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Summary

Macromolecules can self-assemble in solution into a wide range of complex morpholo-
gies. By tuning the self-assembly conditions the macromolecules associate into well-
defined supramolecular structures. Such structures find applications in bioimaging,
drug delivery, food science and also as templates for the synthesis of inorganic ma-
terials. In this thesis the self-assembly of (bio)polymers in solution as well as their
application as directing agents for the formation of silica structures is studied. To
this end, two model systems have been employed: 1) a well-defined synthetic block
copolymer made of polystyrene-b-poly(ethylene oxide) (PS-b-PEO) known for form-
ing kinetically trapped structures and 2) collagen type I, the most abundant protein
in animals.

In the first part of this thesis, a kinetic state diagram approach is presented to
study the self-assembly of highly asymmetric block copolymers that form kinetically
trapped structures via a solvent-switch method (chapter 3). The systematic study of
the effects of varying temperature, polymer concentration and solvent-switch rate of
the experiments leads to the construction of three dimensional state diagrams that are
useful for gauging the range of accessible morphologies within a given parameter space
of experimental conditions and providing a basic understanding of the mechanistic
connection between morphologies. Then the influence of adding silica particles during
and after the self-assembly of PS-b-PEO in solution is studied in chapter 4. The final
morphology of the hybrid polymer-silica structures and the distribution of the silica
particles within the polymer template are dependent on the polymer concentration
and the order of addition and the size of the silica nanoparticles.

The second part of this thesis focuses on the self-assembly and silicification of col-
lagen type I with the goal in mind of creating scaffolds for tissue engineering applica-
tions. After a comprehensive literature review on collagen structure and silicification
presented in chapter 5, the formation of collagen hydrogels is studied. A “systems
approach” that includes efficient statistical sampling based on design of experiments,
high-throughput automated data collection and automated data analysis is employed
in chapter 6 and chapter 7. Several assembly parameters are simultaneously screened
to understand their individual and combined influence on the kinetics and morpho-



logical aspects of collagen self-assembly. The result is a predictive model that links
the most relevant parameters with the hydrogel properties. Given that the resulting
hydrogels are biocompatible but lack the mechanical strength needed to be considered
as scaffolds for tissue engineering, the silicification of the collagen hydrogels is inves-
tigated in chapter 8. It is shown that collagen-silica hybrids with controlled silica
content and tunable mechanical properties can be obtained.

This thesis concludes with a section on how the approaches used to study the
self-assembly and silicification of these two different model systems can be extended
to other macromolecules and processes.
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Samenvatting

Macromoleculen in oplossing kunnen zelf-assembleren tot allerlei complexe morfolo-
gieën. Afhankelijk van de assemblagecondities vormen de macromoleculen een spec-
ifieke supramoleculaire structuur. Zulke structuren vinden bijvoorbeeld toepassing
in medische beeldvorming, afgifte van medicijnen, levensmiddelentechnologie en als
mal voor de synthese van anorganische materialen. In dit proefschrift wordt de
zelf-assemblage van (bio)polymeren in oplossing en hun toepassing om specifieke
silica structuren te vormen beschreven. Hiervoor wordt gebruik gemaakt van twee
modelsystemen: 1) een goed gedefinieerd, synthetisch blokcopolymeer bestaande uit
polystyreen-b-poly(ethyleenoxide) (PS-b-PEO), waarvan bekend is dat deze poly-
meren in water kinetisch gefixeerde structuren vormen, and 2) collageen type I, het
meest voorkomende eiwit in zoogdieren.

In het eerste deel van dit proefschrift wordt een aanpak gepresenteerd voor de
studie van de zelf-assemblage van asymmetrische blokcopolymeren met behulp van
een kinetisch fasendiagram (hoofdstuk 2). De gevormde polymeer-structuren wor-
den kinetisch gefixeerd middels een uitwisseling van het oplosmiddel. Op basis van
een systematische studie naar de invloed van temperatuur, polymeerconcentratie en
snelheid van oplosmiddeluitwisseling op de zelf-assemblage worden drie-dimensionale
fasendiagrammen geconstrueerd. Deze diagrammen geven een overzicht van de relatie
tussen de morfologie en de experimentele parameters die zijn gebruikt om de struc-
turen te maken. Daarnaast helpen ze om begrip op te bouwen van het mechanisme
dat leidt tot de verschillende morfologieën. Vervolgens is de invloed van het toevoe-
gen van silicadeeltjes tijdens en na de zelf-assemblage van PS-b-PEO bestudeerd in
hoofdstuk 4. De uiteindelijke morfologie van de hybride polymeer-silica structuren en
de distributie van silica deeltjes binnen deze structuren zijn beide afhankelijk van de
polymeerconcentratie, de volgorde van het toevoegen van componenten en de grootte
van de silica nanodeeltjes.

Het tweede deel van dit proefschrift behelst de zelf-assemblage en silicificatie van
collageen type I, met als doel het creëren van matrices voor een toepassing in de
weefselkweek. Na een uitgebreid literatuuronderzoek (hoofdstuk 5) over collageen-
structuur en silicificatie, wordt het maken van collageen hydrogelen bestudeerd mid-
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dels een “systeemaanpak” (zie hoofdstuk 6 en hoofdstuk 7). Deze aanpak omvat een
efficiënt experimenteel ontwerp waarbij op geautomatiseerde wijze grote aantallen
monsters worden bestudeerd, gevolgd door geautomatiseerde data-analyse. Via deze
systeemaanpak worden verschillende parameters van het assemblageproces tegelijker-
tijd onderzocht om hun individuele en gezamenlijke effect op zowel de kinetische als
morfologische aspecten van collageen zelf-assemblage te ontrafelen. Het resultaat is
een voorspellend model dat een verband legt tussen de relevantste parameters en de
eigenschappen van de gevormde hydrogelen. Hoewel de gevormde hydrogelen geschikt
zijn voor biologische toepassingen, missen ze de vereiste mechanische eigenschappen
voor gebruik in weefselkweek. Daarom is de silicificatie van de collageenhydrogelen
onderzocht in hoofdstuk 8. Hybride structuren bestaande uit collageen en silica zijn
succesvol gevormd, waarbij zowel de hoeveelheid silica als de mechanische eigenschap-
pen gecontroleerd kunnen worden. Ook is aangetoond dat silicificatie de hydrogelen
versterkt.

Dit proefschrift eindigt met een hoofdstuk waarin de gepresenteerde aanpakken
voor het bestuderen van zelf-assemblage en silicificatie en de opgedane inzichten in de
twee besproken modelsystemen toegepast kunnen worden op andere macromoleculen
en processen.
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Chapter 1

Preliminaries

The interplay between an organic matrix or template and an inorganic mineral phase
can give rise to extraordinary structures and properties. Many examples for such
hybrid structures can be found in nature. Nacre, for example, exhibits characteristic
iridescent optical properties, arising from calcium carbonate disks stacked in a chitin
matrix.1 Magnetotactic bacteria can orient themselves and move using the magnetite
that they synthesize in special organelles called magnetosomes.2 Diatoms are famous
for their beautiful and unique cell walls made of hierarchically ordered porous silica
(Figure 1.1 a). Organic components such as proteins (silaffins and silicateins) and
proteoglycans located inside the so-called silica deposition vesicle template and control
the biosynthesis of silica.3 In vertebrate animals, the load-bearing properties of bone
derive from hydroxyapatite platelets hierarchically deposited within a collagen matrix
(Figure 1.1 b).4

Figure 1.1 Hybrid materials in nature. a) Scanning electron microscopy images of the cell
walls of two different diatom species. b) Macroscale image of cortical and spongy bone and
TEM image of a mineralized collagen fibril in bone. a) Reproduced from5 with permission from
The Royal Society of Chemistry. b) Reproduced with permission from.4 Copyright 2014, Acta
Materalia Inc. Published by Elsevier Ltd.
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Chapter 1

These intricate hybrid structures inspired researchers to investigate bottom-up
strategies to synthesize organic-inorganic materials of similar complexity. Organic
macromolecules, both natural and synthetic ones, can be used as templates for the
deposition of inorganic components. Via self-assembly, these macromolecules can
adopt a myriad of morphologies.6, 7 Finding the right way to combine the organic
template with the inorganic moieties and reaching the complexity observed in natural
systems is an unparalleled challenge for synthetic chemists.

In this thesis we explore two different kinds of macromolecules: a highly asym-
metric, amphiphilic diblock copolymer composed of polystyrene-b-poly(ethylene ox-
ide) (PS-b-PEO) and collagen type I, the most abundant protein present in animals,
from sponges to humans.8 The self-assembly of both systems has been widely stud-
ied.9, 10, 11 Highly asymmetric PS-b-PEO block copolymers, with the hydrophobic PS
block considerably larger than the hydrophilic PEO block, self-assemble in solution
into crew-cut aggregates with many different morphologies.9 However, the effect of
the assembly preparation conditions on the final morphology has not been system-
atically investigated. Similarly for the second model system, it is also known that
dissolved collagen type I can assemble into fibrous hydrogels when the original acidic
solution is neutralized and incubated, in most cases, between 20 °C and 37 °C.7 Even
though in the literature we can find numerous examples on how to obtain discrete
structures, a more general approach to mapping and understanding the influence
of the experimental conditions on the final morphology is still missing and will be
addressed in this thesis.

On macromolecular assemblies

We follow two different approaches to study the influence of the experimental con-
ditions on the self-assembly of macromolecules. In the case of the self-assembly of
PS-b-PEO block copolymers, we will follow a “kinetic state diagram approach”. In a
kinetic state diagram approach, the morphologies of the assemblies are mapped out in
diagrams as a function of the experimental conditions. The PS-b-PEO block copoly-
mer forms, as many others with a large hydrophobic block and a high glass transition
temperature (Tg), kinetically trapped structures and the final morphology of these
structures is dependent not only on the polymer characteristics and solution condi-
tions, but also on the preparation method.12 Even though at first one could think
that “kinetically trapped” has a negative connotation and it is an undesired outcome,
this also can be exploited to gain access to the multiple morphologies that one single
block copolymer can adopt under different preparation conditions. In this thesis, we
investigate three experimental parameters: polymer concentration, temperature and
addition rate of the selective solvent. The construction of state diagrams is useful
to assess the different morphologies that can be obtained under common laboratory
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Preliminaries

conditions and can provide basic understanding on the mechanism that is responsible
for the formation of aggregates.

In the case of collagen type I, we follow a different approach. The neutralization
and incubation at 37 °C of an acidic collagen solution leads to the formation of hydro-
gels. These hydrogels are three dimensional networks of interconnected collagen fibres.
The hydrogels can be characterized by their morphological features, such as the fibre
diameter and the porosity, and by the kinetics of the gelation process. The way in
which the neutralization is carried out (collagen concentration, buffer concentration,
temperature, pH or presence of salts, among others) will influence both the mor-
phological and kinetic characteristics.7 Literature on how experimental parameters
influence collagen self-assembly is vast but scattered.13 Moreover, most studies are
performed by varying one parameter at a time, while keeping the remaining param-
eters constant. This approach, although useful, limits our insight into confounding
effects between parameters. In addition, we often see contradictory claims regard-
ing the effect of a given parameter on a given property and that might be due to
confounding effects being neglected. Therefore, we opt for following a “systems ap-
proach” that consists of efficient statistical sampling based on design of experiments,14

high-throughput automated data collection and automated data analysis. With this
approach, we can simultaneously screen the effect of several parameters and their
cumulative effects and derive predictive models that link the parameters that exert
significant effects with the hydrogel properties.

The above two approaches allow the creation of libraries of macromolecular as-
semblies with different morphological characteristics. With these approaches we can
get a fundamental understanding of the influence of different parameters on the self-
assembly of macromolecules and, more importantly, obtain libraries of structures
from where researchers can pick the ones that are most suitable for a certain desired
application.

On silicification

The work on self-assembly of polymers can be extended to investigate the effect of
adding an inorganic precursor on the final morphology and properties of the assem-
blies. We choose to work with silica because of its many industrial and biomedical
applications, due to its abundance and biocompatibility.15, 16, 17 Macromolecules can
direct the formation of inorganic structures by a one-step or a multi-steps approach.
In a one-step approach, both inorganic and organic components are mixed at the same
time, while in a, for example, two-steps approach, first the organic template is formed
and the inorganic component is added subsequently. Originally, silica materials have
been obtained using harsh conditions, such as very high temperatures. Here again
one can find inspiration from nature. For example, diatoms synthesize their “glass”
cell walls and sponges their spicules at ambient conditions. Despite silica being a

7



Chapter 1

well-known and studied material, controlled silicification and formation of complex
silica structures at near ambient conditions remains a challenge.18

In the case of the silicification of PS-b-PEO block copolymer dispersions with silica
nanoparticles as inorganic precursors, we observe that following a one-step approach
gives different morphologies than a two-steps approach. While for a two-steps ap-
proach, the library of PS-b-PEO assemblies can act as a template for the deposition
of silica on the surface, for the one-step (or co-assembly) approach the presence of
silica particles alters the pathway of assembly leading to different structures. The
co-assembly of the block copolymer with silica nanoaparticles via solvent-switch can
lead to hybrid particles with different morphologies than the ones observed in the
absence of silica. With this method, we not only expect to see how the sizes of silica
particles affect the self-assembly of the polymer, but also what kinds of hybrid struc-
tures can be obtained. We aim to develop a simple, fast and reproducible method to
obtain submicron-sized polymer-silica particles with complex internal morphology by
changing the preparation conditions.

The interest behind creating collagen-silica hybrid materials lies in their promising
use as scaffolds for tissue engineering.19 These materials can be used as temporary
suitable environments that promote tissue regeneration.20 Designing a successful scaf-
fold implies a trade-off between the mechanical strength needed to support cell growth
and the porosity needed for cell-adhesion and mass transport. While collagen alone
will be too soft for most applications and minerals alone can be too brittle, combin-
ing the two can lead to scaffolds with synergistic properties. We design a multi-step
process to silicify collagen hydrogels controlling the silica content and the mechanical
properties of the resulting material. The silica coverage throughout the hydrogel is
not homogeneous and a silica gradient is observed from the surface to the interior
of the scaffold. Being able to control the homogeneous silicification of the collagen
hydrogels, we can also prepare scaffolds with gradients on silicification. Combining
the knowledge obtained on how to design hydrogel scaffolds with determined morpho-
logical characteristics and controlling their silicification (either homogeneously or in
a controlled gradient) will lead to hybrid materials with similarities to natural tissues
with intrinsic heterogeneity.21

Outline of the thesis

This thesis aims to understand how the experimental variables, the preparation meth-
ods and the presence of silica precursors can affect the final morphology and properties
of the assemblies formed by the self-assembly of macromolecules in solution.

In Chapter 2 we provide an overview of the fundamentals behind polymer self-
assembly and the characterization of soft matter using advanced electron microscopy
techniques.
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A kinetic state diagrams approach to study the self-assembly of a well-defined
highly asymmetric PS-b-PEO block copolymer in solution via a solvent-switch pro-
cedure is presented in Chapter 3. We systematically study with transmission elec-
tron microscopy the influence of temperature, concentration and time scale of the
solvent-switch process on the final morphology of the assemblies. We show that the
construction of state diagrams for a single block copolymer is useful to asses the
range of morphologies accessible for the block copolymer in the explored space state
and to gain basic understanding on the mechanistic connections between co-existing
morphologies.

In Chapter 4 we report an investigation on the influence of adding silica nanopar-
ticles during the self-assembly of PS-b-PEO block copolymer and compare this with
the addition of silica nanoparticles to pre-formed PS-b-PEO assemblies. We observe
that for both cases we obtain hybrid particles due to the affinity of the ethylene oxide
groups of the PEO block for silica particles. While for the two-steps approach we
see that the surface of the block copolymer assemblies are covered by silica parti-
cles, for the one-step approach (co-assembly) we observe different hybrid structures
depending on the experimental conditions. Both the polymer concentration and the
silica particle size influence the final morphology and distribution of silica within the
template.

Following a comprehensive review on collagen type I structure, self-assembly and
silicification in Chapter 5, we study the effect of five relevant biological factors and
their interactions on the self-assembly of collagen type I using a systems approach in
Chapter 6. We use a workflow that consists on: the design of an efficient method of
experimentation based on statistics, the collection of data in a high-throughput and
automated way and automated data analysis. We determine which parameters exert
a significant effect, including important confounding effects that are often neglected.

In Chapter 7 we extend the systems approach of Chapter 6 to obtain functional
relationships that link the experimental factors with the collagen hydrogel properties.

Collagen-silica scaffolds are the topic of Chapter 8. We present a strategy to
silicify collagen hydrogels and discuss the possibility of these scaffolds of meeting the
requirements needed for tissue engineering applications.

Finally, the results obtained from this thesis are summarized in Chapter 9 and
put into perspective, providing an outlook for future work.
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Chapter 2

Self-assembly of block copolymers

2.1 General introduction

A wide range of biologic and synthetic molecules can self-assemble into a wide variety
of ubiquitous morphologies.1, 2 Think of the bilayers of phospolipids that form the
membranes of living cells and organelles or look at the molecules of soap that form
micelles that help us washing the dishes to find examples of molecular self-assembly.

The self-organisation of small molecular amphiphiles (molecules with both a solvo-
phobic and a solvophilic part) in a selective solvent has been widely studied, both in
bulk and in solution.3 They can form different morphologies such as spherical mi-
celles, cylindrical micelles, bilayers or vesicles (Figure 2.1 a). For low molar mass
amphiphiles such as surfactants with a solvophobic tail and solvophilic head group,
the morphology can be estimated theoretically by calculating the packing parameter
p, proposed by Israelachvili et al.:4

p =
v

a0lc
, (2.1)

where v is the volume of the solvophobic chain, lc the length of the solvophobic chain
and a0 the contact area of the tail with the solvophilic head group.

Amphiphilic block copolymers are the high molar mass analogues of small am-
phiphiles. They are formed by two or more covalently bound polymers and can
access a broader range amount of morphologies than small amphiphiles due to their
higher molecular mass1 (Figure 2.1 b): the long chains of the different parts give rise
to an increased number of chain configurations so there are more degrees of freedom.
While for small surfactants we can use the packing parameter to predict the final
morphology, we should be careful when using it for block copolymers as the poly-
mer chain statistics plays a role and, moreover, they often form out-of-equilibrium
structures.5, 6 The packing parameter fails to explain why the preparation pathway
influences the final morphology adopted by a single polymer.
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Figure 2.1 Block copolymers can self-assemble into a wide range of morphologies. Some
examples of morphologies adopted by block copolymers are: such as 1) spherical micelles,7 2)
cylindrical micelles and vesicles,7 3) stomatocytes,8 4) multicompartmental cylinders,9 5) seg-
mented bilayers,10 6) multilamellar vesicles,11 7) bicontinuous spheres12 and 8) helical micelles.13

1,2) Reprinted with permission from.7 Copyright 2002, American Chemical Society, 3) Reprinted
with permission from.8 Copyright 2010, American Chemical Society. 4) From.9 Reprinted with
permission from AAAS. 5) Reprinted with permission from.10 Copyright 2006, American Chem-
ical Society. 6) Reprinted with permission from.11 Copyright 2015, Wiley‐VCH. 7) Reproduced
with permission from.12 Copyright 2008, Wiley-VCH. 8) Reproduced from13 with permission from
The Royal Society of Chemistry.

The morphology that block copolymers can adopt in bulk or in solution is deter-
mined mainly by a balance between three contributions: the core-chain stretching,
corona-chain repulsion and interfacial tension between the core and the solution.1
Factors such as polymer composition and concentration, solvent nature and tempera-
ture affect those contributions and hence play a role in tuning the resulting preferred
morphologies.14 Some of the variables are directly related to thermodynamics while
others also have a kinetic nature that often is neglected when trying to explain the
observed morphologies of the self-assembled structures.

The effect of block copolymer composition and architecture on the resulting mor-
phology in the bulk and in solution has been largely explored.1 Different synthetic
methods are used to produce block copolymers with different multiblock molecular ar-
chitectures (linear, branched, dendrimeric, cyclic, etc) and block length. Controlled
and living polymerization reactions15, 16 in combination with click chemistry17 are
used to produce block copolymers with a desired molar mass, composition, archi-
tecture and functionality. With the available synthetic tool kit, polymer chemists
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Figure 2.2 Typical structures of block copolymers. a) Block copolymer composition con-
taining up to three types of blocks: A (blue), B (red) and C (green). b) Examples of different
block copolymer architectures.

can synthesize an enormous range of polymer structures with different degrees of
complexity. However, it is challenging to decide upfront which polymers need to be
synthesized to generate certain desired morphologies. Therefore, it is essential to
understand the relation between block copolymer architectures and composition with
respect to the resulting structure and physical properties.

2.2 Self-assembly of diblock copolymers

The self-assembly of diblock copolymers in bulk (in absence of solvent) has been
widely studied for the last 60 years and it is well understood, both experimentally
and theoretically.18, 19 The microphase separation typical for these systems is a func-
tion of the block composition and can lead to different morphologies such as spheres,
cylinders, bicontinuous gyroids and lamellae.18 This is dictated by the volume frac-
tions of the blocks, the degree of polymerization and the incompatibility between the
two blocks, quantified by the Flory-Huggins parameter. In such pure polymer systems
the process is mainly thermodynamically driven, with kinetics playing a less relevant
role.

The presence of solvent increases the complexity of block copolymer self-assembly.
Now, not only the interaction parameter between the two different blocks is relevant,
but also the interaction of these blocks with the solvent(s) mediates the final mor-
phologies. Amphiphilic diblock copolymers can be classified according to the kind
of aggregates they form: “star-like” aggregates (the solvophilic block is larger that
the solvophobic block) and “crew-cut” aggregates (the solvophobic block is larger
than the solvophilic block). While the first ones mostly form spherical micelles, the
second ones can form multiple different morphologies (Figure 2.3). In contrast with
star-like aggregates, crew-cut polymers cannot be directly dissolved in water due to
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their high hydrophobic content. Depending on the characteristics of the hydrophobic
block, different preparation methods can be used to obtain block copolymer aggre-
gates in solution. The solvent-switch and film-hydration methodologies are the most
commonly used tools used for glassy and flexible hydrophobic blocks, respectively.1

Figure 2.3 TEM images of typical crew-cute aggregates formed by PS-b-PEO block
copolymers. In the schematics, red represents the hydrophilic block and blue the hydrophobic
block. 1) Rods, 2) vesicles, 3) large compound micelles20 and 4) hexosomes.21 1,2,3) Reprinted
with permission from.20 Copyright 1996, American Chemical Society. 4) Reproduced with per-
mission from.21 Copyright 2017, Wiley‐VCH.

2.3 Characterization of self-assembled structures

The analysis of soft matter and self-assembled nanostructures in solution is mostly
done with electron microscopy (EM) and scattering techniques.22 In this section we
will briefly discuss the EM techniques, as they represent the main characterization
techniques used in Chapters 3 and 4.

Conventional or dry state Transmission Electron Microscopy (TEM) has been the
most common microscopy technique used to study the self-assembly of block copoly-
mers. This technique allows the direct observation of the particles. In order to prepare
the specimen for imaging, the self-assembled structures in solution are generally dried
onto a carbon film supported by a copper grid (although different substrates are avail-
able when the sample requires it). In addition, staining agents are commonly used to
enhance the contrast of certain features of the specimen. During the drying process,
the sample can undergo modifications such as aggregation, clustering or collapse of
the structures. Besides the possible artefacts due to the sample preparation, it is im-
portant to remember that soft matter is vulnerable to radiation effects. Despite these
limitations, dry state TEM has been successfully used for decades to characterize and
classify morphologies.23, 24 In general, polymers with low Tg, such as methacrylate
based polymers, are affected by drying effects (Figure 2.4 a)11 while polymers with
high Tg (for example, polystyrene based polymers as the one shown in Figure 2.4 c)
are less affected.

The development of cryogenic (cryo) TEM introduced the possibility of imag-
ing samples in solution, in their near-to-native state. The liquid sample containing

16



Self-assembly of block copolymers: an introduction

macromolecular assemblies is deposited onto an appropriate support, blotted into a
thin liquid film and immediately plunged into cryogenic liquids such as nitrogen or
ethane. The sample cools so fast that the particles retain their temporal and spatial
arrangements in a thin layer of vitrified ice. This method eliminates the drying effects
of dry TEM, as shown in Figure 2.4 b. The plunge vitrification method opens up the
possibility of following process over time with nanoscale resolution.25

Figure 2.4 Difference between dry and cryo TEM. a) Negative staining TEM of a low Tg

PEO47-b-PODMA20 sample. The internal structure is not visible (scale bar: 500 nm). b) Cryo
TEM of the PEO47-b-PODMA20 sample reveals the internal structure of the aggregate (scale
bar: 100 nm). c) Unstained dry TEM of high a Tg PS250-b-PEO45 sample and d) Cryo-TEM of
PS250-b-PEO45 (scale bars: 200 nm). a,b) Reproduced with permission from.11 Copyright 2015,
Wiley-VCH.

In order to study the internal structure of polymer assemblies, (cryo) Electron
Tomography (ET) is used.12 Through the acquisition and posterior alignment of a
series of 2D (cryo) TEM images from different angles, a 3D intensity map of the
specimen can be reconstructed. In Figure 2.5 we illustrate this with an example of
an ET performed on a hybrid block copolymer-silica structure. After choosing the
particle of interest, 2D TEM images at different tilt angles are taken (Figure 2.5 a).
The amount of tilt images and the detail we can get from the sample will depend
on the amount of radiation that the sample can handle. These images are aligned
with respect to the tilt axis (Figure 2.5 b) and the 3D intensity map is reconstructed
with the help of a suitable software such as IMOD.26, 27 We can then look at different
numerical cross-sections within the reconstructed particle to prove that, in this case,
silica particles are found inside the structure (Figure 2.5 c). To aid with visualization,
further treatment of the 3D intensity map can be performed using specialized software
such as Avizo (Figure 2.5 d).

Recently, Liquid Phase Electron Microscopy (LP-EM) started being used to study
soft matter.28 Even if this technique is in its early stages and has been mostly used
to study inorganic systems, with appropriate experimental settings even the dynamic
self-assembly of polymers in solution can be monitored.29
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Figure 2.5 Electron Tomography performed on a block copolymer-silica hybrid structure.
In order to establish whether the silica particles are located inside or outside of the PS-b-PEO
block copolymer assembly, a series of tilt images at different angles of the particle of interest are
taken (a). After alignment of the 2D projections (b), the 3D intensity map is reconstructed and
can be analysed (c). Finally, Avizo can be used to aid with visualization (d).

2.4 Thermodynamics versus kinetics

When small amphiphilic surfactants reach the critical aggregation concentration, they
form assemblies that are highly dynamic. The surfactant molecules (also called
unimers) in the aggregate constantly exchange with the unimers in solution and the
properties of the aggregates are under thermodynamic control. In the case of block
copolymers, the increased molar mass causes a decline in the chain exchange kinet-
ics.30 The slow unimer exchange frequently leads to kinetically trapped structures,
although the structure of the aggregates might still change through their fission or
fusion.

For thermodynamically controlled processes, the final morphology of the aggre-
gates will depend only on the composition and temperature of the system to reach
the global minimum. In contrast, for kinetically controlled experiments, the pathway
followed during the self-assembly process will lead to different local minima of energy.
The preparation method often influences the final morphology. As mentioned before,
crew-cut aggregates cannot be formed by direct dissolution of the block copolymer
in a selective solvent. A solvent-switch process is typically used.1 During this kind
of process, the block copolymers are first dissolved in a so-called good solvent that
has affinity for both hydrophilic and hydrophobic blocks. Subsequently, a selective
solvent (usually water) is added to the block copolymer solution. At low water con-
tent, morphological transitions can occur faster than the rate of addition of solvent.
Then the system can reach thermodynamic equilibrium as long as the mobility of the
hydrophobic chains remains sufficiently large. Increasing the water content will slow
down the kinetics of unimer exchange, but the system can still be equilibrated if the
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time between water additions is long enough. The amount of time that the system
will take to equilibrate can range between seconds at low water content to weeks at
high water content. When the time of the experiment is shorter than the equilibration
time, the system typically gets kinetically trapped.

It is common to consider a system as thermodynamically controlled when no struc-
tural changes are observed after a certain period of time. Early work done by Zhang
and Eisenberg31 shows that thermodynamic versus kinetic control of the aggregate
morphology can depend on water content and the preparation method. At lower
water content, they observed that self-assembled structures composed of PS-b-PAA
block copolymer adopt the same morphologies independently of whether the polymers
were dissolved in DMF:H2O mixtures or if water was added to a polymer solution in
DMF. At higher water contents, the different preparation methods lead to different
morphologies, implying that at least one of the processes is kinetically controlled.

As will be described in Chapter 3, different morphologies can coexist and inter-
mediate structures can be trapped in systems that are under kinetic control. A single
polymer can assemble into several different structures that are kinetically trapped
which may also be stable in solution for time spans appropriate for many applica-
tions.2 The vast amount of morphologies that can arise from the assembly of one
single block copolymer composition makes it worth to explore different preparation
methods. The collection of such experiments results in the construction of kinetic
states diagrams and they provide a useful overview of the possible structures that can
be generated using a single block copolymer type.
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Kinetic state diagram for a highly asymmetric
PS-b-PEO block copolymer in solution

Polymer self-assembly is used to form nanomaterials with a wide range of structures.
While self-assembly of polymers in bulk has been thoroughly explored, the same pro-
cess in solution remains widely used but partially unresolved, due to the formation of
structures which are often kinetically trapped. In this Chapter we report kinetic state
diagrams of polystyrene-b-poly(ethylene oxide) block copolymer in water by changing
the solvent-switch assembly conditions. We study 36 different conditions for a single
block copolymer, exploring three parameters: polymer concentration, temperature
and rate addition of selective solvent. The data shows that polymer concentration
plays an important role in determining which morphologies are accessible within a
given set of experimental parameters and provides evidence that vesicles can evolve
into particles with complex internal structures, supportive of recent mechanistic stud-
ies. Most importantly, the data shows a complex relationship between all parameters
and the resulting kinetically trapped morphologies indicating the combined in situ
and ex situ studies are required to gain a fundamental understanding of kinetically
controlled block copolymer assembly processes.

