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Lipid based sensing of organic vapours: a study combining
AFM and QCM

Abstract

This thesis investigates the development of a vapour sensor that is useful in fields such
as environmental protection, or healthcare. A summary review of vapour sensing
techniques is given, leading to the choice of exploiting a simple, low cost, high-resolution
mass sensing technique-Quartz Crystal Microbalance (QCM) to fabricate a lipid based
vapour sensor. Both hydrophilic and hydrophobic vapours have been introduced in the

sensing experiment.

Three types of lipids based sensors, which were 1, 2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC), 1, 2-dioctadecanoyl-sn-glycero-3-phosphocholine (DSPC),
cholesterol and their mixtures, were fabricated on AT cut quartz crystal based substrates by
spin coating. Atomic Force Microscopy (AFM) was used for topography analysis; QCM
was used for quantitative analysis. Film thickness data suggests that a bilayer DLPC is 4.3
nm and a bilayer DSPC is 5.8 nm thick. The average film thickness is approximately
proportional to the coating concentration with a constant of proportionality of 4.3 nm/mM
and 5.8 nm/mM for DLPC and DSPC, respectively. The results from the AFM and QCM
trials have led to the development of a controllable process for the fabrication of a

repeatable amount of lipid membrane based vapour sensors.

The response of each film when exposed to ethanol, methanol, toluene and cyclohexane
vapours was recorded. The results show that hydrophilic compounds could be recognised
efficiently by lipids having shorter alkyl chains. Frequency changes caused by adsorption
of test vapours could be enhanced when cholesterol was co-immobilised in the lipid layer.
The best sensing behaviour (that is, excellent response, reversibility and negligible baseline
drift) and sensitivity was achieved in a sensor coated with DLPC/DSPC/cholesterol mixed
film (50 mg/ml DLPC/DSPC/cholesterol-1:1:8 in volume ratio). The limit of detection of
this sensor is 400 ppm to ethanol, 800 ppm to methanol, 1300 ppm to toluene and 2300

ppm to cyclohexane, separately.
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Chapter 1

Chapter 1 Introduction

As a result of concerns regarding environmental pollution, there is now an increasing
need for sensitive pollution detectors, such as biomimetic sensors, in our daily life. A brief
introduction to biotechnology and existing research in the sensor field can be found in this
chapter. The main aim of this study will be introduced at the end of the chapter.

1.1 Senses and daily life

Sight, hearing, touch, smell and taste are together known as five important senses of
humans. We act after receiving information from the outside world via these senses [1].

Mimetic technologies aim to replicate these biological functions artificially.

With the continuous growth of industry and agricultural production, unpleasant odours,
environmentally dangerous gases such as NOy, health threatening vapours such as toluene,
and a variety of other emissions from industrial and agricultural sources are seen as the
main factors contributing to environmental pollution problems, especially in densely
populated areas over the last few decades. Due to these increased levels of pollution,
environmental protection, healthcare and regulation of the food industry have become
increasingly significantly parts of modern life. Many people are exposed to a variety of
substances such as chemicals, fumes, and dusts at work which can, in certain
circumstances, have a harmful effect on their health. If exposure to hazardous substances is
not properly controlled, it may cause ill health in a number of ways. It is very important to

know in advance how to protect the health of people working with hazardous substances

[2].

In UK, the Health and Safety Executive (HSE) has set occupational exposure limits
(OELSs) for hazardous substances at work which are updated annually. OELs recommend a

maximum long term limit of 8 hours continuous exposure and short term limit of
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15 minutes exposure for acetone, chloroform, ethanol, methanol, benzene, cyclohexane,
hexane, and toluene vapours as shown in Table 1-1 [2]. The risk assessments relating to
health effects of certain chemicals also note that benzene can cause cancer and poses a

danger of serious damage to health if prolonged exposure occurs [2].

Table 1-1 Safe exposure limits in parts per million (ppm) and milligram per cubic

metre (mg/m°) for toxic gases [2]

Long-term exposure limit (8-hour time o )
) Short-term exposure limit (15-minute
weighted average(TWA) reference .
reference period)

Substance period)
ppm mg/m?® mmol/L ppm mg/m?® mmol/L
Acetone 500 1210 0.021 1500 3620 0.062
Chloroform 2 9.9 0.00016 - - -
Ethanol 1000 1920 0.042 - - -
Methanol 200 266 0.0083 250 333 0.01
Benzene 1 - - - - -
Cyclohexane 100 350 0.0042 300 1050 0.012
n-hexane 20 72 0.00084 - - -
Toluene 50 191 0.0021 150 574 0.0062

As we know, human sensory evaluations are often affected by physical and mental
conditions. Normally, humans have poorer sensitivity to odour by a factor of 10**-10" than
dogs (e.g. 5.0 x 10" molecules per ml water thresholds for acetic acid in humans and
5.0 x 10° molecules per ml water thresholds for acetic acid in dogs) [3]. As a result,
research dedicated to the development of reliable and highly sensitive vapour sensors, such
as those used in the detection of volatile organic compounds (VOCs) has become a task

whose challenging nature is matched by its ever increasing demand.

1.2 Biotechnology, biomimetic sensors and applications

As mentioned above, to solve the problem of low detection of VOCs by humans, the
fabrication of a more reliable and sensitive biomimetic vapour sensor will become of great

importance. Biotechnology provides a viable approach to the development of such a device.
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Biotechnology involves making use of living systems and organisms to develop useful
products such as biosensors, programmed drug delivery, and the production of catalytic
interfaces [4-6]. Biomimetic sensor technology makes use of artificial system to simulate
biological systems in order to reproduce the five human senses or even to surpass them in
their ability to overcome severe conditions and improve upon limited sensory ranges.
Many sensors have been developed to measure the taste of foods [7], control the quality of
foods [8], suppress bitterness [9] and so on. The sensor plays the role of recognition as well
as reception, which artificially reproduces the sense of sight (optical sensor), hearing
(pressure sensor), touch (pressure sensor and temperature sensor), smell (vapour or odour
sensor), and taste (ion sensor or taste sensor). Overall, we can simply classify sensor types
according to the subject of their measurements and the sensing materials used in their
manufacture [10].

Normally sensors of sight, hearing and touch use readily available materials to receive
only one physical quantity: light, sound and pressure respectively. The sensors,
corresponding to the receptor parts of sight, hearing and touch (also called physical
sensors), have been developed for many years in an active area of research. For smell and
taste, many chemical substances must be assessed at once to be transformed into
meaningful quantities to represent these senses. By comparison, the sensors which
stimulate the senses of smell (also called chemical sensors) such as odour sensing [11-13]
and taste [14-16] have been proposed relatively recently. For example, a biosensor, such as
an enzyme and tissue sensor, is a kind of a chemical sensor made by immobilising
biomaterials and related materials in combination with an electrochemical device to a

sensing membrane that measures chemical substances.

In our daily life, the sense of smell (odour) is identified by the reception of the vapour
followed by its perception in living systems. Similarly, the sense of taste involves
receiving chemical substances. The sense of smell is powerful in detecting the smell of an
enemy or prey in the dark of a forest. The sense of taste is used to judge whether anything
to be taken into the mouth is beneficial or poisonous for the body. If we consider a
situation where we need to measure two or more factors, it seems good to combine various
effects simulated in sensors and different materials used for sensors. If we can visualise
taste and smell quantitatively, a new world will be opened up [1]. In recent years, most

odour sensors using several nonspecific receptors have one striking property. Different to

3
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this type of sensor, a novel sensor has also been developed for high sensitivity detection of
one molecule, such as using a receptor molecule in an artificial odour sensing system by

extracting it from the biological membrane [1].

1.3 Aims of this study

The main aim of this work is to produce an artificial membrane based reliable and
sensitive vapour sensor for the detection of organic vapours which have a harmful effect on
human health. Here, the lipid membranes are the sensing material. A quartz crystal
microbalance (QCM) is used as the sensing transducer. The idea is to coat the lipid sensing
film on quartz oscillators to produce the vapour sensor. On exposure to the target vapour,
the sensing film will attract the vapour molecules and result in a crystal frequency shift. By
detection the change of frequency then the vapour can be identified by analysing the output

pattern.

Although a number of papers dealing with sensing behaviour optimisation or
comparison of the lipid coated vapour sensors have been published [11] [17-18], there is a
significant gap with regards to the study of reliable lipid sensing coating techniques and
investigations of the relationship between lipid phase and sensitivity of the sensor. In this
work, we use a quartz crystal microbalance (QCM), in combination with Atomic Force
Microscopy (AFM) to study the reliability of spin-coated lipid films and to_evaluate the

effect of the lipid phase on the sensors’ sensitivity.

The study will be structured as follows:
» Chapter 2:
Review of existing vapour sensing materials and techniques leading to the
comparison of the existing method and technique used in this work, evaluation rules
for vapour sensor
» Chapter 3:
Outline the theory of mass based lipids vapour sensor used in this work, including
the biological function of lipids and introduction of sensing devices
» Chapter 4 and 5:
Description of experimental procedures and results for sensing film fabrication and

characterisation
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» Chapter 6

Design of vapour sensing system

» T7and8:

Results of vapour sensing and discussion of sensor property aspects including
sensitivity improvement, including an example application for oil vapour sensing

» Chapter 9:

Conclusions and suggestions for future work



Chapter 2

Chapter 2 Review: materials and

techniques

In the past decade, many devices and methods have been introduced for biomimetic
odour and vapour sensing. A sensitive, reliable gas/vapour sensor should exhibit a stable
and reproducible signal over a long period of time. There are several performance figures
of merit for sensors, including sensitivity, selectivity, response time, reversibility,
adsorptive capacity and the fabrication cost. To fabricate a reliable vapour sensor, we
should consider two distinct elements: sensing material and transducer. A summary of
relevant sensing materials, techniques and devices can be found in this chapter. In the first
part, possible sensing materials are described. This is followed by a review of vapour
sensing techniques and devices. Finally, the conclusions lead to the design of the lipid

based vapour sensor described in this work.

2.1 Sensing material

Existing vapour sensors are classified into two types based on materials involved. One is
a biomimetic material, the other one is a non-biomimetic material. There is also an
alternative way to subdivide the vapour sensing material: inorganic compounds, such as
metal oxides; and organic compounds such as lipids and polymers. Lipids are one of the
organic materials used for sensing, and so this section reviews several recently used

organic materials and the structures to which they can be applied.

Generally, sensors based on metal oxide semiconductor (MOS) structures exhibit
significantly greater sensitivity to inorganic gases such as ammonia and a few types of
VOCs such as alcohol. Whereas, some other VOCs which could cause health effects
cannot be efficiently detected by MOS based sensors [19]. Compared to MOS sensors,

organic sensing material based sensors are most frequently used to detect a wide range of
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VOCs which can occur at room temperature. A brief summary of organic sensing materials

will be given in this section.

2.1.1 Polymers

Upon adsorption, physical properties such as mass and dielectric properties will change
when polymers are exposed to VOC vapours. There are various physical adsorption
mechanisms by which VOCs molecules interact with polymer molecules, such as induced
dipole/induced dipole interactions (also named London dispersion), dipole/induced dipole
interactions, dipole/dipole interactions and hydrogen bonds (Lewis acidity/basicity-
concept) [20]. Polymers for vapour sensing can be further classified into two types

including conducting polymers and non-conducting polymers.
(@) Conducting polymer

Organic conducting polymers show reversible changes in conductance when chemical
substances such as methanol, ethanol and toluene adsorb and desorb from the film surface.
The organic conducting polymers used for vapour and odour sensors are derived from

aromatic or heterogametic compounds [21] (see examples in Figure 2-1).

]
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Figure 2-1 Chemical structure of (a) polypyrrole (b) polysiloxane (R is a wild card,

standing for any hydrocarbon group) (c) polyaniline.

So far, a number of groups of conducting polymers have been investigated [22-23]. A
variety of types of polymeric materials are commercially available. Polypyrrole (PPy) was

first prepared by electrochemical growth across electrodes in 1968 [21] and has been
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extensively studied [24]. Research into the chemical synthesis of other special polymers
has been undertaken to optimise the selectivity and sensitivity, such as polysiloxane [25]
and polyaniline (PTh) [26]. Studies also show the low conductivity of pure polymers can
be improved through processes of doping by redox or protonation [19] . Mabrook et al, for
example, report on the use of inkjet printed PEDOT-PSS doped poly(3,4-ethylene

dioxythiophene for alcohol sensing [27].
(b) Non-conducting polymers

Non-conducting polymers have been also widely used as vapour sensors. Depending on
the different properties or physical adsorption mechanisms, polymers can be coated onto
respective transducers. As a non-conducting polymer, polyimide (PI) has also been used on
MOS vapour sensors as molecular sieves to enhance the selectivity of the sensor [19] (see
Figure 2-2).

0 0 CHO g e
) )J\ AR (et /\(\ofop~o\/\ )L{c - O}—O—CHa
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Figure 2-2 Chemical structure of (a) Polyimide (R is a wild card, standing for any
hydrocarbon group) (PI) and PEGylated lipopolymers (b) terminated with ether groups (c)
terminated with PDP. The n values are 22, 57, 57 and 113 for PEG 1000, PEG 3000 and
PEG 5000 respectively.

Besides conducting and non-conducting polymers, a series of papers have been
published recently on PEGylated lipopolymers for vapour sensing. One group has studied
chemisorbed PEGylated lipopolymers used as a vapour sensing film [11], and PDP
terminated PEGylated lipopolymers used as a subphase to improve the sensitivity of

polymer or lipid vapour sensor [28]. Another one makes use of (pyridyldithio)propionate
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(PDP) terminated PEGylated lipopolymers to stabilise the coating of gas chromatography

(GC) materials based vapour sensors [29].

2.1.2 Carbon nanotubes

Due to their unique properties, carbon nanotubes (CNTSs) have attracted attention in the
gas sensing field (see Figure 2-3). The mechanism of CNT gas sensing is based on changes
to the permittivity and conductivity when reacting with the gas. CNT based gas sensors
have a good sensitivity at room temperature [19]. Although like other gas sensing
materials, the response time and property of CNTs vary with different sensing gases.

(5.5) Armchair MWCNTs

Figure 2-3  Schematic structure of SWCNTSs (left) and MTCNTS (right).

Normally, CNTs can be classified into two types: single-walled carbon nanotubes
(SWCNTSs) and multiwall carbon nanotubes (MWCNTSs). SWCNTs have been employed
in Radio-Frequency ldentification (RFID) tag antennas for toxic gas sensing [30], while
MWCNTSs are usually used for remote detection of inorganic gases such as carbon dioxide
(CO,), oxygen (O,) and ammonia (NH3). CNTs are frequently decorated with other
materials to improve the sensitivity and selectivity to certain gases [31]; e.g. in the
detection of a partial discharge generated by the decomposition of sulphur hexafluoride
(SFs) by CNTs based gas sensors [32].

2.1.3 Lipids

As the main component of cell membranes within human body, lipids play an
outstanding role in biological chemoreception schemes [33]. The mechanical properties of
lipids are expected to contribute to the complex function of a cell. Normally, lipids possess

remarkable chemical-sensing properties, and are used for the detection of odorants by



Chapter 2

means of direct interaction between the lipids and odorants [33-34]. Several groups have

reported vapour sensors using lipids or modified lipids [11] [17] [28].

Unlike other sensing materials, lipids not only have hydrophilic as well as hydrophobic
properties, but also have other properties which depend on the lipids structure itself (e.g.
modified functional groups). As a result, the mechanism depends on the precise chemical
compound. In recognition of this, there is a possibility that this characteristic plays an
important role in detecting different sensing vapours. Direct interaction between odorants
and lipids was employed for lipid odorant detection sensors [34]. Lipids, as a basic and
main components of the cell membrane, and are also known as fats, are a large and diverse
group of organic compounds. A primary way to classify the lipids is to distinguish lipids
by the functional head group structural components. Lipids are broadly classified into three
types. An example of each type is shown in Figure 2-4: simple lipids (on hydrolysis gives
fatty acids and alcohol) such as oils and waxes, compound lipids (on hydrolysis gives
phosphoric acid, various sugars, sphingosine, ethanolamine and serine in addition to fatty
acids and glycerol) such as phospholipids and sphingolipids, and derived lipids (hydrolytic

products of simple and compound lipids) such as glycerol and sterols [35-36].

Figure 2-4 Examples of three different types of lipids (a) Cetyl palmitate (waxes,
simple lipids) (b) 1, 2-dilauroyl-sn-glycero-3-phosphocholine (Phospholipids, compound
lipids) (c) cholesterol (sterols, derived lipids).

Phospholipids are found mainly in animal tissue. The huge chemical variety in types of
head groups and numbers and types of tails contribute to a larger variety of physical

behaviours and, thus, biological properties and behaviours. Lipids are soluble in many
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organic solvents. Lipid molecules contain a large hydrocarbon portion and not many polar

functional groups. The amount of these compounds account for their solubility behaviour.

In summary, the materials described so far respond to both water vapour and flammable
gases. Among them, the ease of tailoring the molecule and improved sensitivity and
selectivity makes organic materials often offer advantages over inorganic compounds. As a
popular structure with which to model cell membranes, lipid formed membranes show
promise for applications in biomimetics and diagnostic devices [37-39]. Although several
studies have already been reported which use lipids as vapour sensors in the past decade,
the sensing mechanism and response properties of different lipids is only partially
understood [11] [17-18]. Thus, in this thesis, a lipid is chosen as the vapour sensing

material.

2.2 Review of gas and vapour sensing techniques

When the sensing gas/vapour is applied to the sensor, gas/vapour molecules interact
with solid-state sensors by adsorption and chemical reaction with sensing films. The
second distinct element of a vapour sensor, the transducer, detects the physical and/or
chemical changes incurred by these processes and these changes are measured as an output
signal (e.g. an electrical voltage). Based on different detection principles, vapour sensors
can be classified into several different types. The four most common types of devices used

as a transducer are summarised and compared in this section.

2.2.1 Techniques based on variation of electrical properties

The main principle here is the detection of the electrical changes incurred during the
gas/vapour interaction process. This method can be further catalogued by measurements of
current, potential or impedance. These types of sensors are also known as electrochemical

Sensors.
(@) Amperometric gas/vapour sensors

The working principle of amperometric gas/vapour sensors is detecting the current
induced by the reaction (either oxidised or reduced) of a sensing material and gas/vapour
over a scanned potential range. The current is induced by the adding or withdrawing of

electrons from the electrode by the ambient gas/vapour. The amperometric gas/vapour
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sensors are similar to other amperometric sensors with semi-permeable membranes that are

used for gas/vapour diffusion.

A good example is a thin film microelectrode device with three coplanar electrodes
deposited on a SiO,/Si wafer substrate used to detect concentrations of CO; in pure
nitrogen [40].

