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Abstract

The access to clean drinking water is essential to life. However, there are several hundred
million people that do not have access to this fundamental necessity and the need to find
improved ways of water treatment is of great concern. A new possible method to clean water
is by creating a lipid bilayer with proteins, aquaporins, which transport water through the lipid

bilayer and let this bilayer be supported on cubic structured mesoporous silica.

In this project lipid bilayers were to be formed on mesoporous silica, both with and without
aquaporins. Three pore sizes of the mesoporous silica were made using P123, BrijS10 and
CTAB as templating molecules. The aim was then to study the diffusion of water in the
mesoporous silica to be able to see differences in diffusion while having bilayer or not. The
diffusion studies were conducted as water exchanges using QCM-D, utilising the difference in
density between H,O and D,0. Different concentrations of D,O in H,O were analysed. The
diffusion study was done in order to be able to provide useful knowledge about this new water

treatment device.

The results from this study showed that cubic mesoporous silica with ordered regions was
successfully made using the three different templating molecules. Characterisation of the
mesoporous silica was made using TEM, SEM and SAXS. From the QCM-D results it was
seen that lipid bilayers were able to form on both mesoporous and non-porous surfaces, both
when using pure lipids and with aquaporins. It was found that having a mesoporous surface
on a QCM-D crystal definitely has a huge impact on the results of the diffusion studies and
that the kinetics of the water exchanges was seen to change drastically and show different
behaviours in respect to D,O concentration. It was also noticed that the ordering and the
accessibility of pores also have a major impact on the results. From DLS it was determined
that the proteoliposomes were bigger than the liposomes.

Keywords: mesoporous silica, lipid bilayer, water treatment, QCM-D
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1 Introduction

The means to find ways to provide clean water is one of the greatest concerns in the world
since there are approximately 780 million people that do not have access to an improved
source of drinking water’. An interesting way to cope with this problem is by using
biomimicry i.e. to copy nature. Think of how different trees and plants can cleanse water even
in cases of contaminated water or water having a high amount of salt such as sea water. By
copying nature there might be ways to facilitate easier and more energy effective ways to

provide clean water.

In this project studies on a new kind of water treatment device made of a lipid bilayer
supported on a cubic mesoporous silica film are to be conducted. To make the lipid bilayer
more permeable to water so called aquaporins, which are water transporting proteins that can

be found naturally in biological membranes®®®

, are incorporated in the bilayer. The resulting
lipid bilayer then has a high selectivity for water and thereby is impermeable for ions and

other unwanted compounds.

1.1 Background
Supported lipid bilayers have been found to be promising in many different applications and

areas such as biosensors®*?

and can also act as representations for biological cell and tissue
surfaces***'2, Supported lipid bilayers are also used for water purification®*3, but there is a
need to make these more efficient and more selective regarding what substances that are
allowed to pass through the membranes. One way that has been previously examined to
manage this problem is to use aquaporins. Aquaporins have been found to have an extremely
good selectivity when it comes to water and therefore has great potential to work as the major
water permeability factor for these water treatment devices*®®!3 A study performed by
Kaufman et al. showed that supported lipid bilayers containing aquaporins had far better
selectivity and permeability than other devices used for water purification today that are based

on the reversed osmosis technique™.

In this study a mesoporous silica film is used as support for the lipid bilayer. The lipid bilayer
is made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids whose
interaction with the mesoporous silica has previously been studied by Claesson et al**. In that
article they managed to successfully create lipid bilayers of POPC on mesoporous silica thin
films. There are other methods to assembly supported lipid bilayers though, such as using

solid supports or aperture spanning setups* (Figure 1). However, according to Claesson et al.
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mesoporous silica is suggested to have better properties due to that it provides both sufficient
support to the lipid bilayer, which is a problem with the aperture spanning support, and
relieve steric constraints that can appear with solid supports which do not contain pores*
(Figure 1).

AR ) ST ““,“‘"3

Figure 1 — lllustration of lipid bilayer supported on aperture spanning
support (uppermost picture), solid support (middle picture) and
mesoporous support (bottommost picture).

In this project mesoporous silica with three different pore sizes were investigated and the pore
size was determined by the polymer and surfactants, also known as template molecules, used
during the synthesis of the mesoporous films. The template molecules used in this project
were poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123),
polyoxyethylene(10)stearyl ether (BrijS10) and hexadecyltrimethylammonium bromide
(CTAB) which are all commonly used templating agents. All the template molecules and the
syntheses that have been performed with them have previously been shown to result in nicely
ordered cubic mesoporous silica films**>*". The structures of the three template molecules

can be seen in Figure 2.

CH,
(e} o (o}
H o OH HO CH3(CH3)1sCH3
X y X n

P123 BrijS10
28
Br
CTAB

Figure 2 — Molecular structure of the three template molecules; P123, BrijS10 and CTAB.



According to the above mentioned advantages with lipid bilayers and aquaporins on a
mesoporous silica support it is believed that these elements together have the potential to be

suitable for water purification.

1.2 Purpose

The purpose of this thesis was to investigate the diffusion of water in the mesoporous silica
thin films covered with and without lipid bilayer and the aim was to provide helpful
knowledge in this new potential way of tackling the need for clean water. The diffusion
studies were performed as water exchanges with H,O and D,O utilising quartz crystal
microbalance with dissipation monitoring (QCM-D). Questions regarding how the water
diffuses through the water treatment membrane and the permeability properties of the lipid
bilayer were investigated. Also, investigations were performed to see how the pore size of the
mesoporous support layer effects the diffusion of water and the characteristics of the lipid
bilayer. Other techniques used to investigate the different parts of the water treatment device
were dynamic light scattering, transmission electron microscopy, scanning electron

microscopy and small angle X-ray scattering.

1.3 Scope
This study was conducted on a very small scale, which can hopefully give some interesting

new findings that can help facilitate larger scale experiments on the subject.



2 Theory
This section covers the theory behind the different concepts in this study. The different

analysis methods used will also be described.