Based upon M.P. Vena, D. de Moor, A. Ianiro, R. Tuinier, J. Patterson. Kinetic state diagrams
for a highly asymmetric block copolymer assembled in solution. Soft Matter, 10.1039/D0SM01596B,
2020

23



Chapter 3

3.1 Introduction

Block copolymers can self-assemble in solution into a wide range of nanostructures
that find application in catalysis,1 drug delivery2 and as templates for the synthesis
of inorganic materials.3, 4 The performance of these materials is often related to their
ability to encapsulate, transport and release small molecules, which is highly depen-
dent on their morphology. Consequently, there has been significant research dedicated
to understanding how to predict and control the morphology of block copolymers as-
semblies.5

The most important consideration when investigating a specific block copolymer is
whether the self-assembled structures form under thermodynamic or kinetic control.6
Self-assembly of unimers such as block copolymers is the spontaneous arrangement
into supramolecular larger and higher order structures.7 The block copolymers go
from a high energy state to a lower energy state upon the application of a stimu-
lus. The lower state of energy can be either a global minimum or a local minimum,
which will be determined by the free energy landscape, the starting configuration
and the energy of the system. If the global minimum free energy is reached the
system is “thermodynamically controlled”. The system may however also be “ki-
netically trapped” in a local minimum. For thermodynamically controlled processes
the morphology is determined by the macromolecular structure, the solution com-
position and the temperature.8 There are several theoretical approaches9 which can
accurately predict the morphology of thermodynamically controlled block copolymer
assemblies including self-consistent field theory10, 11, 12, 13, 14 and density functional
theory (DFT).15, 16, 17 Monte Carlo (MC) and (coarse grained) Molecular Dynamics
(MD)18, 19, 20, 21 can be performed to verify the theoretical results,9 or study cases
where theoretical approaches fail. Experimentally, thermodynamically controlled as-
semblies are typically investigated by synthesizing a library of block copolymers with
different molecular weights and block ratios and assembling them at a fixed condition.
For the experimental and theoretical approaches, the results are typically displayed as
phase diagrams, which show how the assembled morphology varies with the molecular
composition of the polymer.5 However, the approaches which have been successful for
thermodynamically controlled assemblies fail to explain why the morphology of block
copolymer assemblies is often dependent on the self-assembly pathway.22, 23, 24, 25, 26

For kinetically controlled processes the morphology is determined by the macromolec-
ular structure and composition and the assembly method. Consequently, the investi-
gation of kinetically controlled processes requires fundamentally different approaches.
The most common approaches are:

1. to use an assembly method which provides access to low free energy struc-
tures and then investigate the assembly as a function of the macromolecular
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structure.10, 26, 27, 28 The results can then be largely interpreted from a ther-
modynamics perspective.

2. select a single macromolecular structure and investigate the assembly as a func-
tion of the assembly method.28, 29, 30 The results for these experiments must be
interpreted from a mechanistic perspective considering the thermodynamics and
kinetic of how the assemblies evolve in solution. Consequently, it is common to
study the self-assembly mechanisms using in situ or ex situ analytical approaches
that can resolve morphology evolution during self-assembly.31, 32, 33, 34

While in situ and time-resolved ex situ studies provide great insight into the
mechanism of self-assembly, they are typically only applied to a small number of as-
sembly pathways, as their application is time consuming and can require high-end
instrumentation. Here we investigate the assembly of a kinetically controlled block
copolymer using a kinetic state diagram approach. The state diagrams show, for a
single macromolecular structure, how the morphology varies as a function of the self-
assembly conditions. As a model system we selected to study the self-assembly of a
polystyrene-b-poly(ethylene oxide) block copolymer (PS250-b-PEO45) using a tetrahy-
drofuran (THF) to water solvent-switch procedure. This is an ideal model system as
polystyrene is well known to form kinetically trapped assemblies in water and crew-
cut block copolymers are known to form a wide range of morphologies.32, 35, 36, 37, 38

Either by changing the molar mass of the block copolymer or the hydrophilic to
hydrophobic blocks ratio and the polymer architecture (i.e. linear, branched, den-
drimers) or by changing the solution conditions (mainly the election of the co-solvent),
the assembly can lead to different morphologies: spherical micelles, cylindrical mi-
celles,35 vesicles and stomatocytes,39 tubules and rod-like structures,36, 37 large com-
pound micelles,36 large compound vesicles,37 porous cubosomes and hexasomes,32, 38

and others. The low PEO content favours the formation of crew-cut aggregates.
The kinetic state diagrams are constructed by variation of the starting polymer

concentration, the rate of water addition, and the solution temperature. The purpose
of constructing these kinetic state diagrams is three-fold: 1) assess the range of acces-
sible morphologies for a given polymer within a given set of experimental conditions,
2) to determine how the self-assembly parameters influence the morphology and 3)
provide insight into self-assembly mechanisms.

3.2 Methods

PS250-b-PEO45 (MnNMR = 28 000 g/mol, Đ = 1.17) was synthesized using an atom
transfer polymerization procedure (details are provided in Section 4.6). As the con-
tent of the glassy PS block (Tg = 95 °C) is relatively high (DPPS = 250), the block
copolymer cannot be directly dissolved in water. Therefore, self-assembly experi-
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ments were performed using a solvent-switch procedure. A 10mg/mL stock solution
of polymer in THF was prepared and aliquots were further diluted with THF to a final
volume of 1mL to reach the specific desired concentration (0.1mg/mL, 1mg/mL and
10mg/mL) for each self-assembly experiment. The polymer solutions were stirred at
a specific temperature (4 °C, 20 °C, 40 °C and 60 °C) at a fixed stirring rate (500 rpm)
using a magnetic stirrer bar. Water was added with a syringe pump at specific rates
(1mL/min, 1mL/h and 1mL/d) to reach a solvent composition of 1:1 v/v THF:H2O
ratio. All other parameters which can influence the self-assembly were fixed (i.e.
vial size, stirring bar size, stirring rate, syringe and needle size). The THF:H2O dis-
persions were dialysed against water at room temperature to remove the THF. The
dispersions were characterized using dry state TEM.

The parameters were selected to span the range of commonly used assembly con-
ditions. Each specific assembly condition is only performed once. This is a deliberate
choice to use the experimental bandwidth to maximize the explored state space. The
downside of this approach is that we do not obtain information on how reproducible
each individual condition is; however, it does allow us to draw robust conclusions by
comparing the result of multiple experiments where a single parameter is fixed.

Details on polymer synthesis, self-assembly experiments, characterization methods
and morphology classification are given in Section 4.6.

3.3 Results and discussion

Self-assembly experiments were performed using a solvent-switch procedure. During
a solvent-switch procedure, polymers assemble as a consequence of an evolving en-
ergy landscape.40 In the pure common solvent (in this case THF), the lowest free
energy state is the dissolved polymer and all the assembled states exist at a high free
energy. As the selective solvent (in this case water) is added, the energy landscape
evolves such that the free energy of the dissolved state increases and the free energy
of the assembled states decreases.40 Self-assembly occurs when the free energy of the
dissolved polymer is higher than the free energy of an assembled state. However,
multiple different assembled states can be at a lower free energy than the dissolved
state.24 Therefore, the self-assembly mechanism is dependent on both the relative
energies of each self-assembled state and the energy barrier between different states.
The energy landscape evolves with each addition of the selective solvent. The mor-
phology will continue to evolve if the energy barriers between states are comparable
with the thermal energy. The morphology gets trapped in a meta-stable state when
the energy barrier become significantly greater than the thermal energy.41 Variation
in temperature affects the evolving energy landscape and the available thermal en-
ergy. Variation in the addition rate of the selective solvent changes the kinetics with
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which the landscape evolves. Although not studied here, variation in the common
solvent will also provide access to different evolving energy landscapes.28, 29

In this study the assemblies were prepared via solvent-switch, while three pa-
rameters were varied: initial polymer concentration, temperature and rate of water
addition. This resulted in 36 aqueous dispersions of PS250-b-PEO45 assemblies that
were characterized and classified by dry state TEM. This technique is suitable to study
this system for two reasons. On the one hand, the physical stability and robustness
that the PS block gives to the copolymer preserve its structure after drying.42 On the
other hand, the PS block gives high contrast, making the use of staining agents un-
necessary. The assemblies were classified based on their 2D projection images and line
profiles (as shown in Figure 3.6 in Section 3.6.4). For some of the more complex struc-
tures, electron tomography has been employed to fully resolve the 3D structure.43, 44

However, since the morphologies found here have been well studied previously,45, 46

we can assign the morphology from the 2D projection images with confidence.

3.3.1 Overview of PS250-b-PEO45 assemblies in water

All 36 dispersions were characterized by TEM. An initial screening by TEM revealed
that PS250-b-PEO45 can form at least nine different morphologies. These included
large compound micelles, vesicles, nanobowls, bicontinuous spheres and hexagonal
hollow hoops, that are common to block copolymer assemblies in water.5 Most mor-
phologies were spherical and could be categorized by their surface and internal struc-
tures, as shown in Figure 3.1. The surface structures were observed to be solid (S),
broken (B) or porous (P) and the internal structures were observed to be hollow (H),
solid (S), contain isolated pores (IP) or contain connected pores (CP). A description
of how each morphology was assigned is provided in Section 3.6.4.

This results in a matrix with 12 possible morphologies based on the combination
of the different surfaces and internal structures (Figure 3.2). A vesicle structure
is categorized as having a solid shell and a hollow core. A bicontinuous particle
is categorized as having a porous shell and a core with connected pores. A large
compound micelle is categorized as having a solid shell and a solid core. Within the
36 dispersions, 9 of the 12 possible core-shell combinations were found (Figure 3.2).
This indicates that the self-assembly pathway plays a significant role in the formation
of both the surface and internal structures of block copolymer nanoparticles.

3.3.2 Kinetic state diagrams of PS250-b-PEO45

To determine how the self-assembly parameters influence the morphology, kinetic
state diagrams were constructed as a function of starting concentration, solvent-switch
rate and temperature. For clarity these are displayed as three two-dimensional kinetic
state diagrams, and for samples containing multiple morphologies only the dominant
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Figure 3.1 Schematic representation of the different types of surface and internal struc-
tures observed for the morphologies adopted by PS250-b-PEO45 in solution. Top row: The
surface can be classified as Solid (S), Broken (B) and Porous (P). Low row: The internal structure
can be classified as Hollow (H), Solid (S), contains Isolated Pores (IP) and contains Connected
Pores (CP).

morphology is presented (Figure 3.3). The dominant morphology is based on number
of particles by inspection of an average of 100 particles in the TEM micrographs. De-
pending on the specific application, it could be more appropriate to classify dominant
morphologies based on particle mass. A complete description of each sample can be
found in Table 3.1 in Section 3.6.4, where it can be seen that the majority of samples
contained multiple morphologies. A quick inspection reveals that by increasing the
polymer concentration a larger variety of structures can be accessed.

Kinetic state diagram at initial polymer concentration 0.1mg/mL

The self-assembly of PS250-b-PEO45 at an initial concentration of 0.1mg/mL (Figure
3.3 a) results in three main morphologies that coexist for almost all the studied
conditions: S(S), B(S) and B(IP).

The S(S) morphology can be classified as large compound micelles (LCM) with
sizes ranging from 80 nm to 280 nm. These structures are thought to be mechanisti-
cally related to the so-called nanobowls: polydisperse large spheres with one or more
voids asymmetrically located which can even break at the surface of the aggregate.
All these aggregates are formed by an assembly of reverse micelles. They present
particular interest for energy storage or as nanomotors. These bowl-like structures
are ubiquitous throughout the state diagram. The internal structure of the core of
the nanobowls can, however, be less or more complex under different conditions. At
low concentration, it is either solid or presents isolated pores. We refer to these
morphologies as B(S) and B(IP).

The bowl-like structure was reported for the first time for highly asymmetric tri-
block copolymers made of 5-(N,N-diethylamino)isoprene and styrene (PAI-PS-PAI)
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Figure 3.2 Matrix of all possible combinations of surface and internal structures. The red
dashed squares indicate the morphologies that have been found for PS250-b-PEO45 in solution in
this work. TEM micrographs are shown as examples of each morphology.

in dilute solution by Riegel et al.47 Sun et al. managed to form nanobowls with
controlled openings from amphiphilic homopolymers made of poly(2-hydroxy-3-((4-
(phenyldiazenyl)phenyl)amino)propyl methacrylate) benefiting of non-covalent inter-
actions as the driving force.48 Both research groups offer a similar explanation on
the formation of these structures. LCM composed of inverse micelles are first formed
by the addition of water to the polymer in organic solution. As the water addition
continues, the organic solvent diffuses outside the LCM forming bubbles due to the
shrinkage of the inverse micelles. The bubbles can remain entrapped or can fuse and
break through the surface. Whether the bubbles appear or not depends on how fast
the solvent exchanges compared to the hardening of the shell of the LCM, caused
by the increase of the Tg of the PS block. Sun and co-workers performed a time-
resolved TEM study of the nanobowls formation by quenching the self-assembly of
the homopolymer at different water contents.48 They confirmed that the polymer first
forms spheres. Upon addition of water, the phase separation results in a polymer-
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Figure 3.3 State diagram obtained for PS250-b-PEO45 in function of temperature and
water rate addition. For each condition only the predominant morphology in solution is showed.
Each diagram was constructed at a fixed initial polymer concentration: a) 0.1 mg/mL, b) 1
mg/mL and c) 10 mg/mL.

rich phase and several solvent-rich bubbles, that eventually can coalesce into larger
bubbles. If such a bubble, usually asymmetrically located, is close to the edge of the
sphere, the wall will break.

Interestingly, the bowl-like structures are not limited to homopolymers and di-and
tri-block copolymers. It has been demonstrated that such morphologies can also be
achieved by a solvent-switch method using compounds as diverse as polystyrene, Nile
Red, Styrofoam, polyvinyl chloride and molecular motors.49 With their work, they
showed that the formation of bowl-shaped structures is not necessarily a product of
a self-assembly process but of the precipitation of a compound driven by a solvency
shock, independent of the molecular structure of that compound.

The nanobowls with solid cores are present for all conditions. In contrast with the
observations of Sun et al.,48 where they only see spheres with bubbles during early
stages of water additions, we observe the nano-bowls coexisting with LCM or with
nano-bowls with pores. It is possible that during water addition intermediate states
such as the nano-bowls with porous cores are trapped, although we did not observe
the spheres with bubbles that they report. Moreover, some of the intermediate states
seem to be spheres with many 10 nm sized pores and one asymmetrically located big
pore that did not break through the wall, hence not forming a real bowl.

Inspection of the state diagram does not reveal any clear trend in the morphology
adopted by the block copolymer under changes in temperature or rate addition. We
do observe that when B(S) coexist with S(S), the bowls are double in size than the
S(S) (Figure 3.7 a) and when the B(S) and B(IP), the aggregates with porous internal
structures are double in size than the solid ones.
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Kinetic state diagram at initial polymer concentration 1mg/mL

Upon increasing the initial concentration of PS250-b-PEO45 to 1mg/mL new mor-
phologies appear (Figure 3.3 b). Next to the solid spheres (S(S)) and bowls with solid
and porous internal structures (B(S) and B(IP), respectively), we find particles with
solid surfaces and either hollow internal structure (S(H)) or connected pores (S(CP))
and aggregates with broken surfaces and connected pores (B(CP)). Even though we
do not observe a clear tendency regarding the preferred morphology adopted, it is
clear that internal structures with connected pores are observed for all conditions.

The 2D projections of the internal structures with connected pores observed in
TEM micrographs resemble bicontinuous structures. Eisenberg et al.22 showed the
formation of bicontinuous aggregates in solution by adding water to a PS190-b-PAA20
solution in DMF, although they did not provide a detailed description of the inter-
nal structure. With the use of cryo electron tomography, Parry et al.45 visualized
the internal structure of the bicontinuous particles formed by a norbornene-based
double-comb diblock polymers. They suggested the structure is a branched network
of hydrophobic segments segregated from channels with the hydrated hydrophilic
blocks.44, 45 The bicontinuous morphology has been obtained from comb-like poly-
mers, linear di- and tri- block copolymers, multi-arm and dendrimeric block copoly-
mers.50 While the architecture of the polymer does not seem to be a decisive factor
when designing bicontinuous structures, the hydrophilic content as well as the solution
conditions do play an important role. The bicontinuous structures are promising for
drug delivery,30, 51, 52 dual encapsulation and release of hydrophilic and hydrophobic
compounds,53 biochemical reactors,54 separation30 and templating.3, 55

Interestingly, we do not find S(CP) and B(CP) aggregates co-existing under the
same conditions but they do co-exist with S(H) and B(H), respectively (Figure 3.7
b and c). S(CP) were found under three conditions (at 4 °C and 20 °C at a water
rate addition of 1mL/min and at 40 °C and water rate addition 1mL/d) and always
co-existing with S(S).

B(CP) were found either as the only morphology present (at 40 °C and 60 °C and
rate adittion 1mL/min and at 60 °C and 1mL/d) or coexisting with B(S) (at 20 °C
and 40 °C and rate adittion 1mL/h and at 20 °C and 1mL/d). These B(S) were
also found next to B(IP). The presence of these structures next to nanobowls might
indicate that they are intermediates in the formation of the aggregates. Such kinds
of structures were observed previously for PS-b-P2VP3 and PAGE-b-PLA.56

Lin et al.32 presented a morphology diagram for PS-b-PEO as a function of
relative PS content and polymer concentration, and reported vesicles, large compound
vesicles and bicontinuous structures with different internal organization. Interestingly,
they performed a time-resolved experiment taking aliquots during the self-assembly
of PS236-b-PEO45 and observed that upon increasing the water content, the system
evolves from vesicles to large compound vesicles and to bicontinuous structures. Their
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observation that vesicles are the initial stage in the formation of bicontinuous spheres
supports our idea that we detect intermediate, kinetically trapped states.

Kinetic state diagram at initial polymer concentration 10mg/mL

Further increase of the polymer concentration to 10mg/mL again leads to differ-
ent morphologies by changing the assembly conditions, as shown in Figure 3.3 c.
Aggregates with broken surfaces are less present for higher polymer concentrations,
while aggregates with solid surfaces and hollow cores (vesicles) are now ubiquitous.
In many cases, the vesicles are slightly collapsed, presenting a typical indentation
pattern caused by the difference in osmotic pressure generated during dialysis or an
oblate shape, or even appeared highly collapsed like stomatocytes or kippa shaped.5
Vesicles were present for almost all screened conditions, although size and abundance
varied throughout the diagram. While at a water rate addition of 1mL/h vesicles are
the main morphology found, at lower and higher rate addition they co-exist next to
structures with connected pores.

3.3.3 Discussion

The kinetic state diagrams show that all the studied parameters play a role in the
determination of the final morphology. A qualitative analysis of the kinetic state
diagrams shows that, unlike the phase diagrams which are used for thermodynamically
controlled assemblies, there are no obvious trends in the relationship between the
variable and the final morphology. This indicates that, for this specific polymer, there
is a complex relationship between the self-assembly mechanism and any modification
to the evolving energy landscape.

However, the kinetic state diagrams show a strong relationship between the start-
ing polymer concentration and the range of accessible morphologies. At a starting
concentration of 10mg/mL vesicles (S(H)) were found to be the dominant morphol-
ogy in 7 of the 12 samples, and found as a pure morphology in 2 samples. At a
starting concentration of 0.1mg/mL, 11 out of the 12 samples formed with a solid
internal structure (either B(S) or S(S)) and no samples formed vesicles as the dom-
inant morphology. From a kinetic perspective, higher concentration self-assembly
processes will have more collisions per unit time (a collision can involve individual
polymer chains and/or aggregates of polymer chains).57, 58 Consequently, it could
be expected that high concentrations would lead to particles with higher aggrega-
tion numbers and larger sizes. Therefore, the results presented here, that vesicles
are favoured at higher concentration, might seem counter-intuitive. However, higher
polymer concentrations will result in the first assemblies being formed at lower water
concentrations (i.e. earlier in the solvent-switch process)59 and previous work in our
group showed that the time and to what degree a particle gets kinetically trapped
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during a solvent-switch process is not only dependent on the solution composition but
also on its configuration in the early stage of self-assembly.31 This again highlights
that there is a complex relationship between the individual self-assembly parameters
and the resulting kinetically trapped morphology. Size measurements performed for
aggregates in each condition (without discriminating by morphology) show that the
average particle size increases with temperature, but there is only a weak trend with
increasing polymer concentration (Figure 3.4). It is important to note here that above
30 °C the solubility of the PEO chains in water decreases60 which will significantly
affect the evolving energy landscape.

Figure 3.4 a) Average particle size for all morphologies by rate addition as a function of tem-
perature and initial polymer concentration. b) Average particle size for all morphologies as a
function of initial polymer concentration. The average particle size (without distinguishing be-
tween different morphologies) increases with temperature. A less pronounced increase in average
size is observed with the increase of polymer concentration.

In 21 out of the 36 studied conditions, the assemblies present a broken surface.
The nanobowl structure presents a void that breaks the surface of the aggregate and
has been hypothesized to form due to the collapse of the surface as THF is removed
from the solution during the solvent-switch process.47 Interestingly, these structures
are only found in two conditions at high concentrations, while they are present at
almost all studied conditions at 0.1mg/mL and 1mg/mL (Figure 3.3). Nanobowls
with either a hollow internal structure (B(H)) or with internal pores (B(IP) and
B(CP)) are observed when the concentration is increased, providing further evidence
of the relationship between concentration and which morphologies are accessible.

Although it is known that polymer concentration can influence the morphology of
kinetically trapped block copolymers,23, 30, 59 we believe that concentration is often
overlooked when solvent-switch protocols are designed. Solvent-switch procedures are
often formed in two stages, Stage 1 being the addition of the non-solvent and Stage
2 the dialysis into a pure non-solvent. In Stage 1 there is a continuous decrease in
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polymer concentration whereas in stage two polymer concentration is fixed. It is
possible that concentration can change in Stage 2 due to osmotic pressures difference
resulting in the swelling of the dialysis bag, however this is typically not controllable.
Consequently, designing a solvent-switch procedure where self-assembly occurs at a
specific concentration would require knowledge of the solution composition window
where self-assembly is initiated and then becomes kinetically trapped. This window
depends on the polymer composition, concentration and the specific solvents used.29

Figure 3.5 a) TEM characterization of the PS250-b-PEO45 assemblies (for initial polymer con-
centration 10mg/mL, temperature 20 °C and rate addition of 1mL/min). The selected images
provide insight into a general morphology trend but do not represent a temporal series. The
co-existence of S(H), P(H) and P(CP) indicates that these morphologies are mechanistically re-
lated. Scale bars: 200 nm. b) Particle size and c) membrane thickness of coexisting morphologies
SH, SCP and PCP observed for PS250-b-PEO45 assemblies at an initial polymer concentration of
10mg/mL, at different temperatures and water rate addition.

The state diagrams presented in Table 3.1 in Section 3.6.4 also provide information
about the mechanistic connection between certain morphologies. The solvent-switch
procedure traps metastable structures as they evolve. Consequently, morphologies
that often appear together likely represent different stages in the formation mech-
anism and therefore it is logical to create an image series that depicts a plausible
mechanism based on the observation of many individual structures (Figure 3.5 a).61

However, it should be noted that in situ TEM studies have found that each individual
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assembled structure evolves in a unique pathway,31 and therefore this method can
only be used to provide information on the general morphology evolution and does not
provide a specific temporal series. The data presented in this work, indicates a mecha-
nistic connection between vesicles (S(H)) and particles with internal pores (S(CP) and
P(CP)) as they frequently appear together (Table 3.1). A size comparison of these
structures formed under five different conditions at an initial polymer concentration
of 10mg/mL reveals that in each case the vesicles are significantly smaller than the
particles with internal pores (Figure 3.5 b). This indicates that vesicles evolve into
the particles with complex internal structures (Figure 3.5 a, Figure 3.9) as it can
be expected that the structures will generally increase in size as a mechanism pro-
gresses. At higher temperatures (40 °C and 60 °C) the average membrane thickness
of the vesicles (S(H)) is larger than for the structures with internal connected pores
(Figure 3.5 c). This data is supportive of recent mechanistic studies.30, 32, 62 Lin et
al.32 performed a time-resolved experiment taking aliquots during the self-assembly
in DMF:H2O of two highly asymmetric block copolymers, PS236-b-PEO45 and PS334-
b-PEO45, and observed that upon increasing the water content, the system evolves
from vesicles to what they called large compound vesicles and sponge-like particles,
classified as S(H), P(H) and P(CP), respectively, in our work. The sponge-like parti-
cles further evolved into cubosomes in the case of PS236-b-PEO45 and hexosomes for
PS334-b-PEO45. For the purpose of this study we refer to both cubosomes and hexo-
somes as S(CP). The authors observed that the transition from vesicles to sponge-like
aggregates and hexosomes involves an increase in particle diameter and decrease in
membrane thickness, which coincides with the size trend we observe for the coexisting
S(H) and S(CP) morphologies. Yu et al.30 studied the self-assembly of PS144-b-PAA22
in toluene:methanol mixtures at different polymer concentrations and solvents ratio.30

Instead of following a self-assembly approach, the polymer was added to the solvent
mixture and aliquots were taken over 8 h for characterization. The assemblies un-
dergo a transformation from vesicles that fuse into lamellae and sponge-like particles
to finally reorganize into structures with ordered porous network internal structures.
Parent et al.62 combined in situ liquid-cell TEM observations of block copolymer
micelles with molecular dynamics simulations to show that micellar and vesicle fusion
leads to structures with more complex internal structures. Similar observations can
be made for B(H) and B(CP) assemblies, that coexist in five different samples (Figure
3.8). Due to the complex nature of the assembly process and the wide range of struc-
tures that can form, a complete interpretation of the data from the state diagram
would require automated analysis and is beyond the scope of this report. However,
we believe this approach would be highly valuable when combined with data from
complex in situ measurements of polymer assembly mechanisms.
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3.4 Conclusions

The self-assembly of PS250-b-PEO45 block copolymers was studied using a kinetic
state diagram approach. State diagrams were constructed by performing solvent-
switch experiments and varying the evolving energy landscape. The parameters stud-
ied here were the starting polymer concentration, the temperature of the solution and
the solvent-switch rate resulting in 36 unique self-assembly processes. An important
design feature in the state diagrams is to maximize the explored state space by only
performing each specific assembly process once. Although this decision reduces con-
fidence in the conclusions drawn from any individual experiment, it greatly increases
confidence in the conclusions drawn from the collective experiments. This is impor-
tant because the purpose of the state diagram approach is to draw general conclusions
about the effect of specific parameters. For example, we performed 12 experiments
at each concentration to draw conclusions about the general effect of concentration.

Our collective experiments show that polymer concentration plays a significant
role in determining the range of accessible morphologies, a parameter which is often
overlooked when designing solvent-switch experiments. Our data supports previous
evidence that vesicles can evolve into particles with complex internal structures that
result in an increase in particle size but a decrease in membrane thickness. Perhaps the
most important observation is that all experimental parameters can strongly influence
the final morphology, and the relationship between the variable and the outcome is
complex. This provides further evidence that improving our fundamental understand-
ing of kinetically controlled block copolymer assembly will require detailed mechanis-
tic studies that can probe morphology evolution as a consequence of the evolving en-
ergy landscape. In this effort we believe that the application of kinetic state diagrams
is useful for 1) assessing the range of accessible morphologies, 2) determining which
morphologies are accessible within a given region of the state space and 3) providing
a basic understanding of the mechanistic connection between different morphologies.
Importantly, any mechanism proposed using in situ data should be consistent with
the results obtained from the kinetic state experiments. One limitation of the kinetic
state diagram approach is the time-consuming nature for the experiments. However,
recent developments in the automation of self-assembly experiments and analysis by
TEM63 provide exciting opportunities to apply this approach more broadly.
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3.6 Materials and methods and further considerations

3.6.1 General methods

Reagents were purchased from commercial sources and used without further purifica-
tion.

1H Nuclear Magnetic Resonance. The number-averaged molar mass of the
synthesized copolymers was calculated by 1H NMR, carried out on a Varian 400 (400
MHz) spectrometer at 25 °C in deuterated chloroform. The molar mass of the PS
block was determined from the ratio between the integrals of the broad peak between
6.5 and 7.0 ppm, and the peak at 3.4 ppm. The first peak is associated with the 5

protons on the aromatic rings of the PS block while the second peak is associated
with the 3 protons in the terminal CH3 group of the PEO block. This gives a DPPS
= 250 and DPPEO = 45.

Size Exclusion Chromatography. The molar mass dispersity Đ = Mw/Mn,
were Mw is the weight‐averaged molar mass, was determined from the molar mass
distribution obtained by means of size exclusion chromatography (SEC), using a 30
Waters GPC equipped with Waters (model 510) pump and a (model 410) differential
refractometer. A set of two mixed bed columns (Mixed‐C, Polymer Laboratories,
30 cm, 40 °C) was used and THF was selected as eluent. The system was calibrated
using narrow molar mass polystyrene standards, ranging from 162 to 30 230Da.

TEM images were acquired on a TFS Tecnai Sphera at 200 kV. Sample prepara-
tion was performed as follows: 10µL of sample were deposited on a 200 copper mesh
grid with continuous carbon support film that was previously glow discharged for 40 s
with a Cressington 208 carbon coater. After 45 s the excess of liquid was blotted away
using a filter paper and the grid left fo dry out.

Image analysis was performed with ImageJ and an in-house Matlab script to
measure particle size. Sizes are based on averaging over 100 particles per sample.

3.6.2 Synthesis of poly(ethylene oxide)-b-polystyrene

PS250-b-PEO45 was synthesized via a standard ATRP procedure with CuBr as cat-
alyst. CuBr was purified by washing five times with glacial acetic acid, twice with
absolute ethanol and twice with diethyl ether and then added to a dried Schlenk flask
equipped with a stir bar. After sealing with a rubber septum, the flask was degassed
and backfilled with nitrogen (N2) five times and then left under N2. A mixture of
styrene, PEO-methyl ether-2-bromoisobutyrate (PEO-Me-BrIB) and N,N,N’,N’,N”-
pentadimethyldiethylenetriamine (PMDETA) was added to a glass vial under nitrogen
atmosphere, heated up to 120 °C and degassed by bubbling dry nitrogen in the melt
for 1 h. The mixture was then transferred to the Schlenk flask containing the catalyst,
which was placed in a thermostated oil bath at 120 °C for 24 h. The purification was
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performed by dissolving the product in dichloromethane followed by precipitation in
hexane.

1H NMR (CDCl3, TMS, 400MHz): δ = 1.43 ppm (br, PS aliphatic backbone), δ
= 1.58 ppm (s, water), δ = 53 1.85 ppm (br, PS aliphatic backbone), δ = 3.38 ppm
(s, 3H), δ = 3.64 ppm (t, 190.15H), δ = 6.45, 6.57, 54 7.03 ppm (br, 1248,81H), δ =
7.24 ppm (s, CDCl3).