(b) Potentiometric gas/vapour sensors

A potentiometric sensor is a type of chemical sensor that is used to detect the potential
difference between the membrane coated working electrode and the reference electrode
with zero current flow, and then to determine the analytical concentration of some
components of the gas/vapour. The working electrode's potential depends on the
concentration of the gas/vapour. The reference electrode is needed to provide a defined
reference potential. The potential change is obtained from the interaction of electrically
neutral gas/vapour molecules with the sensor. Based on the absorption of a gas/vapour into
an electrolyte (solid or liquid) via the porous metal electrode, either ions or electrons at the
interface within the sensor are then generated which results in a potential difference at the

sensor head.

As potentiometric gas/vapour sensors, a suspended gate field effect transistor (SGFET)
has been used to detect nitrobenzene, nitrotoluene and methanol gases/vapours [41].
Another example is metal-oxide-semiconductor field-effect transistor (MOSFET) based
gas/vapour sensors [42-44]. A typical structure of a MOSFET-based sensor is shown in
Figure 2-5 [42].

SiO, Sensing material

l l Al

Y

P-Si

Figure 2-5 Structure of MOSFET gas/vapour sensor with gas/vapour sensitive

membrane deposited on top of SiO, (reproduced from [42]).
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(c) Impedimetric gas/vapour sensors

If alternating current (ac) is applied to a material, the ratio V/I is known as the
impedance, where V is rms voltage and | is rms current. In many materials, especially
those which are not generally regarded as conductors of electricity, the impedance varies as
the frequency of the applied voltage changes, due to the conductivity properties of the
sensing material. If a measurement of impedance over a suitable frequency range is made,
it is possible to relate the results to the physical and chemical properties of the material.

This is known as Electrochemical Impedance Spectroscopy (EIS).

Impedimetric sensors (also known as chemiresistors), comprise two electrodes coated
with a gas/vapour sensitive layer on the surface, and measure the impedance change
induced by changes in the concentration of mobile charges in conducting materials when
reacting with gas/vapour. The reason for the change can be explained as when a voltage is
applied to the electrodes, conduction electrons and holes are able to travel through the thin
film from one electrode to the other. On exposure to a gas/vapour, a reaction, either
increasing or decreasing the number of available charge carriers, takes place. A number of
materials have been used as the active sensing layer including metal oxides [45-51] and
conducting polymers [43] [45] [52-54]. A typical structure of an impedimetric sensor is

shown in Figure 2-6.

Electrodes Sensing materials
Side view \ l k\\\\\\\\\l\\\\\\WI — Substrate
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N . .
. \\\g\\:S <4—— Sensing materials
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§
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7
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Bottom view E 4——— Heater

Figure 2-6 Typical structure of a conductivity sensor (reproduced from [54]).
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2.2.2 Techniques based on variation of thermodynamic properties

The first law of thermodynamics states that any process involving a change in internal
energy also absorbs or generates heat or work. The main principle of thermal gas/vapour
sensing is detecting the heat evolved (i.e. temperature variation more directly) when the

sensing materials interacts with a gas/vapour.

Specifically, there are two main types of thermal sensors. One is pyroelectric sensors
and the other one is pellistor sensors. The pellistor, known as calorimetric in nature, can be
further classified into thermal conductivity (TC) sensors and catalytic sensors.

() Pyroelectric sensors

Pyroelectricity describes a property of certain materials that generate a temporary
voltage by acquiring different charges on opposite faces when they are heated or cooled
[55]. Materials which have the property include certain crystals, ceramics and polymeric
materials. This type of sensor consists of pyroelectric materials with two evaporated
electrodes as metal contacts. One of the electrodes has a layer of the sensitive material; the
second is used as a reference electrode. When a heat changes (loss or gain of heat) is
induced by the interaction between the gas/vapour and sensing material, the voltage will be
generated by the pyroelectric materials. By detecting the electrical response of the device,

the sensing gas/vapour can be detected [56].
(b) Pellistor sensors

Pellistor sensors are used to detect either combustible gases or those having a significant
difference in thermal conductivity compared to that of air [57]. Such sensors measure the
temperature variation created by the gas/vapour combustion enthalpy or thermal

conductivity separately by a platinum resistance temperature detector or a thermistor.
(i) Thermal conductivity sensors

The working principle of TC sensors is based on the detection of the heat dissipation
into the target gas/vapour which is linked to their thermal conductivity. When the target
gas/vapour is pumped into the gas/vapour chamber, the heater/calorimeter (e.g. platinum,

tungsten wire, thermistor) in the centre is then heated to a specific temperature. The
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gas/vapour is then identified by the thermal conductivity worked out from the resistance of
the heater [58-59].

TC sensors have large detection ranges, good stability, and reliability. They require
comparatively simple measurement equipment. But accuracy and sensitivity needs to be

enhanced further.
(if) Catalytic gas sensors

Catalytic gas sensors (pellistors), designed specifically for the detection of flammable
gases within air, detect the heat evolution from catalytic oxidation of the gas analyte. The
heat evolved is achieved by burning the target gas to generate a specific combustion

enthalpy. Figure 2-7 is the schematic diagram of a catalytic sensor.

This type of sensor consists of a high surface area catalytic layer coated on a ceramic
bead, and a platinum coil in the bead acts as the heater. When the platinum coil is heated
until the catalytic layer reaches a certain designated temperature, the combustible gas will
burn on the catalytic layer surface. The generated heat will change the resistance of the coil,
and then the heat can be measured by simple circuits [19].

i -Catalyst \)
Carrier

Platinum Wire
Header

Figure 2-7  Schematic diagram of catalytic sensor configuration of a ceramic bead

(reproduced from [19]).

2.2.3 Techniques based on variation of optical properties

The main principle of optical gas/vapour sensing is detecting the optical property change
of the sensing materials when it interacts with gas/vapour. Normally optical methods can
achieve higher sensitivity, selectivity and stability than non-optical methods. The relatively

short response time of this method enables real time detection. However, their applications
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on gas/vapour sensors are restricted by relatively high cost. Optical methods for gas/vapour
sensing are mostly based on spectroscopy involving techniques based on adsorption and
emission spectrometry [19].

(a) Adsorption spectrometry based gas/vapour sensors

Based on the Beer-Lambert law (see equation 2-1), adsorption spectrometry is the
concentration dependent adsorption of the photons at specific wavelengths [60]. The
precise wavelengths for specific gases can be found in a high-resolution transmission
molecular absorption (HITRAN) database [61]. There are many types of adsorption
spectrometry including Differential Optical Adsorption Spectroscopy (DOAS) [62],
Tunable Diode Laser Adsorption Spectroscopy (TDLAS) [63], Intra-Cavity Adsorption
Spectrometry (ICAS) [64], etc. The relevant gas/vapour sensors such as infrared (IR)-
source adsorption gas/vapour sensors and optical fibre gas/vapour sensors have been used
widely [19] [65].

A =c¢lc (2-1)
A = absorbance
& = molar absorptivity [cm?mol]
| = length of solution the light passes through [cm]
c= concentration [mol/cm?]

(b) Emission spectrometry based sensors

Emission spectrometry makes use of the phenomenon that excited atoms emit photons
and go back to the ground state to make any relevant analysis. Emission spectrometry
based gas/vapour sensors detect the transfer of energy caused by boundary conditions
between sensing materials and gas/vapour. Laser-Induced Breakdown Spectroscopy
(LIBS) is one type of spectroscopy based on emission spectrometry [66]. Fourier
Transform Infrared Spectroscopy (FTIR) can be used as both adsorption and emission

spectrometry [67].
(c) Other optical gas/vapour sensors

There are also many other types of optical gas/vapour sensors which are difficult to
classify. They can be separate from their working mechanisms. To explain the working

principle of some modern optical gas/vapour sensors, more specifically, we take fibre
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optical gas/vapour sensors and Surface Plasmon Resonance based gas/vapour sensor as

examples.
(i) Fibre optic gas/vapour sensor

The sides or tips of optic fibres (core) are coated with a lower refractive index sensing
material (cladding). Because of the adsorption of light at a range of frequencies, only part
of the light beam will be transmitted to the end of the fibre by total internal reflection at the
interface of core and cladding. When the sensor is surrounded by the sensing gas/vapour
the optical property changes in the cladding involving intensity change, spectrum change,
life time change or wavelength shift in fluorescence [45] [68] will make a further change in
the amount of light transmitted down the fibre. Figure 2-8 illustrates the principle of a
gas/vapour optical fibre sensor. It represents how the vapour interacts with the material and

causes a shift in the wavelength of the propagating light wave.

Entering light beam Sensing gas/vapour _ Response
(original wavelength) U U U U (shifted wavelength)
_"
PN E 15 I| N
S T % 1 —»Detector
e =P

Optic fibre coated with
sensing materials

Figure 2-8  The working principle of a gas optical fibre sensor.
(i) Surface plasmon resonance based gas/vapour sensor

Surface plasmon resonance (SPR) is the phenomenon when the frequency of incident
light on a metal surface matches the natural frequency of surface electrons oscillating
against the restoring force of positive nuclei. Thus, the resonance condition is established
by collective oscillation of valence electrons emission in a solid stimulated by incident
light. A SPR system based gas sensing device, also known as a Kretschmann
configuration, consists of a laser beam, prism and a photodiode detector used to record the

reflected intensity of the beam (see Figure 2-9).
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Laser Beam Photodiode

Index matching fluid Metallic layer

-

Glass slide ™

Sensing materials
(over layers)

Figure 2-9 Kretschmann configuration of SPR investigation.

When lasers illuminate the sensing surface (metallic layer and over layers) via a prism at
a certain angle, the parallel component of the light wave vector will match that of the
surface plasmon of the metallic film at the opposite surface of prism and be attenuated. A
minimum reflected intensity is reached at this point (also called the SPR minimum). By
scanning the laser through a range of angles, the intensity of the reflected light against
incident angle can be plotted. The transfer of energy from the evanescent wave to the
surface plasmon will change when the metallic layer is loaded (deposition on the metallic
layer or any interaction between the metallic layer, over layer and any external
compounds). Exploiting the surface plasmon sensitivity to the boundary conditions, it is

possible to use the SPR technique for detecting different gases.

2.2.4 Techniques based on variation of ultrasonic properties

Gas sensors based on chemical principles experience some intrinsic weakness, such as
short lifetime and secondary pollution, which are difficult to overcome. Sensors based on
the ultrasonic method (mass gas sensing devices) can avoid those weaknesses. The main
working principle of mass gas sensing is based on the piezoelectric effect (details will be
described in chapter 5). Piezoelectricity, similar to pyroelectricity, is a property of certain
materials which will generate a temporary voltage by acquiring different charges on
opposite faces when they are applied to an outer force. These materials include crystals and
certain ceramics etc. This type of sensor detects the physical total mass change when a

sensor interacts with a gas.
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(a) Surface acoustic wave (SAW) gas/vapour sensors

A surface acoustic wave (Rayleigh wave) is electrically excited in a piezoelectric single-
crystal plate substrate by use of a metallic interdigitated transducer (IDT) structure. One
IDT works as transmitter, the other IDT works as receiver. The delay time tq between the
electrical input and the output signal is determined by equation 2-4.

ty = - (2-4)

v
ty = delay time between the electrical input and the output signal [s]
| = distance between input and output transducer [m]
v = speed [m/sec]
The maximum acoustic-electric interaction occurs at a characteristic frequency fo

defined by equation 2-5.

fo= ;_0 (2-5)
fo = characteristic frequency [Hz]
v = speed [m/sec]
Ao = wavelength [m]
The typical structure of SAW sensor is shown in Figure 2-10. It is composed of a
piezoelectric substrate with an input and output interdigitated transducer deposited on the

top of the substrate, and the gas sensing material deposited between the two transducers
[69].

K\
T T Piezoelectric
Substrate

1

Inputtra sducer Sensing materials Outpu‘rtransducer

Side view é —

| |

Figure 2-10 SAW sensor.
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When an ac signal is applied, the Rayleigh wave is generated and propagates along the
crystal at a depth of one wavelength at operating frequencies between 100 to 400 MHz
[45]. The frequency of this wave will change when the mass of the sensing material

changes caused by adsorption of gas/vapour, given by equation 2-6 [43] [45] [68].

Af = AfycoKp/pp (2-6)
Af,, = change in frequency caused by the membrane [Hz]
¢, = vapour concentration [mol/L]
K, = partition coefficient [s™]
pp = density of the sensing membrane [mol/L]

(b) Quartz crystal microbalance (QCM) gas/vapour sensors

As another piezoelectric property based sensing device, the interest in QCM has
increased with much of the research focused on polymer, ionic liquids, lipid films, and
oxidised metal sensing of gas/vapour over recent years. QCM sensors operate using the
same principle as SAW sensors. The advantages of this approach are low cost, compact

volume, ease of portability, high sensitivity and a quick response.

The sensing membrane is deposited onto the surface of the quartz crystals. By using
QCM, the sensing membrane mass change incurred by adsorption of gas/vapour can be

monitored (see Figure 2-11).

" _Sensing material coated
AN

Electrode *“-—-—-_. ‘/l/ quartz crystal

Network analyser

Figure 2-11  QCM with sensing membrane coating.

The linear relationship between the mass adsorbed to a QCM device and the resonance
frequency is described by the Sauerbrey equation (equation 2-7) [70] (details will be further

discussed in section 3.5). The main output to be measured is the shifting of quartz
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oscillation frequency which allows the total /mass adsorption to be determined. Ultimately,
this information will be invaluable to the manufacture of a bio-inspired membrane based

sensor which can provide tailored sensitivity to particular vapour chemistry.

A number of studies have been published, aiming at the fabrication of QCM sensor. This
includes pegylated lipid coated odour sensors [11], liquid GC material coated odour
sensors [29], ionic liquid coated vapour sensor [71], siloxane polymer coated vapour
sensors [25], olive oil coated gas sensor [72]. The QCM sensor benefits from various
sensing film coating techniques, including spin coating [17], drop coating [18], self-
assembly [73], Langmuir-Blodgett [74] which will be further discussed in chapter 4.

Af = —C; X Am (2-7)
Af = shifting of quartz crystal frequency [Hz]
Cr = constant related to the property of the crystal and driving mode [Hz/nglcm?]

Am = change in mass per unit area [g/cm?]

To sum up, conducting polymer, carbon nanotubes and metal oxide conductivity
gas/vapour sensors, thermal gas/vapour sensors, optical gas/vapour sensors, SAW and
QCM piezoelectric gas/vapour sensors have been reviewed in this section. The sensing
principles and the typical characteristics of the various types of sensors have been
reviewed. These systems offer excellent discrimination and lead the way for a generation
of smart sensors which will mould the future commercial markets for gas/vapour sensors.
The comparison of the principle of operation, advantages, disadvantages and applications

of each sensor have been more clearly compared and outlined in Table 2-1.

2.3 Summary

A review of gas/vapour sensing materials and sensing devices has been summarised in
this chapter. Overall, all the described sensor types have their own advantages and
disadvantages depending on the operating environment. The electrical sensors show a good
response to a wide range of analytes and have fast response and recovery times, but they
are normally limited to certain materials (depends on the conductivity). Thermal sensors,
which require high temperatures, are also not suitable for lipids. Possible sensing
techniques could be optical gas sensors and mass change gas sensors. Comparing the two

vapour sensing techniques, the relevant devices of optical gas sensors are usually
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expensive. Mass change based gas sensors have the advantage that they have a diverse
range of coating methods and relatively low cost. Whilst the SAW sensors are highly
sensitive mass sensors, the requirement of reproducibility will make processing complex.
QCM, known as a simple and low cost ultra-sensitive device based on the piezoelectric
effect, can not only be used to study the coating of lipid membranes, but can also be used
as a transducer of lipids based vapour sensor. The quartz crystal substrates can also been
modified by diverse methods to provide a suitable hydrophilic or hydrophobic interface for
the amphiphilic lipid deposition. Various methods can be used for modifying the crystal
surface including spin coating, self-assembled monolayers (SAM), or physical vapour
deposition (PVD) applied by sputtering or thermal evaporation, which will be further
discussed in chapter 4. For these reasons, QCM is the most promising solution for the
intended application. Thus, lipids and Quartz Crystal Microbalance (QCM) have been
chosen to work as the sensing material and the transducer of the vapour sensor,
respectively. Furthermore, QCM is also used for sensing film characterisation. The sensing
technique used in this work in quartz crystal microbalance which has been briefly

introduced in section 2.2.4 (b) and will be described in detail in section 3.2.

The coming chapter will further discuss the sensing material (lipid) structures and the
operation theory of the transducer (QCM) leading to a better understanding of the sensing

film structure and sensing mechanism.
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Table 2-1 Summary of the properties of each sensor type reviewed part-I
Sensor ] Target Gases and )
) Sensor type Physical changes o ] Advantages Disadvantages References
devices Application Fields
Conductivity High energy consumption
Metal oxide Work dustrial Low cost Relatively low sensitivity
semiconducto function a?)plljis(;[;lt?ons Short response time and fast and selectivity [19] [45] [68]
(MOSFET) voltage Integrable and reproducible factors
change Limited range of coatings
Indoor air
monitoring Low cost of fabrication
Electrical g;()srar?terz]gtliice Short response time and recovery Poor selectivity
Polymer Y time, high sensitivity Long-time instability and
gas sensors - Conductivity products as irreversibility
conductivity paints, wax or Simple and portable structure [68] [78]
gas sensor fuels Low energy consumption ?erlsmve to environmental
Workplaces . . actors
like chemical Diverse range of coatings
industries
Ultra-sensitive and quick response
time .
Carbon Detection of _ _ High cost
nanotubes Conductivity partial Great adsorptive capacity Difficulties in fabrication [79]
gas sensor discharge (PD) Large surface-area-to-volume ratio and repeatability

Low weight.
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Table 2-1 Summary of the properties of each sensor type reviewed part-11
Sensor Physical Target Gases and )
) Sensor type o ) Advantages Disadvantages References
devices changes Application Fields
Most combustible
Pyroelectr gases under industrial o | ow cost Intrinsic deficiencies
ic gas environment Ad ) sivity for industrial in selectivity
Thermal gas Sensors . . equate sensitivity for industria )
sensors Pellistor . | ) poisoning and
gas sensor Mine tunnels e  Stable at ambient temperature explosion
Kitchens
Spectrosc Remote air quality
opy gas monitoring e High sensitivity, selectivity and .
. sensor i Gas leak detection stability High cost
Optic gas Intensity X ith Hioh
systems with hig I iee ;
Other Spectrum accuracy and safet *  Long lifetime A [68] [82]
Sensors types e.g. Yy Yy . ) miniaturisation
SPR gas High-end market e Insensitive to environment change.
sensor applications
e High sensitivity and good response
time
, e Diverse range of coating Sensitive to
sensor gas check e Long lifetime o [45] [48] [68]
Mass aas . . Difficult to reproduce
Y e Avoiding secondary pollution
SENsors e Integrated circuit (IC) intergratable
i e Diverse range of coatings Sen_sitive to
sensor gas check [68] [76]

Good batch to batch reproducibility

Complex circuitry

24



Chapter 3

Chapter 3 Lipid based QCM vapour
sensor

As mentioned in earlier chapters, the aim of this work is to fabricate a lipid based QCM
vapour sensor. To design a vapour sensor with good operational of stability, it is crucial to
fully understand the properties and structure of the materials and the operating principle of

the measurement system.

