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ABSTRACT
Proteins are a group of biomolecules that perform versatile tasks, which in many
cases are essential for life. The magnitude of their importance is perhaps expressed
by the word protein itself, coined by the Swedish chemist Jöns Jacob Berzelius in the
summer of 1838. It is derived from the Greek word πρωτείος which means ‘primary’
or ‘of the highest importance’. By adding a different ending, Berzelius shaped the
word protein which means ‘the most important building block in a thin thread’.
The proteins of importance to this PhD thesis are aquaporins, whose primary
function in nature is to sustain the osmotic balance across the cell membrane by
transporting water. This transportation is highly energy efficient and selective
compared to artificial processes, which renders aquaporins interesting from a water
purification point of view. Many proteins, including aquaporins, are however not
stable in non-native environments, which often results in protein degradation or
aggregation upon use in synthetic environments. This is particularly prominent for
membrane proteins, which need to be housed in an amphiphilic environment to
function properly.
This thesis explores aquaporin stabilization through different kinds of interactions
with glass. Human Aquaporin 4 was either intercalated with a mesoporous silica
substrate or covered in a thin layer of silica. In both cases, aquaporins were stabilized
by a lipid bilayer that mimics its native cell membrane surroundings. This thesis also
includes work on the first structural and functional characterization of Climbing
Perch Aquaporin 1 and a synthesis method for producing uniform silica
nanoparticles with accessible mesopores.
Detailed characterization provided valuable information on different kinds of
aquaporin-silica interactions. Aquaporins were, for instance, shown to extend into a
porous silica substrate underneath a supported lipid bilayer. Furthermore, aquaporin
secondary structure was preserved when stabilized by a silica shell. The findings in
this thesis show that silica may be used as a biocompatible stabilization option for
aquaporins, potentially paving the way for better aquaporin utilization in applications
such as water purification.
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In the spirit of Mathias,
whose fight for sustainable solutions ended far too early

“ Clean water is so basic to human life that water droplets, bubbling
brooks and waterfalls are enduring symbols of the life force ”
Sushil K. Khetan & Terrence J. Collins1

It is fascinating that something as deceivingly simple as water plays such an important
role in all of life that it is often used to symbolize life itself. Be it water droplets,
bubbling brooks or waterfalls, there is something special about water that is difficult
to express in words. Water is also mesmerizing at a global scale, as exemplified by
two of the most iconic and widely distributed photographs of all time; “Earthrise”
captured by William Anders in 1968 (Fig. 1) and “Blue Marble” captured by the
Apollo 17 crew in 1972 (Fig. 2).2, 3 The blue appearance of Earth is caused by water.

Figure 1: “Earthrise” [Photo credit: NASA]
1

Figure 2: “Blue Marble” [Photo credit: NASA]

These two photographs have been extensively used by environmental movements,
propagating to keep Earth as clean and healthy as it appears from space. Earthlings
can, however, easily see past the initial appearance of our planet to realize that things
are not as clean and peaceful as these photographs convey. Not even the crispness
of the finest medium format Hasselblad cameras could possibly capture the
complexity of the world we live in, which is to 71% dressed in reused water. 4
The importance of clean water to humanity is nicely captured in the initial quote from
Khetan and Collins.1 Despite its clean appearance from space, Earth is plagued by
unresolved issues; some of which revolve around water. Large-scale water-related
issues are nowadays monitored from space, such as ground water levels in California 5
and the massive volume reductions of the Aral Sea and Lake Chad caused by
extensive irrigation.6, 7 Such issues, however, only account for a small fraction of the
global water-related issues. Despite the clean appearance of Earth and its oceans
from space, there are plenty of problems lurking beneath the surface, many of which
are not even perceivable upon ocular inspection from up close. Such issues include
water contamination by pharmaceutical residues1, heavy metals8, and microplastics9
along with a range of other pollutants present at elevated levels due to anthropogenic
activities such as industrial production and agriculture. Despite awareness of the
issue, water pollution is sadly increasing.10
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The big picture tells us that water pollution is happening at large scale. In an
anthropocentric context, polluted water puts 844 million people (11 % of the
population on Earth) that do not have access to basic drinking water services 11 at
immediate risk of exposure to toxic levels of polluting substances. Indeed, “clean
water is so basic to human life” that water pollution may, in extension, be regarded
as a threat to humanity. As a consequence, access to clean water is defined as a human
right by the United Nations.12 In a less anthropocentric take on this topic, danger to
all living entities is apparent. These issues were acknowledged by the United Nations
and included in The 2030 Agenda for Sustainable Development, 13 where one of the
paragraphs within goal 6 of the Sustainable development goals (SDGs) reads:

SDG target 6.3
By 2030, improve water quality by
reducing pollution, eliminating dumping,
and minimizing release of hazardous
chemicals and materials, halving the
proportion of untreated wastewater and
substantially increasing recycling and safe
reuse globally.13
Many argue that the environmental movement was in part spurred by the photograph
Earthrise,2 which was captured using a camera developed and adapted for space
usage by Hasselblad in Gothenburg, Sweden. Gothenburg was also the location
where years of research geared towards the development of highly selective and
energy-efficient water filtration resulted in the PhD thesis you are currently reading.
Which brings us back to Earth and the context of this thesis; the potential use of
biomimicry in water treatment to make Earth as clean as it looks in the photographs.
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In society, water treatment is often encountered as drinking water purification or
waste water treatment, commonly representing the beginning and end of human
water usage. Both processes usually include several treatment steps in order to reach
a desired level of purity, where at least one step includes filtration. Filtration is for
instance employed to prevent undesired compounds in drinking water and to limit
the extent of pollution exerted upon marine ecosystems by waste water discharge.
Filters used in water treatment can be divided into two main categories: Size
exclusion filters and solution-diffusion filters. Size exclusion filters have a certain
pore size, and hence prevent substances that are larger than the pores from entering
the permeate. A limitation of these filters is that the pore size cannot be tuned to
small enough diameters to stop for example sodium and chloride ions to pass, which
is needed in drinking water production from sea water, i.e. desalination. Drinking
water production from sea water is becoming increasingly popular due to decreasing
amounts of available and sufficiently pure fresh water.14 Solution-diffusion filters are
crucial in desalination, which is commonly conducted through reverse osmosis (RO).
The selective layer in RO filters usually consists of a thin film composite (TFC)
polymer membrane formed in an interfacial polymerization process. 15 Water
filtration through TFC membranes is based on a solution-diffusion mechanism in
which water is first molecularly dissolving into a polymer matrix at the side of high
chemical potential, whereby it diffuses through the polymer down a chemical
potential gradient to finally desorb on the side of low chemical potential. To
overcome the osmotic pressure involved, pumps are used to drive the filtration
process. The rate limiting step is the diffusion through the polymer matrix, which
can be improved on the expense of decreased selectivity.16 Solution-diffusion filters
hence suffer from sub-optimal water diffusion rates and therefore need large
amounts of energy to purify water.14
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Energy consumption accounts for about half of the total cost of drinking water
production using desalination.17 The desalination process (membrane or thermal)
generally comprises (1) intake, (2) pre-treatment, (3) desalination, (4) post-treatment,
and (5) concentrate management, all of which require energy. Pre- and posttreatment consume the largest amount of energy, but they are closely linked to the
desalination step. For example, implementing a desalination step that is more
resistant to fouling has the potential to significantly decrease the total energy
consumption of drinking water production from sea water by lowering the
requirements on the pre-treatment step. 4, 18
2.1 Natural water filtration
Nature possesses methods to filter water on different length scales and to varying
levels of purity. A prominent element of the big picture is the water cycle that recycles
water through evaporation, condensation and precipitation. This process is nicely
illustrated by the presence of clouds in Figures 1 and 2. The water cycle is, however,
a thermal process and does therefore not qualify as filtration. An example of largescale water filtration in nature is the filtration of precipitated water through soil,
gravel and rock in the ground that eventually results in the collection of groundwater.
In the other end of the spectrum, nature performs water filtration on the nanometer
to Ångström length scale across the cell membrane of all living cells. Cell membranes
are based on a lipid bilayer assembly that hosts cell membrane entities such as
membrane proteins. Proteins that transverse the cell membrane are called
transmembrane or integral proteins and some of these provide gateways across the
membrane. These gateways are typically pores that may conduct compound-selective
transport of for example calcium ions19, potassium ions20, or water21. The waterchanneling proteins are called aquaporins and they are central to this thesis.
2.1.1 Aquaporins
Aquaporins are a group of transmembrane proteins that were first encountered in
erythrocytes by Benga et al. in 1986.22 In 1988, Denker et al.23 purified the first
aquaporin (initially called CHIP28, short for channel-forming integral protein of 28
kDa), but its biological function remained unclear. Four years later, the same group
made the discovery that this protein selectively transports water across the cell
membrane,21 and shortly thereafter renamed it Aquaporin 1. The findings by the
group of Peter Agre21, 23 were eventually rewarded half of the 2003 Nobel prize in
Chemistry. Following these initial reports, aquaporins have been discovered in both
prokaryotes and eukaryotes at all levels of life.24 There are 13 human aquaporins,
which are divided into three subgroups; water selective (orthodox) aquaporins that
solely transport water (AQP0, 1, 2, 4, 5, 6, 8), aquaglyceroporins that (in addition to
water) transport small uncharged solutes such as glycerol (AQP3, 7, 9, 10), and
superaquaporins (AQP11, 12), whose transport characteristics are to be further
elucidated.25
6