3.6.3 Preparation of self-assembled structures

In a typical procedure, 1mL of milli-Q water was added to 1mL of a PS250-b-
PEO45 solution in THF (with initial polymer concentrations of 0.1mg/mL, 1mg/mL

and10mg/mL), using a Harvard Apparatus 11 plus syringe pump to regulate the rate
addition. Three different rate additions were used: 1mL/min, 1mL/h and 1mL/d.
Experiments at T = 20 °C, 40 °C and 60 °C were performed in an oil bath while at
T = 4 °C a cooling system was used. Dialysis was carried on for two days to remove
the THF using 1mL dialysis capsules (QuixSep) covered with a dialysis membrane
(Spectra/Por®7) with a cut-off at 3.5 kDa.

3.6.4 Characterization of self-assembled structures

Determination of morphologies. The assemblies were classified based on their
2D projection images and line profiles (Figure 3.6). For some of the more complex
structures, electron tomography is often employed to fully resolve the 3D structure.
However, since the morphologies found here have been well studied previously, they
can be classified from the 2D projection images with confidence. The surface can be
classified into solid (S), broken (B) and porous (P). The internal structure as hollow
(H), solid (S), with isolated pores (IP) and with connected pores (CP). Particle size
for each morphology present in each conditions was obtained from TEM micrographs.
When possible, at least 100 particles were measured for each condition.

Coexistence of different morphologies. The presence of one single morphol-
ogy per condition was encountered in six out of the 36 conditions. Under most
conditions, at least two different morphologies coexist. We hypothesize that the co-
existence of different morphologies under a certain condition is an indication of the
morphologies being mechanistically related. In Table 3.1 the complete state diagrams
are shown. In Figure 3.7 some examples of coexistence of particles are shown.
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Table 3.1 Morphologies overview for PS250-b-PEO45. The morphologies are ordered accord-
ing to their abundance in the dispersions. *: no distinguishable aggregates were observed in
TEM.

4 °C 20 °C 40 °C 60 °C
0.1

mg/mL
1 ml/d S(S) - B(S) S(S) - B(S) - B(IP) S(S) - B(S) S(S)

1 ml/h B(S) - S(S) S(S) - B(S) S(S) - B(S) B(S) - B(IP) -
1 mL/min B(IP) - B(S) B(S) - S(S) B(S) B(S) - S(S)

1
mg/mL

1 ml/d B(H) - S(S) - B(IP) B(CP) - B(H) S(H) - S(CP) B(CP)

1 ml/h B(H) - S(S) B(H) - B(CP) B(CP) - B(H) *
1 mL/min S(H) - S(CP) - B(CP) S(H) - S(CP) B(CP) B(CP)

10
mg/mL

1 ml/d S(H) - S(S) - S(CP) S(H) - S(CP) B(H) - B(CP) S(CP) - S(H)
1 ml/h S(S) - S(H) S(H) S(H) B(H) - B(CP) - S(H)

1 mL/min S(H) - S(S) S(H) - S(CP) - P(H) S(H) - S(CP) - P(CP) S(CP) - S(H)
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Figure 3.6 Classification of morphologies adopted by PS250-b-PEO45. The morphologies can
be interpreted as a combination of a surface (solid S, broken B and porous P) and an internal
structure (solid S, hollow H, with isolated pores IP and with connected pores CP). TEM micro-
graphs (scale bars: 100 nm) are next to each scheme as an example of the morphology. A yellow
rectangle shows the area from which an intensity profile was acquired. Careful inspection of the
intensity profiles leads to the classification of the surface (in blue) and the internal structure (in
red).

Figure 3.7 a) Coexistence of S(S) (yellow arrow) and B(S) (red arrow) for initial polymer
concentration of 0.1mg/mL, addition rate of 1mL/min at 20 °C. b) Coexisting of B(H) (green
arrow) and B(CP) (blue arrow) for initial polymer concentration of 0.1mg/mL, addition rate
of 10mL/d at 40 °C. c) Coexisting of S(H) (purple arrow) and B(CP) (gray arrow) for initial
polymer concentration of 1mg/mL, addition rate of 1mL/min at 20 °C. Scale bars: 500 nm.
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Figure 3.8 TEM characterization of the PS250-b-PEO45 assemblies for initial polymer concen-
tration 10mg/mL, 40 °C and rate addition of 1mL/h. B(H) and B(CP) morphologies coexist.
The selected images show a general morphology trend in the formation of particles with broken
surfaces and internal structure with connected pores but do not represent a temporal series.

Figure 3.9 TEM characterization of the PS250-b-PEO45 assemblies for initial polymer concen-
tration 10mg/mL at a) rate addition of 1mL/min and 40 °C, b) rate addition of 1mL/min and
60 °C and c) rate addition of 1mL/h and 40 °C. The co-existence of S(H), P(H), P(CP) and
S(CP) indicates that these morphologies are mechanistically related.
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Chapter 4

Formation of block copolymer-silica hybrid struc-
tures via solvent-switch method

In nature we can find many examples of organic-inorganic nanocomposites with ex-
ceptional properties. Their formation occurs by the intricate interactions between
macromolecules and the inorganic precursor, such as silica, and provides inspiration
for the controlled formation of structurally complex silica-based materials under am-
bient conditions. These hybrid materials can be prepared either by the mineralization
of pre-formed organic templates or by the simultaneous assembly of inorganic precur-
sors with macromolecules.

In this Chapter the co-assembly via solvent-switch of a PEO-based block copoly-
mer and silica particles is investigated. It is shown that hybrid aggregates with
different structures can be obtained as a function of the size of the inorganic par-
ticles and the concentration of the polymer. Transmission electron microscopy and
transmission electron tomography are employed to investigate the structures of the
hybrid aggregates and of the silica structures remaining after the removal of the poly-
mer template by calcination at high temperature. This work shows that the use of a
single block copolymer type enables to prepare a wide variety of hybrid structures by
changing the preparations conditions.

To be submitted as M.P. Vena, R. Joosten, R. Tuinier, H. Friedrich, J. Patterson
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4.1 Introduction

In nature we find numerous examples of hybrid materials, formed of inorganic and or-
ganic components, that exhibit synergistic properties. The interaction of collagen and
hydroxyapatite in bone1 or the nanostructured silica in diatoms2 or in glass sponges3

are examples of the combination of soft organic templates and hard inorganic mate-
rials that provide structural support and protection to different organisms. Taking
inspiration from nature, researchers have been investigating the design of hybrid ma-
terials with tailorable properties from both constituents.4 Hybrid materials can find
applications from catalysis to drug delivery and bioimaging.4

In order to reach the desired properties, the amount, distribution, orientation and
localization of the inorganic phase in the hybrid material have to be controlled.5 Or-
ganic molecules such as small amphiphilic molecules and block copolymers have been
used for decades as structure-directing agents for the formation of hybrid organic-
inorganic particles. They constitute soft templates for the formation of mesoporous
materials via sol-gel routes6, 7 and also directors for the assembly of inorganic nanopar-
ticles.5, 8 In contrast to small amphiphiles, block copolymers can self-assemble into
larger supramolecular structures.9 Having access to a wide range of morphologies
with a wide size range opens up exciting opportunities to design hybrid materials
with complex structures.

A large amount of work has been performed on the formation of block copolymer-
inorganic hybrids by self-assembly in the bulk.8, 10 In solution, there are more in-
teractions to take into account because of the presence of the solvent(s) and the
final morphology adopted by the polymer will most likely depend on the preparation
method, as shown in Chapter 3. Limited work has been done for the simultaneous
assembly of block copolymers and inorganic components in solution. This strategy
has been less explored probably due to the poor understanding of inorganic-block
copolymer co-assembly in solution.

The inorganic components can be either inorganic precursors that will undergo
reactions in solution in the presence of an organic template, such as the reduction of
Au+ to form gold nanoparticles.11, 12 Other examples are the formation of primary
silica particles via the hydrolysis and condensation of an alcoxysilane,13 or pre-formed
nanoparticles that are mixed with the organic moieties.14

The incorporation of inorganic particles during the self-assembly process of a block
copolymer can have a (big) impact on the final morphology of the hybrid particles.
Parameters such as particle size, particle density and surface modifications affect the
interaction between the particles and at least one of the blocks of the copolymer
(e.g. it can alter the volume ratio of the blocks) and thus the self-assembly pathway.
These effects have been revealed when studying the simultaneous assembly of block
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copolymers with metallic particles (Au,15, 16, 17 Pt18), CdSe Quantum Dots19 and
magnetic particles.14, 20

Only few examples with amorphous materials such as silica are described in the
literature. Ma et al.13 showed that the addition of alcoxysilanes to a dispersion
of cetyl trimethylammonium bromide (CTAB) micelles leads to the formation of ul-
trasmall silica nanorings. The 2 nm SiO2 particles, formed in situ, line up forming
one-dimensional structures around the micelles. Atsumi et al.21 prepared aqueous
dispersions of SiO2 particles with different diameters (16 nm to 42 nm) and mixed
them, without further modification, with an aqueous solution of (poly[(2-ethoxyethyl
vinyl ether)-block-(2-methoxyethyl vinyl ether)] (EOVE-MOVE), a thermoresponsive
block copolymer. The SiO2 particles attach to the ether groups of the polymer via
hydrogen bonding to form nanorings. However, they observed that there is an upper
size threshold of 21 nm in diameter. Above this threshold, increasing the particle size
leads to chains and dispersed particles instead of rings.

Similar work has been reported previously by Zhou et al.22, 23 The authors study
the aggregates formed by the addition of preformed 15 nm SiO2 nanoparticles to
an aqueous solution of a non-ionic poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer followed by hydrothermal
treatment. They observed that by changing the hydrophilic/hydrophobic balance of
the polymer, the pH of the final mixture and the conditions of the hydrothermal
treatment, they can obtain dispersed SiO2 particles, one-dimensional nanochains22 or
vesicles with tunable surface topographies.23

To the best of our knowledge, no work has been done directing the formation of
silica structures through the simultaneous assembly of preformed SiO2 particles with
highly asymmetric amphiphilic diblock copolymers in solution. Block copolymers
with low hydrophilic content form crew-cut aggregates via a co-solvent self-assembly
procedure.24 The co-solvent method has been used to direct the assembly of Au,17

CdSe/CdS25 and magnetic NPs,14 but not of silica particles.
In this Chapter a study is reported on the formation of hybrid block copolymer-

silica structures through the co-assembly of a polystyrene-b-poly(ethylene oxide) (PS-
b-PEO) block copolymer. In Chapter 3 the solvent-switch method was used to study
the formation of PS-b-PEO structures. Here we explore the influence of silica particles
on the morphology of the structures.

4.2 Methods

We prepared block copolymer-silica hybrid structures via a solvent-switch method.
PS250-b-PEO45 (MnNMR = 28 000 g/mol, Đ = 1.17) was synthesized using atom trans-
fer polymerization procedure, as described in Chapter 3. Aqueous dispersions of 3 nm
and 12 nm in diameter SiO2 nanoparticles (SNPs) were prepared by modifying the
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method described by Yokoi et al.26 In order to study the effect of the initial polymer
concentration and the size of the SNPs on the final morphology of the aggregates and
on the distribution of the SNPs, three sets of experiments were performed:

1. Self-assembly of PS250-b-PEO45 (NS): milliQ water is added at a rate addition of
1mL/min to a PS250-b-PEO45 solution in THF until a final solvent composition
of 50% v/v. In this case, NS codes for no-silica.

2. Self-assembly control experiment (SA): once the self-assembly of PS250-b-PEO45
as described above is finished, SNPs are added to the dispersion such that the
block copolymer:SNP wt% ratio is 1:1. In this case, SA codes for self-assembly.

3. Co-assembly experiment (CA): a PS250-b-PEO45 solution in THF is mixed with
a certain volume of aqueous dispersion of SiO2 nanoparticles (SNPs) that does
not trigger self-assembly. MilliQ water is then added dropwise with a syringe
pump to initiate the co-assembly until a final solvent composition of 50% v/v.
A 1:1 wt% ratio is kept between block copolymers and SNPs for all experiments.
In this case, CA codes for co-assembly.

After each experiment, the THF is removed from the sample by dialysis against
water. The aggregates were characterized by TEM and selected samples by Electron
Tomography (ET). For the CA experiments, the block copolymers were removed by
calcination at 550 °C in air. In Table 4.1 we summarized the experimental conditions
for each experiment. For details on SNPs synthesis, NS, SA and CA experiments and
characterization techniques, see Section 4.6.

4.3 Results and discussion

As shown in Chapter 3, PS250-b-PEO45 forms a wide range of kinetically trapped
structures through self-assembly in aqueous solution after solvent-switch. We showed
that by increasing the initial polymer concentration, a wider range of morphologies
becomes accessible. We expect that the addition of SNPs to the system would af-
fect the volume ratio between the blocks since silica adsorbs onto the ether groups of
the hydrophilic PEO block of the block copolymer in water through hydrogen bond-
ing. Therefore, the self-assembly of PS250-b-PEO45 is expected to be affected by the
presence of the SNPs.

Preliminary experiments, shown in Figure 4.1, indicated that the co-assembly of
PS250-b-PEO45 (0.1wt%) with an excess of SNPs (0.8wt%) leads to the formation
of hybrid particles. In absence of silica, the polymer assembles into bicontinuous
spheres and vesicles (Figure 4.1 a and e). When ∼ 5 nm in diameter particles were
added, multicompartment vesicles were formed. ET performed on individual particles
indicated that the compartments were filled with SNPs (Figure 4.1 c). When 10 nm
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Table 4.1 Compositions of the block copolymer-SNPs dispersions in THF for all assembly
experiments. Each condition is given a code name A-B-C, with A representing the initial polymer
concentration (L = low, M = medium and C = high), B the type of experiment (NS: self-assembly
in absence of silica, SA: Self-assembly and CA: Co-assembly) and C the silica particle size (3 nm
and 12 nm). The block polymer:SNP ratio is 1:1 wt% for all samples. All experiments were
performed at room temperature.

Sample [Polymer] (wt%) SiO2 diameter (nm)
L-NS 0.01 -
L-SA-3 0.01 3
L-CA-3 0.01 3
L-SA-12 0.01 12
L-CA-12 0.01 12
M-NS 0.1 -
M-SA-3 0.1 3
M-CA-3 0.1 3
M-SA-12 0.1 12
M-CA-12 0.1 12
H-NS 1 -
H-SA-12 1 12
H-CA-12 1 12

particles were present during the self-assembly, bicontinuous spheres and vesicles were
observed and ET showed that the SNPs were mainly located on the surface of the
aggregates (Figure 4.1 f).

The preliminary results of Figure 4.1 showed that the size of the SNPs, added
in excess, influences both the final morphology of the hybrid aggregates and the
localization of the silica particles. Therefore, we decided to study the effect of co-
assembly conditions in a systematic way.

The hybrid particles were prepared by triggering the self-assembly of PS250-b-
PEO45 in THF in the presence of SNPs by the addition of water as a non-solvent.
The aim of this experiment was two-fold: 1) investigate whether the presence of silica
particles during the self-assembly of the polymer leads to a morphological transition
and 2) determine the distribution of the silica particles over the final co-assembled
structure. By morphological transition we refer to the observation of another end
state due to the presence of SNPs. We studied the effect of polymer concentration
(0.01wt%, 0.1wt% and 1wt%) and size of SiO2 particles (3 nm and 12 nm), as sum-
marized in Table 4.1.
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Figure 4.1 Co-assembly of PS250-b-PEO45 and SiO2 nanoparticles in solution. Influence
of the size of the SNPs on the types of co-assembled structures formed identified by TEM
images. a,e) TEM images of the self-assembly of the block copolymer in absence of SNPs show
vesicles and bicontinuous spheres. Top row: When 5 nm SiO2 particles are added during co-
assembly, spherical aggregates with multiple “pockets” that contain SNPs are formed. b) TEM
image shows an overview of the multicompartmental hybrid particles, c) cryo-TEM image of a
multicompartmental hybrid particle and d) a slice obtained from the 3D reconstruction of the
particle in c) shows that the SNPs are located inside the aggregate. Bottom row: In the presence
of 10 nm SNPs, the SNPs are only observed covering the surface of the aggregates. e) TEM
image shows an overview of the bicontinuous and vesicular hybrid particles, f) TEM image of
selected hybrid particle and g) a slice obtained from the 3D reconstruction of the particles in e)
shows that the SNPs are only covering the aggregates.

4.3.1 Effect of order addition

In order to verify whether the presence of SNPs during the self-assembly of PS250-b-
PEO45 influences the final morphology of the aggregates and the particle distribution,
three sets of experiments were performed at all three concentrations: NS-12, SA-12
and CA-12 (Table 4.1).

Three different polymer concentrations were studied (0.01wt%, 0.1wt% and 1wt%)
and the polymer to silica wt% ratio was kept 1:1. We chose these three concentrations
because, as we shown in Chapter 3, we know that increasing polymer concentration
leads to different accessible morphologies. TEM characterization shows that, in all
cases, block copolymer-silica hybrid particles are formed (Figure 4.2). For all SA
experiments it was observed that the aggregate morphology coincides with the mor-
phology of the assembled block copolymer in absence of SNPs and that the SNPs are
decorating the surface of the hybrid aggregates.
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At low polymer content (0.01wt%), PS250-b-PEO45 normally self-assembles in
solution into large compound micelles and nanobowls. Both structures often present
isolated pores (or voids) in their internal structures. The same morphologies, but
covered with SNPs, are observed for L-SA-12 and for L-CA-12. In the case of L-CA-
12, the aggregates present a smaller size (Figure 4.3) and by comparing the contrast of
the aggregates in TEM, it seems that the SNPs are also located inside the aggregates.

At medium concentrations (0.1wt%), the block copolymers assemble into vesicles
and bicontinuous spheres. The TEM images of Figure 4.2 show that in both M-SA-12
and M-CA-12, hybrid vesicles and hybrid bicontinuous structures are formed. Even
though there is no clear morphological transition, the M-CA-12 leads to a higher
amount of vesicles compared to M-SA-12 (70% and 30%, respectively, for a total of
150 assemblies). The vesicle size remains constant while the size of the bicontinous
spheres increases for M-CA-12 (Figure 4.3 b). The distribution of the SNPs within
the polymer template cannot be conclusively decided from these two-dimensional
projections alone. In the case of vesicles, the SNPs seem to be present on both sides
of the bilayer after co-assembly, but only on the outside when the particles are added
after polymer assembly. The precise location of the SNPs in the bicontinuous particles
is further investigated in Section 4.3.3.

At high polymer content (1wt%), a mix of vesicles, large compound vesicles and
bicontinuous spheres are observed in the absence of silica. While for H-SA-12 we
observed the same morphologies but covered with SNPs on the outside, for H-CA-12
two different populations of hybrid particles are observed after co-assembly: micron-
sized collapsed hybrid vesicles and small hybrid vesicles and spherical micelles (Figure
4.2 c). The collapse of the micron-sized vesicles could be due to drying effects of
sample preparation. No bicontinuous spheres are present. The presence of SNPs
during the self-assembly of PS250-b-PEO45 at 1wt% distinctively affects the process,
compared to the cases of low and medium polymer concentrations. Given the finding
of Chapter 3 that vesicles and bicontinuous spheres are mechanistically related, the
complexation of SNPs with the PEO block during particle formation might prevent
the fusion of vesicles into large compound vesicles and bicontinuous spheres. The size
of the aggregates of H-SA-12 were averaged without discriminating the morphology,
while for H-CA-12 the distinguish between micron-sized collapsed vesicles and small
aggregates was made (Figure 4.3 c).

4.3.2 Effect of SiO2 particle size

Once it was established that the addition of SNPs has an effect on the self-assembly
of PS250-b-PEO45 block copolymers, either by producing a morphological transition
or by affecting the final size and morphology distribution, the influence of the SNP
size was studied. Stable dispersions of SNPs with diameters as small as 3 nm and
10 nm can be synthesized in aqueous solutions,26 as shown in Section 4.6.2. When
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Figure 4.2 Influence of the order of addition of 12nm silica particles on the self-assembly
of PS250-b-PEO45. TEM images of self-assembled block copolymer in absence of silica (first
row), self-assembled prior the addition of silica particles (second row) and co-assembled in the
presence of silica (third row). Each column refers to a different polymer content. From left to
right: L (0.01wt%), M (0.1wt%) and H (1wt%). Scale bars: 200 nm.

they were added to a low polymer content solution (L-CA-3), a clear morphological
transition was observed (Figure 4.4 a). Hybrid nanobowls are still present, but also
spherical aggregates with multiple compartments that appear to be filled with SNPs.
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Figure 4.3 Average particle size for self-assembled block copolymer and co-assembled
block copolymer-silica structures for various compositions of the dispersions. a) 0.01wt%,
b) 0.1wt% and c) 1wt%.

The average size of these aggregates (236 nm ± 86 nm) is bigger than for L-NS and
L-SA-3 (170 nm ± 50 nm and 187 nm ± 66 nm, respectively). When 12 nm particles
are added (L-CA-12), the morphological transition is not as clear, in part due to the
fact that the bigger SNPs “mask” some of the features of the aggregates, such as the
isolated pores present in the large compound micelles and the nanobowls. Moreover,
the average size of the L-CA-12 aggregates (133 nm ± 37 nm) is lower than for L-NS.
Spherical aggregates with one or more compartments are also observed. Visual in-
spection of the 2D images suggests that silica particles are inside these compartments,
but complementary methods as described in Section 4.3.3 are needed to asses this.

A ten-fold increase in polymer concentration (0.1wt%) leads to the formation of
vesicles, bicontinuous spheres and bicontinuous nanobowls in the absence of SNPs,
see Figure 4.2 and Figure 4.4. The addition of SNPs, independently of the size, seems
to shift the balance towards the formation of vesicles and large compound micelles
(Figure 4.4 b). In the case of addition of 3 nm SNPs (M-CA-3), next to the hybrid
vesicles, sponge-like hybrid particles are observed. Sponge-like polymer aggregates
were observed before as intermediates between vesicles and bicontinuous spheres.27

They were characterized in Chapter 3 as structures with porous surfaces and porous
internal structures. When the self-assembly occurs in the presence of 12 nm SNPs
(M-CA-12), hybrid vesicles and hybrid bicontinuous spheres are observed. A larger
SiO2 particle size also affects the size of the hybrid bicontinuous spheres more than
the vesicles size (Figure 4.3 b). The bicontinuous particles decorated with 12 nm SNPs
are double in size than the bicontinuous spheres present in M-NS and M-CA-3. The
precise location of the SNPs is difficult to asses from the TEM images.

The results of these experiments indicate that the presence of SNPs during the self-
assembly of PS250-b-PEO45 enables to tune on the final morphology obtained. While
for low polymer concentration it is clear that there is a morphological transition, for
medium polymer concentrations it seems that the presence of SNPs interferes with
the mechanism of formation of bicontinuous particles, leading to more vesicles and
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sponge-like particles when 3 nm SNPs are added and to more vesicles when 12 nm

SNPs decorate the self-organized block copolymer structures.

Figure 4.4 Effect of SiO2 particle size on the self-assembly of PS250-b-PEO45. TEM images
of the block copolymer self-assembled in the absence of silica (left column), in the presence of
3 nm (middle column) and 12 nm (right column) SiO2 particles, for different polymer content: a)
0.01wt% and b) 0.1wt%. Scale bars: 200 nm.

4.3.3 Distribution of SiO2 particles

Even though the formation of hybrid particles is clear from TEM micrographs, the
precise localization of the silica particles cannot always be unequivocally determined.
In order to establish the location of the silica particles in more detail, two different
strategies were followed: calcination of the samples on a TEM grid and electron
tomography.

A first rough indication of the internal structure of the hybrid particles was ob-
tained by removal of the polymer on a TEM grid. The samples were deposited on
TEM grids with a silicon nitride (Si3N4) support film. Unlike the regular TEM grids
with carbon support films, the silicon nitride ones can withstand high temperatures
(up to 1000 °C). After imaging the hybrid particles, the grid can be heated in an oven
at 550 °C to remove the polymer and the remaining silica structures can be imaged
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again. This enables imaging the same particle before and after removal of the poly-
mer, as shown for M-CA-12 in Figure 4.5. With this strategy we can detect what
happens to hundreds of particles after calcination. The presence of an internal silica
structure is indicative of it being formed inside the polymer template. In order to
confirm the arrangement of the SNPs within the aggregates, we need to perform ET.
Since the acquisition and analysis of ET data is time consuming, it is not possible
to study more than a few particles per sample. However, combining the information
from the calcination experiments with the ET results, we can confidently determine
the internal organization of the hybrid aggregates.

Figure 4.5 Overview of a Si3N4 nitride grid. Characterization of M-CA-12 aggregates before
(a) and after (b) removal of the polymer by calcination at 550 °C.

It is important to note that the calcination of the hybrid particles on a TEM grid
is different from a bulk calcination. In the case of the TEM grid, all aggregates will
remain “in their place” and preserve their shape, making it easier to track the SNPs
location before and after removal of the template, while for a bulk calcination, the
structures might not be preserved. In the case that the silica structures are not rigid
enough, they could collapse and/or fuse into larger aggregates.

In Figure 4.6 both strategies and the results are presented for a polymer con-
centration of 0.01wt%. For Sample L-CA-3, the TEM micrographs displayed on the
first column clearly show that the SNPs are concentrated inside the internal compart-
ments. In the second column, a slice of the ET reconstruction confirms that the SNPs
are filling these pockets. The location of the SNPs particles is further confirmed by
calcination of the sample and subsequent ET analysis (third and four columns). A
similar behaviour is seen for Sample L-CA-12. The ETs performed on the hybrid and
calcined aggregates show that the most aggregates have one internal compartment
filled of SNPs.

57



Chapter 4

Figure 4.6 Distribution of SNPs over the hybrid particles for 0.01% block copolymer con-
tent. a) Schematic representation of the removal of polymer for L-CA-3, b) TEM micrograph
and representative slice of the ET reconstruction for hybrids particles (first and second columns)
and for calcined particles (third and fourth columns), c) Schematic representation of the removal
of polymer for L-CA-12 and d) TEM micrograph and representative slice of the ET reconstruc-
tion for hybrids particles (first and second columns) and for calcined particles (third and fourth
columns). Scale bars: 100 nm.

For 0.1wt% polymer content, the characterization of hybrids and calcined particles
are presented in Figure 4.7. In contrast to the experiments performed at low polymer
concentration, in this case it is harder to asses from the TEM images of the hybrid
particles whether the SNPs are preferably located inside or outside the aggregates.
ET on M-CA-3 seems to indicate that SNPs are both attached to the surface of the
aggregate but also inside, as some darker regions are observed in one of the slices of
the reconstructed structure. The removal of the polymer in the Si3N4 grid confirms
that the internal pores of the sponge-like aggregates were covered by SNPs. For M-
CA-12, the ET on the calcined samples confirms that the SNPs were only attached
to the outer surface.

The results, summarized in Figure 4.8, indicate that both the polymer concentra-
tion and the SNP size influence the final morphologies adopted by the aggregate and
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Figure 4.7 Distribution of SNPs over the hybrid particles for 0.1% block copolymer con-
tent. a) Schematic representation of the removal of polymer for M-CA-3, b) TEM micrograph
and representative slice of the ET reconstruction for hybrids particles (first and second columns)
and for calcined particles (third and fourth columns). Scale bars: 100 nm, c) Schematic repre-
sentation of the removal of polymer for M-CA-12 and d) TEM micrograph and representative
slice of the ET reconstruction for hybrids particles (first and second columns, scale bars: 100 nm)
and for calcined particles (third and fourth columns, scale bars: 200 nm).

the distribution of the inorganic particles. As shown in Chapter 3, the addition of
SNPs during the self-assembly via solvent-switch of the block copolymer affects the
final morphologies that the polymer adopts. We can control the kinetic pathways of
the assembly of a single block copolymer type to obtain a wide variety of structures.
In view of that, it was expected that the addition of SNPs before triggering the assem-
bly would lead to the formation of kinetically trapped hybrid structures, likely with
a different morphology than the adopted by the polymer alone. It has been shown
that the final morphology adopted by a block copolymer via self-assembly depends
on the configuration of the system in the early stages of the self-assembly,28 so it is
expected that the early interaction between the block copolymer and SNPs will lead
to a different self-assembly pathway.
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Figure 4.8 Overview of results. The results of the co-assembly of PS250-b-PEO45 with SNPs
are shown schematically. The rows indicates the initial block copolymer concentration (0.01wt%,
0.1wt% and 1wt%) and the columns indicates the absence of SNPs and the addition of 3 nm
and 12 nm SNPs. *: The experiment H-CA-3 was not performed due to the difficulty of getting
a 1wt% dispersion of 3 nm SNPs.

Previous work, mostly exclusively performed with metallic and semiconductor
particles,20, 29, 30 showed that the relative size ratio of inorganic nanoparticles to the
block copolymers and the surface functionalization of the nanoparticles dictate the
density and the location of particles within the aggregates. Particles with a diameter
smaller than the radius of gyration Rg, the characteristic polymer size in solution
(d/2Rg < 1), can induce morphological transitions by changing the volume fraction
of the blocks.20 In this Chapter we worked with SNPs with diameters larger than the
characteristic length of PS250-b-PEO45 (2Rg ≈ 2 nm) and the SNPs were used without
further modifications. We managed to direct the assembly of SNPs and obtain four
different hybrid structures by changing the polymer concentration and particle size:
vesicles decorated with SNPs and containing one or more compartments filled with
SNPs (L-CA-12 and L-CA-3, respectively), bicontinuous structures decorated with
SNPs (M-CA-12) and sponge-like structures filled and decorated with SNPs (M-CA-
3). To the best of our knowledge, this is the first time that hybrid polymer-silica
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particles with complex internal structures were obtained in solution via the solvent-
switch method.

The addition of 3 nm SNPs produces a morphological transition: from large com-
pound micelles and nanobowls with internal pores to multicompartmental vesicles
filled with SNPs for low polymer concentration and from bicontinuous nanospheres
to sponge-like aggregates for medium polymer concentration. The presence of SNPs
during the co-assembly process makes intermediate structures getting trapped. And
even though their size is slightly larger than the characteristic length of the polymer,
it is possible that due to their small size they are included within the aggregates.

The behaviour of the system when 12 nm SNPs are added seems more complex.
While adding the SNPs to a solution with a low block copolymer concentration leads
to smaller spherical aggregates partially filled with the SNPs, for high polymer con-
centrations they completely disrupt the self-assembly of the polymer and leads to
micron-sized collapsed vesicles. At medium polymer concentrations, there is no clear
morphological transition but an increase in the amount of vesicles is observed when
compared to the self-assembly of the polymer in absence of SNPs.