Detailed descriptions of the lipids, lipids structure and vapour sensing device

(transducer) used in this work are contained in this chapter.

3.1 Lipids

Lipids, used as sensing material in this work, are expected to exhibit mechanical
properties that contribute to the complex function of a cell. Several structures of lipids that
may be applicable are reviewed in this section, leading to a brief introduction to the
experimental plan of sensor fabrication. The two phospholipids and cholesterol used in this

study are also introduced next.

3.1.1 DSPC, DLPC and cholesterol

Lipids typically contain a hydrophilic head group that is soluble in water and a
hydrophobic part normally containing one or two alkyl tails, which are insoluble in water.
As such they have a tendency to self-organise and form bilayers and vesicle type structures
by gathering the hydrophobic chains inside and facing the hydrophilic group to the water
[1]. At a given temperature, a lipid and its bilayer will exist in either liquid or a gel (solid)
phase. Normally, at higher temperatures, the lipids exist as a liquid disordered phase, have

a high mobility and ‘wander’ around the surface; their tails are disordered and wiggle
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around. At lower temperature, lipids tails all go straight, line up and lock in place. The two
phases of a lipid can transition between each other when the temperature changes. The
characteristic temperature at which the phase transition happens is called the transition
temperature. A schematic diagram of the lipid molecules and lipid phase is shown in

Figure 3-1.

The phase behaviour of a lipid bilayer is largely determined by the strength of the
attractive Van der Waals interactions between adjacent lipid molecules. Longer tailed
lipids have more area over which to interact, increasing the strength of this interaction and
consequently decreasing the lipid mobility. Thus, at a given temperature, a shorter tailed
lipid will be more fluid than a long-tailed lipid [83].

(a) (b)

X X , 1 QQQQQ Crystal (Solid)
I 1 { Hydrophilic head
‘e N _ e (polar) 6666 ordered phase
; ic tai Q Liquid crystal
}H} drophobic tail disordered phase
(apolar)

Figure 3-1  The schematic diagram of the (a) the structure of a normal lipid molecules

(b) the structure of lipid phases.

Two saturated fatty acid phospholipid lipids with a similar structure were chosen to
prepare the biological structure used in this thesis. 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC) and 1,2-dioctadecanoyl-sn-glycero-3-phosphocholine (DSPC)
were purchased as powder from Avanti Polar Lipids (Alabaster Inc. AL, USA) without
further purification. The chemical structure and properties of the two lipids and cholesterol

are shown in Figure 3-2 and Table 3-1.

Two phospholipids are zwitterionic lipids, with exactly the same hydrophilic head and
glycerol linker. The only difference is the length of the hydrophobic alkyl tails. As
mentioned before, at room temperature (25 °C), DSPC will exhibit a gel phase and DLPC
will exhibit a relatively higher mobility fluid phase.
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Figure 3-2 Chemical and 3-Dimensional structures of (a) DLPC, (b) DSPC and (c)
chemical structure of cholesterol (reproduced from [204]).

Table 3-1 Properties of DLPC and DSPC

Storage Transition

Molecular Molecular Exact

Name Synonyms . Temperature Temperature
Formula Weight mass °C) C)

1, 2-dilauroyl-sn-
DLPC glycero-3- Cs2HegNOgP 621.826 621.437 -20 -1
phosphocholine

1, 2-distearoyl-sn-
DSPC glycero-3- C4HggNOgP 790.145 789.625 -20 55
phosphocholine

3B-hydroxy-5-
Cholesterol cholestene 5- Co7H40 386.65 n/a -20 147-149
cholesten-38-ol

The percentage composition of DLPC is C 61.81% H 10.37% N 2.25% O 20.58% P 4.98%

The percentage composition of DSPC is C 66.88% H 11.23% N 1.77% O 16.20% P 3.92%
3.1.2 Vesicles and vesicle fusion

Vesicles, also known as liposomes, are formed from thin liquid crystalline bilayers when
they are hydrated, become fluid and swell. More technically, a vesicle (liposome) is a
small membrane enclosing aqueous core. A typical structure of vesicle is shown in Figure

3-3. The method to prepare vesicles in the lab will be described in section 4.3.
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Aqueous

. Hydrophilic
solution head
: Hydrophobic
tail

Figure 3-3  Cross-sectional scheme of how a simple vesicle exists in a hydrophilic
solution (part reproduced from [87]).

Vesicles are spherical membranes, which can be also visualised as a bubble of liquid
within another liquid. They often remain isolated in the cytoplasm and occur in most cells
but are especially abundant in smooth endoplasmic reticulum [84]. Vesicles can form
naturally because of the properties of lipid and lipid membranes [85-86]. Most vesicles

have specialised functions depending on what materials they contain.

Inverted
micelle
(@) () ©
Vesicle with multiple bilayers Vesicle with single bilayer Spherical Micelle in a
also called “multilamellar” or also called “unilamellar” or hydrophilic (top) and a
“onion” in a hydrophilic liposome in a hydrophilic hydrophobic (bottom) solution
solution solution
Figure 3-4  Three different cross-sectional structures of phospholipids.
Table 3-2 Types of vesicles
Classification Number of Layers Label Size
Small Unilamellar SUvV 30-100 nm
Large Unilamellar LUV 100-5000 nm
Giant Unilamellar GUVv 5-100 microns
Small Multilamellar SMV 30-100 nm

Large Multilamellar LMV n/a
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There are different types of vesicles as shown in Table 3-1 and Figure 3-4.Vesicles can
be classified by the number of layers and the size of the liposome. Normal vesicles consist
of a single bilayer, also called unilamellar vesicles. Vesicles with a multi-bilayer are called
multilamellar vesicles or an “onion”. Lipids will form single layers (also called micelles)
spontaneously during hydration. Small vesicles are defined as mean vesicles with
diameters of less than 100 nm. Large vesicles have diameters in the 100-5000 nm range.
Giant vesicles usually mean those with a diameter from 5 microns up to 100 microns.

The thermal fusion of lipid vesicles on a solid substrate is the most simple and widely
used method for preparing supported lipid bilayers (SLBs). This method has been used in
this research and will be described further below and in section 4.3. A schematic showing

the mechanism of vesicle fusion is in Figure 3-5.

Hemifused Fully fused

Figure 3-5 Ilustration of lipid vesicles fusion showing two possible outcomes:

hemi-fusion and full fusion.

After vesicles are formed (preparation procedures will be described in section 4.3), the
fusion step is achieved by three main steps. Firstly, after the vesicle suspension is
deposited on a solid substrate, isolated adsorbed vesicles rupture spontaneously. Secondly,
adjacent adsorbed vesicles fuse and rupture to form a bilayer. Thirdly, the edge of a bilayer
patch induces the rupture of neighbouring vesicles to produce planar membranes. There are
several parameters that govern SLB formation including vesicles curvature energy, lipid
suspension composition, temperature, critical vesicular coverage, electrostatic interactions,

presence of calcium ions, pH of the solvent and the roughness of solid support [87-89].
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3.1.3 Monolayer, bilayer and cell membrane

A monolayer is a single closely packed layer of lipids. A bilayer is a double layer of
closely packed lipids. SLBs are always a single unilamellar bilayer on a hydrophilic solid
substrate with a thin layer of water between. The schematic diagram of a monolayer,
bilayer and the supported lipid bilayer sheet, formed on a glass substrate, is shown in
Figure 3-6.

(a)

RRRRRRRR b

Hydrophobic Substrate Hydrophilic Substrate
(b)

sossss S

Hydrophobic Substrate Hydrophilic Substrate

< Water

Glass

Figure 3-6  Schematic diagram of (a) monolayer on a hydrophobic and hydrophilic
subphase (b) inverted bilayer on a hydrophobic substrate and bilayer on a hydrophilic
substrate (c) the SLB on glass.

The hydrophilic support could be, for example thiolated gold [90-94], silicon,
dimethyldichlorosilane modified quartz [74] [95], LD2K-PDP lipopolymer modified gold
[28]. The hydrophilic support is usually quartz, glass, mica, oxidised silicon, or silicon. For

SLBs, between the two layers, with aqueous solution above, and ultra-thin aqueous layer
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below, there will be around 1 nm space full with liquid. These are useful structures for
modelling membrane properties as they have a defined geometry. However, the dynamics
are restricted. Methods of preparing the structures used in this study include spin coating
and drop coating via vesicle fusion, which will be further disused in chapter 4.

As mentioned in section 3.1.1, at a given temperature, a majority of phospholipid
formed lipid bilayers can exist in two distinct phases, gel and fluid, according to their
phase transition temperature. The acyl chains are extended and parallel to each other. Intra
and intermolecular motions are slow as compared to the fluid, liquid disordered phase
where the acyl chains are highly mobile and the molecules undergo fast rotational and
lateral diffusion. In a real cell membrane and also our lab mimic SLBs both lipid phases
will exist. Lipid bilayer phases then have several important phase behaviours: in both
phases, the lipids molecules are prevented from flip-flopping across the bilayer; liquid
phase lipid formed bilayers will exchange their locations (random walk) with a neighbour
millions of times a second, which allows the lipid to diffuse and thus wander across the

surface membrane; gel (solid) phase lipid formed bilayers are locked in place [96].

Enzymes Proteins
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Figure 3-7  Structure of a cell membrane.

The cell membrane is a biological membrane that separates the interior of all cells from
the outside environment. It is one of the most important constituents in living organisms,
acting as a selective barrier enclosing or separating contents between two phases within or
around a cell. The cell membrane consists of the phospholipid bilayer with embedded
proteins [97]. As previously reported, a cell membrane does not exist as homogeneous

lipid matrix [98], but certain lipids may phase separate into micro-domains or rafts [85]
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[99-101]. Two dimensional domain growths may be involved in many phenomena
observed in cell membranes [86]. As a result, cell membranes consisting of phospholipid
bilayers exhibit complex properties because of their structural diversity [83] (see Figure 3-
7).

3.1.4 Multilamellar films

As a potentially useful structure for vapour sensing, multilamellar films can be
fabricated by certain techniques (details will be described in section 4.2). Just as its name
implies, multilamellar films are stacks of unilamellar bilayers. A schematic illustration of
the lipid structure of dry (a) and hydrated (b) lipid films and the slab models (c) used for

modelling and the construction of multilamellar films is shown in Figure 3-8.

g oot K
,  gEBesteo 5 A0
PP SALL .
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QOPVIPORO E Lipid
Sbb50bbb0b0bb85886  SAAEALEEAEESS o
I I I
Hydrophilic Substrate Hydrophilic Substrate Hydrophilic Substrate
Figure 3-8 A schematic illustration of the lipid structure of dry (a) and hydrated (b)
lipid films and the slab models (c) used for modelling and construction of mutilamellar

films.

Generally, it is assumed that the hydrophobic alkyl chains of lipids would be in contact
with a hydrophobic solid surface with hydrophilic heads residing on top, whereas
hydrophilic heads will be in contact with a hydrophilic solid substrate with hydrophobic
alkyl chains residing on top. When the coated films are stored in air, the surface of the
membranes will end with a final monolayer with its hydrophobic alkyl chains on top of the

remaining layers [102].

In this section, the structures of lipids which may be formed have been reviewed. Based
on the reaction mechanism of vapours and lipids, the better the quality of the deposited

film, the better the sensitivity of the sensor will be. Multilamellar films may be the best
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forming structure for the vapour sensor because more materials will be involved in the
sensing interaction. It would be very interesting to mix the two lipids with a different molar
ratio to use as the vapour sensing film. Results for three types of lipids based sensors with
DLPC, DSPC, and their mixture are discussed later in chapter 4. Cholesterol will be used
to change the phase of the two phospholipid formed layers and improve the sensing
behaviour (refer to chapter 8).

The film characterisation equipment and sensing transducer, QCM will be introduced in
the following section, including operational theory, quartz crystal information and
calculation theory.

3.2 Quartz crystal microbalance

All the information which is relevant to the microbalance work can be found in this
section. This information such as working theory, calculation theory and establishment of a
stable baseline will be useful for sensing system setup as well as for understanding the

sensing mechanism.

3.2.1 Background

As a well-established ultrasensitive weighing device, the piezoelectric quartz crystal
microbalance (QCM) has been applied at a solid-air interface in vapour sensing for several

decades. QCM normally consists of the quartz resonator and a flow system.

The Research Quartz Crystal Microbalance (RQCM, Maxtek® Inc.) is designed for
many types of research applications where QCM measurement is desired. It consists of a
quartz resonator, a flow system, a high performance phase locked oscillator (PLO) circuit
which provides measurement stability over a wide frequency range (3.9 to 6.06 MHz, or
5.1 to 10 MHz), software, and the oscillator circuit (see Figure 3-9). The frequency range
used in this work is within 3.9 to 6.06 MHz and usually much less than this range. The
software uses the crystal frequency, accurately measured by the system to derive various
physical parameters of the deposited film in a liquid or a gaseous environment at the
surface of the crystal. The whole flow system, shown schematically in Figure 3-10,
includes a CHK-100 Kynar® crystal holder and FC-500 Kynar® flow cell, creates a flow

chamber of approximately 0.1 ml. The cell has two stainless steel inlet and outlet tubes
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compatible with inlet and outlet tubing. A Viton® O-ring provides sealing between the cell
and the front face of the sensor crystal in such a way that an electrode on the rear side of
the sensor is connected to the electronic unit of the instrument while only the front side of
the sensor is exposed to the vapours or fluids. Plastic tweezers were used to insert the
crystal with the front side exposed into the crystal holder cavity. The flow cell and holder
need to be rinsed with deionised water and thoroughly blow dried using filtered air after

each experiment.
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Figure 3-9 Experimental set up of QCM based on the flow system.
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Figure 3-10  Schematic representation of the QCM flow cell.

3.2.2 The piezoelectric effect

The direct piezoelectric effect was first demonstrated by the brothers Pierre and Jacques
Curie in 1880 [103]. As a unique property of certain substances, the direct piezoelectric

effect is where an electric field will be generated if subjected to physical stress.
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Conversely, a mechanical deformation (i.e. the substances shrink or expand) is also
produced when an electric field is applied. The reversible effect was mathematically
deduced from fundamental thermodynamic principles by Gabriel Lippmann [104] and
confirmed experimentally by the Curies shortly after a demonstration of the direct
piezoelectric effect [105]. The piezoelectric effect was found in some solid material such
as crystals, certain ceramics, bone, DNA and various proteins [106]. Piezoelectricity is not
only employed in applications such as the detection of sound, generation of high voltages,
or microbalances, but also used in scientific instrumental techniques with atomic resolution

such as scanning tunnelling microscope STM and atomic force microscopy (AFM).

Normally, only crystals (both natural and synthetic) with no centre of symmetric
structures will exhibit piezoelectric effects, such as quartz, zinc oxide and sodium niobate.
To explain the formation of piezoelectricity, we need to take look at each molecule of the
crystal. Although a solid may be electrically neutral because of the cancellation of
individual polarisation, each molecule has a polarisation also known as a dipole. This is a
result of the atoms that make up the molecule and the way the molecules are shaped, where
one end of each molecule is more negatively charged and the other end is positively
charged. By applying a force or electric field, the charged atoms are displaced and will
develop a net dipole. Figure 3-11 represents the direct piezoelectric effect, the converse

piezoelectric effect and polarisation of a crystal to generate the piezoelectric effect.

Polarisation via applying electric field Polarisation via applying stress to

Random dipole . . . .
to generate piezoelectric effect generate piezoelectric effect
H = I |
I~ W\ — N—
<+ <+
—v H " - L w <
\' p ——) o | | C—
T <+ HH / <+ |_ n / <+« |

Figure 3-11  Representing the direct piezoelectric effect, the converse piezoelectric effect

and polarisation of crystal to generate piezoelectric effect.
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The quartz crystal resonator in the QCM utilises the converse piezoelectric effect of a
quartz crystal. By applying an electric field, shear motions will occur in one direction. The
sensitivity of the quartz crystal resonators is determined by the oscillating frequency. The
thickness of the crystal will directly influence the frequency oscillation of the quartz
crystal. The relationship of the thickness and frequency is shown in equation 3-1, 3-2 and

3-3. The resonant frequencies are integer multiples of the first or fundamental, resonant

frequency.
2d = NA (3-1)
f=v/2 (3-2)
f=i (3-3)

2d = length of a round trip [m]
N = an integer

A = wavelength [m]

y = velocity of a wave [m/s]

f = resonant frequency [Hz]

3.2.3 Quartz crystal

(@) Crystal Orientation

Synthetic quartz is grown hydrothermally using an autoclave [107]. However
piezoelectric quartz in its natural form has many different modes of vibration [108].
Accurate substrate orientations allow exploitation of different piezoelectric properties, such
as the temperature dependence of the quartz in certain directions. Its frequency stability
characteristics are a result of how the quartz bars are cut in a certain pre-oriented angle into
crystal wafers. Quartz crystal orientation is specified by the initial surface normal
orientation in terms of x, y, or z axis followed by a rotation around another axis as

illustrated in Figure 3-12.
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AT cut 35° % 15° to the z axis
in the negative y axis direction
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Figure 3-12  Quartz bars orientation is specified by the initial surface normal orientation
in terms of x, y, or z axis (AT cut and BT cut angles).

(b) Crystal Manufacture

To make use of a quartz crystal as the basic resonator device of QCM, it should be
properly cut. The X-cut quartz crystal microbalance was first described in 1921. AT cut
quartz crystal with a near zero temperature dependence at room temperature was
introduced in 1934. Two of the most common orientations for quartz have a cutting angle
varying between 30° and 45° to the z-axis in the negative y-axis direction: the AT cut (35°
negative from z bar), SC cut (42.75° negative from z axis). As a comparison, BT cut is also
given here which has a cutting angle of 45° to the z-axis and positive to the y-axis. The AT
cut quartz is a temperature-compensated cut crystal; careful control of temperature and
stress has been carried out in the operation. SC cut quartz is stress-compensated crystal
[109]. Compare to AT cut quartz, higher frequencies can be achieved using BT cut. AT cut
quartz has been widely used because of the straightforward manufacturing process and

lower cost.

The well developed AT cut quartz crystal resonators, as used for QCM, normally consist
of a thin piezoelectric quartz piece with electrodes deposited on both sides. The electrode
is connected to the oscillator circuit via silver wires which were fixed on the electrodes by
a conductive adhesive. A photograph of AT cut quartz crystal metallised with gold is
shown in Figure 3-13. Grown crystals are cut and polished into hair-thin discs which

support a thickness shear resonance in the 1-30 MHz range.
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Grey=quartz, yellow=metallic gold electrodes. Front side (left), Back side (right)
Figure 3-13  Front side (left) and back side (right) of Quartz Crystal.
(c) Crystals choice

Normally, to choose a suitable quartz crystal for target work, two parameters need to be
considered. One is the working temperature, and the other one is the required sensitivity.
Based on the system at Durham, crystals (INFICON® 1 inch) are optimised for two

operating temperatures, namely 90 °C and 25 °C, with 5 MHz fundamental frequencies.