The excellent water selectivity of orthodox aquaporins is the result of a channel
design that guides the water molecules through the protein in an intricate way.
Aquaporins are hourglass-shaped transmembrane proteins with 6 alpha-helices fully
spanning the cell membrane and two shorter alpha-helices oriented in such a way
that they form a pseudo membrane-spanning helix. The parts of the shorter alphahelices that face the narrow pore are called NPA-motifs since they consist of the
amino acid sequence asparagine-proline-alanine (NPA in short). These motifs equip
the aquaporin with an electrostatic barrier that blocks the passage of charged
species.26, 27 The other channel region of extra importance is the selectivity filter (SF),
which is located towards the extracellular side. It is defined by an arginine side chain
and an aromatic side chain extending into the pore. In the SF of the human aquaporin
4 (hAQP4) that was the aquaporin of choice for the silica stabilization studies, a
histidine residue reaches into the channel to restrict the pore diameter to ~1.5 Å. 27
Water molecules are transported through the aquaporin in a single line, while forming
transient hydrogen bonds with the amino acid side chains in the pore walls. These
hydrogen bonds orient the water molecules and significantly perturb hydrogen
bonding between neighboring water molecules, which is an important feature that
allows aquaporins to prevent proton transport via a Grotthuss mechanism.28
2.2 Biomimicry in water filtration
Mankind has copied large-scale natural water treatment processes for a long time to
produce clean water. One of the obvious examples is the utilization of slow sand
filters in waterworks.29 Copying nature is called biomimicry, an expression coined by
Schmitt in 1957. Biomimicry means to mimic biology or nature, using biologically
inspired designs or making use of entities derived from nature.30
Advances in protein engineering and nanotechnology have opened up possibilities
of utilizing biomimicry to perform highly selective water treatment. The main driving
force to use this kind of approach is the potential to combine high selectivity with
high flux, which is not possible using synthetic TFC membranes.14 The development
of filters based on biomimicry has proven problematic due to the limited stability of
biological components such as aquaporins outside their native environment. 31
Different approaches have therefore been explored in order to produce biomimetic
filters that are stable enough for real-world use.
One approach explored in order to stabilize aquaporins was to deposit aquaporincontaining supported lipid bilayers (SLBs) or proteoliposomes on porous supports. 3234
The most popular approach to date judged from scientific output is based on
aquaporin insertion into amphiphilic block copolymer (BCP) bilayers as pioneered
by Stoenescu et al.35 The same group later showed aquaporin functionality using a
polymer-based stabilization approach36, which has since been developed further for
water purification by the same group37, 38 and others.39-42 Aquaporins have also been
stabilized using other organic molecules such as bolaamphiphiles 43 and in two-step
processes where amphiphilic peptides were used for initial aquaporin stabilization
followed by subsequent polymeric stabilization.44, 45 Two-step processes in which
7

aquaporin-containing proteoliposomes were first deposited on a porous support and
subsequently stabilized by polyamide addition were also reported.46, 47 Membrane
designs incorporating aquaporins do, however, so far lack the stability needed for
practical use in desalination.4
There are also examples of biomimetic approaches omitting the aquaporins. For
example, carbon nanotubes (CNTs) were predicted to conduct water at high flux 48
and have since been inserted into lipid bilayers for filtration purposes.49-51 An allsynthetic approach was also presented, where CNTs were inserted into amphiphilic
BCP membranes.52 Other examples of artificial water channels (AWCs) that mimic
aquaporin functionality include zwitterionic channels53, rigid macrocycle
nanotubes54, imidazole-quartet channels55, indolocarbazole-pyridine (IP) oligomers56,
and pillar[5]arene channels.57 Pillar[5]arene channels were included in an all-synthetic
design by channel incorporation in a BCP membrane.57
Despite the extensive list of approaches mentioned in the previous paragraphs, the
commercial potential of nanoscale biomimetic water filtration is little explored. In
fact, the only designs that have progressed into commercial products so far are based
on aquaporin stabilization by lipid bilayers or BCP membranes. The main reason for
the limited commercial success is manufacturing difficulties, in particular related to
formation of macroscopic defects in the selective layer.18 Despite the efforts invested
in the development of biomimetic water filters through a variety of creative
approaches, this area of research has therefore not yet been able to deliver real-world
performance that is on par with its predicted potential.
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Perhaps the dark blue picture painted so far was not to your liking? To be honest I
am not satisfied with the current situation either. Starting with this chapter, I will
therefore try to paint a brighter picture. The canvas of that picture will still be the
Earth, but the paint that makes it come to life will be a fresh nuance of blue that has
the potential to make the picture appear brighter. The foundation of this paint is a
new biomimetic approach called housing aquaporins in nanostructured glass. My hope is
that an implementation of this approach will result in a brighter future by making
biomimetic water filtration realize its full potential.
This is needed because current water treatment solutions are simply not good
enough. The demand for clean water is constantly increasing with a growing global
population, while water is becoming increasingly polluted. Traditional water
treatment technologies are not able to provide humanity with clean drinking water.
They are in addition equally insufficient in handling the increasing pollution of water
in the environment, which affects all of life. We are hence in need of new solutions,
and biomimetic approaches show great promise. Biological systems are, however,
typically more fragile than their man-made counterparts, which is why attempts to
develop more robust biomimetic membranes with retained filtration potential are
currently undertaken. A satisfactory solution is, however, yet to be found.
This thesis presents my approach, which essentially comprises two-step biomimicry.
Aquaporins are first incorporated into a lipid bilayer for retained functionality,
forming a proteoliposome. The proteoliposome is then either coated with a thin layer
of silicon dioxide (silica) or collapsed onto a mesoporous silica substrate to form a
protein-containing supported lipid bilayer (pSLB). Silica is the main constituent of
sand and it is very abundant in the Earth’s crust.58 Living organisms such as siliceous
sponges form hard protrusions, known as spicules, from bio-silica. Aquaporins are
key in spicule formation since they transport water that is formed during the
condensation of orthosilicic acid into silica away from the spicules, which results in
silica hardening.59 Aquaporins and silica is hence a naturally occurring combination
that was used as an inspiration to the work presented in this thesis.
The remaining chapters of this thesis describes the two-step biomimicry approaches
used in the process of housing aquaporins in nanostructured glass.
9

The aim of the work presented in this thesis was to evaluate the combined use of
lipid bilayers and silica to stabilize aquaporins, with the long-term objective to
incorporate aquaporins in applications such as filters for water treatment. Different
approaches within the context of housing aquaporins in nanostructured glass were
explored, which resulted in the development and evaluation of these designs:
o Aquaporins in supported lipid bilayers on mesoporous
silica substrates
o Aquaporins in proteoliposomes coated by a thin layer of silica
This thesis describes the stepwise evolution of these designs. Furthermore, the
synthesis of mesoporous silica particles and the structural and functional
characterization of a fish aquaporin are included in this thesis as components of
interest in further developments of the presented stabilization strategies. The
publications in this thesis are connected by the train of thought presented below:
Publication I describes the synthesis of mesoporous silica particles, which may
potentially be used as pSLB supports. Publication III presents another approach
utilizing spherical geometry, in which aquaporin-containing proteoliposomes were
coated in a thin layer of silica. A combination of publications I and III where the
proteoliposome is wrapped around a mesoporous silica particle could potentially be
useful in applications requiring additional stabilization. This approach is, however,
not pursued in this thesis. Publication II introduces the use of a planar stabilization
geometry by forming pSLBs on mesoporous silica thin films, where the aquaporins
extend both into the pores of the silica and into the bulk on the opposite side of the
bilayer. Finally, Publication IV describes the structural and functional
characterization of climbing perch aquaporin 1 (cpAQP1aa). In contrast to hAQP4
(used in publications II and III), cpAQP1aa allows one of the extracellular loops to
fold and block the channel. Stabilization of cpAQP1aa using either of the strategies
presented in publications II and III was not conducted, but it is noted that such a
design may be of interest in applications where controlling the water flux is of
importance.
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Proteins are biological molecules that perform a wide range of specialized tasks in
nature. Many proteins also add substantial value when used in man-made processes.
Translation of native protein functionality into synthetic settings is, however,
difficult. The introduction of proteins into non-native environments often results in
protein aggregation or conformational changes, induced by a lack of proper
interaction partners for the protein.
Proteins can be divided into four types; soluble, membrane, fibrous, and intrinsically
disordered.60 Membrane proteins are considered particularly difficult to incorporate
into synthetic environments since their native environment consists of the
complicated mixture of biological molecules that form the cell membrane. A few
membrane proteins are, however, used in applications such as biosensors, affinity
chromatography, and enzyme reactors.61
Aquaporins are ideal components in water filtration since they combine an excellent
selectivity for water with high flux. Aquaporin-based water filters are available for
purchase, but the field is still struggling with key issues such as aquaporin stability
and the prevention of defects in the selective layer. 4, 62 The field of biomimetic water
filtration has lately moved away from native-like lipid bilayer-based designs that offer
great aquaporin compatibility and into using polymer-based designs. This is because
synthetic polymer-based designs offer better filter robustness compared to lipidbased systems. The details of aquaporin-synthetic polymer interactions are not yet
fully elucidated and may be the cause of some of the issues mentioned previously.
For example, a recent study indicated minor conformational changes occurring in a
protein upon insertion into a triblock copolymer membrane. 63
This thesis focuses on the development of a selective layer consisting of aquaporins
and lipids, which are natural components. In addition, stabilization of aquaporinlipid structures is performed using silica, which is also a natural component.
Stabilizing aquaporins with components that are highly compatible in nature should
reasonably be beneficial for aquaporin stability. This chapter describes the
aquaporins, lipids and silica used in this thesis in more detail and presents the
stabilization strategies that were developed during the course of this PhD project.
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5.1 Aquaporins in this thesis
A general overview of aquaporins was provided in section 2.1.1. The purpose of this
section is to highlight the distinguishing features of the aquaporins that were
investigated in this thesis, i.e. hAQP4 and cpAQP1aa. The crystal structure of
hAQP4 was solved previously27 and its biological functions were thoroughly
investigated.64 In contrast, cpAQP1aa appears only once in the literature.65 The
presentation of cpAQP1aa characteristics given here is therefore to some extent
based on the findings in publication IV.
5.1.1 Human aquaporin 4
hAQP4 is a 34.8 kDa protein66 predominantly located in the perivascular end-feet in
the brain.67, 68 It is found as two different splicing isoforms depending on where the
splicing mechanism starts. The full-length protein starts from methionine number 1
(hAQP4M1), whereas the other isoform is spliced so that it starts from methionine
number 23 (hAQP4M23). This results in a longer N-terminal domain for the M1
splicing variant and it was shown that hAQP4M23 is prone to array-formation as
opposed to hAQP4M1 which does not readily form arrays. 68
hAQP4M23 was used in this thesis and will therefore simply be denoted hAQP4
from now on for simplicity. The use of this isoform favors higher protein-to-lipid
ratios (PLRs) due to tighter protein packing through array-formation as compared to
the M1 isoform. Higher PLRs should result in higher water permeability rates due
to the possibility to incorporate more water channels (pores) in the lipid bilayer. In
addition, the ordered orthogonal array formed by hAQP4 could be used as a clue on
how to best tailor interfacing materials to match the spatial distribution of proteins
in the lipid bilayer.
The choice of hAQP4 for studies aimed at water treatment applications was based
on a collection of characteristics that distinguished AQP4 from other aquaporins.
First and foremost, it is an orthodox aquaporin and thereby only transports water
and no other small solutes such as glycerol.25 Secondly, it outperforms the other
aquaporins in terms of water permeability rates.69 In addition, hAQP4 functionality
is not inhibited by mercury due to a lack of cysteines in the walls of the channel. 27
5.1.2 Climbing perch aquaporin 1
Climbing perch (Anabas testudineus) is an air-breathing fish that tolerates very versatile
living conditions. It can be found in canals, ponds, lakes, swamps, and estuaries in
tropical Asia. Some examples of adaptability are the ability to acclimate from
freshwater to seawater and that it can travel several hundred meters per trip across
land to find water, provided that the ambient air is humid enough.70
One explanation to the extreme adaptability involves the aquaporin cpAQP1aa.
Despite being a homologue of the human AQP1 that does not transport ammonia it
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has been suggested to facilitate both water and ammonia transport across the cell
membrane. It is predominantly expressed in the gills and skin of the climbing perch,
suggesting that it plays an important role in acclimation to changes in the
environment.65
The explanation as to why cpAQP1aa could be of great importance to climbing perch
adaptability might be related to its structure, which is shown in Figure 3A. cpAQP1aa
proteins assemble in tetramers where each protein comprises six membranespanning α-helices and a seventh pseudo-transmembrane α-helix that lines the pore.
There is also a fifth pore formed in between the four proteins in the tetramer. All of
these structural features are shared with other aquaporins. The explanation to
cpAQP1aa involvement in climbing perch adaptability might instead be a regulation
mechanism. Structural data shows that a leucin in one of the extracellular loops of
the aquaporin forms a hydrophobic block inside the pore, which is made possible by
a novel fold of extracellular loop C (Fig. 3B). This fold has not been observed in
other aquaporins and this regulation mechanism could be a key component in
climbing perch adaptability.

