sample with plate-like structures and fibril swelling. b) Oven sample with similar structures as oil but

less obvious. c) Reduced collagen and pAsp concentration leading to crystallization outside the fibril. d) Electron diffraction
from the crystal structures.
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Appendix 3: sciTEM workflow
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