Firstly, comparing 90 °C and 25 °C AT cut crystal (see Figure 3-14), the two crystals
have very good temperature stability when operating close to their specified temperature.
The 25 °C crystal is then better suited for this work because of the more stable frequency
between 20-50 °C which was the working temperature of vapour sensing. Whereas there
will be a large frequency shifting on the 90 °C AT cut crystal itself which will result in a

thermal interference in the results.

Secondly, we compare the two different fundamental frequency crystals. It can be seen
from the Sauerbrey Equation (refer to equation 3-4 in section 3.2.5 a) that the sensitivity
(indicates how much the sensor's output changes when the measured quantity changes)
increases linearly with the square of the fundamental frequency. The higher the
fundamental frequency of the quartz crystal, the higher the sensitivity of the sensors will be.
On the other hand, crystals with high resonant frequencies are usually thin, more fragile

and more expensive.

In this work, AT cut 25 °C 5 MHz crystals (INFICON® 1 inch diameter) were used.
Polished 1 inch (25.4 mm) diameter AT cut quartz crystals with a fundamental frequency
of 5 MHz were purchased from INFICON (made by MAXTEK, USA). A gold sensing
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electrode (front electrode with 0.5 inch diameter on adhesion layer of chromium) was

deposited on both sides of the crystal.

INFICON AT-Cut Research Crystals
Frequency Change vs. Temp.
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Figure 3-14  Comparison of frequency vs. temperature of INFICON 1” AT cut crystal for
25 °C and 90 °C (reproduced from RQCM operation and service manual).

3.2.4 Stable baseline

For an accurate real-time QCM frequency shift response due to adsorption, a stable
baseline needs to be set up before doing any measurements. There are several reasons that
may cause the frequency shift without any loading, including leaks of tubes, gas bubbles in
buffer, temperature changes, and surface reactions, pressure changes, mounting stresses
change, backside reactions, poor electrical contact and O-ring swelling. Guidelines for
temperature and flow rate control are now discussed to minimise errors in the

measurements due to the environment of the sensor crystal.
(@) Temperature equilibrium

For a crystal operating in air, the intrinsic dependence of resonance frequency on
temperature is generally small when operating at or near the crystal’s turn around point
(the temperature at which the crystal frequency is most stable). For crystal operating in

liquid, due to the coupling of the shear mode oscillation with a temperature dependent
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viscosity and density of the fluid, the frequency change due to temperature is magnified.
For our experiments, sensor crystals were mostly operated in gas phase conditions in which
frequency was to be monitored over a long period of time; hence, strict temperature control
is then especially important. Although AT cut crystals used in this work are designed to
minimise the change in frequency due to temperature, the effect of temperature may be
significant when attempting to resolve small frequency changes over long periods of time.
Thus, the resonance frequency stability was checked in a certain temperature range over a
long period of time. As a result, the experiments in this work were often carried out with
temperature controlled baths and jacketed cells. During all the measurements, the flow cell
with crystal inside was always left in the water tank for about 30 minutes for temperature
equilibrium to be achieved to obtain a stable baseline before any accurate measurement.
The measurement of crystal frequency change versus temperature was carried out
(illustrated in Figure 3-15).
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Figure 3-15  Experimental result of Maxtek® 1 inch 25°C AT cut polished crystal
oscillation frequency change vs. temperature change.

After the crystal was mounted in the flow cell, the chamber was placed in a water tank.
When the measurement started with a starting temperature of 24 °C, the water tank heating
system temperature was set to 33 °C. The starting frequency was reset to zero. During this

period, the crystal oscillation frequency shifted within £1.5 Hz but was stable at around the
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mean frequency, and a standard deviation of +0.9 Hz could be measured. These values
could be used to check and calibrate the crystal oscillation sensor system, by comparing
the experimental figures to those obtained from RQCM manual, the frequency shift due to
adsorption of mixed lipids and vapour sensing. The data derived from the 25 °C AT cut
polished crystal indicated that the experimental system of the QCM works and was stable

at temperatures between 24 °C and 31 °C.
(b) Line pressure equilibrium

The line pressure may change when the fluid volume reduces in the reservoir. There are
normally two ways to carry out QCM measurements with constant pressure. One is to
pump liquid or gas with a continuous constant flow rate, known as flow mode (kinetic
mode). Another one is to fully exchange the inner volume of content within a short time
(usually 1 or 2 seconds), known as exchange mode (static mode).

In the liquid flow mode experiments, the whole liquid flow system includes a volume of
2.5 ml glass gastight syringe, and a syringe pump (Cole-Parmer®) used to pump liquid
through the quartz chamber. A FC-550 flow cell (Kynar®) was installed in the crystal
holder which creates a flow chamber of approximately 0.1 ml inner volume. Two stainless
steel inlet and outlet pipes on the flow cell allowed for a continuous flow syringe pump
which was connected by Teflon tubing. A three way stopcock was also employed in the
inlet route. The valve could be used to stop the flow when making any exchanges, and also

to avoid any dead volume flow into the flow cell (refers to Figure 3-16).

Inlet Outlet

‘—| I_. Dead volume out way
‘—
L L

Three way stopcock

Syringe pump

Figure 3-16  Design of flow injection system for flow mode.

Using a pumping system will minimise pulsation and maintain a constant line pressure

throughout the experiment. Syringe pumps which provide pulse-less flow, or a peristaltic
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pump which pulls the liquid through the flow cell and gravity flow are all good methods
for flowing fluid through the flow cell, chamber without pulsation effects. When the
system enters equilibrium, i.e. when a stable baseline has been achieved, further actions
can be carried out. Similar designs have been developed for vapour sensing, which will be
further discussed in chapter 5.

Exchange mode is normally used as the second way to introduce a sample for
measurement in hydrated condition. A simple system setup for exchange mode with an
axial flow cell, sample reservoir and single valve is illustrated in Figure 3-17.

—_—
Outlet

Figure 3-17  Design of flow injection system for exchange mode.

In this case, the sample reservoir, loaded with more than 2 ml of the sample, was
connected to the inlet port. The outlet port tube was immersed in a beaker of the same
solution. Exchange of the fluid in the cell was accomplished by gravity feed from the
reservoir directly above the cell. The exchange was controlled by a single valve. After the
measurement system was tuned to the resonant frequency of the crystal, the buffer was
exchanged at least twice to check for contamination and to ensure that the measurements
began from the same stable baseline. Exchange mode is exchanging the inner solution
(buffer for buffer, or buffer for sample) by pumping in enough exchange liquid within 1-2
seconds. Figure 3-18 shows a stable baseline of the bare crystal achieved after three

exchanges with 1 ml deionised water.

Usually signal distortion (a frequency spike) will be found upon flushing and will be
recovered within a few seconds. The stable baseline was achieved by exchanging at least

twice, each time by allowing a certain amount (10 times the inner chamber volume) of
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buffer to flow through the chamber [88]. After checking for contamination and ensuring
that the measurements were started from a stable baseline, further actions could be carried
out. In this mode, the content in the measurement chamber is generally still. “Stand by”
condition will be in most of the experiment time. The measurement started at Point A with
the bare crystal mounted in a chamber immersed in a water tank without buffer inside
(Figure 3-18). From points B to C, the first baseline is achieved after the equilibrium of the
system temperature. 1 ml deionised water for the first exchange has been carried out at
point C which resulted in a rapid decrease of frequency. A stable baseline 2 has been
achieved from D to E. Second and third exchanges were carried out at point E and G
separately. A recovery curve within several seconds can be seen followed by a stable
baseline after each exchange. At least two buffer for buffer exchanges to get the similar
frequency was essential to ensure that the inner buffer was full exchanged and perfectly
degassed.
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Figure 3-18  Stable baseline achieved after three times exchange with 1 ml

deionised water.

Comparing the two modes, exchange mode is quick, convenient and easy to start with.
Whereas flow mode requires a more complex experimental set up. But for vapour sensing,
flow mode is more suitable which will offer a constant flow rate and provide a constant
pressure which can reduce the hidden chance of frequency shifts and the possibility of

crystal failure.
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During all the measurements in this work, the crystal and the oscillator circuit were
placed in a temperature controlled water tank set to the turn-around-point of AT cut crystal
we used (i.e. 25 °C). A combination of flow mode and exchange mode was considered for
the lipid bilayer flow injection coating (see section 4.3.3 and 5.3.1). A flow mode with
constant flow rate was always used for vapour sensing (see chapter 6).

3.2.5 Calculation theory

Normally the change of frequency in QCM is likely to be due to two opposing effects,
namely, the mass-increase in the sensing film resulting in a decrease in the frequency and
the viscosity decrease resulting in an increase in QCM frequency [71] [110]. The mass
increase causing a frequency decrease can be calculated via the Sauerbrey Equation and
will be discussed here. The viscosity causing a frequency increase will be further discussed

in chapter 7 and 8.
() Sauerbrey Equation and thickness calculation

Sauerbrey was the first to recognise the ability of the QCM to measure very small mass
changes on the crystal surface. The linear relationship between the mass adsorbed to a
QCM device and the resonance frequency can be described by equation 3-4 which will be
discussed further in chapter 6 [70].

2nf? AM
UgXpgq A

Af = —

f = resonance frequency of crystal [Hz]

(3-4)

pq = density of quartz = 2.648 [g/cm’]

g = effective piezoelectrically stiffened shear modulus of quartz
= 2.947x10" [g/cm/sec?]

A = total the electrode area [cm’]

AM = change in mass of the sensing film [g]

The equation has been demonstrated to be valid within 5% error for lipid bilayers or
adsorbed non-ruptured small unilamellar vesicles on rigid sensor coatings with a thickness
ranging from several nanometres [111-112] to several micrometres such as glued mica
sheets [113]. We can also see from this equation, in a QCM system there will be several

different modes of vibration corresponding to the sensitivity needs of different
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experiments. Sensitivity increases linearly with harmonics and the square of the

fundamental frequency.

Lu and Lewis also introduced another term, the ratio of the acoustic impedance of quartz
to the acoustic impedance of the deposited film, to analyse the loaded crystal as a one-
dimensional composite resonator of the quartz and the deposited film [114]. The acoustic
impedance is associated with the transmission of a shear wave in the deposited mass. The

Lu and Lewis equation, also called Z-Match equation is shown below.

Am = (%) -tan?! [RZ - tan [n . (g)]l (3-5)
N, = JQ’T (3-6)
2= o (3-7)

Am = change in mass per unit area [g/cm®]

N, = frequency constant for AT cut quartz crystal = 1.668 x 10° [Hz - cm]
pq = density of quartz = 2.648 [g/cm’]

fq = resonant frequency of an unloaded crystal [Hz]

f = resonant frequency of loaded crystal [Hz]

R, = Z-factor of the film material, i.e. acoustic impedance ratio

pr = density of material [g/cm®]

Uq = shear modulus of the quartz = 2.947 x 10™ [g/cm/s’]

W = shear modulus of film material in [g/cm /s°]

We can notice that if the acoustic impedance ratio is equal to one (i.e. quartz on quartz),
then the Z-match equation reduces to Sauerbrey’s equation. The Lu and Lewis equation is
generally considered to be a good match for the experimental results for a frequency
change up to 40% compared to the unloaded crystal [115-116]. The thickness of the film is

also an interesting parameter which can be calculated from the equation 3-8 shown below.

TKy = AP—T = (Z—j) “Ng - (1;2) -tan! [RZ - tanm - (%)] (3-8)

TK; = thickness of the film [cm]
74 = period of the unloaded crystal [sec]

T = period of the loaded crystal [sec]
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The thickness adsorbed on quartz is calculated by dividing by the film mass by the
material density. The QCM measured the period of oscillation rather than the frequency to
calculate the thickness of the film.

(b) Capacitance cancellation and dissipation method

QCM not only allows an observation of the change in resonance frequency due to
adsorption but also the change in the dynamic resistance AR as a result of changes of
viscoelastic properties. Figure 3-19 shows the equivalent circuit of the QCM quartz crystal.

O—e —O

Figure 3-19  The electrical equivalent circuit of the QCM quartz crystal.

The circuit has two branches: the motional branch and the shunt branch. The motional
branch contains the L, R and C which is modified by mass and viscous loading of crystal.
The shunt branch contains the lone Cs element which represents the shunt sum capacitance
of the crystal electrodes, any cable and fixture R (resistor) corresponds to the dissipation of
the oscillation energy from mounting structures and from the medium in contact with the
crystal (i.e. losses induced by a viscous solution). C (capacitor) corresponds to the stored
energy in the oscillation and is related to the elasticity of the quartz and the surrounding
medium. L (inductor) corresponds to the inertial component of the oscillation, which is
related to the mass displaced during the vibration. Typical values for a 1 inch diameter, 5
MHz crystal used in the QCM system with good fine adjustment (discussed in section
3.5.6), and the resistance should be between 5-15 Q (for a dry crystal). Resistance should
increase to 364 Q for a crystal with one face in water. In a QCM application the motional
inductance, L, is increased when mass is added to the crystal electrode. The frequency shift
of the series resonance is a sensitive indicator of the added mass. Films of less than 1

ng/cm? can easily be resolved by the QCM. The motional resistance, R, can also provide
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important information about a process since soft films and viscous liquids will increase

motional losses and increase the value of R.

An alternative method for studying the properties of the loaded QCM sensor, called the
dissipation method has been used in gaseous as well as in liquid environments. In this case,
the crystal is driven at its resonant frequency by an oscillator that can be intermittently
disconnected causing the crystal oscillation amplitude to decay exponentially. From the
recorded decay curve, the absolute Q-factor (inversely proportional to R) and the frequency
of the oscillator are simultaneously obtained. The dissipation (damping) is the sum of all
energy losses in the system per oscillation cycle. It is defined as 1/Q, i.e. the energy
dissipated per oscillation divided by the total energy stored in the system.

D=1= (3-9)

1
Q ws'L

Q = the quality factor

as = the angular frequency at series resonance [rad)
L = inductance [H]

R = resistance [Q2]

The frequency response of a quartz crystal represents the change of total mass. This
mass always includes a certain amount of water. However, the amount of water may vary
between 10% and 90% depending on the type of molecule and the way it adsorbs to the
surface (an elongated protein that adsorbs flat to the surface gives low dissipation while the
very same molecule standing up on the surface gives high dissipation). By measuring the
dissipation, it is possible to determine if a soft film (water rich) or a rigid film (less water)
has formed on the surface. Only when the film is fairly rigid does the Sauerbrey relation
give a good estimation of adsorbed mass. Measuring the dissipation means that it is
possible to determine whether the Sauerbrey relation is valid. The dissipation factor gives
additional ”’structural” information, compared to an ordinary QCM measurement, in that
one can measure the conformational change of the film, e.g., crosslinking (collapse) and
swelling [117].

Independent studies have shown that as long as the effect of the parasitic capacitance
(Co) is properly cancelled, the results provided by the QCM system should be in good
agreement with those obtained by dissipation method. Thus, adjustment of the capacitance

cancellation was essential for accurate measurements of liquids and soft films before
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further action carried out. The cancellation adjustment was performed with the crystal
holder and crystal in the water tank which was our measurement environment. After
cancellation had been properly carried out, the QCM provided a mechanism for cancelling
out the imaginary current. The frequency measured is the frequency at which the inductive
and capacitive impedances in the motional branch cancel out and the crystal looks like a
pure resistance of value R. The resistance change was used for some of the measurements

and will be discussed in chapter 5.
(c) Activation area

The sensitivity of the quartz crystal sensor is highest in its centre, and decreases towards
the sensor edge. When calculating mass and viscoelastic properties of an adsorbed layer,
the QCM measurement system assumes that the surface has been homogeneously coated,
and so the result is always an average of, for instance, mass per unit area. In other words, it
is not applicable to talk about sensitivity or results of specific regions of the sensor surface,
and any approach to partially cover the sensor is thus not recommended. The activation
area will be mentioned again later when different substrates were considered for sensor

fabrication.

3.3 Summary

Lipids (sensing material) and QCM (the transducer and film weighing equipment) were
introduced in this chapter. As mentioned earlier in chapter 1, the idea of this work is to
fabricate multilayer lipids onto a gold electrode surface which can be used for vapour
sensing. The potential structures of lipids and relevant information have been detailed in
this chapter. The working principle and relevant information of QCM that will be used in
this work have also been detailed in this chapter. These will lead to a better understanding

of both the film property and the sensing mechanism.

The forthcoming chapter will talk about all the film fabrication procedures based on the

theory mentioned in this chapter.

48



Chapter 4

Chapter 4 Lipid film fabrication

The sensitivity of a lipid-based vapour sensor is highly dependent on the affinity of the
lipids to vapour as well as on the successful production of the lipid films. To compare the
response between different sensors to the same vapour, a controllable process for the lipid
fabrication should be developed. To achieve this, the lipid film deposition and

characterisation are detailed here and in chapter 4.

This chapter introduces the experimental procedures involved with lipid inverted bilayer
deposition and lipid sensing film deposition. In the first part, substrates prepared for film
deposition are described. This is followed by a review of methods available for film
deposition. The summary and comparison of these methods leads to the choice of suitable

fabrication methods for both the study of bilayers and multilayer films for vapour sensing.

4.1 Substrate preparation and cleaning

A QCM will respond to anything that has mass. Thus, it is imperative to develop a
substrate surface where lipids can form specific structures of interest. In this work, surface
modification was used for the preparation of surfaces with either hydrophilic or
hydrophobic properties. The relevant structures of lipids formed on various substrate types
have already been explained in section 3.1. Preparation and cleaning procedures for
hydrophilic mica, silicon dioxide sputtered crystals (for bilayer study), hydrophilic gold
electrodes and hydrophobic thiolated gold substrates (for multilayer sensor fabrication),

template stripped gold substrates (for multilayer film study) are detailed in this section.

4.1.1 Substrate properties and contact angle measurement

Wetting is an important phenomenon for lipid based sensors, since the wettability of the

substrate by the solution will significantly influence the film structure and uniformity. The
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definition of wetting is described as the ability of a liquid to maintain contact with a solid
surface, resulting from intermolecular interactions when the two are brought together. The
wettability (degree of wetting) of a solid interface is an important property determined by
the properties of the fluid (surface energy) and the solid surface (geometric microstructure)
[118-121]. If a liquid has a high surface tension, the cohesive forces are stronger than the
adhesive forces, and the wetting will not occur. Instead, the liquid will form beads on the
surface. Whereas, if the liquid has stronger adhesive forces but lower surface tension, then
the solution will spread out and wet the surface.

As important solid surface wettability quantification, the contact angle &, is given by the
angle between the interfaces of the droplet and the surface (see Figure 4-1). The
relationship between contact angle, the surface energy and the wettability properties of the
substrate is given in Table 4-1.
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Figure 4-1 Dewetting of a hydrophobic surface with 8 > #z/2 (a); and wetting of

hydrophilic substrate surface with contact angle 6 < z/2 (b).