Figure 3. (A) Tunnel representation of cpAQP1aa. Water molecules are shown as red
spheres. Green spheres surrounding the water molecules indicate the inner surface of the
water conducting pore. (B) Plot of the channel diameter profiles of cpAQP1aa (green),
bovine AQP1 (bAQP1, cyan), and hAQP4 (purple). The narrow segment located 20 Å into
the pore in cpAQP1aa is a result of extracellular loop C folding into the pore. Figures
adapted from Jiao Zeng, PhD thesis, National University of Singapore.
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5.1.3 Aquaporin production and purification
A first step to studying aquaporins is to isolate them from their native surroundings
that contain other proteins. hAQP4 and cpAQP1aa were recombinantly
overexpressed in Pichia pastoris yeast cells, followed by cell membrane breakage and
protein purification. The genes coding for hAQP4 and cpAQP1aa were amplified
through polymerase chain reaction (PCR) and cloned into the P. pastoris vectors
pPICZB and pPICZA, along with sequences coding for C-terminal hexa-histidine
and octa-histidine tags, respectively. The gene coding for cpAQP1aa was also cloned
into the pPICZA vector without the additional His-tag. Zeocin screening was
performed to select for P. pastoris cells that contained genes which coded for the
desired aquaporins. For hAQP4, constructs from the selected colonies were
linearized and transformed into wild-type P. pastoris using the lithium chloride
method. The cells were resuspended in LiCl and subjected to heat shock in order for
the cell membrane to become permeable to DNA, whereby the linearized DNA was
internalized. For cpAQP1aa, viable colonies were tested in small-scale aquaporin
production and selected on highest yield. Transformed or selected cells were grown
in a bioreactor where aquaporin overexpression was induced by using methanol as
the carbon source. The cells were then subjected to breakage, followed by
centrifugation to separate cell debris from the crude membrane. The crude
membrane was then washed, centrifuged, and solubilized. Solubilized components
were collected through centrifugation and from this material, aquaporins were
singled out in a Ni-NTA column through selective interactions between nickel ions
and histidines. Purified hAQP4 and cpAQP1aa were stabilized in n-octyl-β-ᴅglucoside (β-OG) and n-nonyl-β-ᴅ-glucoside (β-NG), respectively.
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5.2 LIPID BILAYERS
Polar lipids are the main and shape-defining components of membranes present in
prokaryotes as well as eukaryotes. They are amphipathic molecules that consist of
both hydrophilic and hydrophobic parts. Polar lipids are commonly pictured as
molecules having a head and one or more tails, where the head is hydrophilic and the
tail is hydrophobic. There are several classes of polar lipids according to structure.4
The major class in eukaryotic organisms is glycerophospholipids, possessing a
glycerol backbone covalently attached to two fatty acid chains and any of a
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol, or phosphatidic acid head group. From these, more than half
of the polar lipids present in eukaryotes are PC.71 PC is also the most abundant class
of lipid in mammalian membranes.72
The amphipathic character of lipids results in interesting behavior, such as selfassembly into ordered structures in solution or at interfaces. Lipid concentration and
solvent properties are two of the factors that govern the self-assembly process. Due
to their cylindrical shape and relatively high critical packing parameter (CPP), lipids
arrange into bilayers at lipid concentrations above the critical micelle concentration
(CMC). In bilayers, hydrophobic tails are oriented towards the center of the bilayer
whereas hydrophilic heads are oriented outwards as illustrated in Figure 4. Lipids can
arrange into bilayer structures adopting for example spherical shapes, forming
liposomes such as those used in this thesis.

Figure 4: Illustration showing a small segment of a lipid bilayer. Lipids (brown) are
illustrated with hydrophilic head groups (spheres) connected to hydrophobic fatty acids
(cylinders).
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5.2.1 POPC lipids
One of the most well-studied lipids is 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC). It belongs to the PC class of lipids and consists of a
hydrophobic diacylglycerol backbone carrying a phosphate group, which is esterified
to a choline to form the hydrophilic head group.71 The isoelectric point of the
phosphate group is low, and it is therefore deprotonated and negatively charged at
neutral pH. Since the choline group carries a positive charge, the overall net charge
at neutral pH is zero. POPC belongs to the group of zwitterionic phospholipids due
to the presence of these two opposing charges. The hydrophobic part of POPC
consists of two acyl chains, one of 16 carbons that is saturated (16:0) and one of 18
carbons that is mono-unsaturated (18:1). This combination of head group and dual
acyl chains (one that is kinked due to mono-unsaturation) results in a CPP in the
range 0.5-1 and almost cylindrical lipid geometry that typically packs into bilayers in
aqueous solution when the concentration is above the CMC. 71
5.2.2 E. coli polar lipid extract
E. coli polar lipid extract is commonly used for membrane protein reconstitution
purposes.73 The lipid extract used in this thesis was purchased from Avanti Polar
Lipids Inc. and had a lipid composition of 67 wt% PE, 23.2 wt%
phosphatidylglycerol (PG), and 9.8 wt% E. coli cardiolipin (CA).74 Since it is derived
from E. coli, it resembles the lipid environment of Gram-negative transmembrane
proteins. It has, however, also been used for reconstituting transmembrane proteins
of other origins, such as fish aquaporins.
5.2.3 Lipid bilayers as aquaporin hosts
Membrane proteins are typically sensitive to changes in their surrounding
environment, which in a native setting consists of the cell membrane. The cell
membrane is based on a lipid bilayer and many membrane proteins have been shown
to rely on direct protein-lipid interactions75, 76 and bilayer fluidity77, 78 to function
properly. Direct protein-lipid interactions are sometimes so intimate that tightly
bound lipids (annular lipids) can be seen in connection to the protein in detergent
stabilized protein solutions used for crystallography. Aquaporins do typically not
contain annular lipids that are closely interacting with each protein, but it was shown
that a few lipids are present in between the tetramers in orthogonally ordered
aquaporin 0.79 Changes in bilayer composition also altered water permeability rates
of AQP4, which implies that aquaporin performance depends on the lipid
composition of the bilayer.80
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Lipid bilayers are commonly used as cell membrane mimics, which was also the case
for this thesis. Aquaporin-containing proteoliposomes were prepared as described in
section 5.2.3.1. Cryogenic transmission electron microscopy (cryo-TEM) was used
to study the size and shape of hAQP4-containing proteoliposomes since aqueous
solutions are not compatible with the ultra-high vacuum conditions of conventional
transmission electron microscopy (TEM). The micrographs depicting liposomes
(Fig. 5A) and proteoliposomes (Fig. 5B) showed clear and interesting differences.
The first observation was that bilayer thicknesses among liposomes were more
uniform than bilayer thicknesses among proteoliposomes. An assessment of the
bilayer thicknesses of 30 liposomes and 30 proteoliposomes from cryo-TEM
micrographs showed that there were differences in bilayer thickness between
liposomes (Fig. 5C) and proteoliposomes (Fig. 5D). Interestingly, all liposomes in
the liposome sample formed a single bilayer thickness population centered around 5
nm whereas the proteoliposome sample consisted of two populations centered
around 5 and 7 nm, respectively. This observation was attributed to preferential
protein insertion in the reconstitution process, favoring some liposomes over others.
In addition, species of the 7 nm population of proteoliposomes were never observed
closer than 2 nm from another liposome or proteoliposome. This observation also
indicated that both liposomes and proteoliposomes were present in the
proteoliposome sample since extracellular domains of hAQP4 would protrude from
the bilayer and provide a sterically hindering barrier in between the proteoliposome
and its neighbor.
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Figure 5. (A) Cryo-TEM micrograph of a POPC liposome sample. (B) Cryo-TEM
micrograph of an hAQP4-containing POPC proteoliposome sample. (C) Bilayer thickness
distribution of 30 liposomes as determined from POPC liposome samples, showing one
population centered at 5 nm. (D) Bilayer thickness distribution of 30 proteoliposomes as
determined from hAQP4-containing POPC proteoliposome samples, showing two
populations centered at 5 and 7 nm, respectively.