2.1 Mesoporous silica thin films

Mesoporous films are films that have a porous structure in which the pore diameters are
between 2-50 nm*®. The films can be made by a so called Evaporation Induced Self-Assembly
(EISA) method where the evaporation of a solvent is the driving force for the self-assembly of

templating molecules’®?. In this project P123, BrijS10 and CTAB were used as templating

molecules and they form different kinds of structures L
(cubic, hexagonal or lamellar) (Figure 3) depending on c|>

H, temperature, alcohol concentration, templatin si—0
p p platng RN
molecule/Si molar ratio and aging time'>*"?? The size P
of the templating molecule determines the size of the pores <

in the resulting film. By using the polymer P123 and the
. . Figure 4 — Molecular structure of
surfactants BrijS10 and CTAB the pores of the films can  tetraethyl orthosilicate (TEOS).

be tailored to specific sizes; ~6nm, ~4nm and ~2nm respectively>**>*’.

In the production of the mesoporous films a solution containing solvent and templating
molecules is needed. This solution also contains a silica precursor. The silica precursor used
in this project was tetraethyl orthosilicate (TEOS) (Figure 4). When the solvent, ethanol in
this case, evaporates the templating molecules order themselves. This ordering of the
templating molecules also indirectly orders the silica precursors forming a silica network. The
template is then removed by calcination leaving a porous structure only consisting of a silica
network which results in a mesoporous silica film**®, The EISA procedure is illustrated in

Figure 5.

Figure 3 — Illustration showing cubic, hexagonal and lamellar mesoporous
structure.



3 Template molecule
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Figure 5 — A schematic picture of the EISA method starting with a mixture of solvent, template molecules, HCI and
silica precursor followed by spin coating, solvent evaporation and calcination. Redrawn from Wallin; Formation of
Mesoporous Materials and their use as Lipid Bilayer Supports®.

To produce the silica network the silica precursor has to go through a hydrolysis reaction and

Calcination

Solvent evaporation

two condensation reactions (eq 1-3) ?%. To catalyse the reaction hydrochloric acid is added to

the water.
=Si— OR + H,0 & =Si—O0H + ROH (1)
=Si—OR+HO—-Si &=Si—0—Si +H,0 (2
=Si—-OH+HO-Si=o=S8Si—0-Si= +H,0 (3

The structure wanted for the mesoporous silica films is a cubic structure since the pores in
such a structure are bicontinuously connected to each other ensuring that the porous network

is accessible from the surface, which they are not in a hexagonal or lamellar structure.

2.2 Lipid bilayers

Many lipids are amphiphilic molecules that consist of two hydrophobic chains connected to a
hydrophilic head group®®. The structure makes the lipids easy to assemble into different kinds
of structures due to that they have both a part that likes water and one that does not.
Depending on the concentration of lipids in a solution they assemble into different structures
such as micelles or bilayers. When the lipid concentration is high enough in an aqueous
solution it reaches a critical micelle concentration, CMC, and micelles starts to form*®. When

adding more lipids to the solution other structures can be formed, such as lipid bilayers.

The lipid used in this project is POPC (Figure 6), which is a phospholipid. Phospholipids are
the main constituent of cell membranes® and when lipids are assembling into a spherical

structure consisting of a lipid bilayer they are called liposomes.
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Figure 6 — Molecular structure of the lipid used in this project; 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC).

2.3 Aquaporins

Aquaporins are a group of membrane proteins that are found in most biological matter, both
animals and plants®"®. The proteins are often situated at tissues where a lot of fluid transport
is needed since they are transporters of water, but they can also transport other solutes such as
glycerol. There are several kinds of aquaporins, but in this project aquaporin 4 is used which
is only permeable to water. The structure of aquaporins is quite complex. They consist of 4
monomer units which are connected, where each monomer is made up of 6 a-helices creating

a pore in between them (see Figure 7).

Figure 7 — Structure of aquaporins. They consist of 4 monomers, here illustrated in
yellow, green, blue and purple, which are each made of 6 a-helices. Picture is taken
form Tang et.al.; Desalination by biomimetic aquaporin membranes: Review of
status and prospects®.

Aguaporins reconstituted into liposomes will be referred to as proteoliposomes later in the
report.

2.4 Quartz crystal microbalance with dissipation monitoring

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a technique used for
analysis of interaction, adsorption and viscoelastic properties of thin films in real time?*%.
Thin films which are coated on quartz crystals are examined by oscillating the crystals with
certain frequencies. Each type of crystal has its fundamental frequency, but with QCM-D so
called overtones are measured as well. The overtones correspond to different frequencies: the

first for 5 MHz, the third for 15 MHz, the fifth for 25 MHz and so on. By letting a liquid, for



instance water, pass the sensing side of the crystal the amount of liquid that adsorbs on and
absorbs in the film can be measured. The amount of liquid that absorbs depends on the
structure and composition of the thin film. The resulting mass change, due to that molecules
attach to the surface of the film, is related to a change in frequency which can be described by

Sauerbrey’s equation®?

(eq 4) provided that the film is rigid. In the equation C is a constant
of value 17.7 ngHz*cm™ for the crystals used in this project, n is the number of the frequency
overtone, Af (Hz) is the change in frequency and Am (ngcm™) is the change in mass™.
_ —CXxAf

Dissipation gives information about the rigidity of the species adsorbing on the surface and is
attained when the voltage that is causing the oscillation of the QCM-D crystal is turned off*.
Depending on the viscoelastic nature of the film the dissipation values vary depending on how
readily the energy from the oscillation is dissipating from the system®. For soft films, the
energy is dissipating faster than for rigid films due to the viscoelastic properties of the softer
film. Soft films are therefore said to be highly dissipative. The definition of dissipation is
found in eq 5 where D is the dissipation, E| . iS the energy lost during one oscillating cycle

and Esoreq IS the total energy stored in the oscillating sensor>,

_ ELost
27TEStored

(5)

A standard QCM-D crystal has a diameter of 14 mm, but the active sensor area of the crystal
is not homogenously distributed over the whole surface of the crystal*?®. The sensing area
therefore needs to be considered while investigating the QCM-D results after analysis. During
the experiments conducted in this thesis, the third overtone (15 MHz) has been analysed,

which gives a sensing radius of the crystal of ~4mm from the middle of the crystal (Figure 8).
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Figure 8 — Illustration showing the active sensor radius of a QCM-D crystal
depending on overtone. Figure is taken from http://www.g-sense.com/support-
education/fag-gcm-d/the-gem-d-principle’.