Table 4-1 The relationship between contact angle, surface energy and wettability

property of the substrates

Contact angle . Strength
(9) Degree of wetting Solid/liquid interactions Liquid/liquid interactions
0° Completely wetted (CW) Strong Weak
o oo Hydrophilic . Strong Strong
0°-90 Highly wetted (HW) Weak Weak
90°-180° . Partially wetted (PW) Weak Strong
180° Hydrophobic Non wetted (NW) Weak Strong

The shape of a droplet is determined by the Young-Laplace equation (equation 4-1),
with the contact angle playing the role of a boundary [122]. The theoretical description of
contact arises from the consideration of a thermodynamic equilibrium between the three

phases: the liquid phase (L), the solid phase (S), and the gas/vapour phase (G).
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Ys¢ = ¥s1 + Yig cos O (4-1)
Ys¢ = solid—vapor interfacial energy [J]
Y51 = solid—liquid interfacial energy [J]
Y1c = liquid—vapor interfacial energy, i.e. surface tension [J]
6 = equilibrium contact angle [°]

As mentioned previously in chapter 3, the wettability property of the substrate will
influence the lipid structure formed. Thus, the contact angle of the substrate was always
checked after the substrate was prepared. All the substrates prepared and used in this study
will be described in the next section including substrate preparation, contact angle

measuring and substrate cleaning.

4.1.2 Hydrophilic surface preparation

As mentioned previously in section 3.2.3, polished 1 inch AT cut quartz crystals with a
fundamental frequency of 5 MHz were purchased from INFICON and used as vapour
sensing substrates. As the most sensitive region of the QCM crystals, the gold electrode
which is coated on the front side was evaluated as the main working substrate and used for
the vapour sensors in this study. Crystals were modified into four types used as a lipid film
deposition subphase including hydrophilic oxidised gold substrates, SiO, sputtered quartz,
platinum evaporated quartz (refer to section 4.1.2 a-c) and hydrophobic thiolated gold
substrates (refer to section 4.1.3). The preparation of hydrophilic mica and template

stripped gold are also detailed in this section (refer to section 4.1.2 d-e).

General cleaning for new crystals were always carried out by following steps before any
further treatments, if not otherwise stated. An ultrasonic cleaning method was used to clean
the crystals in a solution of non-basic detergent (Decon® 90, purchased from Decon
laboratories) in deionised water for 15 minutes. This was followed by a rinse with

deionised water and drying under a gentle flow of filtered nitrogen gas [123].
(@) Wettable gold electrode modification

The gold electrodes on the QCM crystals were prepared for oxidation by treating the
crystals with 75 °C NH4OH-H,0,-H,0 solution for 5-10 minutes [124-125] to remove
trace organics that are not covalently bonded to the surfaces, followed by rinsing with

water and drying under N,. Then the crystals were exposed to 100 W oxygen plasma
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(YES® Etcher) for 10 minutes, rinsing with water, and drying under filtered N gas. By this
treatment, the surface was cleaned from films of various organic contaminants and
rendered hydrophilic [111]. Cleaned, modified crystals were stored in air in a clean room
and dried in an air-filtered convection vacuum oven for a whole night to remove traces of
surface bound water. Immediately before coating, crystals were rinsed in at least two
cycles with acetone, isopropanol and trace chloroform in sequence until no change of
oscillation frequency was found by the QCM. After being absorbed with lipids, the crystals
were cleaned by immersing into a 1:1:5 solution of hydrogen peroxide (30%) ammonia
(25%) and deionised water bath, heated to a temperature of about 75 °C for 5 minutes.

The observation of the crystal cleaning procedure was carried out by using optical
microscopy imaging, contact angle measurement and AFM imaging. Pictures under an
optical microscope were taken after each cleaning step. The oscillation frequency of
crystals after each cleaning step was checked by QCM. Surface features and surface
roughness were acquired by AFM and optical microscope indicating the integrity of the
surface. The contact angle for a fresh unmodified gold electrode is about 85°, with a
modified gold electrode immediately after plasma treatment measuring about 30°. After
drying for the whole night it had a contact angle of about 45°, i.e. hydrophilic (see Figure

4-2). The surface roughness of the gold electrode is 4.8 nm (see Figure 4-4 a).

(@) (b) (©

Figure 4-2 Fresh gold electrode (a) 8 = 85°, plasma treated gold electrode (b) 8 = 30°,

gold electrode dried whole night (c) 8 = 45°. The red line indicates the contact angle.
(b) Silicon dioxide sputtering

Gold electrode QCM crystals with an additional SiO, sputter coated outer layer to create
a hydrophilic surface were considered as substrates for bilayer deposition. Quartz crystals

were cleaned by briefly etching in an oxygen plasma before sputter coating with 50 nm or
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100 nm SiO; onto the adhesion layer of titanium. The contact angle measurement gives a
SiO, sputtered crystal’s contact angle of about 10° (i.e. hydrophilic, image not shown
here). After use, SiO, sputtered quartz crystals were cleaned by etching in an oxygen
plasma for 10 minutes, and then immersing the crystals into 2% sodium dodecyl sulphate
(SDS, purchased as powder from Sigma Aldrich) solution at room temperature for 30
minutes, rinsing generously with deionised water and blowing dry with filtered nitrogen
gas (see Figure 4-3, optical microscopy image of crystals before and after cleaning). As
shown in Figure 4-3, lipids adsorbed on the crystals appear to be removed after being
treated. After using the cleaning procedure described above, nearly all the unwanted
substances have been removed from the sputter coated crystal surface. Immediately prior
to each measurement, the crystal was treated with at least 10 minutes in an oxygen plasma.

7 SN 1 mm 1 mm
e ! LS.
E '. ; k 1 !
Figure 4-3 Crystal surface appearance comparison of quartz coated with lipids before

(left) and after (right) cleaning. Image size: 2.5 mm x 2.5mm; magnitude: x 5.

The topography of a bare crystal sensor and sputter coated crystal surface is illustrated in
Figure 4-4. The root mean squared surface roughness (R) of each sample is indicated on
the corner of each image. The topography of the polished crystal (Figure 4-4 b) is smoother
than surface (a), (c) and (d) as indicated by the root mean square roughness which is
provided in the top right corner of each image. However, some characteristic polishing
tracks which are several nanometres deep and up to several microns in length can be found

in all of the scanning areas. The bare gold electrode surface appears to be homogeneous
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and looks similar to the topography of 100 nm SiO; sputter coated crystal. All images

exhibit globular features that are arranged unevenly.

(a) Cr/Au (b) Polished quartz

: » i&é!»O.SS'S nm - ¢

14 nm

(d) Quartz/sputtered 100 nm SiO,
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Figure 4-4  Tapping-mode AFM images (2.5 x 2.5 um?) with 1 Hz scan rate showing
the topography of the different surfaces. The height scales vary as shown on the right of
each image. The surface roughness is indicated on the top right corner of each image. (a)
bare gold electrode part with chromium as its seed layer on the crystal; (b) the bare quartz
part on the crystal; (c) the gold electrode part sputtered with 100 nm SiO;; (d) the quartz
part sputtered 100 nm SiO,. Scale bar: 1 pum; Z scale is indicated on the right of each

image.
(c) Platinum evaporated quartz

A platinum evaporated quartz substrate was prepared for a sensor coating repeatability
study. Chromium (5 nm) and platinum (100 nm) were evaporated on the crystal surfaces to
give a contact angle of about 60° (i.e. hydrophilic). Chromium was deposited to obtain
good adhesion between the gold and crystal surfaces. Before and after use, the crystals

were washed by sonification in chloroform and received an oxygen plasma treatment.
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(d) Mica

Mica, as a sheet silicate (phyllosilicate), is monoclinic with a tendency towards pseudo
hexagonal crystals that are similar in chemical composition. The manufactured muscovite
mica (potassium aluminosilicate) sheets were purchased from Goodfellow® directly. Prior
to deposition, freshly cleaved mica substrates were prepared by peeling away the external
layers of mica using scotch tape. During this procedure, care was taken not to contaminate
the freshly exposed mica surfaces. The freshly cleaved mica substrates had a contact angle
of about 45° (i.e. hydrophilic). Freshly cleaved mica was always used for film deposition
without further cleaning or reuse. Hydrophilic mica was considered for inverted lipid

bilayer preparation. However, it is designed for one use only.

The contact mode AFM mapping of freshly cleaved mica is shown in Figure 4-5. It is
quite clear that bare mica is extremely smooth with a root mean square roughness of
0.049 nm. It indicates that mica is an ideal substrate for thin lipid layer deposition and

AFM investigation.

Rq: 0.049 nm

2.0 nm

o

Height (nm)
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Figure 4-5 Contact mode AFM height image (1 x 1 um?) and cross-sectional analysis.

The dashed lines denote the location of the sections. Z scale: 2 nm.
(e) Template stripped gold

To produce a smooth surface for lipid film topography investigation, the template
stripped gold was prepared and used instead of a gold electrode for AFM study. The
template stripped gold was prepared by evaporating a layer of gold on the clean silicon
surface without a seed layer. A droplet of glue was deposited in the centre of the glass
substrate. The evaporated gold on silicon was placed concentrically on top of the droplet

with the gold facing the glue. Capillary forces ensured spreading of the glue along the
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interface without entrapment of bubbles. Before use, any excess of glue was scratched off
around the glass sheet. The tape was peeled off, uncovering a surface of freshly cleaved

gold.

The comparison tapping mode AFM image of gold electrode and smooth gold is shown
in Figure 4-6 with the roughness of each indicated on the right top corner of each image. It
is very clear that the template stripped gold surface is significantly smoother than the
normal gold electrode surface on the quartz crystal. The contact angle measurements give a
fresh smooth gold contact angle of about 45° (i.e. hydrophilic).

: 28 nm 10 nm

Figure 4-6 (@) A 5 x5 um? tapping mode AFM image of a gold electrode surface and
(b) a5 x 5 um? tapping mode AFM image of a smooth gold surface. The surface roughness
is indicated on the top right corner of each image. Scale bar: 2 um; z scale is indicated on

the right side of each image.

4.1.3 Hydrophobic surface preparation

Modification of the bare quartz crystal via chemical bonding was used to create
hydrophobic gold electrode surfaces. One of the relatively well known and simple
techniques for modifying the substrate to be hydrophobic via chemical bonding is

formation of self-assembled monolayers (SAM).

Several groups reported the formation of a SAM on gold surfaces using either thiol or
material terminated with thiol groups (see Figure 4-7 a) [90] [111] [126-127]. Since the
thiol termination was on the side of the chemical, the resulting monolayer was organised in
such a way that the hydrophobic chains were extending on top of the hydrophilic substrate

via the head-surface chemical bonding. An alternative way to form hydrophobic surfaces
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via chemical bonding is the formation of SAMs on the target surface (including SiOo,
quartz, glass, aluminium, etc.) using silane [74] [95] (see Figure 4-7 b). With a similar
working principle to the thiols, aliphatic hydrocarbon substituents or fluorinated
hydrocarbon substituents are the hydrophobic entities that enable silanes to induce surface

hydrophobicity.
R R
HO—Si—0—Si—OH
Gold Quartz 0 o)
% SH SH SH SH v w__ | \

(a) (b)

Figure 4-7 (a) chemical bonding of gold by thiolisation (b) chemical bonding of quartz

by silanisation.

Modifying the gold electrode with thiol is considered to create a hydrophobic subphase
for a lipid spin coating repeatability study. Crystals were prepared for thiolation using the
same cleaning procedure as outlined for oxidation (refer to section 4.1.2 a). In this work, 1
mM 1-dodecanethiol in hexane solution was used to form a SAM on gold surface. After
cleaning, the crystals were immediately immersed in a 1 mM 1-dodecanethiol (99+% (GC)
1-dodecanethiol was purchased from Acros) in hexane (95+% HPLC grade hexane was
purchased from Aldrich) bath and left overnight. The thiolated gold created a surface with
a contact angle of about 110° (see Figure 4-8, i.e. hydrophobic). Immediately before use,
crystals were removed from the thiol bath, rinsed several times with hexane, ethanol and
water in succession and dried under filtered N, gas until the oscillation frequency remained
stable. After coating with lipids, crystals were also cleaned, as described earlier for

oxidised gold, to remove all the lipids and thiolated compounds [128].
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Figure 4-8  Thiolated gold with & = 110°. The red line indicates the contact angle.

In summary, six different substrate preparation procedures have been described in this
section. Mica and sputtered quartz were prepared for bilayer deposition via drop coating.
Smooth gold substrates were used for thin lipid film deposition via spin coating. Modified
gold electrodes (hydrophilic and hydrophobic) were used as multilayer lipids substrate for
vapour sensing. All the substrates prepared were either used for lipid film AFM or QCM
study before vapour sensing (i.e. film characterisation). Furthermore, before fabricating
any vapour sensors, all the substrates for vapour sensing were exposed to sensing vapours
to check the subphase response. These results which were also used for sensor calibrations

will be discussed in detail in chapter 7.

4.2  Review of sensing material fabrication technology

In the past decade, many methods have been introduced for fabricating the sensing
material. The response properties of the sensor are determined by the structure of the
sensing film, which in turn is strongly dependent on its deposition method. It is important
to choose a material deposition technique combination which is both consistent and likely

to lead to a high sensitivity to a target vapour.

Many methods have been introduced for lipids sensing material fabrication. The most
prevalent methods available to form lipid layers on quartz sensors are: the spin-coating
technique (see Figure 4-9) [17], Langmuir-Blodgett (LB) or Langmuir-Schaefer (LS)
techniques (see Figure 4-10) [74], drop coating (see Figure 4-11) [18] [129] and spray
coating via a spray gun or ultrasonic atomiser (see Figure 4-12) [11] [28] [130].. Among
them, the LB technique usually requires expensive equipment and complex procedures,

while the other methods are simpler and cheaper. Films coated by the LB technique are
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highly ordered with consecutive lipid monolayers [131-135]. However, besides the
complex procedure limitations, the choice of the solution makes the preparation time even
longer. Drop coating is simple and quick, and is a widely used method for not only lipids
but also other sensing film fabrication [18] [129] [136]. Only simple equipment is required
during the film deposition procedure; however, the film thickness and uniformity is less
controllable [74] [137]. Spray coating and spin coating methods have better controllability,
but they were reported to have a lack of sensor response reproducibility, which is
dependent on the uniformity, structure and thickness of the sensing film [130]. Moreover,
as one of the spray coating techniques, a novel method for depositing sensing films on
QCM using an ultrasonic atomiser was developed with an improvement of the surface
stability and the reproducibility of sensor responses [130]. However, it is difficult to coat a
range of film thicknesses reliably.

Spin coating, which is well known as a low running cost, simple and quick fabrication
method for thin, uniform films [102], has also been reported for lipids and also many other
sensing films [72][138-139]. Spin-coated lipid films are known to have a highly organised
multilamellar structure when characterised topographically with AFM [140-141], and
showed better uniformity compared to spray coating. The membranes were much more
controllable and reproducible compared to air brushing, and allowed gases or vapours to

diffuse in and out of the layer, making it more responsive [137].

A summary of the properties of each deposition method reviewed is given in Table 4-
2.The suitable sensing material, advantages and disadvantages for each deposition method

are listed in the table.

To choose a suitable deposition method, the cost of fabrication, property of sensing
materials, as well as property of substrate together should be carefully considered. Any of
the factors will influence one other. Finally, drop coating was used for lipid bilayer
preparation and the spin coating technique was chosen here and used throughout the sensor

fabrication in this work.
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solvent solution

Figure 4-9 Main procedures of spin-coating.
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Figure 4-10 Main procedures of Langmuir-Blodgett. a) compressing the film whilst
maintaining a constant surface pressure with a teflon barrier; b) the LB film transferred by

attaching the surface substrate vertically or c¢) by dipping the interface horizontally.

) &2

Figure 4-11  Preparation of a drop coating film, including apply the solvent (left) and dry
(right).
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Figure 4-12  The normal spray coating (left) and Ultrasonic Atomiser deposition (right).
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Table 4-

2 Summary of the properties of each deposition method reviewed-part-I

Fabrication method

Sensing materials

Advantages

Disadvantages

References

Casting

Dip coating

LB technique

Spin coating

Drop coating

Polymer

Self-assembled
materials

Amphiphilic materials

Organic compounds
Metal Oxide films

Soluble
compounds

Organic

Relatively inexpensive equipment
used

Light or heavy coatings may
applied on complex shapes

Best uniformity of self-assembled
film

Uniform film can be deposited

Good controllability of film
thickness

Better controllability

low-running costs, simple and
quick

Good sensor response compare to
drop and spray coating

Possible to deposit thicker film

low-running costs, simple and
quick

Dip withdrawal rate may need to be
controlled

Large amount of material solution may
be needed for large substrate

Limitation thickness of self-assembling

Quite sophisticated and
equipment required

expensive

Slow and complex procedures

Limit range of deposition materials

Lack of sensor reproducibility compare
to LB technique and self-assembling

Better immobilisation

Poor control on the amount and
uniformity of deposited material

Poor immobilisation

[130] [142-
143]

[130] [144]

[130] [140-
141] [145-
146]

[130] [137]
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Table 4-2

Summary of the properties of each deposition method reviewed-part-11

Fabrication method

Sensing materials

Advantages

Disadvantages

References

Air
brushing

PVD

Spray coating

Ultrasonic Atomiser

Evaporation

Sputtering

Soluble
organic
compounds

Soluble
organic
compounds

Inorganic
conducting
materials

Inorganic
conducting
materials

Metal
alloys

oxide

Better controllability
simple quick and economical

Adaptable to various sizes

Improvement of the surface
stability and the reproducibility of
Sensor response

Highest purity (good for Schottky
contacts) due to low pressures

Better step coverage

less radiation damage than E-
beam evaporation

easier to deposit

Lack of sensor response reproducibility
Hard to control coating thickness

Overspray and surface defects maybe a
problem

Poor sensing film structure may form for
materials with dewetting phenomenon

Factors influence the amount of mist
produced not yet clear defined

Quite  sophisticated and
equipment required

expensive

Poor step coverage, forming alloys can be
difficult

lower throughput due to low vacuum

Quite  sophisticated and
equipment required

expensive

Some plasma damage including implanted
argon

[137] [147]

[130]

[75] [148-149]

[148-150]
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4.3 Lipid bilayer preparation

In our work, two zwitterionic lipids DSPC and DLPC purchased from Avanti Polar
Lipids were used for vapour sensing (details see section 3.1.1). A mixture of them was also
planned to be deposited as a sensing film. For better understanding of multilayers of mixed
lipids structures and their stability, it is good to start with mapping a lipid bilayer on a flat
substrate other than on a rough quartz crystal surface. Drop coating and flow injection via
vesicle fusion techniques were used as lipid bilayer fabrication methods. Mica and
sputtered quartz were used as film substrates. The bilayer prepared from vesicle via vesicle
fusion method will be detailed in this section and the preparation procedure of these

resulting structures for AFM mapping and QCM weighing will also be described.