The water transport rate of proteoliposomes was 3 times higher than their
corresponding liposomes for both kinds of aquaporins as assessed by stopped-flow
light scattering (Fig. 6A). This was in accordance with previously reported
observations,81 and suggests that the proteins are functional.
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Figure 6: Aquaporin functionality assessments using stopped-flow light scattering. (A)
hAQP4-containing POPC proteoliposomes (dashed, blue) compared to POPC liposomes
(solid, black). (B) Full-length cpAQP1-containing E. coli polar lipid proteoliposomes
(dashed, blue) compared to truncated cpAQP1-containing E. coli polar lipid
proteoliposomes (dotted, light blue) and E. coli polar lipid liposomes (solid, black).

5.2.3.1 Preparation of aquaporin-containing proteoliposomes
Proteoliposomes were formed by insertion of purified hAQP4 and purified
cpAQP1aa into liposomes made from POPC and E. coli polar lipids, respectively.
For hAQP4 insertion, POPC was first dissolved in chloroform upon delivery and
subjected to rotary evaporation to form a lipid film. The lipid film was resuspended
in Tris buffer to yield multilamellar POPC liposomes, which were formed through
the process of molecular self-assembly. For cpAQP1aa insertion, E. coli polar lipid
extract was directly homogenized in Tris buffer to form multilamellar liposomes.
Both aquaporins were incorporated into liposomes through a reconstitution process.
Liposomes were first mixed with extra Tris buffer constituents to retain the initial
concentrations of buffer components upon reconstitution. The liposomes were then
partly solubilized in β-OG detergent. Detergent-stabilized aquaporins were added to
the partly solubilized liposomes, followed by the subsequent addition of Biobeads
SM-2 adsorbent onto which β-OG adsorbed. Detergent adsorption onto biobeads
resulted in weakened aquaporin and liposome solubilization, which in turn resulted
in spontaneous insertion of aquaporins into liposomal bilayers. This process was
driven by the “hydrophobic effect”, which aims at minimizing the exposure of
hydrophobic transmembrane domains to the aqueous solution. Biobeads were
removed by decantation upon detergent withdrawal and the proteoliposomes were
subject to spin column filter centrifugation to produce smaller, less polydisperse, and
unilamellar proteoliposomes.
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5.2.3.2 Characterization of aquaporin-containing proteoliposomes
Characterization of proteoliposomes was performed using electron microscopy and
light scattering with the purpose to determine the size and geometry of the
proteoliposomes as well as aquaporin functionality.
5.2.3.2.1 Cryogenic transmission electron microscopy
Cryo-TEM was used to study liposomes and hAQP4-containing proteoliposomes
because the ultra-high vacuum conditions used in conventional TEM (described in
section 5.3.1.5.2) are not compatible with aqueous solutions. In cryo-TEM, the
sample is rapidly frozen and embedded in amorphous ice in order to retain its
structure. Rapid plunge-freezing of the sample is critical in order to prevent
formation of ice crystals that can disrupt the sample structures. Liposome and
hAQP4-containing proteoliposome solutions were applied to cupper TEM grids and
subject to blotting from the backside of the grid to form a thin layer of sample. The
grids were then plunged into liquid ethane (–180 °C) and transferred to a sample
stage which was cooled by liquid nitrogen throughout the analysis.
Cryo-TEM analysis was performed using a Philips CM120 cryo-TEM operated at
120 kV acceleration voltage.
5.2.3.2.2 Dynamic light scattering
Dynamic light scattering (DLS), also known as photon correlation spectroscopy
(PCS) or quasi-elastic light scattering (QELS), was used to assess the size
distributions of POPC liposomes, E.coli polar lipid liposomes, hAQP4-containing
proteoliposomes, and cpAQP1aa-containing proteoliposomes. In DLS, the sample
is irradiated by monochromatic light, which is either absorbed or scattered by the
sample. Scattered light is monitored at a certain scattering angle in relation to the
incoming light.82 In dispersed particle systems such as proteoliposomes in buffer, the
main contribution to the scattering signal is caused by differences in refractive indices
between the proteoliposomes and the surrounding buffer. Time-resolved light
scattering measurements are employed to probe the movement of the scattering
entities due to diffusion. Relaxation times can be determined from the diffusion
characteristics of a sample, which in turn can be used to determine the size of the
scattering entities.
A Malvern Zetasizer Nano ZS that operated at a fixed detection angle of 173° was
used for the DLS measurements presented in this thesis.
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5.2.3.2.3 Stopped-flow light scattering
Stopped-flow light scattering was used to assess the water flux across the bilayers of
POPC liposomes, E. coli polar lipid liposomes, hAQP4-containing proteoliposomes,
and cpAQP1aa proteoliposomes. In stopped-flow light scattering, sub-second
kinetics are monitored following an initial rapid mixing of reactants. Upon the initial
mixing, the flow is stopped and the transition from the initial state to the final state
is monitored using light scattering.
In order to assess the water flux, liposome and proteoliposome samples were mixed
with a hyperosmolar solution containing sucrose. The rapid introduction of sucrose
to the bulk solution upon mixing resulted in an osmotic gradient across the lipid
bilayer. The osmotic gradient induced water flux in the direction of higher
osmolarity, i.e. out of the proteoliposomes, in order to dilute the sucrose and thereby
balance the concentration of osmolytes across the bilayer. Rapid proteoliposome
shrinkage was detected as a change in scattered light as a function of time, which can
be fitted to an exponential function on the form
𝐼=𝐴 e
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where I is the measured intensity, A1, A2, and A3 are coefficients, k1 and k2 are rate
constants, t is the time, and t0 is the starting time. The rate constants can then be
used to calculate the osmotic water permeability Pf from
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where S/V0 is the ratio of external surface area to internal volume, Vw is the partial
molar volume of water, and cout is the external osmolality.83 S/V0 was calculated based
on the average sizes obtained from DLS measurements.
The stopped-flow light scattering equipment used in this thesis was an SFM 2000
(BioLogic Science Instruments) operated at a fixed 90° detection angle.
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5.3 SILICA
Silica (SiO2) is a very abundant material in the Earth’s crust and commonly
encountered in everyday life in the shape of sand and as the main constituent in
glass.58 It is widely used in industrial applications in the form of colloidal silica
particles, which have traditionally been produced using the established Stöber
process.84 In this process, silica is formed from silicon alkoxides which hydrolyze in
the presence of water as
≡ 𝑆𝑖 − 𝑂𝑅 + 𝐻 𝑂 ↔ ≡ 𝑆𝑖 − 𝑂𝐻 + 𝑅𝑂𝐻

(3)

where the three stacked horizontal lines depict covalent bonds between silicon and
the additional alkoxide groups of the silicon alkoxide. Hydrolysis results in the
formation of silanol groups (Si-OH), that participate in condensation polymerization
reactions as
≡ 𝑆𝑖 − 𝑂𝑅 + 𝐻𝑂 − 𝑆𝑖 ≡ ↔ ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ +𝑅𝑂𝐻

(4)

≡ 𝑆𝑖 − 𝑂𝐻 + 𝐻𝑂 − 𝑆𝑖 ≡ ↔ ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ + 𝐻 𝑂

(5)

The formed ≡Si–O–Si≡ linkages are called siloxane bridges and form the backbone
of silica. In addition to siloxane bridges there are silanol groups present both inside
and on the surface of silica. These are more reactive than the siloxane bridges and
can therefore be used for functionalization purposes.
5.3.1 Mesoporous silica
Mesoporous silica particles, by definition having pore diameters of 2-50 nm, 85, 86 were
first presented by researchers at Mobil corporation in 1992 using surfactants as pore
templates.87 In 1998, Zhao et al. produced mesoporous particles with larger pores
using block copolymers as templating agents.88 The common denominator of the
surfactants and BCPs used in these groundbreaking studies is that both are
amphipathic. They do therefore self-assemble into well-defined structures when
dispersed in solution at concentrations above the CMC. This self-assembly results in
long-range ordered liquid crystalline phases that can arrange into for example
lamellar, cubic or hexagonal structures. These liquid crystalline structures can be used
as pore templates in the formation of inorganic material such as silica, which was
done in publication II in this thesis. Similar use of amphipathic molecules in
templating was shown in publication I, where surfactants stabilized a water-in-oil-inwater (W/O/W) emulsion in which the dispersed oil phase templated the pores of
silica particles. In these processes, the arrangement of silica precursor is dictated by
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the arrangement of the templates. The silica network is then formed by silica
precursor hydrolysis followed by condensation as described in equations 3-5.
Silica precursor hydrolysis followed by condensation around a template can also be
used to form mesoporous silica thin films using the convenient evaporation-induced
self-assembly (EISA) process introduced by Brinker and coworkers in 1999. 89 In this
process, silica precursor and templating molecules are first dispersed in an excess of
volatile solvent. The volatile solvent evaporates quickly upon deposition onto a
substrate by for example spin-coating or dip-coating, resulting in rapid formation of
ordered liquid crystalline structures in the non-volatile solvent remaining on the
substrate. The ordered phase can be tuned by altering the ratios between the
components according to phase diagrams. Condensation takes place upon solvent
evaporation to form a thin film of mesoporous silica on the substrate.89 The silica
precursor used in this thesis was the silicon alkoxide tetraethyl orthosilicate (TEOS).
5.3.1.1 Mesoporous silica particles
Particles were synthesized using the surfactants cetyltrimethylammonium bromide
(CTAB), 12-6-12, 12-2-12, and Ethylan 1008 as emulsion stabilizers (indirect pore
templating agents). CTAB-templated particles (named MPS-1) were deemed most
promising for protein stabilization and are therefore presented here. Details on the
other synthesized mesoporous silica particles are found in publication I in this
thesis.90 TEM micrographs depicted the presence of elongated pores in MPS-1 (Fig.
7a).
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Figure 7. MPS-1 characterization using (a) TEM, (b) SEM, and (c) TEM on epoxyembedded particles sliced into thin slices. (d) Comparison of pore sizes in the mesoporous
silica particles synthesized in this thesis.