Similarly to what was observed for the behaviour of PS250-b-PEO45 in solution,
there are no clear trends for the behaviour of PS250-b-PEO45 in the presence of SNPs.
Given that 3 nm SNPs are found inside the aggregates while 12 nm are mostly found
decorating the polymer structures, it can be expected that there is a certain size
threshold above which particles only interact with the polymer aggregates once they
are formed. It can also be expected that increasing the polymer concentration will
lead to structures with more complex internal structures.

Understanding how the experimental parameters influence the final morphology
is rather challenging. As for kinetically controlled block copolymer self-assembly, we
could benefit from the construction of state diagrams for a single polymer composition
and from the use of time-resolved or in situ characterization techniques to study the
formation mechanisms of the hybrid structures.

4.4 Conclusions

In this Chapter the structure formation by the co-assembly of PS250-b-PEO45 block
copolymer and silica nanoparticles via a solvent-switch method was reported. In
the absence of silica particles, the block copolymers self-assemble into a wide range
of kinetically trapped crew-cut aggregates. The final morphology of the aggregates
depends on the preparation method. When SNPs were added to the system, it was
observed that the SNPs can influence the self-assembly of the block copolymer by
inducing morphological transitions and trapping intermediate structures. The type,
size and structure of the co-assembled morphologies not only depends on the size
of the SNPs but also on the initial polymer concentration. We developed a simple,
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reproducible and fast method to obtain polymer-silica hybrid particles in solution
where the location of the SNPs is dictated by their size and the final morphology
by their size as well as the polymer concentration. We expect that the systematic
exploration of new preparation pathways, such as the use of different polymer-silica
ratio, polymer concentrations or SNPs sizes, can lead to hybrids with other structures
than the ones presented in this Chapter.
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4.6 Materials and methods and further discussion

4.6.1 General methods

PS250-b-PEO45 was synthesized and characterized as described in Chapter 3. L-
lysine and tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich. All
chemicals were used without further purification.

TEM images were acquired on a TFS Tecnai Sphera at 200 kV, equipped with a
LaB6 electron gun and CETA camera. Sample preparation was performed as follows:
10µL of sample were deposited on a 200 copper mesh grid with continuous carbon
support film that was previously glow discharged for 40 s with a Cressington 208
carbon coater. After 45 s the excess of liquid was blotted away from the edge of the
grid using a filter paper. The particle size was measured with ImageJ and an in-house
MATLAB script. Sizes are based on measurements of at least 100 particles.

Cryo-TEM images were acquired on the TU/e CryoTITAN TFS operated at 300
kV, equipped with a Field Emission Gun, a post column Gatan Energy Filter and a
post-GIF 2k ×2k Gatan CCD Camera. Samples were prepared on 200 mesh Cu TEM
grids with a hydrophilized R2/2 Quantifoil carbon support film (Quantifoil Micro
Tools, GmbH, Jena, Germany). Surface plasma treatment was used to hydrophilize
the support film. 3µL of sample were applied on the TEM grid, blotted and vitrified
using TFS VitrobotTM Mark IV by plunging the sample into liquid ethane.

Electron Tomography of selected hybrid particles was performed using a TFS
TU/e Cryo TITAN. The tomography showed in Figure 4.1 d was performed in cryo
conditions and the sample was prepared as explained above for cryo samples, except
for the grids being back-labelled with Au nanoparticles prior application of the sample.
The tomogrophies performed on all other hybrid particles were performed in dry state.
To this end 150 copper mesh grid with continuous carbon support were back labelled
with 10 nm or 20 nm gold nanoparticles. The carbon support was glow discharged
to enhance hydrophilicity and 10µL of sample were deposited on the grid. Electron
tomography was employed using a tilt range of −68° to 68° at 3° increments at a
magnification of 19k×and −1.5µm defocus and a total electron dose of 124 e−/Å2.
Alignment of the tilt series and reconstruction of the 3D intensity map was done using
IMOD.31, 32

Electron Tomography of calcined samples was performed in TFS Tecnai Sphera
at 200 kV. Sample preparation was performed as follows: Si3N4 grid were back-
labelled with 10 nm or 20 nm Au particles. 10µL of dispersion of hybrid particles
were deposited on the grid after glow discharged. The grid was heated in an oven at
550 °C in air for 3 h prior imaging. Electron tomography was employed using a tilt
range of −74° to 74° at 3° increments. A Fishione model 2020 tomography holder was
used. ET for L-CA-3 and L-CA-12 were performed at a magnification of 29k×and
−0.5µm defocus. ET for M-CA-3 and M-CA-12 were performed at a magnification
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of 19k×and −1.5µm defocus. Alignment of the tilt series and reconstruction of the
3D intensity map was done using IMOD.

4.6.2 Synthesis of SiO2 nanoparticles

Silica nanoparticles were synthesized by adapting the method proposed by Yokoi et
al..26 An amount of 100mg of L-lysine was dissolved in 100mL of milli-Q water in
a round bottom flask. The flask was heated to 60 °C under reflux and stirring. The
amount of TEOS and stirring rate was tailored according to the aimed size: for 3 nm
particles 0.6mL TEOS and 270 rpm and for 10 nm particles 6mL TEOS and 550 rpm
(Table 4.2). The reactions were carried out for 24 hours and the final dispersions
stored at 4 °C. Examples of cryo-TEM images of the prepared particles are presented
in Figure 4.9.

Figure 4.9 Silica particles synthesized in aqueous dispersion. Cryo-TEM characterization
and histograms for diameter measurements of a) 3 nm and b) 12 nm SiO2 particles. Scale bars:
50 nm.

Table 4.2 Conditions for the synthesis of SiO2 nanoparticles and size characterization

Aimed Size TEOS Stirring rate (rpm) Temperature (°C) Size from Cryo TEM (nm)
SiO2 (3) 0.6mL 400 20 3.4 ± 0.6
SiO2 (10) 6mL 550 60 11.8 ± 0.7
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4.6.3 Co-assembly of PS250-b-PEO45 and SiO2 nanoparticles

In a typical procedure, solutions of 0.1wt% and 0.01wt% were prepared from a 1wt%

PS250-b-PEO45 solution in THF. Aqueous SiO2 particles dispersions were added to the
polymer solution. The wt% of silica and polymer are the same. When possible, the
dispersion was added dropwise as is (because the amount of water present in the dis-
persion does not trigger self-assembly). When the volume of silica dispersion needed
to achieve the same wt% as the polymer was larger than the critical water concentra-
tion (and would trigger the self-assembly), the dispersion was spin concentrated using
an eppendorf filter with a 10 kDa cut off at 14.5 rpm for 30min. After addition of the
SiO2 particles, milliQ water was added with a syringe pump until reaching a 50:50
v/v THF:H2O ratio. All experiments were carried at room temperature, with stirring
at 500 rpm and water rate addition of 1mL/min. THF was removed by dialysis using
1mL dialysis capsules (QuixSep) covered with a dialysis membrane (Spectra/Por®7)
with a cut off at 3.5 kDa. The block copolymers were assembled in the absence of
silica particles under the same conditions.

4.6.4 Removal of polymer from hybrid particles

The hybrid particles were deposited on TEM grids with a silicon nitride support.
After imaging the sample, the TEM grid was heated in an oven at 550 °C for 3 h

(with a heating ramp of 1 °C/min) to remove the template. These TEM grids were
manipulated carefully as they are fragile.

4.6.5 Electron tomography

ET on the particles before and after removal of the polymer is used to visualize the
location of the SNPs and the 3D structure of the aggregates. The alignment of the
tilt images allows the reconstruction of a 3D volume. In Figure 4.10 and in Figure
4.11 we display a series of numerical cross-sections at different heights along the beam
path taken from the reconstructed volume.
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Figure 4.10 Electron tomography performed in hybrid PS250-b-PEO45-silica structures. In
the first column, a TEM image of the hybrid particles is shown, followed by four numerical cross-
sections at different heights along the beam path. a) L-CA-3, b) L-CA-12, c) M-CA-3 and d)
M-CA-12. Scale bars: 100 nm
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Figure 4.11 Electron tomography performed in the remaining silica aggregates after re-
moval of the polymer. In the first column, a TEM image of the silica particles is shown, followed
by four numerical cross-sections at different heights along the beam path. a) L-CA-3, b) L-CA-
12, c) M-CA-3 and d) M-CA-12. Scale bars: 100 nm
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Chapter 5

Collagen: Synthesis, structure, self-assembly and
silicification

5.1 General introduction

Collagen is the most ubiquitous protein found in animals (from sponges to humans).
Only among the vertebrates, at least 28 different types of collagen can be found.1, 2 All
collagen-containing supramolecular structures in an organism are formed by different
types of collagen and also non-collagenous components.3, 4 The combination of colla-
gen types,5, 6 post-synthesis modifications7 and the interaction with non-collagenous
components is specific for each tissue and its function.8 In this Chapter we discuss
the collagen structure, the sources and extraction methods and the efforts to silicify
collagen type I in vitro. From now on we will often refer to it simply as collagen.

Collagen type I is the most abundant fibrillar protein of the extracellular matrix
(ECM), being present in bone, skin, tendons and ligaments.9 It is a heterotrimeric
molecule composed of two α1-chains and one α2-chain. These left-handed chains adopt
a right-handed triple helix as tertiary structure. Each α-chain has a characteristic
[Gly-Xaa-Yaa] repeating unit, with Xaa and Yaa being majorly proline (Pro) and 4-
hydroxyproline (4-Hyp), respectively. The Gly-Pro-Hyp sequence represents the 12%
of the amino acids.10 Glycine (Gly) residues showed to be essential for the formation
of the triple helix and mutations in its position lead to different diseases, such as
osteogenesis imperfecta (also known as the brittle bone disease).11 Both at the N-
and C- terminal ends of the helical structure, the collagen molecules present two
sequences of amino acids with a random coiled structure that lack the [Xaa-Yaa-Gly]
motif: telopeptides and propeptides. The propeptides play a role in the formation

Adapted from B. Oosterlaken†, M.P. Vena† and G. de With., In vitro collagen mineralization,
Advanced Materials (2020) Accepted for publication. † = contributed equally
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of the tertiary helical structure and prevent the aggregation of the helixes inside the
cell, while the telopeptides are key to the fibrillogenesis process.

5.2 Biosynthesis of collagen

An overview of the biosynthesis route of collagen is shown in Figure 5.1. The
genes that code for the α1-chains and α2-chains are transcribed into messenger RNA
(mRNA) inside the cell nucleus in a variety of cells, mostly from the mesenchymal lin-
eage (e.g. fibroblasts, chondrocytes, obsteoblasts, tenocytes). The mature mRNA is
then transported to the cytoplasm. The individual α-chains are synthesized from the
mRNA by ribosomes attached to the membrane of the rough endoplasmic reticulum
and are translocated inside the endoplasmic reticulum. The C-terminal telopeptides
drive the precise alignment of the α-chains and disulfide bonds formed between cys-
teine residues located in C-terminal propetides help to maintain this alignment.

Inside the endoplasmic reticulum, the α-chains undergo a series of modifications
(post-translational modifications) that are necessary for the formation of the triple
helix and the further assembly into microfibrils.7 The Pro residues within the [Gly-
Xaa-Yaa] sequence located in the helical stretch of the chains are enzymatically hy-
droxylated by prolyl-3-hydroxylases and prolyl-4-hydroxylases to form hydroxyproline
(Hyp). This modification only happens when the procollagen molecules are unfolded.
They are needed for the α-chains to assemble into a triple helix and to enhance the
thermal stability of the molecules.12

The lysine (Lys) residues located both in the helical part and in the telopeptides
are hydroxylated by a group of lysyl hydroxylases to give 5-hydroxylysine (Hyl). En-
zymatic O-glycosylation of Hyl with mono- and disaccharides probably occurs before
the excretion of the procollagen outside the cells. The degree of glycosylation is
tissue- and species-specific. The role of glycosylation is still under discussion, but it
might play a role in modulating the crosslinking processes and in limiting the fibril
diameter.9

The α-chains adopt a triple helical configuration in a zipper-like fashion during
and after the addition of some of the post-translational modifications.13 The helix is
formed from the C- to the N-terminus of the procollagen molecules and the folding-
rate is limited by the enzymatically catalyzed cis-trans isomerization of peptide bonds.
The above-described post-translational modifications do not occur once the triple
helix is formed.

The procollagen molecules (Figure 5.2 a) are then transported to the Golgi appa-
ratus.14 The excretion mechanism and the locations where the N- and C-propeptides
are cleaved are still under debate and two different mechanisms have been proposed.
The first states that the cleavage occurs after the procollagen molecules are released
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Figure 5.1 Schematics of collagen synthesis. The α-chains are synthesized by ribosomes
attached to the membrane of the rough endoplasmic reticulum (ER) (1). Three α-chains are
aligned at the C-propeptides (2) and adopt a triple helical structure in a zipper-like manner at
the same time as post-translational modifications take place (3). The procollagen molecules
are transported to the Golgi apparatus (GA). Two different models explain how the collagen
molecules are extrected. The N-propeptides are cleaved enzymatically inside the GA (5a) or both
C- and N-propeptides are cleaved extracellularly (5b). The procollagen molecules are excreted
to the extracellular space, in deep invaginations of the plasmatic membrane (PM) (6) where
the remaining propeptides are cleaved and the resulting tropocollagen molecules initiate the self-
assembly (7).
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to the extracellular space in deep invaginations formed on the cell membrane.15 After
the removal of the propeptides, the solubility of the resulting rod-like tropocollagen
molecules decreases and fibrillogenesis takes place. The second mechanism suggests
that the propeptides are cleaved intracellularly inside the Golgi-to-Plasma Membrane
carriers and early fibrillogenesis takes place.14 Subsequently, the early-formed fibrils
are extracted to the extracellular space.

The tropocollagen molecules (Figure 5.2 a) assemble, depending on the tissue,
into microfibrils and fibrils (Figure 5.2 b) of different length and diameter. Other
biomolecules, such as different proteins, other collagen types and proteoglycans, are
also involved in the fibrillogenesis process. The formed fibrils can be heterotypic
(i.e. formed by a mix of different collagen types) and the fibril composition is tissue-
dependent.16 For example, collagens type I and type V co-assemble together in corneal
tissues5 and a small amount of collagens type III and V are found next to collagen
type I in tendon.6 The fibril size is believed to be regulated by biomolecules such as
small proteoglycans with leucine-rich sequences. Decorin, fibromodulin and lumican
are found on the surface of fibrils. It has been shown that they regulate the fibril
diameter in vitro17 and that their absence can result in an abnormal fibril diameter
in vivo.18

During fibrillogenesis, the Hyl and Lys residues in the telopeptides can be enzy-
matically oxidized further to form hydroxyallysine and allysyne, respectively. The
latter residues engage in covalent bonds with Lys, Hyl or His residues located in the
helical stretch.19

5.3 Structure of collagen microfibrils and fibrils

The collagen molecules (Figure 5.2 a) have a length of ∼300 nm and a width of
∼1.5 nm. Once in the extracellular space, they spontaneously assemble into fibrils
that can grow up to 1 cm in length and 1µm in diameter.

Fibrils are composed of smaller rope-like building blocks called microfibrils (Fig-
ure 5.2 b). These are formed of five tropocollagen molecules arranged with an offset
of 67 nm between neighbouring molecules. Their organization in a quasi-hexagonal
unit cell with an axial length of 67 nm21, 22 was confirmed by high-resolution map-
ping combined with crystallographic information and modelling.23 Orgel et al. were
able to fit the amino acid sequence of collagen to the experimental electron density
map of collagen molecules obtained in situ.23 The quasi-hexagonal structure is main-
tained throughout the microfibril and each unit cell contains the molecular segments
of four tropocollagen molecules and a gap region. Being able to visualize the full path
covered by a single molecule through successive unit cells allowed to determine that
neighbouring microfibers are interdigitated by crosslinks, which explains why it is not
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Figure 5.2 Illustration of the structure of collage at various length scales. a) Tropocollagen
molecule. b) Collagen fibril formed by staggered tropocollagen molecules. c) The staggered
organization leads to bands with different high (green) and low (yellow) electron density observed
inside the overlap and gap regions. d) TEM micrograph of a collagen fibril, unstained, showing
the characteristic D-banding pattern (scale bar: 200 nm). e) Full-atom structure of one and a
half unit cells within a microfibril obtained by MD simulations shows the presence of voids in the
’a’ and ’e’ bands of the gap region. e) Adapted from20 with permission from the PCCP Owner
Societies.

possible to isolate microfibrils.4 The interpretation of the electron density map also
provides insight into the collagen regions that interact with other biomolecules.24

The staggered arrangement of collagen molecules within the microfibrils into gap
and overlap regions leads to a characteristic banding pattern that can be easily ob-
served by electron microscopy as zones of low and high contrast, as shown in Figure
5.2 d. This banding pattern is termed D-periodicity, D-spacing or D-band pattern,
with D-periodicity the most commonly used term.

With chemical staining, several sub-bands can be identified. Positive staining
using phosphotungstate (PTA) reveals the position of positively charged amino acid
residues in the collagen sequence.25 PTAs are large anions that react with the posi-
tively charged side-chains of Lys, Hyl and Arg. These amino acids are non-uniformly
distributed in groups along the axial direction of the microfibril. When collagen fib-
rils are positively stained with PTA and imaged with TEM, up to twelve peaks of
different intensities are observed. These peaks, schematically shown in Figure 5.2 c,
can be assigned to the positively charged groups in the gap (a3, a2, a1, e2, e1, d, c3),
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overlap (c2, c1, b2, b1) and both regions (a4).25 The precise location and orientation
of charged amino acids along the collagen molecule can give insight into the location
of potential sites for intrafibrillar infiltration of minerals as well as the interaction
sites for non-collagenous proteins.26 Recently, Xu et al.20, 26 performed molecular
dynamics simulations on a collagen microfibril to understand how the relative position
of the collagen molecules changes along the c-axis lead to the formation of possible
infiltration paths within the fibrils (see Figure 5.2 e). At atomic level detail, they
managed to quantify the shape and size of the void space between molecules in a
microfibril and confirmed the presence of channels across adjacent microfibrils.

The cellular mechanisms of fibril growth and organization in vivo are still not
fully understood. The axial growth of collagen fibrils is believed to happen through
crosslinks between the telopeptide regions of one tropocollagen molecule with the
helical regions of an adjacent molecule, the formation of salt bridges and electrostatic
interactions. The lateral growth is less well understood and seems to happen through
hydrophobic interactions.8

The self-assembly of collagen in vitro sheds some light onto the fibrillogenesis
process, despite lacking other biological control mechanisms. Even in an acellular en-
vironment, the molecules can assemble into fibrils with the characteristic D-banding
pattern and some of the crosslinks that are formed in vivo will spontaneously occur in
vitro. Fibrillogenesis can be followed in vitro by performing turbidity measurements.
The sigmoidal shape of the experimental curve indicates that it is a multi-step pro-
cess:27 the nucleation of microfibrils is followed by axial growth. It is believed that
after reaching a critical length, lateral growth through hydrophobic interactions takes
place.28 Since fibrillogenesis in vitro is mainly driven by weak interactions, it can
for instance be affected by different parameters such as temperature, pH and salt
concentration, among others.29 The effect of such parameters on the fibrillogenesis
process will be further explored in Chapter 6 and Chapter 7.

5.4 Sources, extraction methods and formulations

Collagen type I used for biomedical, commercial and basic research applications is
mainly extracted from animal tissues, mostly from skin and tendon of porcine, bovine
and ovine origin.30, 31 Less common are collagens from fish32 and sponges.33 Due
to the relatively easy and mild extraction method, it is also common to use collagen
extracted from rat tail tendon for research purposes.

The methods used to extract collagen from different sources depend on the source
(animal and tissue) of the collagen. Tissues where collagen fibrils present a low degree
of crosslinking, such as tendon, require mild methods like acidic dissolution, while
tissues with high degree of crosslinking require harsher methods, usually including
proteolytic digestion. The source and extraction method will affect the purity and
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integrity of the collagen: crosslinks and telopeptides regions might be lost during
the process.34 This can affect the re-assembly process of polymerization and final
properties of the extracted collagenous material. Moreover, it is important to note
that, due to the lack of standardization among collagen sources, comparison between
different studies can be difficult.

The use of collagen from animal sources for biomedical applications has the dis-
advantage of being potentially immunogenic (i.e. provoke an immune response in the
host) and susceptible to batch-to-batch variabilities. The use of recombinant collagen,
produced by genetically modified organisms, could overcome both issues. However,
this process has low yields and the collagen lacks of some post-translational modifica-
tions.35, 36, 37 Small synthetic peptides with collagen-like sequences have been used
to gain insight on the molecular structure, biochemistry, stability and self-assembly
of collagen.38 While their use for biomedical applications is still limited, synthetic
peptides have been used for studies of mineralization.39 Research on collagen miner-
alization, which is discussed in Section 5.5, has been done using reconstituted collagen
in different formulations, such as soft hydrogels, assembled fibrils, freeze-dried sponges
and demineralized tissues.

Collagen hydrogels: Collagen hydrogels are water-swollen collagen networks typi-
cally formed by neutralization of an acidic collagen solution and incubation at 37 °C.
The kinetics of self-assembly, the morphological and structural characteristics depend
on different parameters such as the source and extraction method of collagen, the
collagen concentration, the pH, ionic strength and temperature.40 For a given appli-
cation, it can be necessary to induce chemical, physical or biological crosslinks10 to
strengthen the reconstituted hydrgels and avoid their disintegration during its han-
dling and use.

Assembled fibrils: Collagen fibrils can be assembled in two-dimensional substrates
such as glass cover slides41 or TEM grids,42 following neutralization methods similar
to that for the preparation of three-dimensional collagen hydrogels. This facilitates
the use of characterization techniques that require thin specimens. Collagen mineral-
ization has been studied in self-assembled fibrils immobilized on TEM grids,43 allowing
TEM imaging and electron tomography measurements without further treatments to
the specimen.

Freeze-dried sponges: Typically, collagen suspensions are immersed and frozen in
a cryogenic bath at temperatures between −20 °C and −45 °C. The composition of
the suspension and the freezing parameters can be tuned to regulate the pore size of
the sponge.44, 45

Demineralized tissues: The minerals present in mineralized tissues such as bovine
bones or fish scales can be removed by chemical treatments leading to a collagenous
structure.46, 47 Following this process, the hierarchical levels of organization of the
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tissues are preserved and hence, these organic templates can be tougher and stronger
than other forms of reconstituted collagen.

5.5 In vitro mineralization of collagen with silica

Silicon is the most abundant element on the earth crust and quartz, a crystalline form
of silicon oxide, the most abundant mineral. Silicon is important for animal growth,
as it is considered to be an essential nutrient.48 It participates in several biological
processes such as the formation of bone, cartilage and connective tissue.48 Amorphous
silica can be found in the skeleton of sponges49 and the frustules of diatoms.50

Most of the work dedicated to create collagen-silica hybrids, either by extra- or
intrafibrillar mineralization, has been done with the goal of contributing to the field of
tissue engineering. Even though in nature we only find silicified collagen in sponges,51

the biochemical role of silicon in the development of tissues makes it a great candidate
to be combined with collagen to prepare scaffolds for tissue engineering. These mate-
rials should reunite a series of properties before they can be considered as (possible)
suitable scaffolds for biomedical applications. First, they should provide macroscopic
porous networks where cells can attach, proliferate and differentiate and nutrients and
metabolism products can be transported through. Moreover, the scaffolds should be
stiff enough to resist matrix contraction and biodegradable at rate compatible with
its use. The ability of cells to adhere to a scaffold depends on its surface topography
and their ability to proliferate is linked to the mechanical stability.52 Finally, in vitro
and in vivo studies need to be performed in order to study the biocompatibility as
well as the response of the organisms to the scaffolds during the wound healing pro-
cess. Heinemann et al.53 reviewed the efforts on making collagen-silica hybrids for
biomedical applications until 2013. In this section, we aim to provide an overview of
past and most recent work.

It was discussed in Section 5.4 that collagen can be used for research in a variety of
forms: soluble collagen, fibrils, hydrogels or demineralized tissues. The interaction of
silica with all these different collagen formulations has been studied in the last twenty
years. The use of soluble collagen gave insight in the influence of silicon species in
the self-assembly of collagen and the interaction between the organic and inorganic
components, while silicification of hydrogels or demineralized tissues was used as a
method to stiffen the organic template for biomedical applications (Figure 5.3).

5.5.1 Effect of silicon species on the fibrillogenesis process

Ono et al.54 were the first to study the interaction of a silica precursor with soluble
collagen. By assembling soluble collagen in the presence of tetraethyl orthosilicate
(TEOS) at neutral pH set by a saline phosphate buffer at 37 °C, they obtained tubular
silica structures with an inner diameter of 25-50 nm (corresponding to the diameter of
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Figure 5.3 Overview of mineralization of collagen with silica. Collagen-silica composites can
be formed by combining collagen in different forms (triple helixes, fibrils or 3D scaffolds, such as
hydrogels, sponges and demineralized tissues) using molecular precursors of silica (R= -H, -CH3,
-CH2CH3) or silica particles that can be functionalized or loaded with biomolecules of interest.

assembled fibrils in solution) and silica coatings 50 and 100 nm thick. The core-shell
structure presented silica protrusions with a periodicity of 60-80 nm. The collagen
fibrils act as a template for silica condensation due to the electrostatic interaction
between the negatively charged silicic acid and the positively charged gap zones of
collagen. This preferred localization for silica condensation explains the formation of
protrusions with a spacing of 67 nm.

Eglin et al.55 performed an in vitro study on the effect of three different biomimetic
silicon species (sodium silicate, sodium catecholate and 12 nm silica particles) on the
kinetics of the self-assembly process of collagen type I extracted from rat tail tendon.
Because collagen molecules scatter more light upon aggregation, they followed the
fibrillogenesis process via spectrometric turbidity measurements using a wavelength
of 400 nm, and measured the amount of silicon species in solution. When molecular
silica precursors are added, they hydrolize into orthosilicic acid (Si(OH)4). At con-
centrations larger than 2mM, Si(OH)4 undergoes polycondensation and oligomeric
species are formed. Therefore, it is not surprising to see that the fibrillogenesis pro-
cess below and above this concentration is affected in different ways. While below
2mM fibrillogenesis is enhanced, the opposite occurs for larger concentrations. More-
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over, the process seems to be totally inhibited at 10mM. A similar inhibition was
observed with silica nanoparticles. As long as the amount of oligomeric species or
colloid content is low, tropocollagen molecules are still able to interact and assemble.

The authors performed two set of experiments, adding the silica precursors before
and after the lag phase (i.e. the phase when the turbidity of the sample remains
low and constant before observing an exponential growth). This gives insight on how
the silicon species interact with the collagen molecules. The authors state that at
low concentrations of sodium silicate and silica particles, these precursors may play a
role during the nucleation phase, by modifying the water structure in the vicinity of
tropocollagen molecules. At higher concentrations, the adsorption of polysilicic acid
and particles to collagen hinder the fibrillogenesis until it is inhibited completely at
10mM. This is explained by the fact that fibrillogenesis can still occur if most of the
triple helices are free to interact with each other, and, therefore, the amount of silicon
species that can be added is limited. Unfortunately, the authors did not perform any
analysis on the morphology of the aggregates.

Shen et al.56 also studied the effect of sodium silicate on the self-assembly of
collagen type I extracted from calf skin. The turbidity measurements show the same
trend as that observed by Eglin et al.55 for rat tail tendon: sodium silicate enhances
fibrillogenesis below 2mM and inhibits it above that concentration. These results are
confirmed by morphological analysis made by AFM and SEM. Collagen fibrils with
the characteristic D-periodicity are obtained for sodium silica concentrations up to
4mM while for larger concentrations only clustered collagen aggregates are formed.

It is worth noting that fibrillogenesis is sensitive to a wide range of parameters,
including the collagen source and concentration and the type of buffer used. Moreover,
the self-assembly process is not only affected by these individual variables but also
by their cumulative effects. While the above-mentioned studies show that there is an
apparent upper limit concentration for silicon species where fibrillogenesis can still
take place, this concentration seems to depend on the specific conditions used for the
experiments.

5.5.2 Extrafibrillar silicification

The main interest in studying the interaction between collagen and silica species
lies in the fact that collagen-silica hybrid materials present potential for biomedical
applications. A general look at the work done in this field indicates that there is
a synergistic effect between collagen and silica, but that there is a need to find a
good compromise between structural and mechanical properties of the scaffold and
its biocompatibility.53

The strategies to produce collagen-silica hybrids can be divided into two groups.
On the one hand, mineralization can be achieved in a one-step approach by the
simultaneous self-assembly of collagen and silica polycondensation and, on the other
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hand, by a two-step approach where the formation of collagen matrices is followed by
silicification. In both cases, mineralization of collagen with silica has been achieved
both extra- and intrafibrillarly.

For a one-step approach, tropocollagen molecules or collagen oligomers in acidic
solution are mixed with silica precursors followed by neutralization of the system to
trigger fibrillogenesis simultaneously with silica condensation. If the chosen conditions
allow it, cell cultures can be directly added prior to the process, which, however,
limits further processing. When cells are added after the formation of the hybrid
silica-collagen material, this hybrid material can undergo different drying treatments
according to its final use, such as freeze-drying, critical point drying or controlled
solvent evaporation. While freeze-drying can disrupt the 3D structure of the scaffold,
critical point drying is a better method to conserve it, but the resulting aerogel might
have poor mechanical properties due to its high porosity and vulnerability to moisture.
Solvent evaporation, or controlled air-drying, leads to xerogels with a stiffer structure.

The work by Eglin et al.55 discussed above indicates that the amount of silica
precursors that can be added during fibrillogenesis is limited. In order to increase the
amount of silica without inhibiting collagen self-assembly, higher concentrations of col-
lagen are needed. However, concentrated solutions of collagen become rather viscous,
limiting their processability.57 Desimone et al.58 managed to prepare collagen-silica
materials from a 3mg/mL collagen solution with both silicate and silica particles as
silica sources in concentrations that would inhibit the fibrillogenesis if lower colla-
gen concentrations were used.55 Quignard et al.57 overcame this problem and used
successfully 5mg/mL collagen solutions by using a Tris-HCl buffer as neutralization
agent instead of NaOH solutions or phosphate buffer saline (PBS). This illustrates
the sensitivity of the process to the precise experimental conditions.