For this thesis QCM-D is used to get information about the diffusion properties of water
inside the mesoporous silica network with and without lipid bilayer. In previous studies lipid
bilayers have been studied with QCM-D and it has been shown that a lipid bilayer result in a
frequency change of ~-26 Hz and that the resulting change in dissipation should be small**%".
Figure 9 is showing what is happening during lipid bilayer formation from when the vesicles,
in this project known as liposomes or proteoliposomes, attach to the surface until they

eventually rupture.
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Figure 9 — Graph showing the change in frequency and dissipation during the
different stages of lipid bilayer formation; vesicle adsorption, vesicle rupture and
lipid bilayer creation. Figure is taken from Claesson et. al.; Pore Spanning Lipid
Bilayers on Mesoporous Silica Having Varying Pore Size*.



2.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is a characterization method that uses an electron
beam to irradiate a sample?’. The electron beam is emitted from an electron gun which passes
through a set-up of condenser-lenses before hitting the sample. When the electrons reach the
sample the electrons interact with it while passing through it. Therefore, samples prepared for
TEM must be very thin to enable the passing of the electrons?’. The electrons that pass
through the sample are detected and produce an electron density map of the sample. X-rays
caused by the electrons hitting the sample can also be analysed?’. TEM samples of metals and
some other materials can be used directly as small discs, but this is not possible for all kinds
of samples. These samples must be transferred to a copper grid. The samples for this project
have to be placed on such copper grids and the purpose for using TEM in this project is to
characterize the mesoporous silica films. By using TEM it is possible to visualise the porous
structure and to be able to get an approximate value of the size of the pores that ought to be

present in the films.

2.6 Scanning electron microscopy

Scanning electron microscopy (SEM) is a characterisation method where an electron beam is
focused at a sample and an image can be obtained?. Unlike TEM, SEM samples do not need
to be thin since the electrons do not need to pass through the sample, making SEM a bulk
characterisation method®. What can be detected with this method are the secondary electrons,
back scattered electrons, Auger electrons or X-rays emitted from the sample®
SEM is performed in this project to get a measurement of the thickness of the mesoporous

silica films.

2.7 Small angle X-Ray scattering

Small angle X-ray scattering (SAXS) is an important characterisation method when looking at
ordered materials®®, in this case ordered mesoporous silica. An X-ray beam is passing through
a sample and the scattered X-rays are detected. Depending on the ordering of the sample
structure the X-rays scatter differently and give certain patterns, called diffraction patterns'®.
From these patterns it is possible to get information about how and if a sample is ordered. For
example a cubic structure should have peaks at the intervals 1, V2, V'3, 2, \/5. The diffraction
is dependent on several factors which can be related to each other by Bragg’s law (eq 6). In
Bragg’s law A is the wavelength of the incoming beam, 6 is the angle of the incoming beam, d

is the distance between the lattice planes in the sample structure and n is an integer®.



nA = 2d * sin6 (6)

2.8 Dynamic light scattering

Dynamic light scattering or DLS is a method to characterise the dimensions of nano sized
particles in solution®. By aiming a laser through the sample the fluctuations in intensity of the
scattered light can be detected. The fluctuation in intensity is caused by the velocity of the
Brownian motion of the particles and therefore the fluctuations can therefore be said to
depend on the size of the particles, since e.g. larger particles have a lower velocity then

smaller ones®.

DLS is used in this project to estimate the size of the POPC liposomes, with and without

aquaporins, which are used for the lipid bilayer.
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3 Materials and methods

In this section the preparation of the water treatment device components are described. The
equipment and chemicals used are also presented. All experiments were conducted at room
temperature. All abbreviations that are used throughout the report can be found in this section.

3.1 Chemicals and substrates

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123)
(Aldrich), polyoxyethylene(10)stearyl ether (BrijS10) (Aldrich) and
hexadecyltrimethylammonium bromide (CTAB) (> 98%, Sigma) were used as template
compounds in the synthesis of the mesoporous silica thin films. Tetraethyl orthosilicate
(TEOS) (Reagent grade, 98%, Aldrich) was used as the silica precursor. The water used for
the experiments was of milli-Q quality (18.2 MQ.cm 25°C, Millipore) and the ethanol used
for the syntheses was Solveco Etanol 99.5% (EtOH) (Solveco AB). Hydrochloric acid (HCI)
(37%, Sigma-Aldrich) was also used for the syntheses of the mesoporous thin films. The glass
slides used as substrates for the films were microscope slides (VWR International LLC) and
the QCM-D crystals (Q-Sense AB) used, also called QCM-D sensors, where coated with
silica. Sodium dodecyl sulphate (SDS) (Sigma-Aldrich) was used for washing the substrates.
The lipid used for making the lipid bilayer was 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholin  (POPC). In the buffer used for the lipids, sodium chloride (NaCl)
(ReagentPlus®, > 99.5%, Sigma-Aldrich) and tris(hydroxymethyl)aminomethane (Tris) (ACS
reagent, >=99.8%, Sigma-Aldrich) was used. Deuterium oxide (D,0) (99.9 atom % D, Sigma-
Aldrich) was used for the water exchanges performed during QCM-D analysis. The
aquaporins used were kindly provided from Kristina Hedfalk at the division of Biochemistry
and Biophysics at the department of Chemistry and Molecular Biology at Gothenburg’s
University.