Scanning electron microscopy (SEM) micrographs also showed elongated pores that
were readily accessible on the surface of MPS-1 particles (Fig. 7b). In comparison,
pores in particles synthesized using 12-6-12 and Ethylan 1008 as indirect pore
templating agents were hardly distinguishable in SEM and TEM (data shown in
publication I). The mean particle diameter of MPS-1 was 53 nm according to TEM
and SEM and all of the synthesized samples were similarly polydisperse.
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As SEM mainly provided data on the structure of the particle surface and TEM
provided data on the particle as a whole, MPS-1 particles were embedded in epoxy
and cut into thin (~60 nm) slices. In order to specifically assess the internal pore
structure. These slices were studied using TEM (Fig. 7c) and it was concluded that
the particle interior showed great similarity to intact MPS-1 particles. This
observation strengthened the conclusion that these particles obtained their pore
morphology from certain characteristics of the W/O/W emulsion, which was
proposed to give rise to the pore structure.
Pore widths were investigated in more detail using N2 physisorption. The
adsorption–desorption isotherms showed Type IV behavior for all of the particles,
which is typical for mesoporous materials.91 Figure 7d shows a comparison of the
pore width distributions obtained for the four particles. Particle pore width is of
interest in aquaporin stabilization since aquaporins utilize the space underneath the
lipid bilayer provided by the pores. The pore width distributions obtained from N 2
physisorption showed that MPS-1 possessed the widest pores among them (~6-14
nm), which should be an advantage over particles with narrower pores in aquaporin
stabilization.
5.3.1.2 Preparation of mesoporous silica particles
Mesoporous silica particles with pore widths of interest for protein stabilization
purposes were formed and characterized. Hiroshima mesoporous material (HMM)
particles introduced by Nandiyanto et al. in 2009,92 were used as inspiration due to
their promising characteristics for this purpose. The original particle synthesis
protocol turned out to be more complex than necessary and to simplify the synthesis
process, the polymer, the polymerization initiator and the inert atmosphere were
removed from the synthesis procedure. In addition, the proposed catalyst L-lysine
was substituted for ethanolamine in 3 out of the 4 synthesis procedures. Particle sizes
and pore morphologies were altered using 3 different surfactants as templating
agents, in addition to CTAB that was used in the original synthesis. Particles
synthesized using CTAB were denoted MPS-1, whereas particles synthesized using
12-6-12, 12-2-12, and Ethylan 1008 were denoted MPS-3, MPS-4, and MPS-5,
respectively. The formation of a water-in-oil-in-water (W/O/W) double emulsion
was conducted by vigorous mixing of surfactant, de-ionized water, n-octane and Llysine/ethanolamine at 70 °C. TEOS was added to the emulsion, entering the oil
phase due to the alkoxide hydrophobicity. TEOS hydrolysis was initiated at oil–water
interfaces, followed by silica condensation. The reaction proceeded for 20 h, after
which the reaction mixture was decanted into a separation funnel. The water phase
was collected and freeze dried in order to retrieve the particles, which were then
thermally treated to remove organic components.
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5.3.1.3 Mesoporous silica thin films
Structural and morphological characterizations of mesoporous silica thin films were
conducted using TEM, SEM and small-angle X-ray scattering (SAXS) (Figure 8). The
pore arrangement in the mesoporous film was investigated using TEM (Figure 8A)
and SAXS (Figure 8B). The q-ratios between the peaks in the SAXS diffractogram
revealed that the pores were predominantly hexagonally ordered, which was
confirmed by TEM. The pore diameter was uniform at 6 nm, as shown by TEM and
SEM (Figure 8C). SEM also revealed that the porous network was accessible from
the surface of the film, which meant that the hexagonal phase was oriented with the
long axis perpendicular to the substrate. SEM was further employed on the film
cross-section to assess the thickness of the mesoporous silica thin film, which was
~300 nm (Figure 8D).

Figure 8. (A) TEM micrograph showing hexagonal ordering of the porous network in the
mesoporous silica substrate. The pores are uniform with a diameter of 6 nm. (B) SAXS data
providing evidence of long-range hexagonal pore ordering in the mesoporous silica thin
film. The numbers above the Bragg peaks denote the relative q-ratios between the peaks.
(C) Top view of the mesoporous silica surface captured by SEM. Pores with pore diameters
of 6 nm are accessible from the surface. (D) Cross section of mesoporous silica thin film
deposited on a glass slide and assessed using SEM (silica‒glass interface is depicted by black
lines). The mesoporous thin film is ~300 nm thick.
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5.3.1.4 Preparation of mesoporous silica thin films
Mesoporous silica thin films were formed using the nonionic block copolymer
poly(ethylene glycol)20-poly(propylene glycol)70-poly(ethylene glycol)20 (Pluronic
P123) as pore template. In the work described in this thesis, the centrally positioned
hydrophobic poly(propylene glycol) chain folds to orient the hydrophilic
poly(ethylene glycol) chains in the same direction, which makes it amphipathic. 86 The
silicon alkoxide TEOS was used as the silica precursor. Mesoporous silica thin films
were prepared on glass substrates, quartz crystal microbalance with dissipation
monitoring (QCM-D) crystals, titanium discs, and silicon crystals. TEOS hydrolysis
was initiated by mixing TEOS, EtOH and HCl in pH 2. P123 was meanwhile
dissolved in EtOH and then mixed with the pre-hydrolyzed TEOS solution. The
solution was deposited onto substrates using spin-coating. Rapid evaporation of
EtOH during spin coating induced liquid crystalline phase formation in the
remaining aqueous phase containing P123. Pre-hydrolyzed TEOS continued to
hydrolyze in the presence of water, catalyzed by the low pH. The resulting silanol
species condensed and polymerized into silica, which formed around the P123
template. Mesoporous silica was finally obtained following ageing in 20 °C and
subsequent heat treatment in 400 °C, during which the organic P123 was burnt off
to leave pores within the amorphous silica film.
5.3.1.5 Mesoporous silica characterization
Characterization of mesoporous silica particles and thin films was performed using
electron microscopy, X-ray scattering, and N2 physisorption in order to evaluate the
structure and morphology of the materials. The pores in the materials were of extra
interest due to the underlying purpose of utilizing these materials in protein
stabilization.
5.3.1.5.1 Scanning electron microscopy
SEM analysis is performed in an ultra-high vacuum environment. The sample is
scanned by an electron beam, which results in the emission of secondary and backscattered electrons from the sample surface. In this work, the secondary electrons
were collected by a detector to provide information on the topography of the sample
surface. Recesses (pores) gave rise to dark areas whereas edges (pore walls) gave rise
to brighter features.
The acceleration voltage applied to the electron beam can be adjusted to adapt the
analysis according to the requirements of investigation. Silica is a bad conductor,
which results in accumulation of electrons from the electron beam in the sample.
This results in the introduction of charge effects, which are undesired and can be
reduced by lowering the acceleration voltage. Lowering the acceleration voltage
decreases the penetration depth of the primary electrons from the beam and hence
the detection depth.
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In this thesis, SEM analysis on mesoporous silica samples was conducted in the range
of 2-5 kV using a LEO Ultra 55 FEG SEM.
5.3.1.5.2 Transmission electron microscopy
Like SEM, TEM analysis is based on the use of an electron beam in ultra-high
vacuum. Higher acceleration voltages are used compared to SEM and thin specimens
are prepared to allow electrons to be transmitted through the sample. Electrons are
scattered on their way through the sample and the scattering magnitude is dependent
on the density and thickness of the material. Scattering is monitored by focusing the
transmitted electrons onto a fluorescent screen. Dense atoms hinder the passage of
electrons, resulting in a dark projection provided that the sample is in the focal plane.
In this thesis, TEM analysis of mesoporous silica films and particles was performed
using a JEOL JEM-1200 EX II operated at 120 kV and a FEI Tecnai T20 operated
at 200 kV. Thin particle slices embedded in epoxy were analyzed using a LEO 706E
operated at 80 kV, whereas silicified liposomes and proteoliposomes were analyzed
using a FEI Titan 80-300 operated at either 80 or 300 kV.
5.3.1.5.3 Small-angle X-ray scattering
SAXS was used to study long-range pore ordering in mesoporous silica. X-rays have
wavelengths on the order of lattice planes in crystalline materials (hard X-rays; ~0.100.15 nm)93 and are suitable for studying mesoporous materials with repetitive longrange ordered porosity. The sample is exposed to a high intensity X-ray beam and
the incoming X-rays scatter upon interaction with the electrons in the material.
Photons that are elastically scattered at low angles in relation to the primary X-rays
contain information on sample structure. The intensity of the scattered radiation is
plotted as a function of the scattering angle 2θ or the momentum transfer q, related
as
( )

𝑞=

(6)

where λ is the X-ray wavelength. SAXS studies of long-range ordered materials result
in diffractogram Bragg peaks due to constructive interference of scattered radiation.
The relation between Bragg peaks was used to assess the long-range porous ordering
in the material.
The electron density of silica is relatively high, which results in decent scattering of
incoming X-rays. In order to increase the number of events on the detector and
thereby considerably shorten the measurement time, a radiation source providing a
high flux of photons is used. One such source is the synchrotron facility MAX-lab
in Lund, where the SAXS analyses included in this thesis were performed (beamline
I911).
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5.3.1.5.4 N2 physisorption
N2 physisorption was used to assess the specific surface area, pore width, and pore
width distribution of mesoporous silica particles. The interactions between N 2 and
the silica surface is probed by controlled filling of empty pores and the first step in
the analysis was therefore to degas the sample. The temperature was also lowered to
77 K prior to N2 addition. A monolayer of nitrogen was produced on the silica
surface by increasing the N2 pressure. Monolayer data was processed using the
universal gas law and the Brunauer–Emmet–Teller (BET) method to quantify the
amount of adsorbed nitrogen.94 The size and shape of the pores were subsequently
assessed by increasing the N2 pressure further until the onset of N2 condensation
(pore saturation). The pressure was then lowered to induce evaporation of nitrogen.
Data obtained from this procedure was used to calculate the pore size using the
Barrett–Joyner–Halenda (BJH) method.95
N2 physisorption measurements were performed using a Micromeritics ASAP 2010
instrument.
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5.3.2 POROUS SILICA AS AQUAPORIN-CONTAINING BILAYER SUPPORT
The use of silicon-based supports for formation of planar phospholipid bilayers was
first presented by Tamm and McConnell in 198596 and has since been used
extensively to study cell membrane models using techniques that are unsuitable for
bulk preparations. This approach has been useful in studies of some membrane
proteins97-99 and offers better mechanical stability in combination with on-par protein
accessibility compared to proteoliposomes in solution. Protein incorporation in SLBs
does, however, suffer from the drawback of limited available space for membrane
proteins underneath the bilayer. One way to create room for bulkier membrane
proteins is to introduce pores in the surface of the support. Mesoporous silica has
successfully been used as lipid bilayer supports, both as thin films 100 and as
particles.101 Mesoporous silica has also been used to stabilize membrane proteins,
which allowed for a broader spectrum of membrane proteins to be incorporated in
SLBs.102-104 The incorporation of aquaporins in an SLB supported by mesoporous
silica is of particular relevance to this thesis and presented in publication II.105
Formation of hAQP4-containing pSLBs on mesoporous silica films was studied
using the surface sensitive analysis techniques QCM-D and total internal reflection
fluorescence (TIRF) microscopy. QCM-D revealed that pSLB formation was readily
accomplished on mesoporous silica, albeit taking approximately an order of
magnitude longer than SLB formation on the same substrate (Fig. 9A).
Proteoliposomes were also introduced to a nonporous silica substrate, whereby no
pSLB formation was observed.
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Figure 9. (A) QCM-D recording of bilayer formation processes starting from the addition
of POPC liposomes and hAQP4-containing POPC proteoliposomes to nonporous and
mesoporous silica. Sample was continuously added to the sensors at a flow rate of 50 µL
min‒1 throughout the measurement. The normalized frequency shift on the left axis and
dissipation on the right axis are presented as a function of time. Positive y-values represent
ΔD and negative y-values represent Δf for the supported lipid bilayer (SLB) formation on
mesoporous silica (blue), protein-containing supported lipid bilayer (pSLB) formation on
nonporous silica (black), and pSLB formation on mesoporous silica (green). (B) TIRF
microscopy images showing pSLB formation on mesoporous silica as a function of time;
800 s of intact proteoliposome adsorption is seen as an increasing number of bright dots
(fluorescently labeled proteoliposomes), followed by proteoliposome rupture and pSLB
formation.