Depending on whether silicate solutions or silica particles are used as inorganic
source, the final scaffolds might have different structural and biological properties.
Quignard et al.57 prepared hybrid materials by mixing a rat tail collagen solution
with either sodium silicate or 12 nm, 80 nm and 390 nm silica particles followed by neu-
tralization at room temperature (Figure 5.4 a). While using silicate leads to a material
with a 10-fold increase in elastic modulus G compared to bare collagen hydrogels, little
to no increase in G is observed when nanoparticles are used. This indicates that the
interaction of nanoparticles and collagen is weaker than the interaction of the silicate
and its poly-condensation product with the collagen. Biocompatibility assays with
human dermal fibroblasts showed that silicates and silica particles of 12 nm and 80 nm

enhance cell growth compared to collagen hydrogels, while 390 nm particles are detri-
mental to cell growth. Even though gel stiffness is key for cell growth, an extensive
silica coverage can be detrimental for the adhesion of cells. A compromise between
the material stiffness and material roughness, a controlling factor for cell adhesion,
needs to be found for each application.58, 59 Moreover, loading of silica nanoparticles
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with biomolecules, such as antibiotics60 or genes,61 and incubating them with colla-
gen leads to a formation of functional materials with potential applications in drug
delivery for tissue engineering.

Chen et al.62 prepared dense two-dimensional hybrid collagen-silica membranes
by coating polydimethylsiloxane (PDMS) chips with a microgrooved pattern. The
authors mixed an acidic mixture of porcine collagen type I (probably from skin) and
3-glycidoxeypropyltrimethoxysilane (GPTMS) as silica source. The epoxy groups of
GPTMS react with the free amino groups of the collagen, while the Si–OCH3 groups
are hydrolyzed and condensed into Si-O-Si bonds forming a silica network. These
hybrid membranes have adequate stiffness, biodegradability and biocompatibility to
enhance the growth of skeletal myoblasts. Moreover, the use of microgrooved surfaces
strongly direct the myoblast alignment and elongation. This material presents poten-
tial applications for regeneration of tissues with cells aligned in a certain direction,
such as musculoskeletal tissue.

The two-step method, where a collagen matrix is formed before the addition of
a silica source, can be used to avoid incompatibilities between the desired silica con-
centration and the self-assembly process. In the same way that the collagen hydrogel
stiffness is enhanced with the use of fixatives as glutaraldehyde (commonly used for
fixation prior preparation for image analysis),63 molecules with silicon moieties, such
as GPTMS64 and 3-aminopropyl triethoxysilane (APTES),65 can act as crosslinker
and silica source at the same time.

Foglia et al.65 fixed collagen fibers with glutaraldehye molecules which, instead
of acting as crosslinkers, remain immobilized and pendant, available to react with
APTES, forming a colored Schiff base. By increasing the amount of glutaraldehyde
while leaving the amount of APTES constant, the authors obtained gels with homo-
geneous silica coverage, reaching average fibril diameters of 100 nm (double in size
compared to control collagen gels). The amount of APTES, that can covalently bind
the aldehyde or polymerize via sol-gel with another APTES molecule, establishes the
silica content of the hybrid material (Figure 5.4 b). Hydrogels prepared with glu-
taraldehyde and APTES were chosen to pursue in vitro and in vivo experiments,66 as
these matrices showed a 60-fold increment in the storage modulus and lower rates of
degradation by collagenase type I, compared to collagen gels.

Wang et al.67 prepared porous collagen-silica scaffolds derived from porcine dem-
ineralized cancellous bone with a porous hierarchical structure and a nanoroughened
surface. In order to ensure that silicification occurs homogeneously throughout the
scaffold, the surface of the demineralized bone was first coated with three bilay-
ers of poly(diallyldimethylam monium chloride)/poly(acrylic acid-g-alkyl bromide)
(PDADMAC/PAA-g-B), followed by polymerized dymethylaminoethyl methacrylate
(PDMAEMA). Different silica precursors were used: (3-aminopropyl)trimethoxysilane
(APTMS), (3-mercaptopropyl)trimethoxysilane (MPTMS) and tetramethoxysilane
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(TMS). EDS elemental mapping performed on cross-sections of the scaffold showed
that the amounts of Si were similar throughout the gel. The extent of silicon deposi-
tion was directly related to the surface roughness and the scaffold sturdiness. Scaffolds
made with TMS showed larger silica deposition due to the negative charge induced
by the hydrolysis of the precursors. The amino groups of APTMS and MPTMS have
a positive charge that is repelled by the PDMAEMA. In vitro and in vivo studies
indicate that these scaffolds could be appropriate scaffolds for in situ bone tissue en-
gineering. After implantation, the scaffolds can recruit and host mesenchymal stem
cells.

Figure 5.4 Extrafibrillar silicification of collagen type I. a) Collagen-silica hydrogels obtained
by a one-step approach. The SEM images show the gel surface of the hydrogel after 1 day
(cell-free, on the left column) and 21 days (with Human Dermal Fibroblasts culture, on the
right column) for 1,2) bare collagen and 3,4) collagen and 80 nm silica particles. Scale bars:
5 µm. b) Collagen-silica hydrogels obtained by a two-step approach. Collagen hydrogels (1) were
functionalized with increasing concentration of APTES (2,3,4). Scale bar: 1 µm. a) Adapted
with permission.57 Copyright 2012, Wiley-VCH. b) Reproduced from65 with permission from The
Royal Society of Chemistry.

5.5.3 Intrafibrillar silicification

Niu et al.68 were the first to show that intrafibrillar mineralization of collagen with
silica was possible. They proposed a biomimetic method to infiltrate a polyamine-
enriched collagen sponge with a fluidic precursor phase of stabilized polysilicic acid.
Silicic acid is obtained from the hydrolysis of TEOS and is stabilized by choline
chloride to prevent the formation of a silica gel during the experiment. The poly-
allylamine (PAH) acts as a catalyst for silica condensation, but whether it is forming
macromolecular aggregates inside the fibrils or only coating the collagen fibers surface
is not clear. TEM micrographs of sponge sections show that the moldable fluidic silica
phase already infiltrates the collagen fibrils after one day of silicification, replicating
the cross-banding patterns and microfibrillar architecture of the collagen fibrils (Fig-
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ure 5.5 a). The authors suggest that the infiltration occurs via a “polymer-induced
liquid-phase precursor” (PILP)-like mechanism.69 In this case, the PILP-phase would
be the choline chloride-stabilized polysilic acid and due to its highly liquid-like char-
acter, it can seep into the gaps of the collagen template. Unfortunately, the authors
do not go into details. The intrafibrillar silicified collagen sponges have been used in
in vitro and in vivo studies and showed their potential for biomedical applications and
tissue engineering. They promoted the proliferation and osteogenic differentiation of
bone marrow-derived mesenchymal stem cells70, 71, 72 and human dental pulp stem
cells.73 In the same work, the authors used this method to infiltrate the collagen
present in tendon fascicles of mature rats (Figure 5.5 b).68 Similar to the collagen
sponges, the fascicles became stiffer after silica treatment. The intrafibrillar silicifi-
cation was confirmed by electron tomography.

Slightly modified, this approach was applied to infiltrate demineralized tissues.46

After removing the carbonated apatite present in fish scales and bovine rib bone, the
authors obtained a dense collagen structure that retained the hierarchical structure
of the tissues. Although the collagen tapes could be successfully infiltrated by a two-
step method,68 the demineralized matrices are much denser making infiltration of the
silica precursors more challenging. They modified the previous method by directly
stabilizing silicic acid with PAH, instead of using choline chloride. PAH prevents
condensation of silica in solution and keeps the silicic acid in a fluidic state, either
by the formation of hydrogen bonds between silanol and amine groups or by masking
the silanol groups with the long polymer chain. This fluidic phase was transported
via transversal canals and perpendicular sheet-like structures in the fish scale and
through Harvesian canal and its branches in the osteon to reach and infiltrate the
collagen fibrils.

Recently, Hu et al.74 presented a one-step approach to infiltrate silica into collagen
fibrils via the simultaneous self-assembly of collagen molecules (extracted from rat tail
tendon) and silica infiltration and condensation. Inspired by the proteins responsible
for silica formation in diatoms, the authors use PAH and sodium tripolyphosphate
(TPP) as biomimetic replacements for positively and negatively charged proteins,
respectively, to ensure the stabilization of the silica precursor and its infiltration
into the intrafibrillar space. The presence of PAH as a silicic acid stabilizer is a
requirement for intrafibrillar silicification. In its absence, the silicification occurs
only extrafibrillarly. While the presence of TPP in the system is not necessary for
intrafibrillar silicification, its presence has an effect on the packing of the collagen
molecules. When the self-assembly was triggered in the absence of TPP, twisted
silicified collagen fibrils with a periodicity of ∼ 145 nm were obtained, while in the
presence of TPP a clear banded structure with a 67 nm periodicity was observed. The
authors explained this difference as a consequence of the interaction between PAH
and the carboxyl end groups of the collagen that puts the PAH as a spacer between
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molecules. TPP molecules interact strongly with the positively charged groups of the
gap zone while PAH-stabilized silicic acid infiltrates de collagen fibrils via capillary
action.

Hu et al.74 also managed to infiltrate pre-assembled fibers with silica using PAH
and TPP. Their results seem to conflict with the previous work of Niu et al.68 The
latter showed that the presence of (poly)phosphate groups was not necessary, even
counter-productive, for the intrafibrillar mineralization of a pre-formed collagen tem-
plate, while Hu et al.74 do not observe intrafibrillar silicification in the two-step
approach unless they add TPP to the system. The difference might be due to the
choice of different collagen templates (collagen sponges obtained by freeze-drying in
contrast with self-assembled collagen) and provides another illustration of the sensi-
tivity to the precise experimental conditions.

Figure 5.5 Intrafibrillar silicification of collagen type I. a) TEM micrograph showing that the
mineral infiltrates the collagen fibers of a commercial collagen sponge and replicates the typical
banding pattern. Scale bar: 100 nm. b) Intrafibrillar mineralization of rat tendon fascicles. The
white arrows indicate the continuity of the silica microfibrillar strands. Scale bar: 50 nm. Adapted
with permission from.68 Copyright 2011, Wiley-VCH.

5.6 Concluding remarks

Collagen mineralization is a biological process that occurs in many skeletal elements
in the animal kingdom. Examples of these collagen-based skeletons are the siliceous
spicules of glass sponges or the intrafibrillar hydroxyapatite platelets in vertebrates.
The mineralization of collagen in vitro has gained interest for two main reasons:
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understanding the processes behind bone formation and the synthesis of scaffolds for
tissue engineering.

In this Chapter we focused on the efforts towards collagen silicification in vitro.
While collagen alone will be too soft for most applications and silica alone can be
too brittle, combining the two can lead to scaffolds with synergistic properties. The
literature reviewed for this Chapter showed that a wide variety of collagen templates,
silica species and mineralization protocols were used in in vitro experiments. Colla-
gen templates would include soluble collagen, fiber, hydrogels or demineralized tis-
sues, each one of them with a different network density and degree of crosslinking.
The mineralization protocols were designed for different silica precursors (inorganic
salts, organosilanes, (functionalized) silica particles) in a variety of solution conditions
(temperature, pH and ionic strength).

The fact that each group seems to have developed its own collagen template prepa-
ration method and silicification protocols hampers comparison of results between dif-
ferent studies. However, they still lead to general fundamental knowledge on the
interaction of silica and collagen to produce silica-collagen hybrid materials.

In Chapter 6 and Chapter 7 we will study the self-assembly of collagen type I.
First, we will screen the individual and combined effect of five different parameters
in the kinetics of collagen self-assembly and the morphological characteristics of the
resulting hydogels. Second, we will aim to provide an empirical predictive model
that relates these parameters with each one of the kinetic metrics and morphological
features. Finally, in Chapter 8 we will design a strategy to successfully silicify the
obtained library of collagen hydrogels.
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Chapter 6

A systems approach to study collagen type I
self-assembly

Collagen type I is widely used in tissue engineering scaffolds. Although there is an
extensive body of literature studying collagen self-assembly, there is a lack of sys-
tematic understanding on how different experimental factors affect the fibrillogenesis
process. Moreover, most of the studies investigate the effect of individual parameters
and neglect their cumulative effects on the collagen fibril and network morphology.
Therefore, it still remains a challenge to mimic the heterogeneous and multi-scale
architecture of biological tissues.

In this Chapter we implement an efficient workflow to study the interactive effects
of several assembly parameters and their effect on the final hydrogel morphological
characteristics. This workflow consists of: 1) efficient statistical sampling based on
Design of Experiments, 2) high-throughput and automated data collection and 3)
automated data analysis. This method enables us to screen several parameters simul-
taneously, taking into account not only their individual effects in the fibrillogenesis
process but also their cumulative effects, infer which ones exert significant effects and
derive a predictive model that links these parameters with the kinetics and morpho-
logical aspects of collagen type I fibrillogenesis.

To be submitted as M.P. Vena†, L. van Hazendonk†, R. Tuinier, H. Friedrich.
† = contributed equally
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6.1 Introduction

The organisation of biological tissues is dictated by the architecture of the extra
cellular matrix (ECM). This network of fibrous proteins, polysaccharides and proteo-
glycans forms a hydrogel within which cells are embedded, providing physical support
and integrity to tissues as well as directing cellular behaviour.1 Designing matrices or
scaffolds that closely resemble the ECM is important for the development of synthetic
materials that can be used in tissue engineering.2

Scaffolds used for tissue engineering must meet several mechanical, biological and
structural requirements in order to provide cells with a suitable environment for their
growth and development. The ideal scaffold has to maintain the integrity of the
tissue, provide resistance to stress,3, 4, 5 be biocompatible and bioactive and mimic
cell-matrix interactions.6, 7 Bio-derived building blocks of the ECM are preferred over
synthetic alternatives because they already meet several of the requirements. The be-
haviour of cells in a 3D fibrous scaffold is affected by the fibre diameter (that can be up
to 1µm7, 8) and the porosity. The presence of micropores (< 50µm) stimulates pro-
tein adsorption and ion exchange by increasing the surface area, while macropores (>
50µm) facilitate the migration and proliferation of cells, vascularisation, biosynthetic
activity, the integration of cells within the host tissue and mass transport.9, 10

Collagen type I (Col(I)) is widely used in tissue engineering scaffolds. It is the
most abundant fibrillar protein of the ECM, being present in bone, skin, tendons
and ligaments and covering up to 30% of the total protein mass of multicellular
animals.4 It provides mechanical support to organs by forming a three-dimensional,
hydrated mesh. It regulates stress resistance, directs the adhesion of cells to the ECM,
supports cell migration and steers tissue development. Building scaffolds that mimic
this hierarchical architecture and can be rationally designed over multiple length scales
is challenging.

Electrospinning11 and lyophilization12 of collagen are common scaffold manufac-
turing methods, yielding however scaffolds with tiny pores or non-fibrillar collagen,
respectively. The assembly of Col(I) can be mimicked in vitro by neutralization of an
acidic Col(I) solution and leads to collagen networks whose morphology can be tuned
by changing the assembly conditions.13, 14 From literature it becomes clear that one
can tune the physical environment of collagen molecules during self-assembly to tune
the kinetics of the process as well as the final morphology (fibre diameter and pore
size). However, the rational design of self-assembled collagen matrices is hampered by
limited knowledge of the relationship between assembly conditions and morphological
outcome. Despite the large number of studies that can be found in the literature, the
comparison between studies is not straightforward as different neutralization methods
as well as different collagen sources (i.e. from different mammals)13, 15 and extraction
methods can significantly affect the behaviour of collagen. Moreover, a large majority
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of studies on collagen assembly focused on the effect of individual factors on scaffold
properties while the combined influence of multiple fabrication parameters on the
material morphology remained largely unexplored.

Understanding the influence of the physical environment on the 3D morphological
outcome of collagen assembly is essential for the design process of collagen scaffolds.
Systematically acquiring experimental data and deriving a predictive model for the
effects of the physical environment during collagen self-assembly presents itself as a
complex, multiple parameter problem. We believe the lack of comparability between
studies and the absence of a comprehensive investigation into the individual and
convoluted effects of the physical environment on the morphological outcome of the
collagen self-assembly process (fibrillogenesis) calls for a different, more integrated
approach. Most previous studies relied on varying individual factors one-by-one. Yet,
this approach is likely to miss the cumulative effects of multiple factors. Here, we
hypothesise that collagen assembly, and specifically the resulting fibril diameter and
pore size, may be tuned by varying multiple parameters in the assembly conditions
simultaneously. For this, we should take a “systems” approach which accounts for
individual as well as combined effects of factors under study.

In this Chapter we develop such a systems perspective by implementing a big
data approach composed of Design of Experiments, automated data acquisition and
analysis to study the effect of the multiple environmental parameters on the assembly
kinetics and the final morphology adopted by collagen in vitro.

6.2 Methods

6.2.1 Experimental and analytical workflow

The field of experimental design was founded by the biostatistician Ronald Fisher in
1935 while he was working to improve the efficiency of agricultural experiments.16

Design of Experiments (DoE) comprises a systematic approach to engineering prob-
lems by designing the data collection stage such that valid conclusions can be drawn
based on a minimum expenditure of time and money.17

The Full Factorial Design (FFD) is one type of experimental design and, more
specifically, a type of screening design. It is often used as an initial step when study-
ing a new system to screen several factors (or inputs) in a relatively large range
of conditions in order to establish their effect in the system responses (or outputs).
The FFD allows the study of two or more factors k at two or more levels t each.18

These factors are varied simultaneously instead of one-by-one, having the advantage
of considering possible interactions between factors. This kind of experimental design
assumes linearity of the response over the factor level range, thus it is important to
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carefully choose levels that are far apart to ensure reliable effect estimates, but still
can account for linearity.

From the literature it is clear that the solution conditions can affect the process of
Col(I) self-assembly in vitro. To determine important factors and relevant levels, we
took advantage of the rich -but scattered- amount of data on Col(I) assembly available
in literature. We decided to screen five variables or factors: temperature, collagen
concentration, pH and the salts sodium chloride and sodium phosphate, de-
noted A, B, C, D and E, respectively (Table 6.1). We chose these factors as they
can be easily varied in the laboratory and are physiologically relevant. Moreover, all
these factors had proven to exert an effect on the self-assembly process but in many
cases the effect on the responses was contradictory.14, 19, 20

Table 6.1 Factors and levels of the factorial design.

Factor Name Low (-1) Mid (0) High (+1) Range
A Temperature 27 °C 32 °C 37 °C C 10 °C
B Collagen concentration 0.1mg/mL 0.5mg/mL 1mg/mL 0.9mg/mL

C pH 6 6.9 7.8 1.8
D NaCl concentration 30mM 165mM 300mM 270mM
E Phosphate concentration 30mM 65mM 100mM 70mM

For our study, we used a 25 factorial design with a single replicate, which is used
to study k = 5 factors at t = 2 levels. Single replicated factorial designs are useful at
the early stages of a project, when the relevance of many factors at a wide spread of
levels wants to be studied. Although single replicated factorials have the disadvantage
of lacking an internal estimate of error, usually high order interactions rarely occur
when many factors (k ≥ 4) are studied and the sparsity of effects principle may apply,
which is briefly discussed in Section 7.5.3.

In Table 6.4 we show the settings for each run of the factorial design. Given that
2-level factorial designs are based on the assumption of linearity in the factor levels,
it is recommended to add center points to the experimental design. The use of center
points is two-fold: 1) provide an estimate of the robustness of the method (usually
3 to 5 center points are measured, in non-randomized order) and 2) reveal whether
the model presents curvature, that would require the use of a different experimental
design.

We studied the effect of those five factors on four output parameters or responses
namely lag time and lateral growth rate of fibrillogenesis, fibril diameter and pore area.
In addition to using an efficient experimental design based on DoE, we developed
an efficient experimental and analytical workflow (Figure 6.1). The lag time and
lateral growth rate are related to the kinetics of self-assembly and will be measured
by following the increase in turbidity during fibrillogenesis, while the morphological
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aspects of the hydrogels will be characterized with SEM. In both cases, the data
acquisition will be performed in a high-throughput automated fashion. This allows
the efficient collection of big amounts of data. Moreover, data analysis will be also
automatized.

Figure 6.1 Schematics of data acquisition and analysis workflow. Collagen and buffer so-
lutions are mixed at 4 °C. For kinetic analysis, the fibrillogenesis process is monitored in a
pre-heated plate reader. tlag and klat are derived from the resultant turbidity curves. For mor-
phological analysis, the hydrogels are prepared for SEM. The samples are automatically imaged
in a Phenom XL SEM. The images are analysed with MATLAB to extract the fibril diameter and
pore area from the collagen networks. Finally, the input factors are correlated with the output
quantities via statistical analysis with RStudio.

6.2.2 Sample preparation

Collagen hydrogels were assembled in a cold room at 4 °C to avoid early fibrilloge-
nesis. An acidic collagen solution (pH = 2) was added to a neutralization buffer
containing sodium phosphate and sodium chloride according to Table 6.4 in Section
6.6.2. A phosphate buffer was used due to its biological relevance and its weak tem-
perature dependence (dpKa/dT = −0.0028/K) compared to other commonly used
biological buffers. In order to have a precise control of the pH, the final pH was
calculated and corrected upfront considering the acidity of the collagen solution and
the ionic strength. Fibrillogenesis was triggered by transferring them to a pre-heated
plate reader (for kinetic measurements) or an oven (for SEM analysis) at the desired
temperature.
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6.2.3 Kinetic measurements: lag time and lateral growth rate

The assembly of collagen molecules into fibrils was monitored by turbidity measure-
ments at a wavelength of 450 nm. At this wavelength collagen dispersions do not
absorb light. Hence, all measured turbidity is attributed to scattering originating
from the evolution of larger structures. The samples were prepared in a 96-wells
plate, which allowed automated characterization of 16 different samples in triplicate
each time at a given temperature, using a plate reader. These measurements typically
follow a sigmoidal shape (Figure 6.8), characterized by a lag time tlag during which
linear growth takes place (the collagen molecules form linear aggregates that are too
small to give a signal) followed by a linear increase in turbidity due to the lateral
assembly of microfibrils into fibrils. Finally, the curve reaches a plateau due to the
depletion of linear filaments. The turbidity curve can be fitted with a Boltzmann
function to derive relevant parameters such as the lag time and the lateral growth
rate of fibril assembly.

6.2.4 Morphological characterization: fibril diameter and pore area

In order to measure the mean fibril diameter and mean pore area of the hydrogels,
we opted to use SEM due to its high resolution and depth of field instead of other
commonly used microscopy techniques (e.g. fluorescence microscopy). We followed a
typical procedure of fixation with glutaraldehyde, dehydration in water-ethanol mix-
tures and drying with a critical point drier to avoid collapse of the three dimensional
structure. After drying, all 35 samples were transferred to SEM stubs and loaded
at the same time in the Phenom XL SEM (Thermo Fisher Scientific). The area to
be imaged was selected manually for each sample. An automated script for random-
ized image acquisition provided by Thermo Fisher Scientific at their DemoLab (in
Eindhoven, The Netherlands) was used to acquire 16-bit images of randomly picked
positions within the sample with 1024 × 1024 pixels and a field of view of 33.6 × 33.6

µm each. The acquisition of over 10.000 images was performed in a single run of 48 h.

6.3 Results and discussion

Following the DoE, we assembled Col(I) hydrogels under 33 different conditions: the
32 determined by the factorial design (Table 6.4) and the center point, that has all
factors in the middle of their ranges. The assembly process was followed in time by
turbidity measurements at 450 nm in a pre-heated plate reader and the final morphol-
ogy characterized by SEM. Both characterization approaches were automated. The
results obtained for the four output parameters lag time (tlag), lateral growth rate
(klat), fibre diameter (D) and pore area (A) are gathered in Table 7.2 and will be
individually discussed in the following sections.

98



A systems approach to study the self-assembly of collagen type I

Table 6.2 Overview of results from quantification of turbidity measurements and SEM
imaging. The following statistics were obtained from Nt turbidity measurements and Ni SEM
images. The number of turbidity measurements and images included in the analysis differed
due to the discarding of curves which could not be fitted and empty or blurry images. The
errors indicate the standard deviation. Legends: *) Curves could not be fitted with a Boltzmann
function due to missing of onset of assembly, %) No gelation, #) Non-fibrillar collagen and $)
Impurities from salt crystals.

Turbidity measurements SEM
Sample Nt Lag time (tlag) Growth rate (klat) Ni Fibril diameter (D) Pore area (A)

D̄v Mv Đ Āa

- min min-1 - nm nm - µm
1K 2 11 ± 0 0.089 ± 0.014 30 198 ± 92 186 0.065 2.10 ± 2.17
2F 3 12 ± 102 0.0090 ± 0.0002 0 % % % %
3O 3 22 ± 3 0.17 ± 0.03 0 # # # #
4F 2 24 ± 4 0.044 ± 0.012 97 298 ± 134 271 0.091 3.66 ± 3.30
5B 1 3 ± - 0.015 ± - 14 128 ± 41 131 -0.025 1.10 ± 0.99
6I 2 2 ± 0 0.040 ± 0.003 0 $ $ $ $
7M 3 190 ± 110 0.0038 ± 0.0023 31 397 ± 226 335 0.158 5.30 ± 4.22
8C 3 155 ± 36 0.0018 ± 0.0006 0 % % % %
9D 3 2218 ± 720 0.0002 ± 0.0001 0 % % % %
10P 3 14 ± 1 0.52 ± 0.05 85 241 ± 110 208 0.138 2.22 ± 1.49
11P 3 86 ± 2 0.028 ± 0.003 35 253 ± 109 237 0.063 2.96 ± 2.22
12B 0 0 * 104 189 ± 86 186 0.016 2.13 ± 2.17
13J 0 0 * 0 $ $ $ $
14H 3 158 ± 11 0.0041 ± 0.0007 170 291 ± 140 263 0.098 3.44 ± 3.08
15L 3 99 ± 92 0.0048 ± 0.0014 27 235 ± 98 208 0.118 2.11 ± 1.50
16A 0 0 * 309 128 ± 40 131 -0.023 0.74 ± 0.70
17 3 17 ± 9 0.13 ± 0.03 144 277 ± 133 237 0.145 2.96 ± 2.31
18D 3 26 ± 3 0.037 ± 0.009 144 296 ± 145 271 0.086 2.58 ± 1.50
19G 2 36 ± 3 0.0068 ± 0.0023 0 % % % %
20N 3 17 ± 1 0.22 ± 0.03 70 263 ± 119 237 0.101 2.78 ± 1.96
21E 3 41 ± 19 0.016 ± 0.007 21 205 ± 95 186 0.094 2.09 ± 2.18
22J 3 4 ± 3 0.047 ± 0.037 17 144 ± 53 131 0.091 1.94 ± 3.78
23O 3 154 ± 73 0.0030 ± 0.0021 45 1044 ± 857 790 0.243 14.13 ± 8.96
24H 3 16 ± 2 0.052 ± 0.022 110 263 ± 123 237 0.102 3.34 ± 2.86
25I 3 4 ± 3 0.026 ± 0.016 21 144 ± 52 131 0.087 1.33 ± 1.48
26A 3 17 ± 35 0.013 ± 0.007 120 145 ± 56 131 0.097 1.79 ± 2.41
27C 1 39 ± - 0.0086 ± - 234 208 ± 98 186 0.109 1.67 ± 1.27
28K 3 66 ± 276 0.021 ± 0.009 69 780 ± 438 685 0.122 10.97 ± 8.10
29M 3 31 ± 1 0.17 ± 0.02 2 243 ± 100 237 0.026 3.34 ± 2.93
30N 3 107 ± 2 0.012 ± 0.002 113 283 ± 123 263 0.074 3.38 ± 3.11
31G 3 1701 ± 1185 0.0002 ± 0.0001 0 % % % %
32E 2 734 ± 752 0.0001 ± 0.0001 0 % % % %
33Q 21 42 ± 5 0.036 ± 0.021 89 635 ± 402 529 0.167 9.11 ± 7.51
34Q 6 33 ± 3 0.077 ± 0.021 179 439 ± 222 394 0.103 6.14 ± 4.42
35Q 6 34 ± 2 0.038 ± 0.010 66 556 ± 317 478 0.141 9.02 ± 7.42
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6.3.1 Kinetics of collagen assembly

Turbidity curves for most experiments followed the expected sigmoidal pattern (Figure
6.2 a).21 We can divide the cases in which the sigmoidal pattern was followed in two
categories. First, in some cases the lag time had to be set to zero because the lag time
had passed before the measurement started (fibrillogenesis started already in the cold
room at 4 °C). Second, in other cases an intermediate plateau was observed, albeit
not in all triplicates (Figure 6.2 b). Such an inhibition in the growth phase has been
observed before but was not explained.19, 22

The kinetic parameters were quantified from the data by fitting a Boltzmann
function as detailed in Section 6.6.3 with the derived results shown in Table 7.2.
The plateau times (the time when the maximum turbidity is reached) were used to
estimate the assembly times for other experiments. From the results it is clear that
fibrillogenesis proceeds faster at higher temperatures.

Figure 6.2 Turbidity graphs resulting from the turbidity analysis. Most samples followed
a sigmoidal assembly pattern, such as sample 3O (a). In a few cases, the curves contained an
intermediate apparent plateau, as in sample 21E (b).

6.3.2 Morphological characterization: fibril diameter and pore area

We characterized the morphology of the 33 Col(I) hydrogels with SEM. In Figure 6.3
we show a selection of micrographs to illustrate that by varying assembly conditions
a wide range of morphologies is obtained. It is noted that some of the conditions
did not result in network formation or led to hydrogels with non-fibrillar collagen
(Table 7.2). For non-fibrillar collagen, the mean fibre and mean pore sizes cannot be
measured, which indicates that the assumption of linearity does not hold within the
chosen levels for the five factors studied.
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Figure 6.3 Overview of collagen hydrogels. Collagen networks with a range of fibril diameter
and pore area were generated. Selected images correspond to different conditions, described in
Table 7.2: a) 21E, b) 24H, c) 18D, d) 28K, e) 23O and f) 3O. Scale bars: 10 µm.

We developed an image analysis procedure to accurately and efficiently quantify
the fibre diameter and pore size from the thousands of images acquired. The au-
tomated, operator-independent procedure (represented in Section 6.6.4 for condition
4F), takes 330 s for the analysis of 100 images without the need of a graphics pro-
cessing unit. It was designed to work for as many situations as possible in a reliable
manner, instead of being tuned for each specific set of images. From the automated
data analysis we conclude that the applied assembly conditions can be used to tune
both the fibril diameter and pore area over one order of magnitude: 100-1000 nm
and 1-10µm2, respectively. Fibril diameter distributions are generally wide, with
standard deviations up to half the volume-weighted mean fibril diameter. This is
in line with previous observations.14, 23, 24 The reported fibril diameters have the
same magnitude as those reported by others on fibrils assembled in vivo as well as in
vitro.14, 23, 25, 26, 27, 28

The dispersity of the fibril diameter distribution was found to increase with fibril
diameter (Figure 6.4 a). This observation is supported by visual examination of the
SEM images, which display loose bundling of thin fibrils into thicker ones when the
average diameter increases, as shown in Figure 6.4 b. This bundling has been observed
before, where it was reported to occur mainly at or below room temperature.24, 29
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Figure 6.4 Dispersity in fibril diameters. a) The dispersity in fibril diameters, obtained by
substrating the volume-averaged median fibril diameter from the volume-averaged mean and
normalising this for the volume-average mean, correlates with the mean fibril diameter. The
dashed curve shows a curve of 0.37D̄v/(831+ D̄v) with a correlation with the actual data points
of 0.73. b) This dispersity in fibril diameters at larger mean diameter is apparent in SEM images
(here sample 28K), which reveals a bundling of thin fibrils. Scale bar: 10 µm.