3.2 Machines and programs

The machine used for sonication was an Ultrasonic cleaner (VWR International LLC). The
spin coater used for making mesoporous silica films was a Spin150-v3 (SPS-Europe) and the
ovens used for calcination were of model L3 from Wilhelm Tham AB and Nabertherm
GmbH. The QCM-D equipment (Q-Sense AB, Gothenburg, Sweden) consisted of a Q-Sense
E4 system which contained a QE 401 electronics unit, a QCP 401 chamber platform, a QFM
401 flow module and the software QSoft 401. The transmission electron microscope (TEM)
used was a JEM-1200 EX Il TEM (JEOL, Tokyo, Japan) and the grids used for TEM analysis

11



were of Lacey Formvar/Carbon 300 mesh type (Ted Pella Inc). The device used for pH
measurements was a laboratory pH meter, model 827 pH lab, from Metrohm and the device
was calibrated before each use. The small angle X-ray scattering was performed at MAX IV
Laboratory in Lund at the 1911-4 beamline **. The devise used for the dynamic light scattering
(DLS) was a Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK) and the
cuvettes were of UVette model (Eppendorf). The scanning electron microscope (SEM) used
was a Leo Ultra 55 FEG SEM (Leo Electron Microscopy, Cambridge, UK).

The computer program used while analysing the QCM-D results was MATLAB and for
measuring pore sizes and film thicknesses from TEM and SEM samples the program ImageJ

was used.

3.3 Preparation of solutions

Solutions of HCI and milli-Q water were prepared, one with pH 2 (0.01 M HCI) and one with
pH 1.25 (0.056 M HCI). Two glass bottles were filled with milli-Q water and were stirred at
300 rpm while pH was measured. HCI was added to the bottles dropwise until the pH reached

2 and 1.25 respectively.

A Tris buffer was used for the liposomes and proteoliposomes. It consisted of milli-Q water
with 50mM NaCl and 50mM Tris. The pH was then corrected to pH 8 by adding HCI
dropwise to the solution under stirring and constant measuring of the pH.

3.4 Washing of substrates

Both glass slides and QCM-D crystals were used as substrates for mesoporous silica films.
The glass slides were used as substrates for films made for TEM, SEM and SAXS analysis
and the QCM-D crystals were used for QCM-D analysis. The substrates where washed in a 2
wt-% SDS solution, milli-Q water and EtOH (99.5%). The substrates were sonicated for 2
minutes at maximum frequency in each liquid. When the sonication was done the substrates

were dried using nitrogen gas.

3.5 Synthesis of mesoporous silica thin films

Three different syntheses were performed to provide three different pore sizes of the
mesoporous silica thin films. The syntheses are based on syntheses previously performed by
Alberius et al'®, Coquil et al " and Besson et al*.

12



3.5.1 P123

29 of EtOH and 1.73g TEOS was added to a vial and was left stirring for ~1 minute on a
magnetic stirrer plate at 150 rpm. 0.9g HCI (0.01 M) was added dropwise to the solution and
was left stirring for 20 minutes at 150 rpm. After 20 minutes 0.28g P123 dissolved in 1.33g
EtOH was added dropwise to the TEOS solution using a Pasteur pipette. The resulting

solution was left to stir at 300rpm for another 20 minutes before spin coating was performed.

3.5.2 BrijS10

0.8g of EtOH and 1.0g TEOS was added to a vial and was left stirring for ~1 minute on a
magnetic stirrer plate at 150 rpm. 0.1g HCI (0.01 M) was added dropwise to the solution and
it was left stirring for 20 minutes at 150 rpm. After 20 minutes 0.17g BrijS10 dissolved in a
solution of 3.6g of EtOH and 0.34g HCI (0.01 M) was added dropwise to the TEOS solution
using a Pasteur pipette. The resulting solution was left to stir at 300rpm for another 30

minutes before spin coating was performed.

3.5.3 CTAB

0.365g of EtOH and 0.445g of TEOS was added to a vial and was left stirring for ~1 minute
on a magnetic stirrer plate at 150 rpm. 0.19g of HCI (0.056 M) was added dropwise to the
solution and it was left to stir at 170 rpm in a water bath, 40°C, for 2 hours. After 2 hours a
solution of 0.089g of CTAB dissolved in 2mL of EtOH was added to the TEOS solution. The
resulting solution was left to stir for another 15 minutes in the 40°C water bath before spin

coating was performed.

3.5.4 Spin coating and aging

A clean substrate, glass slide or QCM-D crystal, was put in the spin coater and was held in
place by vacuum. The spin coater was allowed to come up to 4000 rpm before solution was
added to the substrate. On glass slides 5-7 droplets of solution were dropped on the slide
using a Pasteur pipette and on QCM-D crystals 30uL of solution was added using an
Eppendorf pipette. The spin coater was run for 60 seconds. The coated substrates were
allowed to age in room temperature for approximately 24 hours and were then put in an oven
for calcination. The oven temperature was brought from room temperature to 400°C

(1°C/minute) before the temperature was held constant at 400°C for four hours.
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3.6 TEM analysis

The thin films spin coated on glass slides for TEM analysis were scraped off using another
clean glass slide. Thin films from 1-2 glass slides were used for each TEM sample. The
resulting powder of thin film was collected and transferred to a small vial. EtOH was added
dropwise into the vial until an adequate concentration of the scraped thin film was reached.
The concentration was verified visually. The solution was then sonicated for 2 minutes at
maximum frequency. After sonication 3 droplets of the solution were dropped on a prepared
TEM grid. The EtOH was allowed to evaporate for 10-15 minutes. The TEM samples were
analysed at 120 kV.

3.7 SAXS analysis

The samples for the SAXS analysis were made from thin films that had been scraped from
glass slides the same way as with the TEM samples. The resulting powder was then placed on
a piece of kapton tape covered with another piece of the same tape to encapsulate the powder.
The sample was then placed in a sample holder before the SAXS measurement was
performed. The measurements were carried out for 120 seconds per sample. A reference
sample with only kapton tape was also made and used for background subtraction.