The hAQP4-containing pSLB formation process was also investigated using TIRF
microscopy (Figure 9B), which confirmed the formation of a pSLB on mesoporous
silica. Furthermore, lipid and hAQP4 diffusivity measurements were conducted
using fluorescence recovery after photobleaching (FRAP) once the pSLB had been
formed. The pSLB lipid diffusivity was 2.42 ± 0.04 µm2 s–1, which was slightly higher
than the pSLB lipid diffusivity on nonporous silica (2.21 ± 0.07 µm2 s–1). hAQP4 was
immobile on mesoporous silica, which could possibly be an effect of pore utilization.
AQP4 has previously been shown to be immobile when forming orthogonal arrays
in native cell membranes, 106 which could occur in our setup as well.
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The formed hAQP4-containing pSLB was studied using neutron reflectivity (NR) to
investigate the positioning of the organic components in relation to the mesoporous
silica. Contrast matching (CM) was used to obtain different contrasts in the
measurements, for example by matching the scattering length density (SLD) of the
aqueous solution to the SLD of silica (cmSiO2). The Bragg peak in the reflectivity
profile from the mesoporous sample was present due to the long-range ordering of
the pore network, which was previously assessed using SAXS (Figure 8B).
The bilayers formed on nonporous substrates did not share many common
characteristics with those formed on mesoporous substrates. The major difference
was that the bilayer formed on the nonporous substrate did not contain any proteins,
whereas the bilayer formed on the mesoporous substrate did (Fig. 10A-D). The
bilayer formed on the nonporous substrate hence consisted of POPC only. The best
fit to the data was obtained by including a low coverage of additional bilayer stacks
on top of the bilayer, representing the existence of co-adsorbed proteoliposomes.
The bilayer surface coverage was 95 ± 5 % and the co-adsorbed proteoliposome
coverage was 3 %.
The bilayer formed on the mesoporous silica substrate was very different. The bilayer
surface coverage was similar at 87 ± 5 % but the hAQP4 content in the bilayer was
58 ± 5 %. There were no co-adsorbed vesicles resting on top of the pSLB. An
advantage of using neutron reflectivity is its high resolution in the direction
perpendicular to the substrate (on the order of a few Å), which allows differences in
material composition along that direction to be probed with high accuracy. The plot
of volume fraction as a function of distance from the center of the bilayer for the
pSLB on mesoporous silica showed that the extracellular domains of the protein
extended 10.0 ± 1.0 nm into the bulk solution (Fig. 10C). Proteins were also oriented
in the opposite direction with their extracellular domains facing the substrate, where
they were shown to extend 7.2 ± 1.0 nm into the mesopores. As much as 10 ± 5 %
of the volume at that depth was occupied by protein, suggesting that the proteins
make use of the accessible and water-filled pores of the mesoporous silica thin film
to accommodate their extracellular domains.
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Figure 10. (A) Volume fractions corresponding to the fits for the SLB on a nonporous Si
substrate (bilayer thickness = 4.6 nm). (B) Illustration visualizing the NR data for the POPC
(brown) bilayer on nonporous silica (gray) with an hAQP4 (blue)-containing
proteoliposome co-adsorbed on top of the bilayer. (C) Volume fractions corresponding to
the fits for the pSLB on top of a mesoporous substrate deposited on a Si crystal (bilayer
thickness = 4.8 nm). hAQP4 protruded 7.2 ± 1.0 nm into the porous substrate and 10.0 ±
1.0 nm into the bulk when the extracellular domains were facing the substrate and away
from the substrate, respectively. (D) Illustration visualizing the NR data for the POPC
(brown) bilayer containing hAQP4 (blue) intercalated with mesoporous silica (gray).
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5.3.2.1 Preparation of aquaporin-containing silica-supported POPC bilayers
pSLB formation on mesoporous silica is the process in which spontaneous
proteoliposome adsorption, fusion and rupture on the mesoporous silica substrate
results in a pSLB. This process was straightforward both using a continuously
flowing proteoliposome solution and without applying external flow.
Proteoliposomes were prepared as described in section 5.2.3.1 using hAQP4 and
POPC lipids. Proteoliposome diffusion and interaction with the negatively charged
silica (pH 8) resulted in spontaneous proteoliposome adsorption on the surface of
the mesoporous silica thin film. Continuous adsorption led to crowding of
proteoliposomes on the surface, resulting in proteoliposome–proteoliposome
interactions. These interactions in combination with proteoliposome–silica
interactions eventually led to proteoliposome fusion and rupture, which finally
resulted in pSLB formation. This process is schematically visualized in Figure 11.

Figure 11. Schematic illustration showing the process of human aquaporin 4 (blue)containing supported POPC (brown) bilayer formation from proteoliposomes on
mesoporous silica (gray). The enlargement depicts extracellular aquaporin domains
extending into a pore in the mesoporous silica.
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5.3.2.2 Characterization of aquaporin-containing silica-supported POPC bilayers
The process of pSLB formation and the resulting materials were studied using
surface sensitive techniques and neutron reflectivity. The analysis methods that were
used provided evidence of the existence of a pSLB structure and revealed details
about the process in which it was formed. The analyses also provided evidence of
intercalation between the mesoporous silica and hAQP4.
5.3.2.2.1 Quartz crystal microbalance with dissipation monitoring
QCM-D was employed to study the process of pSLB formation. QCM-D is a surface
sensitive technique that measures the change in oscillation frequency and the energy
dissipation of an oscillating QCM-D crystal with time. The surface of interest (a
mesoporous silica thin film in this thesis) is coated onto a quartz crystal that is
sandwiched between two gold electrodes. An alternating voltage is applied across the
crystal, resulting in an induced strain to the piezoelectric quartz crystal lattice. As a
result, the crystal starts to oscillate in a shearing mode. The crystal oscillates at its
acoustic resonance frequency. The measured frequency changes as mass is deposited
onto the crystal, resulting in a negative Δf. Provided that the deposited matter is rigid,
the observed frequency shift can be converted into deposited mass using the
Sauerbrey relation
𝛥𝑚 = −

×

(7)