From the automated quantitative SEM image analysis, we obtained area-weighted
pore areas ranging from below 1µm2 up to over 10µm2 in size, while the porosity of
the networks was relatively unaffected with values of around 70%. The pore areas
correspond to the pore sizes of collagen matrices in vivo.7 Nevertheless, it should be
noted that the pore area as provided here is only a rough indication of the pore size in
3D, because 2D images do not allow the accurate determination of fibril intersection
in 3D. Ideally, the obtained porosities and pore areas should be compared to porosity
measured in a different way, for example with a mercury intrusion porosimeter or
with a permeability method.30

6.3.3 Effect of assembly parameters on self-assembly of Col(I)

To screen the effect of five different parameters in the fibrillogenesis process we opted
for a FFD as experimental design. This design works under the assumption that each
one of the outputs has a linear response to the chosen factors. Therefore, our aim
was to fit a linear regression model to the response data in order to extract significant
factors and interactions. It is common to analyse the results by plotting main effect
graphs. Such a main effect graph contains a plot of the mean response at each factor
level connected by a line. The inclusion of a center point to the analysis (a hydrogel
assembled in conditions that fall in the middle of the chosen levels) indicates whether
the responses are indeed linear or present some kind of curvature.
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The inspection of the main effect plots in Figure 6.5 indicates that the linearity
assumption only holds for the response lateral growth rate (Figure 6.5 a). For the
other responses, the average of the centre point runs does not lie close to the average
of all 25 runs. This implies that a new experimental design that accounts for curvature
is needed to explain the relationship between the inputs and these three outputs. For
the lateral growth rate, the response distribution plots and main effects plots are
sufficiently linear for analysis with linear regression.

Figure 6.5 Main effect plots. These plots show the mean values at all factor settings. The
effects for lateral growth rate (a) show linear behaviour while the effects for lag time (b), fibril
diameter (c) and pore area (d) display curvature in the response.

To obtain insights into the relation between growth rate and temperature, pH and
collagen, NaCl and phosphate concentration, we fitted a linear regression model to
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Table 6.3 Sensitivity of lateral growth rate to assembly conditions. Sensitivities are obtained
by normalising the regression coefficients to the largest coefficient (XA: temperature). All factors
and interactions shown are significant with p < 0.05. Adjusted R2 = 0.54.

XA XB XAXB XAXD XBXD

Regression coefficient 0.042 0.037 0.036 0.032 0.030
Sensitivity value 1 0.89 0.86 0.77 0.55

the data. After confirming the absence of higher-order interactions, a linear model
including up to three-factor interactions was fitted to the data and resulted in the
following expression:

klat = 0.055+0.042XA+0.037XB+0.036XAXB+0.032XAXD+0.030XBXD , (6.1)

with an adjusted R2 = 0.54 (Section 7.5.3).
From this equation, only the factors A (temperature), B (collagen concentration)

and the interactions AB, AD and BD (with D: NaCl concentration) appear to be
significant. The factors were encoded according to Equation 6.6. This coding im-
plies that the regression coefficients in the equations above represent one half of the
factor effects over the experimental range. Equation 6.1 shows that upon increas-
ing the temperature, collagen concentration and/or sodium chloride concentration,
the growth rate increases. The relative importance of each of these factors can be
addressed by transforming the regression coefficients into sensitivity values by normal-
ising the regression coefficients to the largest coefficient (in this case, temperature).
Table 6.3 shows that temperature and collagen concentration are the most influen-
tial ones. Temperature clearly modifies the mobility of collagen molecules, growing
aggregates and ions in solution, while increasing collagen concentration can lead to
shorter diffusion distances.

Besides these main effects, the lateral growth rate is also regulated by interactions
between factors. The two-way interaction plots in Figure 6.6 illustrate how two factors
yield a response which may have been overlooked when examining individual factors.
For instance, at low temperature, the collagen concentration does not exert much of
an effect on the growth rate. However, the rate increases with collagen concentration
at higher temperature. Similarly, the effect of NaCl is more pronounced at higher
than at lower temperature or collagen concentration.

The importance of sodium chloride rather than of sodium phosphate on the rate
of assembly is striking, as both salts are known to screen electrostatic interactions.31

Previous work found the assembly rate to be independent of NaCl concentration,

104



A systems approach to study the self-assembly of collagen type I

while it was affected by phosphate ions.20 Here, we hypothesize that chloride ions
facilitate fibril formation by forming intrafibrillar ion bridges, and that the difference
in observations between this study and previous ones is due too 1) the range of
salt levels studied and/or 2) the inclusion of multi-factor interactions in the present
study. Chloride ions are said to form intermolecular salt bridges, enhancing the
rigidity of the collagen fibril.31, 32 From the empirical model formulated here, it may
be concluded that these salt bridges are more rate-enhancing than phosphate-bridges
or the charge screening effects of sodium, chloride and phosphate ions. Moreover,
these salt bridges apparently exert a larger effect than charge differences induced by
a change in pH over the studied range. This role of salts beyond their effect on the
ionic strength and electrostatic interactions supports a hypothesis by Gobeaux and
co-workers, who concluded that assembly of collagen helices into fibrils cannot only be
driven by electrostatic interaction, as even at very high ionic strength (539-1300mM)
molecules still assemble in an organised manner.33 Yet, it should not be excluded
that phosphate ions affect the rate of assembly at higher concentrations as different
studies worked with different sodium phosphate ranges. In previous works, the rate of
assembly was seemingly unaffected by an increase of the concentration of phosphate
salt from 30mM to 60mM, while the rate slowed down at 160mM.20
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Figure 6.6 Two-way interaction plot of the lateral growth rate. This plot gives an impression
of the two-factor interactions by showing the mean effects for all combinations of levels of two
factors. In these plots, the axis labels in each row indicate the factor levels represented on the
abscissa, while the column labels indicate the factor levels associated with the blue (low level)
and pink (high level) curves. The green dots represent the centre points.

6.3.4 Model validation

To verify whether the model reliably predicts the assembly rates of Col(I) gels, we
validated them with additional data. The fibrillogenesis kinetics was monitored for
three replicates assembled at 37 °C with 1mg/mL of collagen, pH 7.3, 90mM NaCl
and 50mM phosphate, as shown in Figure 6.7. The measured growth rates closely
match the value predicted by the model, reliably capturing the relation between as-

106



A systems approach to study the self-assembly of collagen type I

sembly parameters and lateral growth rate. This model has been validated, therefore
the growth rate can now be predicted at any conditions between the used levels.

Figure 6.7 Validation of the empirical model for lateral growth rate versus assembly pa-
rameters. a) The turbidity curve of the gels used for the model validation with error bards
indicating the standard deviation of the distribution (N=3). b) The lateral growth rates derived
from the curves in (a) (black dots ± standard error of the mean (SE)) were compared to the
model prediction (red dashes) and their 95% intervals (shaded areas).

6.4 Conclusions

In this Chapter we developed an efficient workflow to study the effects of five bio-
logically relevant factors (temperature, pH, collagen concentration, sodium chlorine
concentration and sodium phosphate concentration) on the kinetics of the Col(I) self-
assembly process and on the final hydrogel morphology. We developed a (big) data
approach integrating design of experiments, automated data acquisition, data mining
and empirical modelling.

We produced a library of 33 hydrogels with different morphologies, with fibre
diameters ranging from 1µm to 10µm and pore areas from 1µm2 to 10µm2. In order
to obtain an empirical model to predict a response from the factorial design, the
response between the chosen levels has to be linear. We only observed a linear response
for the lateral growth rate while a clear curvature for the other three outcomes (lag
time, fibril diameter and pore size) was observed. We were able to develop an empirical
model that relates temperature, collagen and sodium chloride concentration to the
lateral growth rate and that successfully predict the assembly rates of gels. Based on
the results, we hypothesise that salt bridges formed by chloride ions play a critical
role during fibrillogenesis.
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Even though the linearity assumption did not hold true for three out of four
responses, we can see the choice of a factorial experimental design as an efficient
way of screening conditions for collagen self-assembly and revealing the importance
of interactions that would not have been taken into account with a conventional
experimental approach. Based on the results obtained from the factorial design, we
will explore a new experimental design that takes into account a quadratic curvature
in the responses.
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6.6 Materials and methods and further discussion

6.6.1 Materials

Bovine collagen type I from skin (6.2mg/mL) was purchased from Advanced Bioma-
trix, San Diego, USA. Sodium phosphate monobasic, sodium phosphate dibasic and
NaCl were obtained from Sigma-Aldrich. Absolute ethanol was purchased from Bio-
solve. 25% glutaraldehyde in aqueous solution (EM grade) was obtained from Elec-
tron Microscopy Sciences. All chemicals were used without further purification.

6.6.2 Hydrogel preparation

Gels were assembled at 4 °C by diluting the 6.2mg/mL stock solution of collagen
(pH = 2) with sodium phosphate buffer containing NaCl in a wells plate until the
desired final collagen concentration (0.1mg/mL and 1mg/mL). The composition of
each buffer can be found in Table 6.4. Fibrillogenesis was triggered by transferring
the samples in the wells plate to a preheated plate reader (for kinetic measurements)
or an oven (for SEM analysis). For kinetic measurements, gels were assembled in 96

wells plate and monitored for three days (27 °C), three hours (32 °C) and two hours
(37 °C).

For SEM analysis, gels were assembled in porous specimen baskets (plastic capsules
D13xH18 mm fine mesh base, 16702734, Leica) inside a 24 wells plate to ease the
manipulation of the gels during washing and dehydration steps. A typical protocol
for sample preparation for SEM imaging was followed. Briefly, the assembled gels
were rinsed with 0.1M sodium phosphate buffer pH 7.4 and fixed overnight at 4 °C
with 2.5% glutaraldehyde solution in 0.1M sodium phosphate buffer pH 7.4. After
fixation they were washed three times for five minutes in the same buffer and twice
in H2O. The samples were dehydrated in an ethanol series of 30% (1 ×5 min), 50%
(2 ×10 min), 70% (2 ×10 min), 96% (1 ×20 min) and 100% (3 ×20 min) dehydrated
absolute ethanol. The solvent was removed using and EMS 850 critical point drier.
The samples were mounted on carbon tape and coated with 6 nm gold in an Emitech
K550 sputter coater.
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Table 6.4 Two-level full factorial design. Factor settings for each run of the factorial design.
A: Temperature, B: collagen concentration, C: pH, D: NaCl concentration and, E: phosphate
concentration. The parameters XA-E represent the encoded factor levels according to Equation
6.6.

Run Buffer XA XB XC XD XE A B C D E
°C mg/mL - mM mM

1 K +1 +1 -1 -1 +1 37 1.0 6.0 30 100
2 F -1 -1 +1 +1 -1 27 0.10 7.8 300 30
3 O +1 +1 -1 +1 +1 37 1.0 6.0 300 100
4 F +1 -1 +1 +1 -1 37 0.10 7.8 300 30
5 B +1 -1 +1 -1 -1 37 0.10 7.8 30 30
6 I +1 +1 -1 -1 -1 37 1.0 6.0 30 30
7 M -1 +1 -1 +1 -1 27 1.0 6.0 300 30
8 C -1 -1 -1 -1 +1 27 0.10 6.0 30 100
9 D -1 -1 +1 -1 +1 27 0.10 7.8 30 100
10 P +1 +1 +1 +1 +1 37 1.0 7.8 300 100
11 P -1 +1 +1 +1 +1 27 1.0 7.8 300 100
12 B -1 -1 +1 -1 -1 27 0.10 7.8 30 30
13 J -1 +1 +1 -1 -1 27 1.0 7.8 30 30
14 H -1 -1 +1 +1 +1 27 0.10 7.8 300 100
15 L -1 +1 +1 -1 -1 27 1.0 7.8 30 100
16 A -1 -1 -1 -1 -1 27 0.10 6.0 30 30
17 L +1 +1 +1 -1 +1 37 1.0 7.8 30 100
18 D +1 -1 +1 -1 +1 37 0.10 7.8 30 100
19 G +1 -1 -1 +1 +1 37 0.10 6.0 300 100
20 N +1 +1 +1 +1 -1 37 1.0 7.8 300 30
21 E +1 -1 -1 +1 -1 37 0.10 6.0 300 30
22 J +1 +1 +1 -1 -1 37 1.0 7.8 30 30
23 O -1 +1 -1 +1 +1 27 1.0 6.0 300 100
24 H +1 -1 +1 +1 +1 37 0.10 7.8 300 100
25 I -1 +1 -1 -1 -1 27 1.0 6.0 30 30
26 A +1 -1 -1 -1 -1 37 0.10 6.0 30 30
27 C +1 -1 -1 -1 +1 37 0.10 6.0 30 100
28 K -1 +1 -1 -1 +1 27 1.0 6.0 30 100
29 M +1 +1 -1 +1 -1 37 1.0 6.0 300 30
30 N -1 +1 +1 +1 -1 27 1.0 7.8 300 30
31 G -1 -1 -1 +1 +1 27 0.10 6.0 300 100
32 E -1 -1 -1 +1 -1 27 0.10 6.0 300 30
33 Q 0 0 0 0 0 32 0.55 6.9 165 65
34 Q 0 0 0 0 0 32 0.55 6.9 165 65
35 Q 0 0 0 0 0 32 0.55 6.9 165 65
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6.6.3 Time evolution of collagen network formation

Turbidity measurements were performed in triplicate at a wavelength of 450 nm with
a Tecan Spark plate reader. The resulting curves typically have a sigmoidal shape
that can be fitted with a Boltzmann function:

Figure 6.8 Typical sigmodial turbidity profile obtained for hydrogel formation. Fitting the
curve with a Boltzmann function provides the inflection point of the curve t1/2, the time constant
c and the initial and final turbidity values τ0 and τf. The lag time tlag, lateral growth rate klat

and plateau time (tp) are derived according to Equations 6.4, 6.3 and 6.5, respectively.

τ(t) = τ(f) +
τ(0)− τ(f)

1 + e(t−t1/2)/c
, (6.2)

with τ(t) the turbidity at time t, τ0 and τf the initial and final turbidity, respectively,
c a time constant, and t1/2 the inflection point with dτ(t1/2)/dt = 0. The lateral
growth rate klat is derived from:

klat =
τf − τ0
4c

(6.3)

The lag time tlag and the plateau time tp are derived as:

tlag = t1/2 − 2c (6.4)

and

tp = t1/2 + 2c (6.5)
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6.6.4 Image acquisition and image Analysis

Images were acquired with a Phemon XL scanning electron microscope (Thermo
Fisher Scientific) equipped with a CeB6 electron source and a four-segment backscat-
tered electron detector. 16-bit images were acquired at an acceleration voltage of
5.3 kV and low intensity (spot current: 20mA). The magnification was set at 8000×.
The image acquisition was automatised using an in-house script for automated image
acquisition developed by Thermo Fisher Scientific. Briefly, a multi-stub holder con-
taining up to 36 samples was inserted in the SEM. For each sample, the area to image
was selected. Within this area, the script randomly took 300 images (1024 ×1024
pixels) with a field of view of 33.6 ×33.6 µm2 each.

An image analysis workflow was implemented in MATLAB 2019a using functions
from the Image Processing Toolbox. This workflow was designed to be applicable to
a broad range of network morphologies. First, a pre-processing step was performed
to reduce noise (median filter) and to enhance the contrast between fibrous networks
and background (Sobel filter) (Figure 6.9 b). Next, the image was segmented with a
global threshold (Otsu) to obtain a first estimate of the mean fibril diameter (Figure
6.9 c). For the final determination of fibril diameter and pore size, the images were
segmented with local thresholding. Local thresholding was preferred, because this
method is robust to global changes in image illumination, e.g. due to the position of
the detector relative to a specific fibril. The fibril diameter estimate was used to set the
local neighbourhood size such that the local area scaled with the fibril diameter. This
prevented that background pixels inside a pore were considered foreground due to the
local neighbourhood being smaller than the pore (Figure 6.9 d). After segmentation
and the removal of small objects, the fibril diameter distribution is calculated using
a distance map (Figure 6.9 e) and skelotonisation (Figure 6.9 f). A measure of the
pore size is also obtained from the inverted binary image (Figure 6.9 g).
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Figure 6.9 Image analysis workflow for fibril diameter and pore area analysis The 16-bit
image obtained with the Phenom XL for sample 4F (a) was pre-processed to obtain (b). This pre-
processed image was segmented (c), followed by the removal of small holes and objects unlikely
to represent pores or fibrils. The resulting binary image (d) was transformed into a distance map
(e) and skeletonised (f) to obtain a measure of fibril diameter distribution. The data from all
samples images was combined to obtain the fibril diameter distribution (h). To obtain the pore
area distribution (d) was inverted. A watershedding algorithm was applied to the distance map
of this inverse binary image (g) to obtain a measure of pore area. Again, the combined data of
all sample images resulted in the pore area distribution (i). Scale bar: 10 µm.

6.6.5 Brief introduction to Design of Experiments

A full factorial design (FFD) is an efficient way to study the effect of multiple factors
on a response. All factors are varied together instead of one at a time. Figure 6.10 a
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illustrates a 23 FFD. The numbers 1 to 8 at the corners of the cube represent the eight
runs and are in a non-randomized order called “Standard Order”. The experiments
should always be run in a randomized order.

Figure 6.10 a) Graphical representation of a 23 Full Factorial Design. b) Analysis matrix. The
block formed by the columns XA, XB and XC is called the Design Matrix

A Full Factorial Design with 23 runs can be represented with a Model Matrix,
shown in Figure 6.10 b. The two factor levels are coded as −1 and +1. This makes
the Design Matrix (formed by the column I and the columns for the individual factors
XA, XB and XC) orthogonal. Orthogonality implies that there is a lack of correla-
tion between factors and interactions, and therefore their effects can be estimated
independently.

The coding of factor is a linear transformation of the original factor levels. For
example:

XA =
A−A0

0.5r
(6.6)

with A0 the factor midpoint:

A0 =
A+ −A−

2
(6.7)

and r the factor range:

r = A+ −A− (6.8)

6.6.6 Statistical analysis

Statistical analysis of the FFD was performed in R 3.6.0 and RStudio 1/2/5001, ac-
cording to the five basic steps prescribed by the NIST engineering statistics handbook:
1) examination of the data, 2) creation of a theoretical model, 3) fitting of the model
to the data; 4) testing the model assumptions and 5) answering of research questions.
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First, the data was examined with distribution plots as shown in Figure 6.11
(normal QQ, box plot, histogram and run order plots). In addition, box plots for the
responses of each factor were obtained, as well as main effect plots (Figure 6.5) and
interaction plots (Figure 6.6).

Figure 6.11 Distribution plots for klat.

When these plots did not indicate severe violation of the linearity assumption, it
was attempted to fit a linear regression model to the data. Including all higher-order
interactions, the linear model can be expressed as:

klat = β0 + βAXA + βBXB + βABXAXB + βCXC + βACXAXC (6.9)
+ βBCXBXC + βABCXAXBXC + βDXD + βADXAXD + βBDXBXD

+ βABDXAXBXD + βCDXCXD + βACDXAXCXD + βBCDXBXCXD

+ βABCDXAXBXCXD + βEXE + βAEXAXE + βBEXBXE

+ βABEXAXBXE + βCEXCXE + βACEXAXCXE + βBCEXBXCXE

+ βABCEXAXBXCXE + βDEXDXE + βADEXAXDXE + βBDEXBXDXE

+ βABDEXAXBXDXE + βCDEXCXDXE + βACDEXAXCXDXE

+ βBCDEXBXCXDXE + βABCDEXAXBXCXDXE + ϵ ,

with β0 the mean value and βA −βB the regression coefficients of the factor A-E. The
sparsity of effects principle states that most systems are dominated by some of the
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main effects and low-order interactions.34 Therefore, it is reasonable to expect that
high-order interactions are negligible. After confirming the absence of higher-order
interactions with a normal probability plot, a linear model including up to three-factor
interactions was used:

klat = β0 + βAXA + βBXB + βABXAXB + βCXC + βACXAXC (6.10)
+ βBCXBXC + βABCXAXBXC + βDXD + βADXAXD + βBDXBXD

+ βABDXAXBXD + βCDXCXD + βACDXAXCXD + βBCDXBXCXD

+ βEXE + βAEXAXE + βBEXBXE + βABEXAXBXE + βCEXCXE

+ βACEXAXCXE + βBCEXBXCXE + βDEXDXE + βADEXAXDXE

+ βBDEXBXDXE + βCDEXCXDXE + ϵ

After fitting this model to the data, ANOVA test was run to extract the factors
and interaction with a significance level of p < 0.05 (Table 6.5). Step-wise regression
was used to eliminate unnecessary terms from the model and a final ANOVA was
performed on the reduced model (Table 6.6). The final model only included factors
with a significance value of p < 0.05 and is presented in Equation 6.1.

Next, the FFD assumption of linearity was tested. A lack-of-fit test was performed
to asses the suitability of the linear model. Residual plots were examined to check for
a pattern in the residuals (Figure 6.12).

Table 6.5 ANOVA table for full factorial model including up to 3-factor interactions. Significant
codes: 0 (***), 0.001 (**), 0.01 (*), 0.05 (.) 0.1 ( )

ANOVA Table (Type III tests)
Sum Sq Df F value Pr (>F) Sum Sq Df F value Pr (>F)

(Intercept) 0.034377 1 29.4877 0.002871 ** C:E 0.000075 1 0.0645 0.809581
A 0.020618 1 17.6851 0.008446 ** D:E 0.000476 1 0.4087 0.550762
B 0.034719 1 29.7809 0.002810 ** A:B:C 0.002640 1 2.2642 0.192726
C 0.009714 1 8.3324 0.034323 * A:B:D 0.005135 1 4.405 0.089903 .
D 0.001824 1 1.5647 0.266328 A:B:E 0.001399 1 1.1998 0.323304
E 0.000221 1 0.1892 0.681720 A:C:D 0.006871 1 5.8950 0.059531 .
A:B 0.013138 1 11.2696 0.020173 * A:C:E 0.007379 1 6.3293 0.053447 .
A:C 0.001573 1 1.3493 0.297841 A:D:E 0.000105 1 0.0899 0.776382
A:D 0.007781 1 6.6740 0.049228 * B:C:D 0.008080 1 6.9305 0.046389 *
A:E 0.003249 1 2.7869 0.155908 B:C:E 0.006402 1 5.4918 0.066095 .
B:C 0.002126 1 1.8238 0.234765 B:D:E 0.002607 1 2.2365 0.195030
B:D 0.006469 1 5.5487 0.06518 . C:D:E 0.004147 1 3.5573 0.117952
B:E 0.002474 1 2.1222 0.204963 Residuals 0.005829 5
C:D 0.000000 1 0.0003 0.987638
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Table 6.6 Reduced factorial model and ANOVA table including only significant interactions (p
<0.05). Significant codes: 0 (***), 0.001 (**), 0.01 (*), 0.05 (.) 0.1 ( ). Residual standard
error: 0.06932 on 25 degrees of freedom. Multiple R-squared: 0.6124, adjusted R-squared:
0.5349. F-statistic: 7.901 on 5 and 25 DF, p-value 0.0001408.

ANOVA Table (Type III tests)
Sum Sq Df F value Pr (>F)

(Intercept) 0.090764 1 18.8899 0.0002028 **
A 0.047854 1 9.9594 0.0041396 **
B 0.037666 1 7.8390 0.0097139 **
A:B 0.035557 1 7.4002 0.0116940 *
A:D 0.028727 1 5.9788 0.0218656 *
B:D 0.021517 1 4.4781 0.0444623 *
Residuals 0.120123 25

Linear model: Klat ∼ A+B +AB +AD +BD

Estimate Std. error t value Pr (>t)
(Intercept) 0.05520 0.01270 4.346 0.000203 ***
A 0.04221 0.01338 3.156 0.004140 **
B 0.03748 0.01339 2.800 0.009714 **
A:B 0.03642 0.01339 2.720 0.011694 *
A:D 0.03231 0.01321 2.445 0.021866 *
B:D 0.02797 0.01322 2.116 0.044462 *

Figure 6.12 Residual vs. predicted response. The plot indicates some under prediction at
high growth rates, but the residuals seem otherwise fairly randomly distributed.
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Towards the rational design of collagen type I
hydrogels

In the Design of Experiments field, Response Surface Designs are commonly used after
a first screening of the experimental factors that might influence the responses in a
given process. In this Chapter we use a Box-Behnken Design to study the relationship
between pH, temperature, sodium chloride and sodium phosphate concentrations and
three kinetic aspects of the collagen self-assembly process: lag time, lateral growth
rate and plateau time. A functional relationship was obtained for each response and
models were validated with additional experiments. The derived predictive models
can be used as tools for the rational design of collagen hydrogels, depending on their
applications in, for example, tissue engineering or bioprinting.
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7.1 Introduction

A Design of Experiments (DoE) approach is commonly a sequential process.1 De-
pending on the goal, different experimental designs are chosen and each step provides
insight for building up complex models from the most relevant parameters and lev-
els. Full Factorial Designs (FFD), as described in Chapter 6, are recommended as
the first experimental design to screen several factors over a relatively large range
of conditions. After careful exploration of the results, the experimenter can decide
to exclude certain factors, adjust the levels and use a different experimental design.
While the addition of center points to a FFD design can effectively detect curvature
in the response, it is insufficient to estimate individually the pure higher-order effects.

Response Surface Designs (RSD) are commonly used at a later stage of the exper-
imentation, once the relevant factors have been determined and it is known or sus-
pected that a linear model does not properly represent the relationship between inputs
and outputs.2 The goal is to find a more suitable approximation for the functional
relationship between the inputs and the outputs. Often, this functional relationship
is assumed to be a low-order polynomial equation. When it is known that there is
curvature in the system, a second-order polynomial might be a good approximation
of the relationship over a limited range of the variables. A RSD should utilize data
that allows the estimation of the coefficients of the general quadratic equation. For
some output property y as a function of k factors xi:

y = β0 +

k∑
i=1

βixi +

k∑
i<j

k∑
βijxixj +

k∑
i=1

βiix
2
i + ϵ , (7.1)

where
∑k

i=1 βixi is the first order term,
∑k

i<j

∑k
βijxixj is the two-ways interaction

term and
∑k

i=1 βiix
2
i is the pure quadratic term.

Box-Wilson Central Composite Designs (CCD) and Box-Behnken Designs (BBD)
are classical experimental designs that take into account the quadratic curvature of
the responses. The CCD is an augmented FFD with additional star points and center
points to estimate curvature in the responses (Figure 7.1 b). The CCD has the
advantage that it can be build around an existing FFD. Each factor is studied at five
levels. Alternatively, the BBD requires three levels of each factor and the treatment
combinations are at mid points of these levels (Figure 7.1 c). The BBD is a good
choice when combined factor extremes should be avoided.3

In Chapter 6, we used a FFD to screen for the main effects of five different experi-
mental variables and their interactions in four different aspects (responses or outputs)
of the collagen type I (Col (I)) self-assembly process. Thanks to the development of a
workflow for automated data acquisition and data analysis, we could screen the five
different parameters despite the amount of runs being relatively high 25 = 32 (FFD
are advised only to screen up to four factors).3 Most of the responses did not hold
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Figure 7.1 Graphical representation of different experimental designs. a) Full Factorial
Design, b) Central Composite Design, c) Box Behnken Design.

the assumption of linearity and proved to be inherently non-linear with respect to the
experimental factors. Therefore, to study collagen assembly dynamics in more detail
a RSD was the logical next option.

In order to keep the number of experiments as low as possible, RSD are normally
used to study less than five factors. Thus highlighting the importance of an initial
FFD. From the 32 runs performed in the FFD, nine resulted in non-fibrillar collagen
and most of them occurred at low collagen concentrations. Therefore, we decided to
exclude the collagen concentration from the studied factors.

In this Chapter we study the relationship between temperature, pH, NaCl and
sodium phosphate concentrations and three different kinetic metrics: lag time, lateral
growth rate and plateau time. These responses are relevant for the fabrication of
hydrogels for tissue engineering4, 5 and for bioprinting.6 Previous studies did not
attempt to study the interactions between two types of ions, or only studied them over
a limited concentration range and in a “one factor at the time” approach. Moreover,
contradictory results regarding the effect of pH in the self-assembly process have been
described. Therefore, we decided to keep these four factors as relevant factors to
study. We chose the Box-Behnken Design for two reasons. First, the requirement
of only three levels instead of five per factor makes it more convenient in terms of
laboratory materials and equipment. Second, the results of the FFD indicate that we
were already testing the limits of the system regarding the factor levels, so it is better
to use a design that avoids these factor levels that could result in lose of data.
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7.2 Methods

The effect of four input parameters (temperature, pH, NaCl concentration and phos-
phate concentration) on three different output responses (lag time tlag, lateral growth
rate klat and plateau time tp) was studied using a BBD. The factors and levels are
summarized in Table 6.1. The same workflow as used in Chapter 6 was followed.
Briefly, the hydrogels were assembled in a 96-wells plate by the neutralization of an
acidic Col(I) solution. The samples were transferred to a pre-heated plate reader
and the self-assembly process was followed by measuring the turbidity over time at a
wavelength of 450 nm. Details on sample preparation, data collection and data anal-
ysis can be found in Section 7.5. Experiments to study the morphological features of
the hydrogels by automated SEM and image analysis as introduced in Chapter 6 are
currently ongoing.

Table 7.1 Factors and levels of the Box-Behnken Design. Collagen concentration was kept
constant at 1mg/mL. Each factor is coded as XF = (F − F0)/(0.5(F− + F+)).