3.8 QCM-D analysis

QCM-D analyses were performed on both spin coated QCM-D crystals and a non-coated
reference crystal. The QCM-D machine has 4 chambers, so four crystals were analysed at a
time and a flow of 50uL/minute was used during all the QCM-D analyses. The analyses were
performed as H,O and D,0 exchanges where pure milli-Q water was changed to different
concentrations of D,O. The concentrations of D,O used were 5, 40, 60 and 99.9 wt-% in
milli-Q water. This was done to get a measurement of how the different mesoporous surfaces
interact with the milli-Q water compared to heavy water. These experiments were performed
on both clean mesoporous and non-porous QCM-D crystals as well as on crystals where lipid

bilayers had been formed.

To create a lipid bilayer during QCM-D analysis a baseline with milli-Q was first established.
After that Tris buffer followed by a solution containing liposomes was let to flow over the
crystals. After a potential lipid bilayer was created Tris buffer was again added. The Tris
buffer was then changed to milli-Q water and H,O and D,0O exchange was performed. Lipid
bilayers containing aquaporins were also attempted to be formed, so the liposome solution
was in these cases changed to a solution containing proteoliposomes.
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2 runs with 2 QCM-D crystals with the same mesoporous surface were run and 4 exchanges
of each D,O concentration was made each time during the experiments without liposomes

used. For half of the water exchanges the D,O sample was sonicated before analysis.

The same QCM-D crystals were used for trying to create lipid bilayers so that the results
would be easy to compare. For the experiments involving liposomes or proteoliposomes only

2 water exchanges were conducted during each experiment.

The same non-porous reference crystal was used during all experiments. The data obtained
from the QCM-D measurements was presented as graphs which were analysed using
MATLAB to get valuable information about the different diffusion behaviours of the different

surfaces.

3.9 DLS analysis

Solutions containing Tris buffer with liposomes and proteoliposomes respectively were
measured using DLS. The samples were measured at a concentration of 0.025 mg/mL and
were diluted with Tris buffer.

3.10 SEM analysis
For the SEM analysis spin coated glass slides with mesoporous silica was cut in half with a

glass cutter. The cut surface was then analysed. The SEM analysis was conducted at 5 kV.
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4 Results

Here the results from the different analytical methods TEM, SEM, SAXS, QCM-D and DLS

are presented. The results contain information about the structure of the mesoporous silica and

diffusion properties of water inside it with and without lipid bilayer as well as the size of the

liposomes and proteoliposomes. In this part of the report all the mesoporous samples will be

named after the templating molecule used to make them.

4.1 Characterisation of mesoporous silica

The results from the TEM analyses can be seen in Figure 10 and indicate that regions of

nicely ordered cubic structure were found in all the different kinds of mesoporous silica. An

image from SEM can also be seen in Figure
10. The pore sizes measured from the TEM
micrographs and the thickness of the films
measured from SEM images can be found
in Table 1 and shows that P123 has the

Table 1 — Table showing results from the measured film
thicknesses and pore sizes gained from the different
templating agents

Templating agent |Pore size Film thickness
P123 6-7 nm 290 nm
BrijS10 3-4 nm

CTAB 1.5-2 nm 220 nm

biggest pores and also produce the thickest films. When CTAB was used as templating

molecule the smallest pores were produced and the film was thinner than for the P123 sample.

Signal A= InLens Date :29 Apr 2014 -
WD =10.0 mm Mag = 144.92 K X Time :14:00:06

Figure 10 — TEM micrographs of the ordered mesoporous silica: P123 (uppermost picture on the left), BrijS10
(uppermost picture on the right) and CTAB (bottommost picture to the left). The bottommost right picture is an image
from SEM showing a cross section of a mesoporous thin film.
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BrijS10 had the second largest pores, but no film thickness could unfortunately be obtained
from the BrijS10 sample. However, during sample preparation for TEM and SAXS it was
noticed that less material was obtained from the BrijS10 samples compared to P123 and
CTAB, which might indicate that the BrijS10 samples were the least thick.

From the SAXS measurements, see Figure 11, the results suggest that both the P123 and the
CTAB samples are of a cubic structure since the peaks seem to fit the cubic peak pattern
where the peaks are situated at certain g-value intervals; 1, ¥2, 3, 2, V5. Lamellar and
hexagonal structures should not show peaks at these positions. The results from the BrijS10
samples are hard to interpret since no distinct peaks can be observed. However, a tendency to
a peak can be seen, which is marked for the BrijS10 sample in Figure 11. The peaks from the
three kinds of samples where all found at different g-values. The CTAB peaks were at the
highest g-value followed by BrijS10 and P123. The peaks appearing at g-value ~4 was due to
the kapton tape used for holding the sample.

———- P123

BrijS10

Intensity ()

Figure 11 — SAXS results of mesoporous silica films made with P123, BrijS10 and CTAB as
templating agents. The arrows in the figure are pointing towards peaks. The peak at g-value 4
corresponds to kapton.

4.2 QCM-D measurements

The results from the H,O and D,0 exchange resulted in a drop in frequency due to that D,0O is
heavier than H,O. This drop was then analysed by measuring the change in frequency, the
slope of the curves going down and up and also by fitting an exponential model to the curves

where the exchange takes place. These areas of interest can be seen in Figure 12. The curves
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where analysed by using MATLAB. The analysed frequency change could then also be
translated into change in mass using eq 4 to get a value of the volume of D,O in a sample.
The slope was measured to see if there was any difference in kinetics while going from H,0
to D,0O or going from D,0 to H,O. For the same reason the exponential fitting was done. By
fitting an exponential model to the two areas that are marked green in Figure 12 a value of the
speed of the exchange is gained, here called a b-value. When changing from H,O to D,0O the
curve was fitted to the model a x e~?* + ¢ and for D,O to H,O the exponential model
c —a = e~P*was used. All the analysis data for all the measurements are found in Appendix
A.

i

m‘*‘%
&

i
h#.}i :

Figure 12 — Left image: Representative graph showing change in frequency during H,O and D,0 exchange (blue curve)
with marked areas of analysis (red and green). Right image: Close up of how a curve fitting looks like. The blue points
are the data points that are being analysed and the red curve is the fitted exponential curve.