where Δm is the adsorbed mass, Δf is the frequency shift, C is the mass sensitivity
constant (17.7 ng Hz–1 cm–2), and n is the overtone number. In addition to the
deposited mass, QCM-D also assesses the viscoelastic properties of the adsorbed
matter by monitoring the dampening in the system upon deposition.
QCM-D results presented in this thesis were obtained using a QCM-D E4 (Biolin
Scientific) system coupled to a peristaltic pump.
5.3.2.2.2 Total internal reflection fluorescence microscopy
TIRF microscopy was used as a complementary method to QCM-D for studying the
pSLB formation process. TIRF microscopy is a branch of fluorescence microscopy,
which in turn is a branch of optical microscopy. Optical microscopy uses visible light
to image objects that are magnified using optics. The limitation of optical microscopy
is the diffraction barrier using visible light, which resides at approximately half the
wavelength of the light used to image the object. The pSLB presented in this thesis
is ~5 nm thick, which is much smaller than the Abbe diffraction limit of visible light
(~150 nm) and therefore cannot be imaged using regular optical microscopy.
Fluorescence microscopy is a means of imaging small entities using optical
microscopy. The lipids and proteins used in this thesis are not inherently fluorescent
and therefore need to be labeled with a fluorescent dye for this to be possible. A
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fluorescent dye is a molecule in which electrons can be excited to a higher energy
level by the absorption of incoming photons that match the band gap between the
excited state and the ground state. The excited state is however not stable and excited
electrons are forced into a lower and more stable energy state in the process of
relaxation. Electrons do not always go back to the ground state but rather to an
intermediate state, which corresponds to a smaller energy gap and hence a longer
wavelength compared to that used to excite the electron in the first place. The benefit
of this is that the specific fluorescence wavelength can be isolated from the
illumination wavelengths using filters, which allows specific detection of fluorescent
molecules at high spatial resolution.
TIRF microscopy is used to specifically image fluorescent entities close to a surface
and is therefore useful in studies of substrate-supported planar membranes.107 Above
a certain critical angle normal to the substrate, incoming light may be totally reflected
if it is propagating from a material of higher refractive index (RI) towards a material
of lower refractive index. As totally internally reflected light is propagating through
the substrate, an evanescent field is present at the interface between the substrate
surface and for example a liquid sample. The evanescent field decays exponentially
with the distance from the surface in the direction perpendicular to the surface.
Hence, the evanescent field only reaches roughly 100 nm into the bulk, which renders
it suitable for probing sample-surface interactions.
The TIRF microscopy setup used in this thesis was inverted, meaning that the
substrate–liquid interface was imaged from below, through the transparent glass
substrate. A Nikon Eclipse Ti-E microscope equipped with an Andor Ixon+ camera
and a 60× oil immersion objective was used.
5.3.2.2.3 Fluorescence recovery after photobleaching
FRAP108, 109 was used to indirectly assess the fluidity of lipids and proteins in the
pSLB through determining the diffusion of fluorescent molecules attached to these
species. In the FRAP analyses presented in this thesis, TIRF microscopy (section
5.3.2.2.2) was used to visualize movement of fluorescent molecules upon bleaching
a well-defined pSLB area using a high intensity laser. After bleaching, fluorophores
coupled to lipids situated inside the bleached area diffuse out whereas lipids
connected to fluorophores that were not bleached diffuse into the bleached spot,
which leads to recovery of the homogeneously fluorescent bilayer. The recovery was
monitored by time lapse imaging from which a diffusion coefficient was deduced.
FRAP results presented in this thesis were collected using a Nikon Eclipse Ti-E
microscope equipped with an Andor Ixon+ camera.
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5.3.2.2.4 Neutron reflectivity
NR was used to study the organic–inorganic interface in detail. The wavelengths of
the employed neutrons are typically in the range of 0.2-1.0 nm and highly resolved
material data was therefore obtained using neutrons. Since neutrons are neutrally
charged, they do not interact electrostatically with protons and electrons, which
allows them to non-destructively penetrate deep into materials.
In the NR study presented in this thesis (Publication II), neutrons were approaching
the mesoporous silica thin film and the pSLB through a single-crystal silicon block.
As they encountered an interface they were reflected at an angle θ if the encountered
material had a higher SLD than the material that the neutrons approached the
interface from. Interactions of neutrons with atomic nuclei render NR sensitive to
isotopic differences, such as the one neutron difference between hydrogen and
deuterium. Isotopic substitution is therefore commonly used in NR to increase the
contrast between the entity of interest and the surroundings. In this thesis, H 2O was
fully or partially substituted for D2O in some measurements to alter the contrast of
aquaporins and lipids to silica and water. In addition, contrast matching by isotopic
substitution was performed to provide complementary data sets for modelling.
The NR experiments presented in this thesis were conducted at the SURF
reflectometer at ISIS, STFC Rutherford Appleton Laboratory (Didcot, UK). 110, 111 At
this site, neutrons are produced through spallation in which neutrons are released by
firing high-energy protons into a tungsten target. Proton bombardment induces
nuclear reactions in the tungsten target that results in the emission of neutrons.
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5.3.3 SILICIFICATION
Silicification is the process of immobilizing an entity using silica. This can be done in
different ways, for example through encapsulation,112 filling,113 or coating.114
Encapsulation of soluble proteins in a silica matrix has been shown to improve
protein characteristics such as thermal, chemical, and mechanical stability while
preserving functionality.115-117 This thesis presents work in which the application of a
silica coating was used for stabilization, reasoning that it would result in higher mass
transport compared to silica encapsulation while providing sufficient stabilization.
5.3.3.1 Silicification of aquaporin-containing lipid bilayers
As mentioned previously in this thesis, membrane proteins are typically reconstituted
into cell membrane mimics for use in applications that demand protein
functionality.31, 118 Liposomes are spherical lipid bilayer constructs that offer a nativelike, yet well-defined model system commonly used for membrane protein
reconstitution.119 They are, however, typically not stable enough for prolonged use
in demanding applications. For example, the use of lipid bilayers in applications like
wastewater treatment is complicated due to the poor rejection of hydrophobic
particles and other contaminants offered by the exposed lipid bilayer.18
An interesting lipid bilayer stabilization approach was introduced by Bégu and
coworkers, who deposited a thin silica coating on liposomes.114, 120 The use of this
approach for proteoliposome stabilization should benefit from higher mass transport
in comparison to proteoliposome encapsulation and therefore be of interest in
applications such as water purification. The current struggle to combine high water
flux with high selectivity results in high energy consumptions of for instance
desalination, which was mentioned earlier.14
Work presented in publication III investigated the formation process in which silicacoated hAQP4-containing proteoliposomes were formed. Small-angle neutron
scattering (SANS) was used to study the formation process. The short wavelength of
neutrons allowed for detailed structural characterization of POPC liposomes and
proteoliposomes with an emphasis on the structure of the bilayer and the effect of
silica introduction. The formation of the silica layer itself was also studied with great
interest. The SANS characterization of the hAQP4-containing proteoliposome
silicification process is presented in Figure 12A. Gradual changes in scattering are
clearly seen with time as the silicification process proceeds through precursor
hydrolysis and subsequent condensation into silica as described in equations 3-5.
Prior to silicification, liposomes and proteoliposomes were characterized in multiple
solvent contrasts with data spanning a wider q-range than during the formation
process in order to provide solid complementary data sets for modelling (publication
III).
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Figure 12: (A) SANS profiles showing the hAQP4-containing proteoliposome silicification
process. (B) CD spectra of hAQP4 during proteoliposome silicification presented in 2h
increments.

Circular dichroism (CD) was used to study the aquaporin structure throughout the
proteoliposome silicification process. CD probes the differential absorption of righthanded and left-handed circularly polarized light, which makes it a suitable method
to assess the secondary structure of proteins. Since aquaporins consist of six
transmembrane α-helices and a seventh pseudo α-helix they are clearly detected as
having an α-helical footprint. The data presented in this thesis did indeed show the
characteristic α-helix footprint as seen in Figure 12B. Moreover, the collection of CD
data throughout the process of proteoliposome silicification revealed that the
secondary structure of the proteins was retained upon the formation of the silica
shell.
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The SANS data was modelled to provide a description of the silica formation process
on POPC liposomes and hAQP4-containing proteoliposomes. The model included
the structural parameters presented in Figure 13A in addition to the proteoliposome
radius. The full set of modelling parameters is found in publication III. The model
revealed that the silica-shell formation started by the arrangement of dilute silica on
the outer bilayer leaflet for both liposomes and proteoliposomes. This layer was
densified with time by the expulsion of buffer and further silica condensation. The
change in deposited silica volume with time is presented in Figure 13B. As can be
seen from the figure, the formation process is similar on liposomes and
proteoliposomes with the exception that there is a delay in the onset of
proteoliposome silicification. This delay was suggested to be caused primarily by
steric hindrance introduced by aquaporin insertion, preventing the silicic acid species
from interacting with the lipid bilayer.

Figure 13: (A) Illustration depicting a partly opened silicified hAQP4-containing
proteoliposome with geometrical parameters assigned. ti represents the thickness of the
inner leaflet lipid headgroups, Dc represents the thickness of the hydrophobic lipid tails
from both leaflets, to represents the thickness of the outer leaflet lipid headgroups, and tSiO2
represents the thickness of the silica shell. hAQP4 is depicted in blue, POPC lipids in
brown, and silica in gray. (B) Comparison of deposited silica volumes as a function of time
for liposome (black) and proteoliposome (blue) silicification. The solid lines present fits to
an Avrami-type equation. (C) Schematic illustration of the silicification process. hAQP4containing proteoliposomes are mixed with the silica precursor TEOS, which results in the
formation of a silica shell on the outside of the proteoliposome. Colors according to (A).
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The silicified samples were dried and analyzed by different modes of TEM to obtain
additional structural and compositional data on silicified liposomes and
proteoliposomes. TEM micrographs of silicified POPC liposomes and hAQP4containing POPC proteoliposomes are depicted in Figure 14A and B, respectively.
The samples retain their spherical shape to varying extents, which is likely due to
interactions during the silicification process and perhaps also in sample drying. Both
samples are clearly aggregated, as was also observed when studying the formation
process using SANS and CD.

Figure 14: Bright field TEM micrographs of (A) silicified liposomes and (B) silicified
proteoliposomes obtained after complete silicification. The dark lines depict the
hydrocarbon tails of lipid bilayers whereas the gray areas in connection to the hydrocarbon
tails consist of silica. STEM micrographs of (C) silicified liposomes and (D) silicified
proteoliposomes obtained after complete silicification. Silica exhibits a bright contrast.
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Scanning transmission electron microscopy (STEM) was used as a complement to
TEM to locate silica deposition in silicified liposome and proteoliposome samples
(Fig. 14C and D, respectively). Silica is seen as bright features lining the liposomes
and proteoliposomes. Further investigation into the location of different elements
was conducted using spectroscopic techniques. Elemental maps obtained using
STEM energy-dispersive X-ray spectroscopy (EDX) on silicified hAQP4-containing
proteoliposomes are presented in Figure 15 alongside a STEM high-angle annular
dark-field (HAADF) micrograph of the same sample area. Silicon, carbon, oxygen,
and phosphorous are clearly enriched along the border of the proteoliposomes,
which was expected from the SANS model. Sulfur is only present in small amounts
in the aquaporins and therefore resulted in a weak trace. Nitrogen was not detected
using STEM-EDX despite being more abundant than sulfur, which is due to nitrogen
being a lighter element and therefore not as readily detected by STEM-EDX.

Figure 15: STEM-HAADF micrograph (top left) and corresponding elemental maps of
silicified hAQP4-containing POPC proteoliposomes obtained using STEM-EDX. The Klines of silicon (green), carbon (red), oxygen (orange), phosphorous (cyan), and sulfur (blue)
are presented. All elements are enriched in the silicified bilayers lining the proteoliposomes.
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Chemical mapping of silicified hAQP4-containing proteoliposomes was also
performed using energy filtered (EF) TEM which is more sensitive to light elements
than STEM-EDX. As seen in Figure 16, EFTEM detected all elements that were
expected to be present in the sample. All elements were enriched along the
proteoliposome edges, which confirmed the view presented by the STEM-EDX
data.

Figure 16: EFTEM images showing the plasmon filtered image (top left) and the
corresponding elemental maps of silicified hAQP4-containing POPC proteoliposomes.
Selected K-edges of carbon (red), oxygen (orange), hydrogen (magenta), and nitrogen
(purple) are depicted alongside selected L-edges of silicon (green), phosphorous (cyan), and
sulfur (blue).