Factor Parameter -1 0 +1
A pH 6 6.9 7.8
B [NaCl] (mM) 30 165 300
C [NaH2PO4/Na2HPO4] (mM) 30 65 100
D Temperature (°C) 27 32 37
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7.3 Results and discussion

Following the BBD, with the factor levels provided in Table 7.1, we assembled 27
Col(I) hydrogels and we monitored the self-assembly process by measuring the tur-
bidity of the system at a wavelength of 450 nm in a pre-heated plate reader. For
most runs, the turbidity curves followed the expected sigmoidal pattern and could
be fitted with a Boltzmann function as explained in Chapter 6 (Figure 7.2 a).7 For
four experimental conditions it was not possible to fit the curves with a Boltzmann
function. All three triplicates for Run 4 behave differently and none of them followed
a sigmoidal pattern, probably due to an inhomogeneous sample formation. In the
case of Run 13 and Run 21, the self-assembly seemed to have started somewhere in
between the sample preparation and the beginning of the measurement (Figure 7.2
b). Therefore, we decided to set the lag time to zero and calculate the lateral growth
rate and the plateau times by fitting the data corresponding to each part with linear
functions. For Run 21 , the system did not reach a plateau (Figure 7.2 c). In this case,
both the lag time and lateral growth rate were calculated by fitting linear functions.
The results from the fits are collected in Table 7.2.

Figure 7.2 Turbidity graphs resulting from the turbidity analysis. a) Most samples followed
a typical sigmoidal pattern (Run 18). b) For Run 13, the self-assembly started before the mea-
surement and c) For Run 21, the system did not reach the plateau.

The inspection of the main effects plots and the interactions plots, shown in Figure
7.3, confirms that the responses present some curvature and that the effect of the
experimental factors cannot always be considered individually. In particular, the
interaction between pH and phosphate concentration, pH and temperature and NaCl
concentration and temperature cannot be neglected.
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Table 7.2 Overview of results from fitting a Boltzmann function to turbidity measure-
ments. The following statistics were obtained from Nt turbidity measurements. –: Data could
not be interpreted. *: Curves could not be fitted with a Boltzmann function due to missing of
onset of assembly. The lag time was set to zero and the lateral growth rate was calculated by
fitting a linear function. % : The plateau was not reached during the 12 h of measurement.

Sample Run Nt Lag time Lateral growth rate Plateau time
- tlag (min) klat (min-1) tp (min)

1 20 3 20 ± 3 0.04066 ± 0.006 39 ± 1
2 23 2 11 ± 2 0.05704 ± 0.010 40 ± 4
3 19 2 69 ± 2 0.08844 ± 0.062 92 ± 15
4 14 3 32 ± 1 0.18746 ± 0.026 39 ± 1
5 3 2 59 ± 11 0.01072 ± 0.003 177 ± 5
6 4 – – – –
7 9 3 26 ± 3 0.053 ± 0.009 49 ± 1
8 7 3 28 ± 1 0.107 ± 0.014 42 ± 1
9 6 3 78 ± 16 0.009 ± 0.002 222 ± 28
10 5 2 143 ± 42 0.007 ± 0.001 395 ± 14
11 8 3 36 ± 2 0.043 ± 0.0064 64 ± 5
12 10 3 24 ± 2 0.129 ± 0.021 36 ± 1
13 25 3 0* 0.026 ± 0.011 23 ± 3
14 17 3 69 ± 1 0.054 ± 0.007 100 ± 4
15 24 3 23 ± 2 0.045 ± 0.007 55 ± 10
16 16 3 42 ± 1 0.106 ± 0.007 55 ± 2
17 21 2 47 ± 3 0.050 ± 0.023 77 ± 7
18 22 3 29 ± 3 0.106 ± 0.017 44 ± 2
19 27 3 54 ± 1 0.029 ± 0.004 105 ± 3
20 15 3 33 ± 1 0.165 ± 0.019 41 ± 2
21 1 3 545 ± 100 0.001 ± 0.0001 %
22 2 2 0* 0.020 ± 0.006 63 ± 3
23 11 1 11 ± 3 0.063 ± 0.017 34 ± 5
24 12 3 24 ± 3 0.110 ± 0.028 38 ± 2
25 13 3 34 ± 10 0.037 ± 0.023 83 ± 17
26 18 2 45 ± 5 0.053 ± 0.005 76 ± 3
27 26 2 36 ± 8 0.030 ± 0.003 91 ± 5
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Figure 7.3 Main effects and interaction plots for all responses. a) Lag time, b) lateral
growth rate and c) plateau time.

We fitted a second order model to the data. This model, described by Equation
7.2, consists of a first order term, a two-factor interactions term and a pure quadratic
term:

y =β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + β23X2X3+ (7.2)
β11X

2
1 + β22X

2
2 + β33X

2
3 ,

where βi are the model coefficients and Xi the coded variables.
The following expressions, that only include the significant factors and interac-

tions, were obtained for the lag time (tlag), lateral growth rate (klat) and plateau time
(tp):
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tlag = 39− 11A+ 21B − 14D − 7AB − 13BC − 18BD − 8B2 (7.3)

klat = 0.04 + 0.03A+ 0.02B + 0.04D + 0.02AD + 0.03A2 (7.4)

tp = 83− 23A+ 23B − 58D − 19BC − 34BD − 24B2 + 30D2 , (7.5)

with an adjusted R2 of 0.93, 0.76 and 0.84, respectively. A, B, C and D are the coded
variables for pH, sodium chloride concentration, sodium phosphate concentration and
temperature, respectively, and are expressed as follows:

A =
pH − 6.9

0.9
B =

[NaCl]− 165mM
135mM

C =
[Phos]− 65mM

35mM D =
T − 32 °C

5 °C

(7.6)

The detailed regression analysis can be found in Section 7.5.3. The sensitivity
values, presented in Table 7.3, are an indication of which individual factors or com-
binations of factors exert the most significant effects on the responses.

Table 7.3 Sensitivity of kinetic responses to assembly conditions. Sensitivities are obtained
by normalising the regression coefficients to the largest coefficient. The factors or factors inter-
actions that are not significant and hence not in the final regression model are indicated with a
“-”.

XA XB XD XAXB XAXD XBXC XBXD XA2 XB2 XD2

tlag 0.54 1 0.64 0.34 - 0.60 0.85 - 0.39 -
klat 0.83 0.63 1 - 0.56 - - 0.81 - -
tp 0.40 0.40 1 - - 0.34 - - 0.42 0.52

The DoE approach was used to obtain a functional relationship between inputs
and outputs, which further facilitates process optimization. To this end 2D and 3D
contour plots are used, with an example of a 2D contour plot shown in Figure 7.4 for
the lag time response.

7.3.1 Validation

To verify whether the above models predict the kinetic parameters of Col(I) hydrogels
assembly correctly, we validated them with additional experiments. Two different
batches of bovine Col(I) soluble in acid were used to prepare 14 and 15 new hydrogels,
as described in Section 7.5.4. In Figure 7.5, the data used for the model (black dots)
and the two sets of validation data (blue and red dots) are plotted together for all
three responses. In these graphs, the experimental values are compared to the values
predicted by the models. The black line represents the values where the experimental
and the predicted responses coincide and the red lines are the prediction boundaries of
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Figure 7.4 Contour plots of predicted lag times. These plots show how the response behaves
as a function of two variables at a time, having the other two fixed. This method provides a
rapid visualization tool to decide which conditions can be used to obtain the desired response.

the model. Any data point that falls between the prediction boundaries is considered
to be predicted by the model.

It is observed that the models seem to predict the lag and plateau times more
accurately than the lateral growth rate. When analysing the results in more detail,
we note that the prediction accuracy significantly declined at low temperatures or
low NaCl concentration (or both). From the initial data treatment this could be
expected given that we discarded some data points in order to be able to fit a regres-
sion model. By removing these points, measured at low temperatures, we obtained
expressions that are restricted to predicting the kinetic responses at high tempera-
tures. Considering that the removed points were correctly measured, this suggests
extreme non-linear behaviour in the region of low temperature and low sodium chlo-
ride concentration of the experimental design. Despite of purposely choosing a BBD
to avoid extreme conditions, a full predictive description extending to low tempera-
tures and sodium chloride concentrations will require an even more complex design
or alternative methods of model fitting.8
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Figure 7.5 Plot of experimental values against predicted values. The black points corre-
spond to the data points used to create the model and the blue and red dots correspond to two
different sets of validation data. a) Lag time, b) lateral growth rate and c) plateau time.
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7.4 Conclusions

Collagen type I (Col(I)) is a biomacromolecule with enormous potential for biomedi-
cal applications. Due to the wide variation in reported processing protocols, material
source and preparation and characterization techniques, finding the optimal exper-
imental conditions for preparing collagen hydrogels for a given application is not
straightforward. For example, the self-assembly process of Col(I) is not only de-
pendent on the experimental conditions but also on the specific Col(I) source and
extraction method. This means that the difficulty in comparing experiments lies in
a lack of understanding of the effects and interactions of this much broader set of
potentially relevant parameters.

In this Chapter we used a design of experiments approach to obtain a functional
relationship between four experimental variables and three responses. We derived
a predictive model that link the pH, temperature and sodium chloride and sodium
phosphate concentrations with three different kinetic metrics of the Col(I) assembly
process: lag time, lateral growth rate and plateau time. The derived model is valid at
high temperatures with limited accuracy at low temperatures. Being able to tune the
kinetics of the assembly process can be helpful for applications where the formation
time is critical, such as for injectable hydrogels in tissue engineering applications4, 5

or in bioinks for 3D printing of tissue engineering scaffolds.6
The presented approach resulting in a predictive model is general and can be

extended to other properties of Col(I) hydrogels such as morphological, mechanical
or transport properties as well as to other materials and processes.9, 10 We believe
that DoE based experimentation will become an essential tool to efficiently screen
and optimize the conditions for a given process.
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7.5 Materials and methods and further discussion

7.5.1 Materials

Bovine collagen type I from skin (6.2mg/mL) was purchased from Advanced Bioma-
trix, San Diego, USA. Sodium phosphate monobasic, sodium phosphate dibasic and
NaCl were obtained from Sigma-Aldrich. All chemicals were used without further
purification.

7.5.2 Hydrogel preparation

Gels were assembled at 4 °C in 96-wells plates by neutralization of an acidic colla-
gen solution with phosphate buffer containing sodium chloride. Self-assembly was
triggered by transferring them to a preheated plate reader at 27 °C, 32 °C and 37 °C.
Turbidity was determined by measuring the transmission of the samples at a wave-
length of 450 nm in a Tecan Spark spectrophotometer and monitored for 3 h at 32 °C
and 37 °C and for 12 h at 27 °C. The conditions for each experimental run are sum-
marized in Table 7.4.

7.5.3 Statistical analysis

We used a BBD to study the effect of four input factors in three output responses.
The experimental design and the statistical analysis were performed with the package
“rsm” in Rstudio.11 The data was fitted to the second order Equation 7.2.

First inspection of results

The three responses were plotted against the run order to verify that there is no clear
trend between the order and the outcomes (Figure 7.6). In order to detect possible
outliers, the responses are fitted with the second order model shown in Equation 7.2
and the residuals plots are inspected. The residuals for the lag time (Figure 7.6 a)
and plateau time responses (Figure 7.6 c) are not normally distributed, indicating
that the model cannot successfully fit all results. This is confirmed by the analysis
of variance (not shown) that calculates a significant lack-of-fit of 0.004 and 0.018 for
the lag and plateau times, respectively. The following step requires the inspection of
the data to see if it is possible to remove some of the data points to improve the fit.

After removal of possible outliers, the data was fitted again with a second order
model. The results of the regression are shown in Tables 7.5, 7.6 and 7.7 for lag time,
lateral growth rate and plateau time, respectively. For the final model, only terms
with a p value smaller than 0.05 were taken into account. However, it is important
to know that this is a rather arbitrary value and an informed decision has to be
done before including or excluding coefficients. In this Chapter, whether a coefficient
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Table 7.4 Overview of factor setting for each run for the Box-Behnken Design with four
factors. Collagen concentration was fixed at 1mg/mL. The quantities XpH, XNaCl, XPhos and
XT represent the encoded factor levels.

Std. Rnd. XpH XNaCl XPhos XT pH [NaCl] (mM) [Phos] (mM) T (°C)
1 20 -1 -1 0 0 6.0 30 65 32
2 23 +1 -1 0 0 7.8 30 65 32
3 19 -1 +1 0 0 6.0 300 65 32
4 14 +1 +1 0 0 7.8 300 65 32
5 3 0 0 -1 -1 6.9 165 30 27
6 4 0 0 1 -1 6.9 165 100 27
7 9 0 0 -1 +1 6.9 165 30 37
8 7 0 0 +1 +1 6.9 165 100 37
9 6 -1 0 0 -1 6.0 165 65 27
10 5 +1 0 0 -1 7.8 165 65 27
11 8 -1 0 0 +1 6.0 165 65 37
12 10 +1 0 0 +1 7.8 165 65 37
13 25 0 -1 -1 0 6.9 30 30 32
14 17 0 +1 -1 0 6.9 300 30 32
15 24 0 -1 +1 0 6.9 30 100 32
16 16 0 +1 +1 0 6.9 300 100 32
17 21 -1 0 -1 0 6.0 165 30 32
18 22 +1 0 -1 0 7.8 165 30 32
19 27 -1 0 +1 0 6.0 165 100 32
20 15 +1 0 +1 0 7.8 165 100 32
21 1 0 -1 0 -1 6.9 30 65 27
22 2 0 +1 0 -1 6.9 300 65 27
23 11 0 -1 0 +1 6.9 30 65 37
24 12 0 +1 0 +1 6.9 300 65 37
25 13 0 0 0 0 6.9 165 65 32
26 18 0 0 0 0 6.9 165 65 32
27 26 0 0 0 0 6.9 165 65 32

should be included or not in the final model expression was decided based on the
p-values and the inspection of the main effects and interaction plots.
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Figure 7.6 Run order and residual plots for all responses. a) Lag time, b) lateral growth
rate and c) plateau time.
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Table 7.5 Second order model for lag time data. Significant codes (p <0.05): 0 (***), 0.001
(**), 0.01 (*), 0.05 (·) 0.1 ( ). Multiple R2: 0.9716, adjusted R2 0.9275. F-statistic: 22.02 on
14 and 9 DF, p-value 0.2.989e-5.

Estimate Std. error t value Pr (>t)
Intercept 38.54820 3.19781 12.0546 7.408e-06 ***
A -11.41910 1.80133 -6.3393 0.0001346 ***
B 21.09226 1.80133 11.7093 9.486e-07 ***
C 0.30436 1.80133 0.1690 0.8695610
D -13.51006 2.52809 -5.3440 0.0004660 ***
A:B -7.14832 2.76938 -2.5812 0.0296385 *
A:C -0.73880 2.76938 -0.2668 0.7956555
A:D 7.54211 3.72345 2.0256 0.0734580 .
B:C -12.67001 2.76938 -4.5750 0.0013373 **
B:D -17.97103 3.72345 -4.8264 0.0009385 ***
C:D 1.62997 3.72345 0.4378 0.6718785
A^2 2.39086 2.51835 0.9494 0.3672243
B^2 -8.25487 2.51835 -3.2779 0.0095614 **
C^ 1.73716 2.51835 0.6898 0.5077134
D^2 1.27654 3.09626 0.4123 0.6897780

ANOVA
Df Sum sq. Mean Sq F value Pr (>F)

FO(A, B, C, D) 4 6677.8 1669.44 54.4183 2.635e-06
TWI (A, B, C, D) 6 2284.1 380.68 12.4088 0.0006603
PQ (A, B, C, D) 4 497.0 124.26 4.0504 0.0378396
Residuals 9 276.1 30.68
Lack of fit 7 213.0 30.42 0.9638 0.5969567
Pure error 2 63.1 31.57
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Table 7.6 Second order model for lateral growth rate data. Significant codes (p <0.05): 0
(***), 0.001 (**), 0.01 (*), 0.05 (·) 0.1 ( ). Multiple R2: 0.8971, adjusted R2 0.7662. F-statistic:
6.853 on 14 and 11 DF, p-value 0.001416.

Estimate Std. error t value Pr (>t)
Intercept 0.0398700 0.0136069 2.9301 0.0136874 *
A 0.0326200 0.0068035 4.7946 0.0005582 ***
B 0.0244833 0.0068035 3.5987 0.0041798 **
C 0.0120067 0.0074528 1.6110 0.1354726
D 0.0391150 0.0074528 5.2483 0.0002733 ***
A:B 0.0206600 0.0117839 1.7532 0.1073464
A:C 0.0200400 0.0117839 1.7006 0.1170774
A:D 0.0220950 0.0117839 1.8750 0.0875713 .
B:C 0.0081200 0.0117839 0.6891 0.5050523
B:D 0.0166100 0.0117839 1.4095 0.1863143
C:D 0.0189850 0.0149056 1.2737 0.2290322
A^2 0.0316017 0.0103180 3.0628 0.0107982 *
B^2 0.0175767 0.0103180 1.7035 0.1165245
C^2 0.0103292 0.0106491 0.9700 0.3529128
D^2 -0.0144858 0.0106491 -1.3603 0.2009629

ANOVA
Df Sum sq. Mean Sq F value Pr (>F)

FO(A, B, C, D) 4 0.037264 0.0093159 16.7720 0.0001192
TWI (A, B, C, D) 6 0.006806 0.0011344 2.0423 0.1443735
PQ (A, B, C, D) 4 0.009221 0.0023054 4.1505 0.0273391
Residuals 11 0.006110 0.000554
Lack of fit 9 0.005820 0.0006466 4.4557 0.1966892
Pure error 2 0.000290 0.0001451
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Table 7.7 Second order model for plateau time data. Significant codes (p <0.05): 0 (***),
0.001 (**), 0.01 (*), 0.05 (·) 0.1 ( ). Multiple R2: 0.9392, adjusted R2 0.8446. F-statistic: 9.929
on 14 and 11 DF, p-value 0.0007848.

Estimate Std. error t value Pr (>t)
Intercept 83.44102 10.59757 7.8736 2.513e-05 ***
A -23.00748 5.96962 -3.8541 0.003882 **
B 22.82857 5.96962 3.8241 0.004064 **
C -0.71238 5.96962 -0.1193 0.907632
D -57.64457 8.37811 -6.8804 7.223e-05 ***
A:B -13.44885 9.17776 -1.4654 0.176862
A:C -7.44919 9.17776 -0.8117 0.437928
A:D 17.67720 12.33954 1.4326 0.185786
B:C -19.38767 9.17776 -2.1125 0.063814 .
B:D -34.37800 12.33954 -2.7860 0.021192 *
C:D 1.88036 12.33954 0.1524 0.882245
A^2 -6.59079 8.34583 -0.7897 0.450001
B^2 -24.08131 8.34583 -2.8854 0.018018 *
C^2 -5.59735 8.34583 -0.6707 0.519265
D^2 29.98991 10.26105 2.9227 0.016957 *

ANOVA
Df Sum sq. Mean Sq F value Pr (>F)

FO(A, B, C, D) 4 30214.7 7553.7 22.4195 0.0001064
TWI (A, B, C, D) 6 8768.7 1461.4 4.3376 0.0246974
PQ (A, B, C, D) 4 7858.4 1963.1 5.8265 0.0134999
Residuals 11 3032.3 336.9
Lack of fit 9 2917.4 416.8 7.2533 0.1264777
Pure error 2 114.9 57.5
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7.5.4 Validation

In order to verify that the regressions obtained for each of the responses can predict
the outcome of an experiment, new collagen hydrogels were assembled, using two
different batches of collagen, namely V1 and V2. The same procedures described
before for hydrogel assembly and turbidity measurements were followed. In Table 7.8
we show the experimental conditions (as coded variables) and the obtained responses.

Table 7.8 Hydrogels used for validation of the predictive model.

XpH XNaCl XPhos XT tlag klat tp
(min) (min-1) (min)

V1

1 -1 -1 0 1 10,02 0,0565 22,19
2 1 -1 0 1 8,34 0,08991 24,82
3 -1 1 0 1 35,59 0,08999 53,34
4 1 1 0 1 19,15 0,39021 22,65
5 -1 0 -1 1 18,47 0,05782 35,2
6 1 0 -1 1 17,47 0,14536 25,61
7 -1 0 1 1 30,18 0,08753 48,66
8 1 0 1 1 19,32 0,25137 24,7
9 0 1 -1 1 26,12 0,19323 24,38
10 0 -1 1 1 10,60 0,12383 22,3
11 0 1 1 1 23,42 0,27464 28,58
12 0 0 0 1 22,77 0,19736 30,78
13 0 0 0 1 25,70 0,16177 35,25
14 0 0 0 1 23,70 0,25247 31,88

V2

1 -1 -1 1 1 11,38 0,08869 23,84
2 -1 1 1 1 21,90 0,17178 29,08
3 -1 -1 -1 1 1,70 0,03976 10,64
4 -1 1 -1 -1 189,70 0,00379 615,99
5 1 1 1 1 13,81 0,51681 15,77
6 1 1 1 -1 86,22 0,02754 128,15
7 1 -1 1 -1 98,49 0,00476 302,51
8 1 -1 1 1 16,92 0,12584 27,80
9 1 1 -1 1 17,25 0,21678 21,56
10 1 -1 -1 1 3,99 0,04746 15,36
11 -1 1 1 -1 153,95 0,00298 563,24
12 -1 -1 -1 -1 3,87 0,02622 26,47
13 -1 -1 1 -1 65,50 0,02058 142,88
14 -1 1 -1 -1 31,26 0,16728 38,95
15 1 1 -1 -1 107,40 0,01207 205,06
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Silicification of collagen type I hydrogels

Collagen is widely used for tissue engineering applications since this biomacromolecule
is the main component of the extracellular matrix. However, the mechanical prop-
erties of collagen materials such as hydrogels are not suitable for many applications,
especially for load-bearing ones. This drawback can be overcome by improving the
mechanical properties by using, for example, crosslinking strategies as well as by the
inclusion of inorganic components.

In this Chapter we design a multi-step strategy to synthesize three dimensional
collagen-silica scaffolds with potential use for tissue engineering applications. Silica
not only improves the mechanical stability of collagen hydrogels, but it also plays an
important biological role in bone formation. The hybrid scaffolds presented in this
Chapter are characterized by their tunable silica content and mechanical properties.
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8.1 Introduction

The field of tissue engineering was created to address and solve the limitations of
traditional methods for tissue and organ repair (e.g. tissue grafting and alloplastic
tissue repair).1, 2 Tissue engineered materials are formed from a porous degradable
scaffold where biofactors such as cells, genes and proteins are added to stimulate tissue
repair (Figure 8.1).3

These materials should meet a series of requirements to be considered suitable scaf-
folds for biomedical applications.2, 3, 4 They should be macroscopic porous networks
to which cells can attach, proliferate and differentiate and nutrients and metabolism
products can be transported through. Moreover, the scaffolds should be stiff enough
to resist matrix contraction and biodegradable at a rate compatible with its use. The
ability of cells to adhere to a scaffold depends on its surface topography (a rougher
surface decreases adhesion) while their ability to proliferate is linked to the scaffold’s
mechanical stability.5

Figure 8.1 Scaffold for tissue engineering. Tissue engineered materials are formed by a porous
degradable scaffold that can be transplanted with biofactors to stimulate tissue repair.

Collagen is a natural choice for tissue engineering since it is the main component
of the extracellular matrix (ECM) in animals.6, 7 Collagen type I is usually extracted
from skin and tendon of bovine and porcine origin. The obtained soluble collagen can
be used to form hydrogels by neutralization of acidic collagen solutions or sponges
by freeze drying. Although reconstituted collagen meet several of the characteristics
that an ideal scaffold should present to be used for tissue engineering (i.e. three-
dimensional porosity and biocompatibility), its lack of mechanical stiffness8 makes
it prone to contraction when cells are grown within the gels and vulnerable to fast
degradation. To overcome these issues, researchers have developed a wide range of
chemical, physical and biological methods to crosslink collagen fibres9 and also studied
the integration of inorganic components to the organic matrix.10, 11

As extensively reviewed in Chapter 5, silica incorporation into collagen matrices
has been studied for the last few decades in order to make scaffolds suitable for
tissue engineering applications.10 Silicon is an essential nutrient, important for animal
growth.12 It participates in several biological processes such as the formation of bone,
cartilage and connective tissue.12 It also has been shown that the release of silicic acid
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from collagen-silica scaffolds can promote hard tissue regeneration.13, 14, 15 Silicified
collagen is not found in higher animals, but only in the skeletal elements of sponges.16

However, the relevant role of silicon in tissue formation makes its incorporation (in
the form of silica) in collagen-silica hybrid materials promising for tissue engineering.

For the last twenty years, researchers followed two main strategies to produce
collagen-silica hybrids and used different silica precursors: silica particles, water-glass,
silicon alcoxides and aminosilanes, among others.10 On the one hand, silica precursors
can be added to soluble collagen prior to trigger fibrillogenesis by raising the pH of
the mixture. This method limits the concentration of silica precursors that can be
added during fibrillogenesis17 but, if the chosen conditions allow it, cell cultures can
be added during the process. On the other hand, the materials can be formed by
using a method consisting in two distinctive steps: the formation of collagen matrices
is subsequently followed by silicification. This approach can be used to increase silica
concentration without affecting the self-assembly process.

In this Chapter, we follow a two-step silicification process: first, a collagen hydrogel
will be obtained by neutralization of an acidic collagen solution and will act as a
template for silicification; second, an aminosilane molecule will be covalently bound
to the template, acting both as crosslinkers and silica source18 and last, the material
will be further mineralized via successive cycles of immersion in solutions containing
orthosilicic acid.19 We expect that the above approach will offer more flexibility to
create scaffolds with independently tunable porosity and mechanical strength.

8.2 Methods

The preparation of collagen-silica hybrid materials was performed as follows: 1) self-
assembly of a collagen hydrogel, 2) grafting with an aminosilane and 3) silicification
via sol-gel method. A schematic representation of the experimental strategy is shown
in Figure 8.2.

The collagen hydrogels were prepared as shown in Chapter 6. Briefly, an acidic
collagen solution (pH = 2) was added to a 0.1M phosphate buffer pH 7.8 containing
30mM of NaCl and incubated at 37 °C for 2 h. The hydrogels were then soaked in a
glutaraldehyde (GA) solution, a common fixation agent. It reacts with the the amine
groups of collagen with two roles: crosslinking the collagen network, increasing its
stability, and leaving pendant and reactive GA molecules. The fixed gels are soaked
in a (3-minopropyl)triethoxysilane (APTES) solution. The amine groups of APTES
react via nucleophilic addition with the pendant aldehyde groups (Figure 8.2 b). This
reaction leads to the formation of a Schiff base, with a characteristic orange color.

The silicified crosslinked hydrogels are subject to further treatments in order to
increase and control the amount of silica present in the hydrogel. They are immersed
in a diluted solution of hydrolized tetramethyl orthosilicate (TMOS) at pH = 6.5.
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Figure 8.2 A three-steps process to form collagen-silica hybrid materials. a) Schematic
representation of the silicification strategy. First, a collagen hydrogel is assembled by neutral-
ization of an acidic collagen solution and incubation at 37 °C. Second, the hydrogel reacts first
with glutaraldehyde, that then will form covalent bonds with APTES (b). Third, a hydrolized
TMOS solution is added (c).
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The functionalized hydrogels act as template for silica condensation via a sol-gel
process (Figure 8.2 c). This solution is refreshed every two hours. This is intended to
minimize silica particle formation and assembly in a separate gel network which could
clog the pores of the hydrogels and prevent mineralization through the interior of the
hydrogels. The sample preparation is summarized in Table 8.1. Further treatments
of the silicified samples prior to characterization are described in Section 8.6.

Table 8.1 Overview of sample preparation. The experimental conditions used in each step
of the multi-step silicification process are shown next to the sample code name that is used
throughout the Chapter.

Sample Preparation
Col Neutralization with phosphate buffer and incubation at 37 °C

ColGA GA 2.5% for 1 h
ColGASi APTES 0.2M for 1 h
ColGASi1 Hydrolized TMOS 0.2mM for 2 h at pH 6.5

ColGASi2 2x Hydrolized TMOS 0.2mM for 2 h at pH 6.5

ColGASi3 3x Hydrolized TMOS 0.2mM for 2 h at pH 6.5

8.3 Results and discussion

We prepared collagen-silica hybrid materials through silicification of collagen type I
hydrogels using APTES and hydrolyzed TMOS at pH = 6.5 as silica sources. These
materials were subjected to different characterization techniques to study their po-
tential as scaffolds for tissue engineering applications. In Table 8.1 we indicate the
code name for the samples studied and the related experimental conditions employed
to make them.

Figure 8.3 A three-steps process to form collagen-silica hybrid materials. a) Col hydrogels,
b) ColGASi hydrogels in silicifying medium and c) compression and relaxation of a silicified
sample.

The collagen hydrogels were prepared in 96-wells plates (Figure 8.3 a) to be able to
prepare at the same time samples at different conditions and their replicates. Given
that the hydrogels are insufficiently stiff, which prevents handling with tweezers, the
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fixation with GA and APTES was also performed in the wells. The orange colouration
acquired by the samples after the APTES addition indicates the successful reaction
of the pendant groups of GA with the amino groups of the APTES molecules. The
increase in stiffness of the APTES-functionalized hydrogels made it possible to re-
move them from the wells with tweezers. This allowed the transport of the samples
to a bigger vessel (Figure 8.3 b) for the TMOS treatments in order to achieve an
homogeneous silicification by completely soaking the gels in the silicifying medium
instead of only adding it to the top surface. The collagen-silica hybrids exhibited
elastic behaviour, as illustrated in Figure 8.3 c, whereas the collagen hydrogels would
deform irreversibly.

Figure 8.4 EDS and FT-IR characterization. a) SEM micrograph showing location of collagen
fibres for a ColGASi2 sample. Maps of occurrences were obtained with EDS for b) silicon and c)
oxygen. d) FT-IR spectra of Col, ColGA, ColGASi and ColGASi3. e) Zoom-in of the spectra in
(d). The peaks between 1000 and 1100 cm-1 indicates the presence of Si-O-Si bonds.

Qualitative confirmation of silica being associated with the collagen fibrils was
obtained by Energy Dispersive X-Ray Spectroscopy (EDS) mapping in SEM and
Fourier Transformed Infrared Spectroscopy (FT-IR), as shown in Figure 8.4. SEM-
EDS shows an increased silicon and oxygen signal at the position of the fibers (Figure
8.4). Using FT-IR (Figure 8.4 d), characteristic amide peaks are observed for all sam-
ples at 1600-1700 cm−1 for C=O and at 1500-1550 cm−1 for N-H. The peak around
2900 cm−1 present for ColGA corresponds to the stretching of the C-H bond in alde-
hydes. This peak is also present for the ColGASi sample, which indicates that the
APTES molecules did not react with all the available pendant GA molecules. The
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C-H aldehyde peak is not present for ColGASi3, indicating than after further silicifica-
tion of the hydrogels with TMOS, all pendant glutaraldehyde molecules are occupied.
The broad peaks between 1000 and 1100 cm−1 corresponds to the vibration of Si-O-
Si bonds. Although collagen also possesses characteristic peaks in that range, they
disappear under the broad silica peak of the silicified samples.