4.2.1 H,0 and D,0O exchange on mesoporous silica

In Figure 13 the results from the H,O and D,0O exchange on the mesoporous and non-porous
surfaces can be seen. It is seen that P123 results in the largest change in frequency followed
by CTAB, BrijS10 and the non-porous reference. In both runs this was the outcome.
However, when comparing the two runs one of the BrijS10 samples had a higher frequency
change than the CTAB sample from the other run which can be seen in Figure 14. When
looking at the TEM micrographs of the BrijS10 sample that got the lowest result no pores
were found.
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Figure 13 — Representative graph showing the frequency change resulting from D,0O and H,O

exchange. Non-porous reference is shown in black, mesoporous silica made from templating

molecule P123 is seen in red, CTAB in blue and BrijS10 in green.
While analysing the QCM-D graphs closer it was found that the values of the slopes while
exchanging liquids followed the same pattern as the change in frequency i.e. it went faster for
P123 and slowest for the reference both when changing from H,O to D,O as well as when
changing from D,0 to H,O. When looking at how the concentration of D,O influenced the
results a linear behaviour was found in how the frequency and the slope changed. The higher
the concentration the faster the exchange goes and the larger the frequency change. When
locking at exchange with pure D,0O the slope was generally steeper for the H,O to D,O than

for D,O to H,0.

Frequency change H,0->D,0

O [ i =
0% 20% % 60% 80% 100% =¢=Reference
i -50 \\ Reference 2
m .
oo
€ .100 ® BrijS10
E —4—Brijs10
§ -150 \il —=9=CTAB
=
o
2 —o—CTAB
T -200
—=—P123
-250
wt-% D,0 —=—P123

Figure 14 — Graph showing the linear behaviour of the frequency changes resulting from H,O to D,O exchange from
QCM-D. What the different data points represent can be seen in the legend and the names represent which templating
molecule that was used making the mesoporous silica and the reference is the non-porous sample.
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When analysing the exponential curve fit it was seen that the concentration did not show the
same linear behaviour as with the frequency change and slope values. The b-value seem to
increase from the lowest concentration, reach a maximum value at 40 or 60 volume-% D,0

and then decrease for pure D,O which can be seen in Figure 15.

No difference was observed when sonicating the D,O samples for mixing purposes.

BrijS10 b-value, D,0 & H,0 exchange

0,06

0,05

0,04
0,03 =

BrijS10 5:5 H20->D20

b-value

0,02
BrijS10 5:5 D20->H20

0,01

0

0% 20% 40% 60% 80%  100%
wt-% D,0

Figure 15 — Here the results from one of the mesoporous coated QCM-D crystals (BrijS10 was used
as templating molecule) is shown as a representative graph displaying the behaviour of the b-value
when changing concentration of D,0.

4.2.2 Lipid bilayer formation with liposomes

Lipid bilayers formed using liposomes were created on all types of surfaces, both the
mesoporous ones and the non-porous reference, which can be seen in Figure 16. In the graph
it is seen that bilayers formed using P123 and BrijS10 as templating molecules shows the
expected frequency change of ~-26Hz that is typical for bilayers and that the resulting
dissipation change is small***!. When looking at the reference sample the frequency change is
a bit higher than expected and the resulting dissipation change is a bit high. For the CTAB
sample the frequency change is less than for the other mesoporous samples. However, the

dissipation change is as anticipated with lipid bilayer formation.
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Figure 16 — Graph showing the change in frequency (bottommost curves) and dissipation
(uppermost curves) during formation of lipid bilayers. Bilayer formation on non-porous reference
is shown in black and the red, green and blue curve is from mesoporous silica made with P123,
BrijS10 and CTAB respectively.

4.2.3 Lipid bilayer formation with proteoliposomes

The results from the formation of lipid bilayers using aquaporins reconstituted in liposomes
can be seen in Figure 17. It does not show the same bilayer formation behaviour as the ones
formed with liposomes. However, lipid bilayers might have been formed on some surfaces
after change to H,O occurred. As can be seen in Figure 17 the frequency goes up and the
dissipation goes done at approximately 4700 seconds, which corresponds to change in fluid
from the Tris buffer to milli-Q water.

Lipid bilayer formation with Aquaporin 4
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Figure 17 — Graph showing the change in frequency (bottommost curves) and dissipation
(uppermost curves) during formation of lipid bilayers with proteoliposomes on one mesoporous
surface, BrijS10, (green graphs) and the non-porous reference (black graphs).
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4.2.4 Lipid bilayer H,O-D,0 exchange

The results from the H,O and D,O exchange with bilayer made using liposomes were
compared with the results gained from the same QCM-D crystal without bilayer. The results
from the proteoliposomes were not compared since lipid bilayers were not able to form on all
surfaces. It was found that there was a slight decrease in the frequency change when having
bilayer for all samples except for the CTAB sample which shows the opposite (see Figure 18).
The results did show the same trend as for the ones without bilayer with regard to that the
frequency change as well as the value of the slopes were largest for P123, then CTAB, then

BrijS10 and lastly the reference.

Regarding the slopes it was found that the slopes for the mesoporous structures made with
P123 and BrijS10 were slightly increased when bilayer was formed when going from H,O to
D,0. The reference sample showed the opposite and the CTAB sample showed no clear
differences. When going from D,O to H,O the BrijS10 and CTAB samples with bilayers
showed increased slope values, but for P123 and the reference the results showed no clear
differences. The frequency change and the slope show the same linear behaviour as the ones

without bilayers.

Frequency change with and without bilayer H,0->D,0
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Figure 18 — Graph showing the frequency changes when having lipid bilayer or not. What the different data points
represent can be seen in the legend.
When looking at the b-values from the curve fitting the reference, the P123 sample and the
BrijS10 samples also showed an increase in these values when going from H,O to D,0. For

the CTAB sample it was hard to see any clear difference. The b-values where though hard to
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compare with the ones obtained from the D,0 to H,O exchange since the curve for D,0 to
H.O did not seem to fit the exponential model used.

The results from the lipid bilayers were not compared with these results since bilayers were

not formed on all the mesoporous surfaces.