5.3.3.2 Preparation of silicified aquaporin-containing POPC proteoliposomes
The silicification protocol used in publication III produced a thin layer of silica on
the outside of liposomes and proteoliposomes. The proteoliposomes that were used
as templates were prepared as described in section 5.2.3.1 using hAQP4 and POPC
lipids. The silicon alkoxide TEOS was added to proteoliposomes in Tris buffer (pH
8). Silicon alkoxide hydrolysis (eq. 3) is acid and base-catalyzed, which results in slow
hydrolysis at pH 8. Silica shells started to form after the hydrolysis had progressed to
a certain level. Silicified proteoliposomes started to aggregate into larger clusters
during silica condensation. The silicified proteoliposome aggregates were either kept
in solution or dried, depending on how they were going to be characterized.

46

5.3.3.3 Characterization of silicified aquaporin-containing POPC proteoliposomes
Characterization of the silica-coated hAQP4-containing POPC proteoliposomes was
performed using various modes of TEM (described in section 5.3.1.5.2) to study the
positioning of the organic and inorganic components in relation to each other. SANS
and CD were utilized to study the silica formation process in order to monitor
structural features of the proteoliposomes and the aquaporins, respectively.
5.3.3.3.1 Small-angle neutron scattering
SANS was used to monitor the structure of liposomes and proteoliposomes
throughout the process of silica formation. Neutrons interact with atomic nuclei
potential and are therefore sensitive to isotopic content. This is one of the major
advantages of SANS over SAXS (presented in section 5.3.1.5.3), the other being the
sensitivity to light elements.93 During analysis, the sample is exposed to a neutron
beam comprising neutrons of a specific wavelength (λ=0.2-1.0 nm are typically used)
to resolve structural features. Incoming (primary) neutrons interact with sample
nuclei and scatter elastically. The neutrons that are elastically scattered to small angles
(close to the primary beam) provide structural information about the sample. A 2D
area detector is typically employed to monitor scattering intensity as a function of
the momentum transfer q.
The SANS results presented in this thesis were collected in experiments conducted
at the D11 instrument in ILL (Institut Laue-Langevin, Grenoble, France) and at the
KWS-1 instrument in FRM-II (Research neutron source Heinz-Meier Leibnitz,
Garching, Germany).
5.3.3.3.2 Circular dichroism
CD was used to monitor the aquaporin secondary structure throughout the process
of proteoliposome silicification. The CD analysis technique is based on differential
absorption of left and right-handed circularly polarized light, which are the
components of plane polarized light. Differences in the absorption of left and righthanded circularly polarized light arise when plane polarized light passes through a
chiral molecule since this molecule absorbs either the left or right-handed
component to a larger extent than the other. The chromophores of interest in
proteins include peptide bonds (absorption ~240-180 nm), aromatic amino acid side
chains (absorption ~320-260 nm), and disulphide bonds (~260 nm). Secondary
protein structure is probed by monitoring the peptide bonds, which was done in
publication III in this thesis. The assessment of secondary structure is based on
peptide bond absorption, which is composed of a broader n → π* transition centered
around 220 nm and a more specific π → π* transition around 190 nm. Each type of
secondary protein structure show a characteristic footprint in CD, such as the
aquaporin α-helices probed in this thesis.121, 122 The characteristic α-helix footprint
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was slightly altered upon insertion into proteoliposomes as previously observed. 123,
124

CD results presented in this thesis were obtained using a ChirascanTM circular
dichroism spectrometer with a Peltier temperature controller.
5.3.3.3.3 Scanning transmission electron microscopy
STEM was employed in order to localize silica deposition in the silicified liposome
and proteoliposomes samples. As the name implies it can be viewed as a combination
of SEM and TEM. A finely focused electron beam scans a thin sample and the
transmitted electrons are detected. By correlating the detector signal with the position
of the electron beam, a virtual image of the analyzed sample is created. Transmitted
electrons that are scattered at a relatively high angle can be detected using a HAADF
detector. STEM analyses were performed using a FEI Titan 80-300 operated at 300
kV and a FEI Tecnai TF20 operated at 200 kV.
STEM was also employed for elemental mapping. The bombardment of electrons
results in the emission of X-rays from the sample. These X-rays are characteristic for
the elemental composition of the sample and the use of a scanning electron beam in
STEM-EDX allows for elemental mapping of the specimen. STEM-EDX elemental
mapping was performed using a FEI Titan 80-300 operating at 300 kV.
Elemental mapping was also performed using EFTEM. In EFTEM, electrons of
specific energies can be selected (or filtered) with the use of an energy filter (a Gatan
Image Filter (GIF) was used for experiments in this thesis) to come through the
spectrometer, and both image and diffraction patterns can be formed. GIF is a postcolumn Gatan Parallel EELS detector with an energy-selecting slit after the
spectrometer’s magnetic prism, combined with a 2D slow-scan CCD detector. To
form the filtered image, the energy spectrum has to be shifted so that the desired
energy window passes through the slit. The images are using the intensity of the
ionization edges of specific elements, so the images correspond to an elemental map.
The three-window method was used to form the maps presented in this thesis. Three
images were acquired from electrons in selected energy windows of which two
images corresponded to the background before the edge and the third was a postedge image. The background from the pre-edge images was subtracted from the
post-edge image, which resulted in a quantitative image of the selected elemental
distribution. EFTEM experiments were conducted using a FEI Titan 80-300
operated at 300 kV in TEM mode.
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As stated in the very beginning of this thesis, clean drinking water is a prerequisite
for life. It is therefore horrifying that the extent of water pollution is allowed to
increase in times of major technological advancements in other application areas.
The work presented in this thesis was part of a strive to advance water treatment
technology. The steps taken so far were described in chapter 5 and this chapter
provides a summary thereof.
The lack of technology that can purify our increasingly polluted water to reasonable
costs is a major global concern and the ultimate driving force for the efforts
undertaken within this PhD project. After careful consideration of which approach
to use to take on the massive task of developing improved purification technology,
the biomimetic approach was deemed the most promising. Since a lot of potential
associated with biomimetic water purification was tied to the unique combination of
high selectivity and flux possessed by aquaporins, the use of aquaporins in a filter
setting was chosen as the path forward. The main drawback of such designs that had
been tested to date was the limited aquaporin stability in synthetic filter
environments. This was where we decided to put our focus. We decided to
investigate the possibilities of stabilizing aquaporins using naturally abundant silica
by housing aquaporins in nanostructured glass. Below is a summary of how far we have
reached.
The developed stabilization approaches used in this work were presented in a general
manner in this thesis. Detailed procedures are found in the publications on which
the thesis is based. The common denominator of the stabilization approaches was
the use of aquaporins that were incorporated in native-like lipid bilayers and
stabilized by silica. Two main designs were developed:
o Aquaporins in supported lipid bilayers on mesoporous
silica substrates
o Aquaporins in proteoliposomes coated by a thin layer of silica
The first approach resulted in the synthesis of mesoporous silica particles having
different pore characteristics. The most promising particle for protein stabilization
purposes had pore widths in the range of ~6-14 nm. The mesoporous silica
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stabilization approach did, however, proceed into using planar mesoporous
substrates before the particles had been used in stabilization trials.
Mesoporous silica thin film development included the use of different pore
templating agents and protocols to tune the pore size and pore arrangement of the
thin films. The purpose of the silica was to stabilize aquaporins and the pore size and
pore arrangement were therefore tuned to match the natural aquaporin packing
behavior. The final silica thin film had pore diameters of 6 nm that were hexagonally
arranged and accessible from the surface. Aquaporin-containing proteoliposomes
were introduced to these substrates and spontaneously formed aquaporin-containing
supported lipid bilayers resting on top of the silica. The extracellular aquaporin
domains were shown to utilize the aqueous space provided by the pores underneath
the bilayer, which were key to form an aquaporin-supported lipid bilayer from
aquaporin-containing proteoliposomes.
The second stabilization approach started to gain attention about halfway into the
project following some promising trials on liposome silicification. Proteoliposome
silicification protocols were developed and tested, varying parameters such as pH,
prehydrolysis time, and temperature of the silicification process. Previous studies on
liposome silicification using TEOS as silica precursor indicated that the ethanol
released in the process could damage the lipid bilayer. It was therefore of interest to
study the formation process in detail to elucidate the effect of silicification on the
aquaporin-containing proteoliposomes. This turned out to be a challenging task since
silicified proteoliposomes aggregated during the silicification process, which
eventually resulted in sedimentation. Analysis procedure optimizations eventually
resulted in an interesting description on the build-up of the silica shell. Modelling
showed that the silica shell was not continuously increasing in thickness with time,
but that there was an initial arrangement of very dilute silica on the outside of the
proteoliposome followed by silica condensation. The shell therefore became slightly
thinner with time, albeit denser. The characteristics of the templating proteoliposome
did basically not change except for the swelling of the outer leaflet headgroups.
Importantly, aquaporins were shown to retain their secondary structure upon
silicification. The silicified samples were also dried and analyzed using electron
microscopy and elemental mapping to assess the stability of the samples and the
spatial distribution of compounds upon silicification. Silicon was shown to be
preferentially located at proteoliposome borders along with elements specific to
lipids and aquaporins, indicating successful silicification of intact proteoliposomes.
The work summarized so far used human aquaporin 4 for reasons explained in
section 5.1.1. Studies on the climbing perch aquaporin 1 were conducted due to its
suggested involvement in the extraordinary environmental adaptability of the fish
climbing perch. This aquaporin was structurally and functionally characterized,
which revealed a novel fold that was suggested to act as a channel blocker, closing
the water channel when needed. Human aquaporin 4 does not possess this
functionality which could potentially be utilized to regulate water flux. Silica
stabilization of this aquaporin was not pursued in this thesis.
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In summary, the results show that it is possible to stabilize human aquaporin 4 by
using mesoporous planar silica supports or by applying a silica coating. Mesoporous
silica particles were synthesized as an alternative to thin films whereas climbing perch
aquaporin 1 was investigated as a possible alternative to human aquaporin 4.
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Does this thesis purify water? No, it does not. There are, however, nuances in this
thesis that may become useful in our joint efforts to clean up the Earth. The greatest
societal contribution of most PhD projects is the creation and spreading of
knowledge and my hope is that the knowledge disseminated through this thesis will
be used to sustainably purify water. Biomimetic water filtration shows great promise
and successful aquaporin stabilization might be the silver bullet that makes it flourish.
The next step on the journey towards highly selective and energy-efficient water
treatment is to evaluate these stabilization strategies in real-world applications. This
will be my next challenge and I am very excited to see if this is one piece of the puzzle
that will bring about a bright blue new dawn.

Figure 17. Dawn approaching [Photo credit: NASA]
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