4.3.1 Vesicle preparation

The glassware for all lipid sample preparation was cleaned by placing it in non-phosphate
detergent hot soapy water, using appropriate brushes or sponges to clean both inside and
outside of the glassware. Then it was rinsed, first with deionised water and then methanol
(Fisher Scientific UK) at least twice until all excess water was removed. Deionised water,
having a minimum resistivity of 18 MQ-cm and 5.8 pH from Elga Process Water System,
was used in all the experiments. The cleaned glassware was stored in a container filled

with methanol.

Nanometre unilamellar vesicles were prepared with mixed lipid composition. First two
lipid powders were dissolved in chloroform separately to make a concentration of 10
mg/ml suspension. The lipid in chloroform suspension was stored at -20 °C when not in
use. Vesicles were prepared from DLPC/DSPC mixed lipids with a fixed final
concentration of 0.5 mg/ml in deionised water. Three different samples were prepared with
increasing the amount of DSPC and decreasing the amount of DLPC. For all samples, the
initial solution in chloroform was mixed and purified by evaporating the mixed organic
solvent using a dry nitrogen stream until the lipids were completely dry. The sample was
further dried in a desiccator connected to a rotary vacuum pump for at least 1 hour. Lipids
were re-suspended by stirring them in buffer solution (2 mM CacCl, in deionised water)
above all the lipids’ transition temperatures, at a final concentration of 0.5 mg/ml. The

buffer solution was used for all lipid preparation, if not otherwise stated. Finally, the
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resulting suspension was kept in a water bath with a temperature between 65 °C and 70 °C
(above all lipids’ transition temperatures) for 5 minutes with vortexing periods of 15
seconds. At this stage, the resulting milky large multilamellar vesicles (LMVs) suspension
was ready for further treatments. The main procedures of vesicle preparation are illustrated
in Figure 4-13.

Lipids dissolvedin — D1Y under nitrogen —» Suspendin buffer
Chloroform and vacuum pump solution

r’// \"\\
n | S
Water bath with ﬁ\\ I ! \ %
sonication | —— )
Vee—a) |
L _J

Sonication or extrusion and vesicles formed

Figure 4-13  Main procedures of vesicle preparation.

Small unilamellar vesicles (SUVs) were prepared by sonication above their transition
temperature. It can be used to speed up dissolution, by breaking intermolecular
interactions. It has been implemented in this project using an ultrasonic bath to “stir” the
lipid solutions twice for 30 seconds, with a 20 seconds pause typically to form SUVs with
diameters in the range of 15-50 nm [151]. The product of hydration with sonication was
mixture of LMVs analogous in structure to an onion and SUVs. A mini extruder was
introduced to produce the vesicle suspension with a particular mean diameter. This was
used to push the vesicle suspension 21 times through the polycarbonate filter with 100 nm
pores at 65 °C to 70 °C to yield particles having a diameter near the pore size of the filter.
Extrusion through filters with 100 nm pores typically yields large, unilamellar vesicles
(LUV) with a mean diameter of 120-140 nm. After extrusion, the final formed vesicles

with a diameter ranging from 100-200 nm were ready for deposition.
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Five different samples were prepared for comparison, and are listed in Table 4-3. The
fraction of mixed lipids was weight fraction (o) of DSPC in our experiments if not

otherwise stated.

Table 4-3 List of five different samples

Sample Weight percentage of Weight percentage of Total Concentration
number DSPC (%) DLPC (%) (mg/ml)

1 25% 75% 0.5

2 50% 50% 0.5

3 75% 25% 0.5

4 100% 0% 0.5

5 0% 100% 0.5

4.3.2 Bilayer preparation by drop coating for AFM mapping

Bilayers prepared for mapping on mica were formed by drop coating via vesicle fusion.
Freshly cleaved mica was mounted onto a stainless steel disc using a sticky tab (Digital
Instruments) for AFM mapping. Immediately after the vesicles were prepared by the
procedures described in section 4.3.1, the vesicle droplet was allowed to incubate for about
30 minutes and then rinsed in deionised water 10 times with a final liquid volume of 200 pl
to remove excess lipid vesicles. An additional 120 minutes was required to ensure phase
separation of two lipids was complete before acquiring data [86]. During this period,
samples were kept in the covered petri dishes in air conditions. After the first scans were
taken, all samples were removed from the AFM, and kept in a fridge at about 5 °C in air
for subsequent days of scanning. Vesicle fusion happens when the mixed lipid suspension
is immediately transferred from a 65 °C water bath to mica to make a SLB and cooled to
room temperature. In the surface image study, SUV suspensions were used, formation of
SLBs occurred during a thermal quench from slightly above the transition temperature of
DSPC to room temperature 25 °C. This is also called the quenched vesicle fusion method
[152].

4.3.3 Bilayer preparation by flow injection for QCM weighing

Immediately after the vesicles were prepared by the procedures described in section
4.3.1, the suspensions were cooled to room temperature. Bilayers deposited on sputtered

crystals were carried out in the QCM in flow mode if not otherwise stated, i.e. the buffer or
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mixed lipid solution was continuously delivered to the chamber of the flow cell with the
aid of a syringe pump (flow rate 6 ml/h). Occasionally exchange mode was employed to
rinse deionised water to fully fill the chamber before measurements and to check the
stability of the bilayer after the adsorption of lipids was completed. The SiO, coated QCM
sensors were modified by adsorption of SLBs via the vesicle adsorption-rupture-fusion.
Measurements of crystal resonance frequency change were performed during the
deposition to track the bilayer mass and formation Kinetics.

In conclusion, the preparation of vesicles (for lipid bilayer formation) and lipid bilayer
(for AFM mapping and QCM weighing) have been detailed in this section. The
information from the bilayer study will help with understanding of the lipid multilayer
properties. The following section will describe the preparation procedures for sensor
fabrication. The sensor fabrication technique involves spin coating. Ultrathin lipid layers
were also fabricated on smooth gold to help provide insight into the sensing film phase and
stability, results which will be further discussed in chapters 5 and 8.

4.4  Ultrathin lipid layers and lipid multilayer (sensor) fabrication

As discussed in section 4.2, the spin coating method was used to coat the adsorbent on
the surface of gold electrode forming multilayer lipids for vapour sensing. The relevant
spin coating parameters, which will influence the film properties, are discussed in the first
section. Each sub-section of this will also give a brief discussion and conclusion of the
parameters that were used for the target film fabrication. The detailed fabrication

procedures are described afterwards.

4.4.1 Spin coating theory

A typical process of spin coating involves depositing enough lipid solution onto the
centre of a substrate and then spinning the substrate at high speed (typically around
3000 rpm). Centripetal acceleration will cause the solution to spread to, and eventually off,
the edge of the substrate leaving a thin film on the surface. A final drying step is applied to

eliminate excess solvents from the resulting film.

The parameters chosen for the spin process factors such as final rotational speed,

acceleration, and fume exhaust contribute to how the properties of coated films are
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defined. One of the most important factors in spin coating is repeatability. Subtle variations
in the parameters that define the spin process can result in drastic variations in the coated
film. The following is an explanation of some of the effects of these variations.

(@) Spin methods

Two common methods of dispense are static dispense, and dynamic dispense. Static
dispense is simply depositing fluid on or near the centre of the substrate. The deposition
amount depends on the viscosity of the fluid and the size of the substrate to be coated.
Dynamic dispense is the process of dispensing while the substrate is turning at low speed
(about 500 rpm). After the dispense step it is common to accelerate to a relatively high
speed (typical from 1500-6000 rpm) to thin the fluid to near its final desired thickness.
Dynamic dispense is a particularly advantageous method when the fluid or substrate itself

has poor wetting abilities and can result in less waste of coating material.

The solutions used in this work are chloroform and chloroform/hexane. They are organic
solvents that evaporate easily. It is then usually better to choose static dispense and avoid
the first pre-coating step, or the film will dry during the first step of dynamic and static

dispense.
(b) Spin time and speed

The combination of spin speed and time in addition to the viscosity of solution will
define the final film thickness. In general, higher spin speeds and longer spin times create

thinner films.

The spin speed of the substrate (revolutions per minute-rpm) affects the degree of radial
(centrifugal) force applied to the liquid as well as the velocity and characteristic turbulence
of the air immediately above it. Film thickness is largely a balance between the force
applied to shear the fluid towards the edge of the substrate and the drying rate which
affects the viscosity of the solvent. As the solvent dries, the viscosity increases until the
radial force of the spin process can no longer appreciably move the materials over the
surface. At this point, the film thickness will not decrease significantly with increased spin
time. As we can see, the spin coating process involves a large number of variables that tend

to cancel and average out during the spin process and it is best to allow sufficient time for
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this to occur. The general trends for the various process parameters and film thickness in

spin coating are represented in Figure 4-14 [153].

For most coating materials, the final film thickness will be inversely proportional to the
spin speed and spin time. Final thickness and film uniformity will also be proportional to
the exhaust volume. If the exhaust flow is too high turbulence will cause non uniform
drying of the film during the spin process. In this work, a fixed coating speed and time was
used without pre-coating because of the quick evaporation of chloroform, i.e. the film
thickness was not determined by the coating speed and time but the concentration of the
sample solvent, which will be discussed in section 5.3.2.

— Thickness
N — Uniformity
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Figure 4-14 The general trends for the various process parameters and quality of the film.

(c) Nature of the solution

Film thickness and other properties will also depend on the nature of the material

solution, including viscosity, drying rate, concentration, surface tension, etc.

Above all, a suitable solvent should be chosen and used throughout all the fabrication
procedures. Two important factors of solution choice for spin coating are: solubility (solute
to solvent) and wettability (solvent to substrate). A popular aphorism used for predicting
solubility is "like dissolves like". This statement indicates that a solute will dissolve best in
a solvent that has a similar chemical structure to itself. The two lipids, DSPC and DLPC,
used in this work are polar phospholipids. At a certain temperature and pressure, they are
more soluble in polar solvents than in non-polar solvents [154]. Moreover, a successful
coating relies on whether the substrate could be property wetted. The substrate used for the

final sensor fabrication was the gold electrode on the bare AT cut quartz crystals. The
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whole substrate consisted of a partially wetted (PW) gold electrode in the centre and
completely wetted (CW) polished quartz at the edge. As an un-polar, but relatively high
dielectric constant (4.81) with 1.04 dipole moment solvent [155], chloroform was used
throughout the spin coating. When applying the chloroform on the substrate, the PW gold
electrode can be properly wetted compared to the CW quartz substrate. Both DSPC and
DLPC can be well dissolved in chloroform even at a high concentration, and an additional
polar solvent is then not essential. When a hydrophobic substrate is used, chloroform
cannot properly wet the surface, and hexane is introduced, which will be further discussed
in section 4.4.3. Trace analysis chloroform was used as the sample solution and laboratory

grade chloroform was used for any cleaning if needed, if not otherwise stated.

The drying rate of the fluid during the spin process and afterwards is defined by the
volatility of the solvent used as well as by the ambient conditions surrounding the substrate
during the spin process. It is well known that such factors as air temperature and humidity
play a large role in determining coated film properties. It is also very important to
minimise the air flow and associated turbulence above the substrate during the spin process
to slow the drying rate, which offers the advantage of increased film thickness uniformity
across the substrates. The fluid dries out as it moves toward the edge of the substrate
during the spin process. Even the organic solvent used is a readily volatile liquid, and a
separate drying step is added after the high speed spin step to further dry the film without
substantially thinning it. This can be advantageous for thick films since long drying times

may be necessary to increase the physical stability of the film before handling.

In this work, the viscosity and drying rate were the main factors determining the film
thickness. The concentration effect on thickness was quantified by QCM and AFM

analysis, and will be further discussed in chapter 5.

4.4.2 Thin lipid layer and multilayer fabrication

Air-stable lipid layers were prepared by spin-coating in this work. Lipid samples were
dissolved in chloroform at a concentration of 0.5 mg/ml. As mentioned in section 4.4.1, for
fast evaporating solutions such as chloroform, it has been proven useful to not use a low
speed spreading step but instead to start the rotation with the final rpm [145]. 100-200 pl of
mixture were dispensed onto the surface of the substrates by using a digital micropipette

(Transferpette® electronic). Immediately after the solution of lipids was applied to the
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quartz crystal substrates and spun on a WS-400B-6NPP/LITE model spin-coater (Laurell
Technologies Corporation) at 1500 rpm for 60 seconds, the solvent dried quickly leaving a
thin film of adsorbent on the surface of quartz crystals. Next, the samples were scanned
under AFM directly and then placed under vacuum in a desiccator until the next

measurement.

The samples fabricated on smooth gold used by spin coating for AFM mapping are
listed in Table 4-4.

Table 4-4 Lists of fabricated ultrathin lipid layer samples

Sample Weight fraction (a) Amount (ul) and concentration

number of DSPC Substrates (mg/ml)
1 0 Template stripped gold 180 0.5
2 0.5 Template stripped gold 180 0.5
3 1 Template stripped gold 180 0.5
4 0.5 Template stripped gold 180 5

4.4.3 Multilayer (sensor) fabrication

Highly aligned membranes were prepared by spin coating whereby lipids and lipid-lipid
mixtures were pipetted from a solution onto the substrates. All lipids were co-dissolved in
the desired ratio in a suitable organic solvent. The solvent should simultaneously meet the
requirements of solvation and wettability of the substrate [155]. Chloroform is a suitable
stock solution for DLPC, DSPC and their mixtures. In our case, the use of methanol is not
essential because of the good solubility of the lipids in chloroform. For the first period of
study, the lipids initially dissolved in chloroform at a concentration of 10 mg/ml. Before
use, lipids were diluted with chloroform or hexane/chloroform solution to the desired
concentration. Additional hexane was used when thiolated gold was used as the coating
substrate to meet the requirement of surface wettability. The standard spin coating
procedures have been mentioned previously in section 4.4.2. After the spin coated film
formed, the excess coating material on the edge of the quartz wafer outside the gold
electrode region (for oxidised gold and thiolated gold substrates) were wiped off by using a
chloroform-soaked tissue. An appropriate film thickness was obtained by controlling the
concentration of the lipid samples (details will be discussed in section 5.3). For substrates
rendered hydrophilic in an etching process (i.e. oxidised gold, sputtered SiO,, evaporated
platinum) chloroform was used as the coating solution, while for hydrophobic surface (i.e.

thiolated gold) hexane was used as the coating solution, and additional chloroform was
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used to give solubility of the lipids. Table 4-5 gives an overview about all lipid and lipid-
lipid mixtures solutions examined. The spin coating parameters for all samples were
1500 rpm and 60 seconds. Prior to deposition, the crystals were carefully cleaned with the
procedures described in section 4.1. The fabricated sensors were placed in a vacuum
storage box dried at least for 48 hours to allow the maximum evaporation of solution.

Table 4-5 List of fabricated sensors

Weight
Sensor fraction Amount  Concentration
Solvent Substrates
number () of (uh (mg/ml)
DSPC
0 0 Chloroform Hydrophilic gold 100 1-10
1 0.25 Chloroform Hydrophilic gold 100 1-10
2 0.5 Chloroform Hydrophilic gold 100 1-10
3 0.75 Chloroform Hydrophilic gold 100 1-10
6 1 Chloroform Hydrophilic gold 100 1-10
Chloroform/Hexane .
7 0 (86.40% hexane) Thiolated gold 100 1
8 0 Chloroform Sputtered SiO, 200 1
9 0 Chloroform Evaporate platinum 200 1

4.5 Summary

Film depositions were undertaken using the spin coating and drop coating techniques on
specified substrates. Different substrates for film deposition have been detailed in this
section, as well as procedures for different film deposition. Bilayers were formed on mica
and a SiO; sputter coated crystal via vesicle fusion for AFM mapping and QCM weighing,
separately. An ultrathin lipid film was formed on smooth gold via spin coating for AFM
mapping as well. All these results will help to understand complex multilayer lipid formed
on quartz crystal for vapour sensing. Furthermore, DLPC lipids were spin coated on
hydrophilic gold, thiolated gold, sputtered SiO, and evaporated platinum at different
concentrations for spin coating and a sensor repeatability study, which will be further
discussed in section 5.3.2 and 7.1. The next chapter will discuss all the AFM mapping and

QCM weighing results used for film characterisation.
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Chapter 5 Results and discussion: lipid

film characterisation

Lipid film characterisation has been carried out by both Atomic Force Microscopy
(AFM) and Quartz Crystal Microbalance (QCM). In this chapter, AFM is introduced for
topography analysis, whereas QCM s introduced for quantitative analysis. The results
from the AFM and QCM trials will lead to the development of a controllable process for
the fabrication of the lipid membranes based vapour sensors. This chapter contains a brief
introduction to the working principle of AFM and relevant film characterisation results.
The results presented in this chapter, obtained from AFM and QCM investigate in detail
the properties of the bilayer, an air-stable ultrathin lipid layer, and then the sensing films.
Bilayers were deposited on mica and sputtered silicon dioxide substrates as well as a
water-wettable smooth gold surface for mapping and weighing. The stability of domains
formed by mixed lipids was checked over time. This data provides understanding of the

multilayer lipid structure.

5.1 Lipid film characterisation methods

Over several decades, a diverse range of equipment including Surface Plasmon
Resonance (SPR) [156-157], Quartz Crystal Microbalances (QCM) [88] [111] [157],
Impedance Spectroscopy [158], Atomic Force Microscopy (AFM) [87-88], and
Fluorescence Microscopy [159-160] has been used to investigate lipid membrane
formation, structure and properties. For example, a combination of QCM, Ellipsometry,
AFM and SPR has been reported for the characterisation of the dry mass of absorbed lipids
and different phase absorption [157]. Recently published work has also demonstrated that
in situ measurements on mica [87] [113] [161], silicon dioxide [88] [111] [162-163] and
modified gold [90] [111] [127] substrates can be performed with QCM in a reproducible
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manner. AFM scanning techniques and QCM weighing techniques for film

characterisation are introduced in this section.

5.1.1 Atomic force microscopy

In order to measure the topography of lipid samples (e.g. to characterise domains, SLBs
and multilayers), a Nanoscope® Multimode Atomic Force Microscope from Digital
Instruments was used. The laser beam and initial data were calibrated following the
standard procedures manual provided by Digital Instruments. Observations were made
with respect to domain size, stability, perimeter, area friction of the gel (solid) phase
domains, maximum height, minimum height and average height of the features in AFM

images of the samples.
() Basic theory of AFM

AFM is a particularly well-suited to the characterisation of biological surfaces. The
AFM can be operated in situ, under buffer and real time at nanometre length scale. It can
also provide a direct method to measure mechanical properties of adsorbed vesicles and the
surface image of vesicles or membranes [152] [164-165]. Thus, significant effort has been
made to make use of AFM to study biological problems. Briefly, AFM consists of a
cantilever with a sharp tip (probe) which is used to scan the sample surface. When the tip is
brought close enough to a sample surface, the force (including mechanical contact force,
Van der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic
forces etc.) leads to a deflection of the cantilever according in accordance with Hooke's
law. A feedback system is set up such that the tip is kept at a constant height from the
sample surface while scanning. Typically, the cantilever deflection due to the change of the
force is measured with using a laser beam spot focussed on the top surface of the cantilever
and reflected into a photo-detector array [166]. The experimental AFM set-up used to

investigate sample surfaces is illustrated in Figure 5-1.