The silica content was measured by thermogravimetric analysis (TGA) of freeze-
dried samples in air, see Figure 8.5 a. The mass change of the sample was monitored
as a function of temperature in a controlled air atmosphere. At high temperatures,
the collagen and other organic components burn in air, leaving exclusively inorganic
materials. The thermal degradation of Col occurs in two steps: the dehydration of
collagen (25 °C-125 °C) followed by the decomposition of dry collagen.20 As expected,
the relative silica content increases with each silica treatment. A dramatic increase
is observed from Col to ColGASi (9% to 36%), while each silicification cycle only
slightly increases the silica content, as shown in Table 8.2. It is important to note
that the relatively high mineral content present in the Col sample can be attributed
to buffer salts that were not successfully removed during the washing steps.

The thermal stability of the sample was also studied with TGA under an inert
nitrogen atmosphere, to avoid oxidation of the sample. This way, any observed mass
loss is caused by the decomposition of the sample and removal of volatile species
instead of by its reaction with atmospheric oxygen. As shown in Figure 8.5 b, there
are two significant decreases in mass: one close to 100 °C and the other near 300 °C.
The weight decreases are attributed to different phenomena as explained below and
depend on whether the samples contain silica or not. For Col gels, the weight loss
around 300 °C represents the decomposition of the organic matrix, while for silicified
samples, it is attributed to the release of hydrogen bonded structural water. It is likely
that the decomposition of the collagen matrix gets hindered by the peak of structural
water.21 ColGASi samples also lose mass at higher temperatures as a result of the
condensation of silanol groups to siloxane.21

Morphological characterization of the samples was performed using SEM. Sam-
ples were prepared by critical point drying, which conserved the three-dimensional
structure better than other drying methods such as freeze drying or air drying. A
selection of micrographs for the samples studied is shown in Figure 8.6. In all cases
(a-e) an open porous network was formed and the silica deposition occurred along the
hydrogel fibres. The silica particles decorate the fibres but separate silica aggregates
attached to the silicified fibres are also frequently observed. The average diameter
of the fibres increased notably after treatment with APTES. Interestingly, the fibre
diameter decreases after the first cycle of silicification and remains rather constant
for ColGASi1, ColGASI2 and ColGASi3, as it is shown in Figure 8.6 f. This result
is counter-intuitive, since an increase in fibre diameter with each silicification cycle
is expected. We should verify whether the silica deposition throughout the gel is
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Figure 8.5 Thermogravimetric analysis of collagen-silica samples. TGA was performed in
a) air and b) nitrogen. Note that in b) the equipment switches from N2 to air above 800 °C.

Table 8.2 Thermogravimetric analysis of collagen-silica samples. Remaining relative sample
mass after heating in air and the onset of the second mass decrease temperature measured in
N2. *: Each measurement was performed once, thus no standard deviation is reported. Given
that each collagen-silica sample weighted ∼1.5mg and at least ∼5mg of samples are needed for
reliable TGA measurements, four gels were combined for each measurement.

Sample Relative final wt% in air* Onset of 2nd mass loss decrease in N2 (°C)
Col 10 257

ColGASi 37 247
ColGASi1 36 234
ColGASi2 43 214
ColGASi3 45 225

homogeneous or not. An inhomogeneous silica coverage of the fibres would hamper
the characterization of the average fibre diameter.

In order to test the homogeneity of the silica deposition, a ColGASi3 sample
was cut transversally to allow imaging of a cross-section of the gel (Figure 8.7 a).
Analysis of the sample, imaged from the surface to the center of the gel, shows that
that the silica coverage is inhomogeneous. Whereas the collagen fibres are coated by
a smooth layer of silica at the surface of CoLGASi3 (Figure 8.7 b), the silica content
decreases upon moving from b to f and, upon approaching location f, clusters of silica
particles associated with the collagen fibers are observable until mostly bare collagen
is observed in the center of the gel (Figure 8.7 f). The decrease in fibre diameter
from b to f is an indication that the silica layer is thicker on the fibres closer to the
surface of the sample, assuming that the fibre thickness of the original template was
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Figure 8.6 SEM characterization of the microstructure of all samples. a) Col, b) ColGASi,
c) ColGASI1, d) ColGASi2, e) ColGASi3 and e) average size of fibre diameter. Scale bars: 5 µm.

the same throughout the gel. To confirm this, a similar study should be performed
in a collagen hydrogel.

Whether the silicification occurs homogeneously throughout the gel or not has, to
the best of our knowledge, hardly been addressed in previous work. It was discussed
in the work of Foglia et al.,18 who presumed homogeneity of silicification based on the
homogeneity of the orange colouration of the material (given by the reaction of GA
with APTES). Our finding that silica deposition onto the fibres appears to be inhomo-
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geneous provides clarity on this point and cautions a straightforward interpretation
of the materials properties due to effects of inhomogeneity.

Figure 8.7 Silica coverage is not homogeneous throughout the sample. a) Schematic of
sample slicing and imageing order. b-f) SEM migrographs taken from edge to middle of a slice
of ColGASi3. Starting from b at the outside to f at the middle of the slice. Scale bar: 5 µm

Rheological measurements were performed to determine whether the silicification
of collagen hydrogels improves the mechanical properties of the scaffolds. The mea-
surements were carried out with wet samples (the hydrogels did not undergo any
further treatment after the last silicification step) using a plate-plate geometry. The
storage modulus G′ and loss modulus G′′ were determined for all samples. A strain
sweep measurement indicated that the critical strain value at which the hydrogel net-
work structure starts to deform irreversibly was 12% for Col samples and 2% for
silicified samples (Figure 8.8 a). Frequency sweeps were performed at strain values
below this critical strain in order to derive the equilibrium modulus G0 from the
plateau at low frequency avoiding irreversible damage of the samples. The rise of the
loss modulus towards higher strains indicates the degree in which energy is dissipated
through viscous behaviour. Samples treated with silica dissipate more energy in a vis-
cous manner than samples of only collagen. This difference can be attributed to the
silica particles present in many samples. The energy is dissipated in form of heat and
used for the movement of the particles, but not stored in the system. In Figure 8.8
b, the flat line of the storage modulus in the frequency sweep measurement is typical
for a real gel, indicating that the network is not degrading during the measurement.
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The modulus at low strain (Figure 8.8 a) and the modulus at low frequency (Figure
8.8 b) do not exactly match. This is likely due to drying of the sample in between
two measurements. In Figure 8.8 c and d it is shown that the equilibrium modulus
G0 (obtained by averaging the three data points of G′ at low frequency) increases
with each silica treatment. Except for ColGASi2, the increments of mean G0 are
statistically significant.

The silicification steps improved the G′ and G′′ of silicified collagen by three orders
of magnitude compared to bare collagen hydrogels. However, their G0 are still 106 and
103 times lower than the reported for hard tissues like bone and cartilage, respectively,
but are in the order of magnitude of that of skin.22, 23 Even if the scaffolds presented
in this Chapter do not posses mechanical properties that match the ones for load-
bearing tissues, critical for bone tissue engineering, they could be suitable for the
regeneration of small, non-load bearing defects. The scaffolds are meant to provide
temporal mechanical support for the regeneration of the tissue, to be degraded and
replaced by new tissue.

An important question that arises from this study is whether the inhomogeneity of
the silica deposition has an effect on the final properties of the hybrid scaffolds. Future
efforts should be put into achieving a smoother and more homogeneously silicification
of the collagen hydrogel. It is most likely that there is a diffusion limitation. The
silicification strategy proposed in this Chapter has proven to be successful to produce
collagen-silica hybrid materials with improved mechanical properties, a key factor for
their use in tissue engineering. However, many of the steps could be optimized to
achieve the right compromise of material properties as well as the homogeneity of the
sample. First, the use of GA should be revised, since it can be cytotoxic.24, 25 Second,
the APTES concentration of 0.2M was chosen based on the work of Foglia et al.18

However, it was not taken into account that the collagen template might also play a
role in the whole silicification process. For example, the hydrogels used by Foglia et
al. present fibres with a diameter of 50 nm whereas in this Chapter, the Col samples
have 250 nm fibres. Therefore, the concentration of GA and APTES should have been
explored. Preliminary experiments show that using lower concentrations of APTES
and performing the reaction at 4 °C leads to a smoother silica coverage. These results
are presented in Figure 8.12 in Section 8.6.6. Furthermore, in the best case a Design
of Experiments approach, as the one presented in Chapter 6 and Chapter 7, could
be helpful to screen relevant factors (such as concentration of reagents, temperature,
pH, number of silicification cycles) and link them to scaffolds properties such as silica
content or storage modulus.

The homogeneity of the silicification can not be easily quantified. Performing a
SEM-EDS mapping on transversal slices cut from the samples will probably remain
the best way to determine if the coverage of the silica is roughly the same throughout
the gel. FIB-SEM on the samples could also be used, which is briefly discussed in
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Figure 8.8 Rheological measurements a) Strain sweep of samples at angular frequency of
10 rad/s to determine critical strain. b) Frequency sweep performed at 0.5% strain to determine
equilibrium modulus. c) Equilibrium moduli for all samples and d) equilibrium moduli for silicified
samples. The equilibrium moduli were calculated by averaging the storage modulus G′′ at the
three lowest-frequency data points.

Section 8.6.5. In addition, the experimental setup should be revised, with special
consideration of changing the moulds for collagen hydrogel formation or performing
the silicification steps in a rocking table, which could improve the diffusion of the
reagents within the 3D structure. Being able to produce samples with a homogeneous
coverage of silica will also open the opportunity of preparing samples with silica
gradients, which would give the hybrid scaffolds interesting properties (Figure 8.9).26

In addition, the biological properties of the scaffolds have to be investigated. Bio-
compatibility assays as well as biodegradation studies in vitro are an important re-
quirement to asses whether the scaffolds can be used in vivo.
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Figure 8.9 Scheme of tunable (in)homogeneity mediated by silica decoration.

8.4 Conclusions

In this Chapter we present a multi-step method to prepare collagen-silica hybrid
materials. The mechanical properties and silica content are tunable by changing the
number of silica treatment cycles. The resulting hybrid structures are good candidates
to be tested as potential scaffolds for TE applications. In order to further asses their
potential, in vitro enzymatic degradation of the samples and in vitro biocompatibility
assays should be performed.

Examination of the different hybrid structures formed indicates that the silica
coverage throughout the gel is not homogeneous. By optimizing the experimental
setup as well as the reaction conditions this drawback could be overcome. Moreover,
being able to control the degree of silicification will allow us to build scaffolds with
silica gradients. Next steps should be focused on this direction, given that scaffolds
that present gradients in their properties are a better representation of natural tissues.
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8.6 Materials and methods and further discussion

8.6.1 General Methods

Bovine collagen Type I from skin (6.2mg/mL) was purchased from Advanced Bioma-
trix, San Diego, USA. Sodium phosphate monobasic, sodium phospate dibasic and
NaCl were obtained from Sigma-Aldrich. Absolute ethanol was purchased from Bio-
solve. 25% glutarladehyde in aqueous solution (EM grade) was obtained from Elec-
tron Microscopy Sciences. (3-Aminopropyl)triethoxysilane (APTES) and tetramethyl
orthosilicate (TMOS) were purchased from Sigma-Aldrich. All chemicals were used
without further purification.

Freeze drying of samples was performed in a Chris Alpha 1-4 LD plus machine
at −57 °C and <0.25mPa. Critical point drying of samples was performed in an
EMS 850 critical point dryer.

Fourier-transform infrared spectroscopy (FTIR) was done using a Shi-
madzu IRAffinity-1 equipped with a MIRacle 10 single reflection ATR accessory.
Measurements were performed on freeze-dried samples between 600 and 3600/cm us-
ing 256 scans and a 1/cm resolution.

Thermogravimetric analysis (TGA) was performed for freeze-dried samples
in air and nitrogen in a TA TGA Q500 machine. For the experiment in air, the
sample was stabilized at 30 °C before heating to 1000 °C at a rate of 10 °C/min. The
experiment in nitrogen increased the temperature to 120 °C at a rate of 10 °C/min,
then kept the temperature stable for 10min before increasing the temperature to
800 °C at a rate of 20 °C/min. Then, the gas stream was switched from nitrogen to
air followed by heating to 1000 °C at a rate of 20 °C/min.

SEM was performed on a TFS Quanta3D SEM using a secondary electron de-
tector, also equipped with an ion beam as well as backscatter and EDX detector.
The accelerating voltage and the aperture were set to 10 kV and 30µm, respectively.
Samples were fixed with GA at 4 °C overnight, dehydrated by a graded ethanol series
(30, 50, 70, 96 and 100%), dried with a CPD and sputter coated with 6 nm gold for
30 seconds at a current of 30 mA.

EDX was performed on a Phenom ProX tabletop SEM with the aid of the ac-
companying elemental analysis software. Elemental analysis was done at 15 kV.

Focus Ion Beam (FIB)-SEM Samples were embedded in hard epoxy resin,
EMbed 812, following the protocol provided by EMS38. The sample was cut to shape
using a microtome and conduction of the sample was improved by adding a silver
paste to the sides and a gold sputtered coating on top of the sample. A platinum
layer was deposited to facilitate clean cutting with the FIB. A total volume thickness
of 14µm was cut in 140 slices of 100 nm each.

Cryo-TEM was performed on control experiments consisting on silica particles
in the absence of collagen. Samples were prepared on 200 mesh Cu TEM grids with
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a hydrophilized R2/2 Quantifoil carbon support film (Quatifoil Micro Tools GmbH,
Jena, Germany). Surface plasma treatment was used to hydrophilized the support
film. 3µL was applied on the TEM grid, blotted and vitrified using TFS VitrobotTM
Mark IV by plunging into liquid ethane. Cryo-TEM studies were performed on the
TU/e cryoTITAN (TFS, www.cryotem.nl) 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.

Rheological measurements were performed in the wet state. The measure-
ments were performed on an Anton Paar Physica MCR 501 rheometer equipped with
a Peltier stage using 8mm diameter discs for the silicified samples, with a thickness of
2mm. Collagen hydrogels were measured using discs of 25mm in diameter and 1 mm
thickness. To ensure good connection of the samples with the geometry, the silicified
samples were compressed to a thickness of 1.4mm. Collagen samples were measured
at a gap size of 0.4mm. Strain sweep oscillatory measurements were performed at
10 rad/s and an increasing strain of 0.05% to 50% for silicified samples and 0.05% to
500% for collagen samples. Then, frequency sweep oscillatory measurements were per-
formed at 0.5% strain and in a decreasing frequency range of 100 rad/s to 0.25 rad/s.
Replicates were averaged. Equilibrium moduli were calculated by averaging the three
lowest-frequency points.

8.6.2 Hydrogel preparation

Collagen hydrogels (Col) were prepared by mixing the acidified stock collagen solu-
tion with 0.1M phosphate buffer and 30mM NaCl at pH 7.8. The final concentration
of collagen was 1mg/mL. The mixture was incubated in an oven at 37 °C for 2 h to
trigger fibrillogenesis. The hydrogels were prepared in a 24-wells plate for mechan-
ical testing of bare collagen hydrogels and in 96-wells plate for samples undergoing
silicification.

8.6.3 Collagen-silica hybrids preparation

The assembled gels Col were rinsed with 0.1M sodium phosphate buffer pH 7.4 and
soaked in a 2.5% glutaraldehyde solution in 0.1M sodium phosphate buffer pH 7.4
for 1 h at room temperature. Subsequently, the gels were washed three times for 5min

in the same buffer and twice in H2O. The hydrogels were soaked in a 0.2M APTES
solution for 1 h at room temperature and washed three times with H2O. Further silica
treatments were performed using a 10mM hydrolized TMOS solution in 0.1M HCl.
This solution was prepared fresh for each experiment. ColGASi samples were soaked
in the hydrolized TMOS solution and the pH raised to 6.5 with 0.1M NaOH. After
2 h, the ColGASi1 were transferred to a freshly prepared hydrolized TMOS solution
at pH 6.5. This process was repeated up to 3 times.
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The samples were washed with H2O and prepared for characterization. For FTIR
and TGA measurementes, the samples were fixed in GA 2.5% and freeze dried. For
SEM characterizations, the samples were fixed with GA, dehydrated in an ethanol
series and dried in a CPD. For rheological measurements, the samples did not undergo
any further treatments and were measured in the wet state.

8.6.4 Sol-gel reaction in absence of collagen

In absence of collagen, hydrolysed TMOS at pH 6.5 forms a gel-like structure after
6 h with particle size of around 10 nm. This indicates that collagen acts as a template
and prevents silica from condensing in solution. This strong interaction between
collagen and silica might explain the heterogeneity in silica coverage throughout the
gel, despite using a multi-cycle strategy for mineralization.

Figure 8.10 Silica particle formation in absense of collagen. Evolution of silica particles
formed from hydrolized TMOS at pH 6.5 after a) 2 h, b) 4 h and c) 6 h. Scale bars: 25 nm.

8.6.5 FIB-SEM of collagen-silica hybrids

In order to test if the silica coverage was homogeneous throughout the sample, FIB-
SEM was performed on ColGASi1. Due to the instability of the sample under the
ion beam, the sample was embedded in a resin and cut with a microtome. This way
the sample gains stability and an even surface is obtained for imaging. Using a serial
slice and view method, a 3D image stack was acquired. This allows to visualize the
silica coverage throughout a representative volume of the sample by a repetitive cycle
of slicing a piece of sample using a focused ion beam, followed by SEM to image
the newly exposed surface. The thickness of each slice was 100 nm and the total
thickness of the stack was 14µm. A selection of the resulting micrographs is shown
in Figure 8.11. Even though the collagen was unstained, it is likely that the darker
areas observed from slices 103 until 110 are collagen fibres covered by silica. The size
of this dark area in the 3D stack is in the same order of the measured average size of
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450 nm obtained for ColGASi1. For a better visualization, the collagen fibres could
be stained with osmium-thiocarbohydazide27 in future experiments.

Figure 8.11 Images from 3D stacks of collagen-silica hybrid materials. A collagen fibril
templating the silica deposition is marked with yellow arrows and highlighted with a yellow
rectangle in d. This template is first noticed in slice 103 (a), reaches its maximum diameter in
slice 106 (d), 300 nm apart, and disappears in slice 110, 400 nm further away (h). Scale bars:
1 µm.

8.6.6 Effect of APTES concentration

The silification of collagen hydrogels with APTES already results in hybrid materials
with increased strength. Different APTES concentrations and reaction conditions
were explored. The materials were characterized with SEM (Figure 8.12). APTES
reacts with the pendant GA molecules already at a concentration of 0.05M. De-
creasing the temperature to 4 °C seem to lead to a smoother silica coverage along the
fibres. It is worth to explore how using different APTES concentrations at different
temperatures can affect the final properties of the hybrid materials as well as the
homogeneity of the silica coverage throughout the sample.
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Figure 8.12 SEM characterization of collagen hydrogels silicified with different APTES
concentrations.
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Concluding remarks and perspective

In this thesis, we studied the self-assembly of macromolecules in solution as well as
their application as directing agents for the formation of polymer-silica hybrid struc-
tures. We investigated two model systems: a synthetic diblock copolymer and a
natural polymer. Firstly, we chose a well-defined, highly asymmetric amphiphilic di-
block copolymer composed of polystyrene-b-poly(ethylene oxide) (PS-b-PEO) with a
high glass transition temperature. It is known that this polymer forms crew-cut ag-
gregates in solution. Secondly, we chose collagen type I, the most abundant protein in
animals. The formation of collagen hydrogels has been widely studied for applications
in drug delivery and tissue engineering.

The self-assembly of PS-b-PEO was studied as a function of polymer concentration,
temperature and the solvent-switch rate. The inspection of the three-dimensional
state diagram created from the 36 experiments indicates that all experimental pa-
rameters influence the final morphology and that the relationship between them and
the morphology is complex. This approach proved to be useful to assess the range
of morphologies that are accessible for a single block copolymer in a given region of
the state space and to provide understanding of the mechanistic connections between
morphologies.

The co-assembly of PS-b-PEO and silica nanoparticles can lead to four hybrid
structures with different internal organization. The silica particle size as well as the
polymer concentration affect the final morphology adopted by the hybrid structure.
Similarly to the self-assembly of PS-b-PEO, a state diagrams approach can be used
to quantify and qualify the co-assembly process upon varying not only the polymer
concentration and the size of the silica nanoparticles, but also the polymer:silica ratio,
the temperature or the solvent-switch rate. This enables to generate a wide range of
structures, each of one might be useful for different applications.

The self-assembly of collagen type I was studied as a function of five different
parameters: temperature, pH, collagen concentration, sodium chloride concentration
and sodium phosphate concentration. The use of an efficient workflow, based on
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design of experiments, automated data acquisition and data analysis, allowed us to
obtain functional relationships between these parameters (and the interaction be-
tween them) and the lag time, lateral growth rate and plateau time. Finally, we
prepared collagen-silica hybrid materials that are potential suitable candidates for
tissue engineering applications.

9.1 On self-assembly and the future of experimentation

We used two different approaches to study the self-assembly of a synthetic polymer
and a natural polymer and we generated two libraries of polymer building blocks:
a kinetic state diagram approach for synthetic block copolymers and a design of
experiments approach for collagen type I.

In the literature, it is common to find phase diagrams constructed, both exper-
imentally and theoretically, for block copolymers assemblies in the bulk. The ones
found for the self-assembly of block copolymers in solution are normally made as a
function of polymer composition and polymer concentration, but we could not find
examples that explore changes on the preparation method in a systematic way.

The kinetic state diagrams approach, although used on a single PS-b-PEO block
copolymer characterized with dry state TEM, can be extended to other block copoly-
mers and characterization techniques. The advantage of using TEM to characterize
the assemblies is that it allows the direct observation of co-existing morphologies and
this gives some insight into the mechanisms of morphology formation (although in
situ or time-resolved characterization techniques are necessary to confirm those mech-
anisms). The disadvantage is that it gives poor statistics compared to other char-
acterization methods such as scattering techniques. The state diagrams approach
is also useful tool to asses the range of morphologies that is accessible for a single
well-defined block copolymer in a given range of conditions.

Automation of sample preparation and characterization would make this approach
more effective, as it would provide the possibility to prepare larger numbers of assem-
blies and screen for a desired morphology. In that direction, Touve et al.1 automated
the construction of phase diagrams for two different amphiphilic block copolymers as
a function of the degree of polymerization. The assemblies were formed in aqueous
solution by polymerization-induced self-assembly, transferred with an automated pi-
coliter volume liquid dispenser to a single TEM grid and analysed by automated dry
state TEM.

It is important to note that not all block copolymers assemblies are suitable for dry
state TEM analysis and also not all preparation methods, such as the solvent-switch
method, are easily high-throughput. However, even if not all necessary steps for the
construction of state diagrams can be automated, automating at least one of the steps
can make the process faster. As a proof of concept, we used an automated picoliter
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volume dispenser (SciTEM, SCIENION)2 to sample the 12 dispersions formed by
PS250-b-PEO45 at 10mg/mL in a single TEM grid and, in comparison with conven-
tional sample preparation, it was faster and led to more rapid TEM characterization.
By eliminating the step of changing samples in the microscope and by knowing the
exact position of the samples in the grid, the acquisition of images could be done in
significantly less time.

Collagen hydrogels find use in drug delivery and tissue engineering.3 Researchers
would benefit from reliable models that help design hydrogels with the needed char-
acteristics for a given application. The vast amount of scattered data on collagen
self-assembly called for a systematic way of experimentation to understand the ma-
terial and this was the motivation to use a design of experiments approach. With
so many different self-assembly protocols, it is difficult to compare and understand
the effect of the experimental variables on the properties of the hydrogels. Collagen
hydrogels can be obtained by the neutralization and incubation of a collagen solu-
tion. The choice of neutralizing agent, the temperature of incubation and the collagen
source, among other factors, influence the characteristics of the hydrogel.

The design of experiments approach allowed us to efficiently: 1) screen five relevant
parameters in a wide range of conditions, 2) determine which ones exert a significant
effect on different characteristics (responses) of the hydrogels, 3) analyse which pa-
rameters interact with each other and 4) obtain functional relationships between the
significant parameters and interactions and the responses. By using this approach,
instead of a trial-and-error approach or studying systematically one factor at a time,
we screened a larger experimental space and we accounted for the possibilities of high
order interactions between parameters. Moreover, the automation of data acquisition
and data analysis made it possible to use two different experimental designs (Full
Factorial Design and Box-Behnken Design) on more factors than the recommended
without investing extra time.

We believe that this work addresses an important future direction of experimen-
tal research. More and more rapidly the use of big data and artificial intelligence is
expanding the methodological toolbox in many fields of science.4 Machine learning,
a subfield of artificial intelligence involved with pattern recognition, is already used
to inform chemical synthesis, assist characterisation, complement theoretical chem-
istry and said to revolutionise the discovery of new compounds and the revelation
of structure-property relationships.5 Using machine learning terminology, we demon-
strated the implementation of a simple supervised learning, linear-regression-based
workflow to predict functional properties from assembly conditions, including valida-
tion of the developed model with a new data set. Yet, retrieval of patterns formed
only one part of the big data workflow developed in this work, which was preceded by
experimental design and smart data collection. This work may be seen as an example
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of an integral approach towards experimental design, big data collection, data mining
and modelling.

The results obtained in this thesis could be added to the vast amount of knowledge
on polymer self-assembly and be part of data sets that can be mined and be available
for analysis. In particular for materials science, the data has not reach the denomi-
nation of big data yet.6 This is due to the enormous variety of materials science data
and the fact the speed of data collection and the volume of data are not sufficiently
large yet, in comparison with big data, such as the one obtained at the Large Hadron
Collider, CERN, for example.

Machine learning could accelerate materials discovery and design processes and
that would be of a great benefit for researchers. It would make research much more
effective because scientists then would not have to rely as often on trial-and-error
approaches. The shift towards open science will greatly enhance the volume of high-
quality scientific data available for analysis.7 Big data approaches will become a
necessity for the interpretation of this large amount of complex data.4

9.2 On building blocks for tissue engineering

The two approaches used here to study the self-assembly of block copolymers and
collagen type I lead to libraries of building blocks that can be used for many applica-
tions, in particular, for mineral templating or the formation of modular assemblies.
The creation of such libraries of building blocks not only gives insight or understand-
ing behind the physical chemistry aspects of self-assembly, but also provides tools to
material scientists to use and combine the building blocks with a certain application
in mind.

Collagen type I is used for biomedical applications due to its biocompatibility and,
in particular for tissue engineering applications, due to the fact that it is the main
component of the extracellular matrix (ECM).8 The architecture of the ECM, as well
as its composition (minerals, cells, biomolecules) and its mechanical properties, vary
within and across tissues. Creating scaffolds in vitro that mimic the inherent changes
in architecture and composition is a current challenge. Modular assembly is one of
the strategies that has been explored to build multiphasic scaffolds that recreate the
hierarchical structure of the ECM. The idea behind modular assembly is to simplify
a complex structure into smaller and simpler modules or blocks. These modules can
be fabricated and optimized independently to meet an specific function and then
combined into a more complex and functional construct.9 With that in mind we
studied how tuning the self-assembly conditions could affect the microstructure of the
collagen hydrogels. The resulting hydrogels, with fibre diameters ranging from 100 nm

to 1000 nm and pore areas from 1µm2 to 10µm2, could be used as exchangeable blocks
for modular assembly.10
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A modular assembly approach can be used to engineer interfaces between hard and
soft tissues (e.g. ligament insertions, articular cartilage or the periodontium).10, 11, 12

As a proof-of-concept, Lausch et al.12 used this approach towards the formation
of multilayered mineralized collagen scaffolds that mimic periodontal tissues (com-
posed of three layers: bone, ligament and cementum). Their model included the
self-assembly and intrafibrillar mineralization with hydroxyapatite of collagen hydro-
gels. First, they assembled a collagen hydrogel layer via neutralization with ammo-
nia vapours, followed by intrafibrillar mineralization with hydroxyapatite (forming a
bone-like structure). On top of this hard-tissue mimic, they assembled another layer of
collagen hydrogel (the ligament-like structure). The mineralized and non-mineralized
layers formed a continuous and interconnected scaffold, to which extra layers can be
added, without the need of adhesives to connect them. A third layer of collagen hy-
drogel can be added and subsequently mineralized with hydroxyapatite. The degree
of mineralization can be controlled to avoid mineralization on the second layer. This
last mineralized layer would be the cementum-like structure. Unfortunately they did
not perform mechanical tests to compare their scaffold with real periodontium tissue.

With the results obtained in this thesis, we could extend the idea presented by
Lausch et al. to create multiphase scaffolds formed by collagen hydrogels with different
architectures and mineralized with silica. Silica cannot only strengthen the hydrogels,
it is also bioactive. For example, the release of silicic acid from collagen-silica scaffolds
can promote hard tissue regeneration.13, 14 Next to obtaining a library of hydrogels
with different architectures, we also obtained predictive models for the lag time, lateral
growth rate and plateau time. These are three important fabrication parameters, since
the rate of hydrogel formation might affect the interlayer cohesion.12

The collagen and collagen-silica scaffolds created in this thesis presented micro-
pores (<50µm). These pores are important for protein adsorption, protein-cell in-
teractions and cell-surface interactions. However, they are not big enough for cell
ingrowth, cell and nutrients distribution and vascularization. It has been established
that 100µm - 300µm pores are needed to comply with these functions.15 Therefore,
in order to create functional, multiscale scaffolds with both micro- and macropores,
the modular assembly should be combined with other processing techniques, such as
additive manufacturing techniques (3D bioprinting).16, 17, 18

To finalize, we think that a lot of the work done in the field of collagen silici-
fication for tissue engineering applications falls short in the study of the potential
applications of the created material. While the motivation for collagen silicification is
clear (improving the mechanical properties of collagen with a bioactive and biocom-
patible material), we believe that there still is a big gap between the material and its
commercial use. Before designing a scaffold, it is necessary to consider the particular
application. Is the scaffold meant to be used to repair a defect or to be used in the
laboratory to study a relevant process? Is the defect located in a load-bearing or a
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non-load bearing area? What is the age of the patient? Is the scaffold going to be
implanted directly to the patient or will it first grow in vitro before implantation?
To make further progress with the results obtained in the second part of this thesis,
we would benefit from interdisciplinary collaboration between doctors, biomedical
engineers and material scientists in order to determine the desired properties that a
scaffold should have to perform in a specific application.
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