4.2.5 Calculation of the accessible volume in mesoporous films

From the frequency changes measured for the H,O and D,0O exchanges performed with pure
D,0 the volume of H,O that was accessible by the porous structure in a mesoporous thin film
could be calculated. By using eq 4 the change in frequency change gained from the water
exchange experiments could be translated into volume. A calculation from one of the analyses
is shown below. The change in frequency for the non-porous sample was -76.363 Hz and for
the mesoporous one was -176.292 Hz for this case. All other data can be found in Appendix
A.

By using Sauerbrey’s equation (eq 4) the mass of H,O can be calculated and since there is a
difference in density between the liquids (pp,o = 1.107gcm™3, py,o = 1.00gcm™3) this
must be considered. By multiplying with the sensor area the volume of H,O was calculated.
As the third overtone was used in this project the sensing area was approximately 0.4%r since

the sensing radius is about 0.4 cm (see Figure 8).

—2, (-176.292—-(~76.363))Hz
(1.107-1.00)gcm ™3

3

—CXAf -17.7ngHz " 'cm

Vh,0 = ————— X sensing area =

X 0.4°m cm? =
n(pPp,0—PH,0)

=2.77 X 10~ %cm?3

From these calculations a percentage of how much of the total film volume this corresponds

to can be calculated and an assumption that the total film volume consisted of water was

made. In this case the film thickness was 290 nm and the sensing area was the same as above.
Va0 2.77 X 107%cm3

X 100 = X 100 = 199
Vsitm 290 X 10~7cm X 0.4%2mcm? o

For this example approximately 19% of the film was filled with water.
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4.3 DLS measurements

The results from the DLS can be seen below in Figure 19. From these results it was found that

the liposomes had an average size of 163.6 £57.14 nm and the proteoliposomes had an
average size of 202.5 £62.74 nm.
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Figure 19 — Graphs from the DLS measurements of liposomes (upper graph) and
proteoliposomes (bottom graph).
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5 Discussion
In this section the results presented in the report will be discussed. As in the results section all

the mesoporous samples will be named after the templating molecule used to make them.

5.1 Characterisation of mesoporous silica
The pore sizes measured in this report corresponds well to sizes previously reported in other

241517 and the thicknesses of the films also seems to be of realistic numbers. In other

studies
studies they have also seen that P123 resulted in the thickest films and that the thickness
decrease with decreasing pore size?. This assumption fits for CTAB as well, since the smaller
pore size gave a thinner film. However, this is hard to tell if BrijS10 follows the same pattern
as no value of the thickness was obtained for this sample. The observation during sample
preparation for TEM and SEM was that BrijS10 gave the least amount of sample, which
implies that the BrijS10 samples are thinner than CTAB. However, it is hard to know just
from visual observations. The reason for not measuring the BrijS10 was that there were some
problems with the SEM equipment. It should though be noted that the film thickness probably

varies from batch to batch and only one sample each from P123 and CTAB were analysed.

When looking at the results obtained from the SAXS measurements it would seem that P123
and CTAB resulted in the most ordered structures. Both P123 and CTAB show peaks that
correspond to a cubic phase. The most distinct CTAB peak also fits well to the cubic structure
in a previous study which suggests that the cubic structure would belong to the primitive
cubic structure Pm3n or P43n™°. The result that there was only a small indication of a peak for
the BrijS10 sample might suggest that the sample was not that ordered. However, this small
indication of a peak does make it easier to confirm that there are indeed different pore sizes in
the different samples, since the peaks show up at different g-values depending on the pore
size. This corresponds well to previous studies and is believed to be due to that the centres of
neighbouring pores become closer together with smaller pore sizes**2. These results then
confirm that P123 have the largest pores followed by BrijS10 and CTAB. When comparing
these results with the ones obtained from the TEM analysis, the TEM results show nicely
ordered regions of cubic structured mesoporous silica in all mesoporous samples. From TEM
analysis it is assumed that BrijS10 also has a cubic structure, but it should be mentioned that a

very small piece of a total sample is analysed in TEM.
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5.2 QCM-D measurements

When looking at the results from the H,O and D,0 exchange both with and without bilayers
the results clearly show the effect of the porous structure. There is definitely a noticeable
difference between the non-porous and the mesoporous surfaces. When looking at the
differences between the mesoporous samples P123 results in the greatest frequency change as
well as the highest value of the slopes. This is seen both when going from H,O to D,0O and
from D,0O to H,O. This suggests that P123 has the largest porous volume accessible to the
water followed by CTAB and BrijS10 since the greater the frequency change is the more

mass is in the sample.

From the calculations done on the frequency changes they confirm the results from the
experiments. For all calculations but one P123 has the most available surface area even
though it is thickest and therefore has a larger factor to divide with. However, this goes
against previous results gained in other studies where CTAB is calculated to have the most
accessible volume for the water followed by BrijS10 and lastly P123%*“ It is therefore
believed that the results of the frequency changes depend much on the ordering of the pores
and on that there is a continuous porous structure over the surface. This theory might explain

the difference in the results gained in this report and the ones from previous studies.

Other results that goes along with the theory that the ordering and presence of pores over the
whole surface has a large effect on the out coming results are the ones gained from H,O and
D,0 exchange for the different BrijS10 samples, which can be seen in Figure 14. For the
BrijS10 sample that showed very low values for the frequency change, almost as low as the
non-porous sample, it was hard to find any pores while analysing that sample batch in TEM.
As a contrast, the other BrijS10 sample resulted in a higher frequency shift, even higher than
one of the CTAB ones. This further strengthens the theory that the ordering or amount of
pores has a large impact on the resulting frequency change. Another thing these results show
is the difficulty when it comes to replicating the films since it can be observed that QCM-D

crystals with the same mesoporous structure on them can give quiet deviating results.