AFM is a very sensitive approach. Various environmental factors, such as environmental
noise (e.g. from building vibration or sound) can drastically affect the quality of the
scanning results obtained. Even in a clean room on an air table, the noise (including noise

from fans used to cool the computer system or from air conditioning units etc.) is hard to
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avoid [167]. So a fraction of the roughness show in a cross-sectional image AFM can be

attributed to environmentally induced noise (0.1 nm in this work).

Laser beam Photodiode
Detector
—»
\ and
\/ Feedback
Electronics

Cantilever and Tip 4—‘

U™ o )«— Sample
[

surface
Figure 5-1  AFM works by measuring the forces between the sharp tip and the sample

surface.
(b) AFMtip

The cantilever is typically silicon or silicon nitride with a tip diameter of curvature of
the order of nanometres. Normally, the longer cantilever with smaller spring constant is
more suitable for hard surface scanning such as on a metal surface, while the shorter
cantilever with a higher spring constant is more suitable for the scanning of soft surfaces
such as lipids. The ORT8-35 AFM probes were purchased from Veeco Instruments. Two
cantilevers with different sizes are available on each probe substrate. The parameters of

two cantilevers are listed in Table 5-1.

Table 5-1 Parameters of two cantilevers on one tip holder

Shape Length (L) (um) Width (W) (um) FREQ (KHz) K (N/m)

Nom. Min. Max. Nom. Min. Max. Nom. Min. Max. Nom. Min. Max.

Atriangular* 100 90 110 15 13 16 73 45 95 0.57 0.28 1.14

B triangular** 200 180 220 30 28 32 24 16 32 015 0.07 03
A triangular*: shorter cantilever

B triangular**: longer cantilever
The cantilever with a gold reflective coating was made from silicon nitride which has a
thickness (t) ranging from 0.7 um to 0.9 um. The back side of the cantilever was coated
with chromium (Cr—2 nm) and gold (Au-20 nm). The specification of this AFM probe tip

used in this work is given in Table 5-2 and Figure 5-2.
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Table 5-2 Probe tip specification

Geometry Cast
Tip Height (h) 2.5-3.5 pm
Front Angle (FA) 36 +2°
Back Angle (BA) 36 +2°
Side Angle (SA) 36 +2°
Tip Radius (Nom) 15 nm
Tip Radius (Max) 20 nm
Tip SetBack (TSB) (Nom): 4 um
Tip SetBack (TSB) (RNG): 3-5.5 um
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Figure 5-2  Scanning electron microscope images of (a) cantilevers and (b) probe tip,

where t is the thickness of the tip [reproduced from MultiMode™ SPM Veeco probes web
page].

(c) AFM mode and phase image

In general, imaging modes are divided into static (also called contact) modes and a
variety of dynamic (or non-contact) modes, where the cantilever is vibrated. Here, contact

mode and tapping mode were used and will be introduced below.

In contact mode, the sample surfaces are imaged directly using the deflection of the
cantilever. The force between the tip and the surface is kept constant during scanning by
maintaining a constant deflection. While scanning, the cantilever is "dragged" across the
sample surface. In this mode, the AFM probes are close to the sample surface, and the
strong attractive forces may cause the tip to snap into the surface or displace a molecule on

the surface away from its original location.

Another mode is tapping mode, also called intermittent contact mode. Tapping mode

will drive the cantilever to oscillate up and down near to its resonance frequency. The
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oscillation amplitude is used as a feedback signal to measure topographic variations of the
sample. Compared to contact mode, tapping mode moves the probe tip just close enough to
the sample for short-range forces to become detectable whilst preventing the tip from
sticking to the surface [168]. As a powerful extension of tapping mode AFM, phase image
can also be captured when samples are investigated. In phase imaging, the phase lag of the
cantilever oscillation will be monitored which relates to variations in material properties
such as adhesion and viscoelasticity. As a result, the phase image will give a hint of how
“soft” the sample is compared to the subphase.

Furthermore, for different tapping type, the phase shifts will give different information
of the sample surface. The tapping types are relevant to the value of r, (i.e. the set-point
amplitude ratio). The phase shifts are larger on the harder than on the softer part of the
sample surface at moderate tapping (rs, = 0.4-0.7). While at hard tapping (rsp < 0.4-0.7),
the phase shift of the softer part becomes larger than that of the harder part. At light
tapping (rsp = 0.8-0.9) the hard and soft parts show similar phase shifts close to zero. In a
Durham tapping mode AFM image, the phase shift of the harder part becomes larger than
that of the softer part (i.e. moderate tapping) [169].

In summary, all the details of AFM that are relevant to this work have been detailed..
For the measurements, the smaller tip with a larger spring constant was always used for
contact mode scanning. Both contact mode and tapping mode were carried out to map the
surfaces of the samples. Tapping mode phase imaging was also used for the phase study
which was important for understanding the sensing mechanism of lipids and will be further
discussed in chapter 8. The AFM operational parameters can be found at the beginning of

section 5.2.

5.1.2 QCM weighing

QCM was not only used as a vapour sensing transducer but also for sensing film
characterisation. The detailed working principle of QCM has already been described in
Chapter 4. The deposition mass of different samples such as domains, thin dry lipid films
and multilayer produced measurements were carried out by the Research Quartz Crystal

Microbalance from Maxtek® Inc.
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It is worth mentioning the activation area again here (refer to section 3.2.4 c¢). The idea
to track bilayer formation via the flow injection method is to create a condition that an
exact bilayer was formed and fully covered the substrate. After a hydrated membrane is
dried in air for a long time, de-wetting patterns will form without a change in the average
lipid density. If that is the case, the real-time measurement can obtain more accurate data
of the frequency shift caused by bilayer deposition compared to the frequency shift caused
by spin coating based on 5 MHz crystals. The weighing operation details for lipid films
formed via drop coating and flow injection coating can be found in the next section.

5.2 Lipid layer mapping

The AFM technique was used for lipid film mapping. The relative humidity during AFM
measurements was 35-55%. All AFM measurements were carried out at room temperature
(25 °C). Images were either recorded in contact mode with E scan mode, using standard
silicon nitride (SisN4) cantilevers with nominal spring constants between 0.01 N/m and
0.06 N/m. For tapping mode measurements on lipid films in air, we used standard silicon
nitride cantilevers with nominal force constants of 40 N/m and a resonance frequency in air
of 300 kHz for all scans [152]. Normally, the contact mode scanning set points ranged
between 0.1 V and 0.25 V with a typical scan rate of 1 Hz. The tapping mode amplitude set

point was 1 mV.

5.2.1 Mapping of lipid film formed by spin coating

Spin-coated lipid films are known to have a highly organised multilamellar structure
when characterised topographically with AFM [102] [140-141]. The topography of lipid
films formed by spin coating techniques can be found in this section. Two substrates were

used for spin coating, including a hydrophilic gold electrode on a crystal and smooth gold.
(@) Mapping lipids formed on QCM gold substrates

Figure 5-3 illustrates the topography measured in air of a bare gold electrode (a) and
DSPC/DLPC (o = 0.5, 1 mg/ml) spin-coated on bare gold electrode substrate (c). Figure 5-
3 (b) and (d) are the corresponding phase images. The root mean squared surface

roughness (Rg) of each sample is indicated on the corner of each image.
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48°

14°

Figure 5-3 Comparison of tapping mode AFM mapping and phase imaging (5 x 5 pm?)
of bare gold electrodes (a and b); a mixed lipid coated substrate (c and d). The surface
roughness and the z scale are indicated on the top right hand corner of the height AFM

image. Scale bar: 2 um.

It is very clear that the lipids have been successfully coated on the quartz crystal
substrate by spin coating. However, due to the rough surface of quartz crystal gold
electrode, it is hard to obtain reliable, quantitative measurements of the lipid structures
from the AFM images. To overcome this, a template stripped gold substrate was prepared

in order to provide a highly smooth gold surface for the lipid spin coating.
(b) Mapping of lipids formed on template stripped gold

As mentioned section 5.2.1 (a), the quartz crystal substrates were too rough to obtain
any accurate quantitative details of lipid films. Thus, lipid films were prepared and
investigated on substrates of template stripped gold. The films were prepared by the spin
coating method with the sample coating parameters set to the same as those used to prepare

the vapour sensors (details can be found in section 4.4.1).
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AFM tapping mode images of single phase DLPC, mixed DSPC/DLPC (a = 0.5) and
single phase DSPC spin coated on smooth gold are shown in Figure 5-4 including images
from samples investigated on the first and fifth day after preparation. Samples in Figure 5-
4 a were prepared from 0.5 mg/ml solution. Sample details can be found in Table 4-4
number 1, 2 and 3. Sample in Figure 5-4 b were prepared from 5 mg/ml solution. Sample

details can be found in Table 4-4 number 4.

Figure 5-4a Tapping mode AFM topography images of spin-coated sample of single
phase DLPC (1 x 1 pm?, 0.5 mg/ml) prepared on the first day (a) and fifth day (d):
DSPC/DLPC mixed lipids (1 x 1 um?, o = 0.5, 0.5 mg/ml) prepared on the first day (b) and
fifth day (e); single phase DSPC (1 x 1 um?, 0.5 mg/ml) prepared on the first day (c) and

fifth day (f). The Rq and z scale are indicated on the right of each image; scale bar: 200 nm.

It is very clear that all samples were successfully spin coated on the smooth gold
substrates. All of the sample structures showed apparent changes after five days.
Comparing the roughness, all of the films became smoother compared to the freshly coated
film structure Further discussion of lipid film stability can be found in section 8.5.3.
However, it is difficult to model the membranes because of the complex multilayer
structure formed by the spin coating. This is probably because the structures are of mixed
shapes and sizes in the coating solution. By comparison, the film prepared from 5 mg/mi
1:1 DSPC/DLPC solution is shown in Figure 5-4 (b).
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Figure 5-4 b Tapping mode AFM topography images of spin-coated sample of
DSPC/DLPC mixed lipids (1 x 1 pm?, o =0.5, 5mg/ml) (a) and corresponding phase
image (b). The Rq of each sample is indicated on to top right corner of each image.

It is clear that the 5 mg/ml 1:1 DSPC/DLPC solution was successfully spin coated on the
smooth gold and form a complex multilayer films. The topography is rougher than the
films prepared from the 0.5 mg/ml solution. Thus, it is more difficult to model the
structures of these films. As a result, the vesicle fusion method was introduced to try to

understand the film structures and will be discussed in the following section.

5.2.2 Mapping of lipid films formed via vesicle fusion

As a commonly reported method for hydrated lipid bilayer preparation, vesicle fusion
was used to prepare mixed lipid films in order to achieve clear phase separation. As a
result, when compared to spin coating, the monolayer lipid thickness and proposed model
structure of the de-wetting lipid film could be better investigated from a sample prepared
by this method. Mica, an extremely smooth (roughness: 0.049 nm) and hydrophilic

(contact angle: 45°) material, was used as substrates for films prepared by vesicle fusion.

As mentioned in section 4.3.1 and section 4.3.2, the vesicles were sized by sonication
(Ultra 6000 Maplin Electronics) followed by mini-extrusion to form SUVs. Quenched
vesicle fusion methods were used to prepare mixed lipids for AFM measurements. Both
contact and tapping mode AFM scanning were carried out on the same sample for
investigation. Freshly cleaved mica was mounted onto a stainless steel disk using a sticky
pad (Digital Instruments) [86]. The vesicle droplet was allowed to incubate for about

30 minutes and then rinsed in deionised water 10 times with a final liquid volume of 200 pl
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to remove excess lipid vesicles. An additional 120 minutes was required to ensure the
phase separation of two lipids was complete before acquiring data [86]. During this period,
samples were kept in covered petri dishes in air conditions. After the first scans were
taken, all samples were removed from the AFM, and kept in a fridge at about 5 °C in air
for scanning on subsequent days.

No evidence of DLPC layers can be observed in the AFM images when samples were
prepared from DLPC single lipids using the vesicle fusion method. This is probably
because this method is not suitable for DLPC film preparation. During the drying and
deionised water rinsing procedure, all the DLPC lipids may be flushed off the substrate
because of the weak bonding between the lipids and the mica. For DSPC single lipids, a
thick film (up to 300 nm thickness) was measured. This is due to the phase of the two
lipids: either liquid-crystalline state DLPC or gel state DSPC at room temperature (25 °C).
This suggests that the liquid-crystalline state DLPC was difficult to form as layers with this
technique and its deposition conditions. Gel state DSPC will have a strong inner bonding
between the lipids which are somewhat flattened on the substrate, keeping their solid-like
molecular rigidity to form thick multilayer films. Finally, the two lipids were mixed to
create a “matrix” for comparison. This “matrix” was measured and demonstrated by AFM

scanning.
() Lipid phase separation and domains

Figure 5-5 shows a contact mode (a) and tapping mode (b) AFM 2-dimensional
scanning and cross-sectional analysis images. The sample was produced from 50% DLPC
and 50% DSPC mixed lipids, drop coated on mica and dried in air conditions at room

temperature for five days.

During the AFM scanning, bare mica (see Figure 4-2) did not show any obvious surface
characteristics when compared to the mixed lipids (Figure 5-5 a and b). A comparison of
the results from bare mica and those from mixed DLPC/DSPC lipids suggests that both
fluid phase DLPC and mixed lipid systems, after transfer to the mica/water interface, form
a flattened bilayer on the substrate. In mixed lipid systems, the gel phase DSPC flattened
on the mica, keeping a solid-like molecular rigidity, which causes the formation of the
lipid-ordered DSPC domain “rafts” in DLPC. In AFM contact mode measurement, the

measured domain heights extended either 4.4 nm or 5.9 nm above the surrounding
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DSPC/DLPC fluid-gel phase monolayer matrix. In AFM tapping mode measurement, the
measured domain heights extended either 4.3 nm or 5.8 nm above the surrounding
DSPC/DLPC fluid-gel phase monolayer matrix. Furthermore, contact mode AFM scanning
showed a surface roughness of 1.63 nm with a main measured membrane height of 0.9 nm,
4.4nm, 4.8 nm and 5.9 nm. While tapping mode scanning showed 1.32 nm of surface
roughness with a main measured membrane height of 0.8 nm, 4.3 nm, 4.9 nm and 5.6 nm.

The predicted model structure will be further discussed later.
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Figure 5-5  AFM images and section analyses of phase separated de-wetting lipid films.
(a) Contact mode image (5 x 5 pm?) and (b) Tapping mode image (5 x 5 um?) of phase
separated films. The white lines denote the location of the sections; The Ry and z scale are

indicated on the right of each image; scale bar: 1 pm.

From previous reports in the literature, we know that at room temperature DSPC is

supposed to exhibit a gel-phase and DLPC should exhibit a fluid-phase [83]. Thermal
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quenching has caused phase separation of the gel and fluid phases with the majority of gel-
phase lipid domains areas ranging from 200 nm to 360 nm in diameter. The diameter
corresponds to the width of the peak at the base of the AFM cross-sectional height analysis

image.

Two points we should also note are: firstly, the height value measured in contact mode
was similar to the height value measured in tapping mode. Second, the feature width value
measured by contact mode was slightly larger than the value measured by tapping mode.
This might be because of the tip convolution and the effect of the tip being "dragged”
across the sample surface while scanning. Soft lipids can flatten on the substrate during
contact mode scanning which will result in "compression” followed by a small region of
molecular movement and therefore a smaller measured sample height and larger lateral
sample size [164-165] [170]. While tapping mode causes less movement by intermittently
contacting the surface, it is true that, in ambient conditions, a capillary layer of water will
form between the tip and the surface. This will, in effect, “pull” the AFM tip onto the
surface, usually applying an even stronger force than the force applied (via the set-point)
by the operator. Our experience suggests that both contact mode and tapping modes were
successfully employed to effectively scan mixed lipids. Although contact mode has
reported disadvantages when used for imaging very soft samples, many types of soft
biological material have been successfully imaged by contact mode AFM including the
ones in this investigation [167]. If we consider in contact mode, the tip has already
contacted the sample surface, resulting in a slight decrease in the lipid’s thickness. The
height measured here was the height difference between the fluid DLPC layer and gel
phase DSPC layer. Although, the fluid phase DLPC is more likely to be compressed by the
AFM tip during scanning, we must also take into account that the matrix formed by mixed
lipids will give a “support” from phase to phase. From this point of view, and the
comparison of contact mode and tapping mode AFM scanning results, we consider the

thickness was almost likely to be accurate.
(b) Membrane model structure and de-wetting

The membrane formed via the vesicle fusion method in hydrated condition has been

previously reported by several groups [87] [152] [165] [171]. In these papers, the thickness
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of DSPC bilayer was found to be about 5.8 nm while the DLPC bilayer was found to be
about 4.8 nm in fully hydrated conditions measured with AFM contact mode [152].

In contrast with the experiments carried out under hydrated conditions, lipid films
deposited onto hydrophilic mica substrates via the quenched vesicle fusion method have
been investigated with tapping mode AFM (Figure 5-6). This DSPC/DLPC mixed lipid
(o =0.5) sample was prepared and deposited on mica substrate via the quenched vesicle
fusion method as described in section 4.3. The tapping mode AFM image was obtained
under our lab conditions (25 °C in air, dry 2 hours in air after coated) just after the sample
was prepared. The phase image of this sample was also monitored by moderate tapping.
During each AFM scan, four typical structures were investigated in the same sample. To
clearly show the details of structures, the image was cropped and split. Two white boxes
and numbers denote the location of the crop and split. The zoomed in images are shown in
Figure 5-6 (a)-(1) and (a)-(2) separately. The phase image corresponding to Figure 5-6 (a)
is shown in Figure 5-6 (b).

Combining the height analysis in Figure 5-7 with the phase image in Figure 5-6, the
onset of the phase image is clearly seen where there are three different phases including a
few of the darkest areas (named phase 1) with the thickest section layers, a large lighter
areas (named phase 2 and 3) with nearly no clear contrast except at the boundary lines of
the lipid layers. The height difference of these layers is 0.8 nm in thickness. As mentioned
previously in section 5.1.1, the phase shift of the harder part becomes larger than that of
the softer part. The difference in the stiffness of each area can be deduced from the phase
angle of the phase image. Considering the two different lipids, a hard gel-phase DSPC and
soft fluid DLPC will have a different stiffness and viscoelastic response to the cantilever
motion which will give rise to a contrast difference in the phase image [172-173]. Phase 1
corresponds to areas where the complex multilayers were allocated. The height difference
of phases 2 and 3 and their similar phase shift are clear signs that the substrate is
completely covered by lipids and none of the holes in the lipid layers extend all the way to
the substrate in this scanning area. As a result, phases 2 and 3 may have thinner lipid layers

underneath.
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Figure 5-6 5 x 5 pm? tapping mode AFM height-deflection (a) and phase (b) image of
DLPC/DSPC membranes; (c) 1.5 x 1.5 pm? crop and split image of (a) in location(1); (d)

1 x 1 um? crop and split image of (a) in location (2).