When looking at the change in frequency when adding a lipid bilayer a small decrease was
observed, except for the CTAB sample. Why the CTAB sample shows the contrary is hard to
explain, but it was seen that the bilayer formation might not be complete on this surface since
the resulting frequency change after the bilayer was formed was ~-20 Hz. This indicates that

only patches of bilayer were created and that perhaps this did not affect the water that much.
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Regarding the lipid bilayer formation on the non-porous reference the frequency change after
bilayer formation was higher than expected for bilayers, ~-35 Hz. Also the dissipation of this
sample did not go down as much as for the other samples and this suggests that there were
still vesicles that did not collapse left on the surface. Even though, this sample showed a
lowering in the frequency change during water exchange. A change in frequency was not
expected since it is believed that the lipid bilayer only gives a slower exchange of the water

and therefore should not result in any difference in frequency.

Regarding the slope values from the water exchange analysis the slope going from H,0O to
D,0 was generally steeper than the other way around. This means that it went faster to change
to D,0 than change from D,0 to H,O. An answer for this might be that the driving force for
exchanging D,O to H,O might be lower. D,O is heavier than H,O, which might make it
harder for the H,O molecules to replace the heavier molecules. It was also seen that for some
of the samples with bilayer it went faster to exchange the water than when not having a
bilayer. The same effect was also seen for the b-values where the values where generally
higher for the ones with bilayer. This is not an expected result as the lipid bilayer in theory is,

as mentioned before, making the water exchange slower.

Looking further at the b-values they showed that there are not such a big difference in the
obtained values between the mesoporous and non-porous samples. Why the b-values are not
as affected as for instance the frequency change might be because these areas of analysis
depend more on the liquid than the porous structure. This suggests that the larger differences
in the frequency change and slope values between the different samples are more likely to be

due to the porous structure.

When it comes to the different behaviours of the frequency change, the slope and the b-values
it is easier to explain the linear behaviour found for the frequency change and the slope. As
the concentration of D,O increases the more mass end up in the pores and therefore a larger
change in frequency is received. Regarding the slope it can be assumed that the more D,0 the
faster it goes for the heavier DO molecules to exchange the lighter water molecules. When
looking at the unexpected behaviour of the b-values it seems to be a peak value in the regions
where the D,0 solution is about 50 wt-%, which is a behaviour that is not really explainable
at this time. It is also interesting to see that there were differences regarding the fit of the
exponential model to the D,O to H,O curve. This suggests that the behaviour at that part of

the curve is different than going from H,O to D,0O. These behaviours might have to do
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something with how the D,O molecules bind to the surface. Perhaps that the more D,O there
is the more they associate with the surface and lipid bilayer and consequently make it harder
to exchange them. Therefore the model used for fitting the curve does not work for these

regions.

During the experiments differences when sonication half of the D,O solutions before starting
the water exchange was investigated, but no differences were observed in the results. This
suggests that the D,0 and H,O in solution mix well even without further stirring.

When observing the bilayers formed with proteoliposomes it did not show the same formation
behaviour as for the pure liposome ones. As was seen in Figure 17 it is believed that lipid
bilayers are formed also when using proteoliposomes, but that the proteoliposomes that are on
the surface collapse only when the fluid was changed to milli-Q water. This is an indication
that it is harder for the vesicles to rupture when aquaporins are incorporated in them and that
they need some extra force to collapse. When milli-Q water is added it is believed that it

increases the osmotic pressure inside the vesicles and causes them to rupture.

A factor that must be taken into consideration regarding the QCM-D results is that lipid
bilayers were only formed on one crystal of each mesoporous surfaces at one time, which
means that the results are not statistically comparable. Differences in the experimental setup
that might give differences in results must also be considered. An example of such a
difference is that changing the QCM-D chamber used might give different results since the

flow in one chamber might be slightly different from another.

5.3 DLS measurements

The results from the DLS show that the proteoliposomes are bigger than the liposomes. This
is an expected result as the lipids are smaller than the aquaporins and therefore can create
smaller vesicles. When aquaporins are incorporated they therefore seem to decrease the

curvature of the vesicles.
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6 Conclusion

From the results obtained in this study it can be concluded that cubic mesoporous silica with
ordered regions were successfully made using the three templating molecules P123, BrijS10
and CTAB. The pore sizes fit according to previous studies and the thickness of the films are

as expected in the nanometre range.

It can also be concluded that having a mesoporous surface on a QCM-D crystal definitely
changes the results obtained from analysis. From the results the kinetics and change in
frequency while performing water exchange was seen to change drastically and show
different behaviours in respect to D,O concentration. It was also noticed that the ordering and

the accessibility of pores also have a major impact on the out coming results.

Lipid bilayers were formed on all surfaces, however not all of the bilayers were continuous.
Lipid bilayers with incorporated aquaporins were also able to form on the mesoporous and
non-porous surfaces. From DLS it was determined that the proteoliposomes were bigger than

the liposomes.

The results also showed that it is hard to reproduce surfaces with the same mesoporous
structure and furthermore more experiments in general need to be performed to get statistical

credibility.

7 Future work

It would be interesting to further investigate the different kinetic behaviours that were
observed while analysing the QCM-D data. It would also be good to look at other ways to try
to make it easier to create lipid bilayers with aquaporins, perhaps ways to increase the osmotic
pressure more during the bilayer formation. Another way to decrease the differences between
runs in the QCM-D during water exchange with and without bilayer is to conduct the two
experiments during the same run; you perform water exchange, form bilayer on the surface

and perform water exchange again.

A way to control the synthesis process for the mesoporous silica more might be good, to get

more control of the resulting film thickness and porous structure.
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9 Appendix

The frequency change, the value of the slope, the calculated volume and percentage of D,0 in
the mesoporous network and the b-values from the different QCM-D measurements are found
in the figures below. The data marked in yellow are for values that were hard to fit to the
exponential model or were else hard to compare with other values. The data marked in green
were data that were hard to measure due to strange frequency behavior. In Table Al
information can be found about which data in each figure below that belong to which type of

experiments.

Table Al - Table of the different fluids used during QCM-D analysis for the different
experiments. H,O and D,0 exchange were conducted during all experiments.

Figure number Liposomes Proteoliposomes
Al - -
A2 - -
A3 - -
A4 - -
A5 Yes -
A6 Yes -

A7 Yes -
A8 Yes
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