In the model structure of the lipid membrane in air mentioned previously in section 3.1.4,
the lipid head groups will, in this case, be oriented toward the hydrophilic mica substrate
while the acyl chains are directly outward to the air. By combining the heights reported
previously by other groups, the theory of the model structure of lipids in air, and the height
analysis of this sample and the phase image presented here, it is then possible to suggest

the possible model structure of each area.

Four typical structures in this sample were investigated and shown as the section
analysis images in Figure 5-7 (a) (b) (c) (d). The lines in Figure 5-6 (a)-(1) and (a)-(2) with
numbers denote the location of the four sections. The proposed model structures of each
section are shown below each section analysis image in Figure 5-7 (a) (b) (c) (d)

separately. The lipid with the disordered fluid phase shown in the model structure of
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Figure 5-7 is DLPC, while the lipid with ordered gel phase shown in the model structure of

Figure 5-7 is DSPC (see marks in Figure 5-7 a).

(b) Section 2 in figure 5-6 (a)-(1):

(a) Section 1 in figure 5-6 (a)-(1): \ .
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Figure 5-7  Tapping mode AFM section analysis images (a, b, ¢ and d) of
DLPC/DSPC membranes. The corresponding various types of membranes model

structures are given at the bottom.
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The patterns shown in phases 1 and 2 with 0.8 nm in thickness are most likely initiated
by the de-wetting of the DSPC/DLPC lipid bilayer films during phase separation in dry
conditions and finally formed DSPC monolayers surrounding by DLPC monolayer “pools”.
There are also several structures that can be viewed above the monolayer “pools”.
According to the height from the cross-sectional analysis, these structures are inverted
bilayers. As shown in Figure 5-7 (b) and (c), both inverted symmetric domains and
inverted asymmetric domains existed. In this study, the thickness of the inverted DSPC
bilayer is most likely to be 5.8 nm, while the thickness of the inverted DLPC bilayer is
most likely to be 4.3 nm. The thickness of the DLPC inverted bilayer is slightly lower than
existing results (4.8 nm). However, this may because of the lipid layers in our

measurement environment do not “stand upwards” as they do in fully hydrated conditions.

It is very clear that the mixed lipids formed vesicles will lead to two distinct conditions
for the formation of the DLPC/DSPC membranes. We believe that symmetric domains
consisted of an even distribution of either gel phase DSPC or fluid phase DLPC in both
leaflets (Figure 5-8 a and b), whereas asymmetric domains consisted of a single leaflet of
gel phase DSPC (Figure 5-8 c).

C

B gt bl
Bosss BB B

Figure 5-8 Model structures (a) DSPC inverted symmetric domains (b) DLPC inverted

symmetric domains and (c) DSPC/DLPC inverted asymmetric domains.

Domain stability quantified in hydrated conditions over several hours has been reported
before [171]. In this study, the structure of membranes in air formed by the quenched
vesicle fusion method remained unchanged for a 2 hour observation period, while we
observed that the structures were unstable after several days. AFM contact mode quick
scan (7.18 Hz) measurements were carried out on the DLPC/DSPC (1:1) mixture lipids on
the first, second and third day after preparation in order to check the membrane stability.

Figure 5-9 illustrates the change in membrane structure as a function of time, investigated

87



Chapter 5

by contact mode AFM quick scan. These images were fast scanned with low resolution,
which although not good enough to compare the details of changing thickness, is sufficient
to study the stability of these structures.

0.0 ) 1.0 um

Figure 5-9  AFM 2-dimensional flattened image (1 x 1 pm?) of mixed 50% DSPC and
50% DLPC formed by quenching vesicle fusion method coated on bare mica surface
captured on the a) 1% day b) 2" day c) 3" day of preparation.

During the three day observation of the films, the surface roughness of the membranes
was found to decrease. During the changes, the decreasing of number of multilayer areas is
likely to have resulted from lipid molecules transferring and flipping from the two upper
leaflets to the lower leaflets thus making each leaflet more “continuous”. The detailed
structure tapping mode AFM scanning was carried out on the first, the third and the fifth
day after sample preparation (50% DSPC 50% DLPC, 1 mg/ml quenched vesicle fusion

method coated on mica dry in air) which is shown in Figure 5-10.

Figure 5-10 illustrates the change in membrane structures as a function of time for a
DSPC/DLPC lipid layers prepared by quenched vesicle fusion method. We found during
the conversion, the roughness of the sample kept decreasing as the sample was drying out
and the number of multilayers was decreasing. This phenomenon was not observed in the
sample of single phase DSPC multilayers which was found to be relatively more stable.
The structure seen on the first day has been discussed previously: with features including
inverted bilayer asymmetric, inverted bilayer symmetric/asymmetric and monolayer
“pools”. It has been reported that: “the mechanical coupling observed for asymmetric
DSPC domains in the model membrane system suggests that rafts or ordered phase
domains in one leaflet are able to locally decrease the membrane undulation and lead to a

strong adhesion and close contact between the other leaflet and a substrate, which can be a
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cytoskeleton or another membrane” [171]. From this point of view, if we consider that the
monolayer “pools” were formed after the vesicles were ruptured, with the driving force of
this mechanism the de-wetting phenomenon, then after the vesicles ruptured on mica, or
even after more vesicles ruptured above the existing bilayer, DSPC/DLPC leaflets in the
upper layer have a tendency to move up to a location above the upper leaflet of the
DSPC/DLPC symmetric/asymmetric domains, which try to form one and three monolayer

de-wetting patterns.

24 nm

40°

Figure 5-10 Tapping mode AFM imaging of DSPC/DLPC (o =0.5) membranes
prepared by vesicle fusion method in air on the first day (a), the third (b) and the fifth day
(c) with all images covering 5 x 5 pm?. Images (@), (b) and (c) are topographical maps
whereas parts (d), (e) and (f) show the corresponding phase images. Scale bar: 1 um; z

scale for height image: 24 nm; z scale for phase image: 40°.

During the five days, the total amount of the lipids remained roughly constant (this will
be further discussed in section 7.4). It seems that the existence of the fluid phase DLPC,
gel phase DSPC matrix and DLPC matrix were then able to be transferred or flipped from
upper leaflet to the proximal leaflet; in effect, trying to fill in the “holes” of each leaflet
and form a continuous monolayer covering the whole subphase underneath. On the third
day of scanning, nearly all of the complex multilayers had disappeared; the remaining
structures included monolayer “pools” and asymmetric inverted domains which give a hint

that the thick multilayers and trans symmetric/asymmetric domains were relatively
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unstable. On the fifth day of scanning, even though there were still some surface features
similar to those seen in Figure 5-10 (b), the majority of the scans showed smooth, uniform
domains with 0.75 nm roughness and 0.7 nm height difference. The phase image
corresponding to Figure 5-10 (c) is shown in Figure 5-10 (f). Apart from a few dark
multilayer regions, this image contains essentially no contrast except at the boundary lines
of the lipid layers. The AFM imaging revealed that the membranes prepared in this manner
after drying for about 5 days consisted of immobile DSPC monolayer domains extending
only 0.7 nm above the surrounding DLPC matrix. However, there may be more structures

underneath.

It is worth mentioning that the measured relative phase shift is highly dependent on the
physical property of each cantilever. Therefore, while it is possible to compare the phase
shifts within one image, it is impossible to compare them for different days of scanning,

even though they are the same sample.
(c) gel-phase mean molecular area

Three samples with increasing proportion of DSPC in the DLPC/DSPC mixture lipids
were prepared on mica for comparison using quenched vesicle fusion method. Figure 5-11
shows quick scan, contact mode AFM images of three different samples coated on mica

substrates after drying for 5 days.

0.0 Height 5.0um 0.0 Height 5.0 um 0.0 Height 5.0 um

Figure 5-11  AFM (5 x 5 pm®) height deflection images of mica-supported DSPC/DLPC
bilayers by increasing composition of DSPC while decreasing the composition of DLPC
dried for 5 days. (a) a =0.25 (b) a=0.5 (¢) a =0.75, where a is the weight fraction of
DSPC.

The main objective was to find out the proportion of gel-phase lipid that was enclosed

and coated as a function of the DSPC/DLPC weight fractions. As a result of the complex
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structure formed on the first day, it easier to use the ratio of each mixture on the fifth day
after the samples were prepared. Therefore, the data was always acquired after the
relatively stable structures were formed, i.e. where the monolayer DSPC matrix is
surrounded by monolayer DLPC “pools” (see Figure 5-11).

We observe that by increasing the weight fraction (o) of DSPC gel-phase lipid, the total
gel-phase area and the number of domains was increased and DLPC total fluid-phase was
decreased. Some aggregation of gel-phase DSPC was present all three samples, but high
aggregation of gel-phase DSPC was found when the weight fraction of DSPC increased to
75%, and no individual domain “rafts” in DLPC bilayer could be observed under AFM.

Different domain sizes can be found in the each sample scanned. The domain diameters
ranged from several nanometres up to hundreds of nanometres. As we know the domains
were formed by the vesicle fusion method. When the vesicle fusion has just occurred on
the substrate, the domain sizes mainly depend on the size of vesicles. During preparation,
the vesicle suspensions could be mixtures of SUV with diameters in the range of 15-50 nm,
LUV and LMV analogous in structure to an onion. After rinsing with deionised water, the
excess vesicles, which have weak bonding to the substrate, will be washed off; resulting in
domains of various sizes. Table 5-3 below shows different fractions of domain coverage

area contained within different samples.

Table 5-3 Relationship between the weight percentage of total DSPC and total gel-

phase DSPC domain area

Weight Total . . Total gel-Phase
. Diameter of main Calculated gel-
percentage of concentration domain (D) hase area (%) area enclosed
DSPC (%) (mg/ml) P 0 (%)
25% 0.5 130-240 nm 20.76% 18.44%
50% 0.5 120-250 nm 44.05% 41.76%
75% 0.5 N/A 70.24% 63.23%

In conclusion, the quenched vesicle fusion method has been successfully carried out to
obtain two types, i.e. asymmetric and asymmetric/symmetric, of domains in the
DSPC/DLPC monolayer matrix. Both contact mode and tapping mode AFM has been used
to image the domain surface coated on the bare mica. Initial results suggest that phase
separation occurred in DLPC/DSPC bilayers. Fewer changes are found in asymmetric

individual domains over 3 days observation, where inverted symmetric/asymmetric
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domains were noticeably unstable and converted by flipping to the relatively stable trans
asymmetric domains, thus filling up the “holes” of each leaflet. Further scanning was
carried out on the samples prepared from different composition of mixed lipids. By
increasing the composition of DSPC gel-phase lipid, the total gel-phase coverage area was
increased and DLPC total fluid-phase was decreased. When the weight fraction of DSPC
increased to 75%, the domains could not be observed by AFM due to the highly aggregated
gel-phase DSPC. The amount of gel phase successfully coated on mica was in good
agreement with the possible prediction results showed in table 5-3.

Overall, single phase DLPC, DSPC and mixed lipids can be successfully coated on gold
electrodes and smooth gold by the spin coating method during this period of study. Only
mixed lipid bilayers were successfully coated on mica by the vesicle fusion method. The
detailed topography of different methods to form lipid layers and the model structure of
them has been discussed in this section. Moreover, fluid phase DLPC was relatively
unstable when compared to mixed DSPC/DLPC and single phase DSPC lipids. With the
existence of DLPC, gel phase DSPC was able to flip-flop over the leaflet of the lipid
membrane. Mixed films were more like to form a find uniform structure finally. This might
be a possible way to improve the sensing film properties and will be further discussed in

chapter 8.

5.3 Lipid layer weighing

The lipid film weighing was carried out by QCM. The weighing was completed by two
main steps. The first step was to weigh the bilayer formed on sputtered SiO,, in order to
find out the average film density of the lipid bilayer. The second step was to weigh the spin
coated vapour sensor, which is required to complete the first step of the film coating

repeatability study to be further discussed in section 5.3.2 and 7.1.2.

5.3.1 Quantitative analysis of bilayer formed by vesicle fusion

As described in section 4.2.3, after assembly in the QCM instrument, deionised water
was injected into the flow cell and the system was allowed to reach equilibrium. The flow
rate of the deionised water was fixed at 6 ml/h. A vesicle suspension was then injected at
the same flow rate after the stable baseline in deionised water flow had been achieved. In

brief, upon interaction of vesicles with the surface of a sensor crystal, changes in the
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resonance frequency related to the attached mass are measured. Measurements in a liquid
environment were performed at a working temperature of 25 + 0.2 °C [162]. The frequency
stability was monitored for 5 minutes before addition of lipids (or buffer). Measurements
for different lipids were performed under fixed conditions-usually the same buffer,
liposome preparation procedures, lipid concentration, temperature and repeat procedures to
reduce statistical errors. A rinse with a buffer was carried out for each measurement to

wash off excess lipids and check the stability of lipids adsorption.
(a) Hydrated membrane adsorption

Supported lipid bilayers (SLB) and supported vesicular layer (SVL) formation were
performed using lipid vesicles prepared from phospholipids. We studied the formation of
DLPC, DSPC and DSPC/DLPC mixtures on the 100 nm thick 5 MHz quartz crystals
which had been sputter coated with silicon dioxide. Six measurements were carried out
with the same measurement procedures which are listed in Table 5-4. As mentioned in the
preparation section 4.3, the weight fractions (o) of DSPC were set at 0, 0.25, 0.5, 0.75 and
1. All measurements were carried out at room temperature (25 °C) with an injection flow
rate of 6 ml/h.

Table 5-4 Six different measurements

Measurement number Sample details Concentration (mg/ml)

1 oa=0 0.5
2 a=0.25 0.5
3 a=0.5 0.5
4 a=0.75 0.5
5 a=1 0.5
6 DI water n/a

The QCM system was first stabilised in a buffer flow for at least 5 minutes (not shown
here), and then 2 ml liposome dispersions were injected into the flow cell under the same
fixed flow rate of 6 ml/h. For each measurement, the solution is pumped through the
chamber for approximately 20 minutes. The response of a quartz crystal to the liposome
adsorption was monitored until the frequency became stable for at least 5 minutes. To
ensure fully complete vesicle fusion, another 40 minutes (“stand by” conditions)
observation was applied before starting to rinse with a buffer. Figure 5-12 shows the QCM
response when the DLPC, DSPC and DLPC/DSPC liposomes flowed in the QCM flow cell.
For better clarity, all frequency-time traces were shifted to the time at which the frequency

started to decrease.
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Figure 5-12  Frequency shift as function of time upon formation of a) o = 0 (black plus),
b) o = 0.25 (magenta cricle), ¢) o =0.5 (green trangle) d) o =0.75 (blue cross) e) a =1

(cyan rhombus) on top of a silicon dioxide sputtered coated crystal.

Generally, after injection of liposome at time t =0 min, the frequency decreased which
indicates that lipid adsorption was taking place. After a certain time (tss), the frequency
shifts reach asymptotic values (Afys). After a rinse with a buffer, the final frequency (fsinar)
was recorded (see Table 5-5). The first trends (case a) were seen at a. =0, 0.25, 0.5 and
0.75, where a decreased frequency and increased resistance were observed within about
10-15 minutes after the injection of vesicle suspension; thereafter, the values became
constant. The increased a resulted in the greater changes in frequency and resistance
observed at each plateau region. The second trend (case b) was seen at oo =1 (i.e. DSPC
single phase), where significant rapid shifts were observed in both the frequency and

resistance data just after the sample dispersion reaches the silicon dioxide sensor.

DSPC has a higher molecular weight than DLPC. If we presume that the SLBs were
fully covering the quartz crystal surface, increasing the weight fraction of DSPC will result
in a total increase of mass in the lipids’ mixture and, consequently, will result in a higher
mass adsorption onto the same surface area of sputter coated quartz crystal. The results
shown in Figure 5-12 support the hypothesis that the increase of DSPC in mixed lipids

results in a greater decrease of frequency. Based on the whole experimental procedure we
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assume that all of the liposome suspensions were successfully adsorbed on the sputtered
silicon dioxide surface. A rinse with water indicates that the resulting structures were

stable.

The observed difference clearly reflects the different pathways in adsorption and
subsequent structural transformations of different samples that occur at the sputtered

silicon dioxide interface. Further discussion will be given in the following sections.
(b) Pathways of vesicle deposition

The two basic types of QCM responses when (a) a. = 0.5 (50% DSPC), (b) o =1 (100%
DSPC) liposome dispersions flow in the QCM sensor cell are shown in Figure 5-13. Figure
5-13 (a) shows the formation of a continuous SLB (case a). Upon adsorption, the frequency
decreases. Hence, during injection, a decrease of frequency was observed and then the
value reached equilibrium level and kept constant during all “stand by” conditions The
resistance increases spontaneously and soon reaches equilibrating data level of about
ARsinar = 1.1 Q. This type of trend was also observed at o =0, 0.25 and 0.75 which
suggests that the onset of bilayer formation occurs for low surface coverage, i.e. either
adsorbed liposomes rupture spontaneously under flow injection, and (or) only a few

contacts between adsorbed vesicles were necessary to induce the formation of bilayer.

Changes in the QCM resonant frequency versus time for the adsorption of DSPC
liposomes on the crystal sensor (case b) is shown in Figure 5-13 (b). Upon adsorption of
SUVs made of DSPC, there was a large shift in resonant frequency accompanied by a large
shift in the resistance. The large resistance shift indicated that the structure of the adsorbed
lipids was fundamentally different from either an adsorbed monolayer or an adsorbed
bilayer. After about 20 minutes, the frequency equilibrates. The resistance shift shows a
peak of ARmax = 6.3 Q, soon after the onset of adsorption before equilibrating data level of
about ARgfinal = 6.0 Q. The resistance increased and equilibrates an elevated level of
AR =6.0£0.3 Q. From the Af and AR values, we attribute this to the formation of a
flexible layer of lipids vesicles. The frequency and resistance both remain stable upon
rising with buffer, indicating that the vesicles were adsorbed in a stable manner at the

timescales investigated here.
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Figure 5-13 QCM response for (a) deposition of 50% DSPC, example of SLB
formation (case a) triggered at low vesicular coverage; and (b) 100% DSPC, example of
SVL formation (case b). Lipids exposure started at 0 minutes; rinsed with buffer was
indicated by arrows.

Immediately after the flow injection was complete, the resulting modified crystals were
carefully taken out and observed under an AFM. No features of DLPC and DLPC/DSPC
were observed, which indicate that the SLBs were relatively weakly bonded physically and
may be damaged when they were carried out in this working condition. Adsorbed DSPC
LUVs were resolved as objects with a minimum height of about 15nm. AFM
measurements were carried out after all the vesicle fusion was complete, but no clear
shapes were observed for single phase DLPC and three mixed lipids which showed that the
bilayer formed under hydrated condition was relatively unstable and may be damaged
during the handling procedure (from a flow cell in hydrated condition to AFM in air). Only
clear evidence of non-ruptured DSPC coated on a gold electrode was investigated under
AFM and shown in Figure 5-14.

Because of the rough substrate, the shape and maximum thickness was difficult to
identify. From AFM mapping and phase imaging, it is very clear DSPC layers were
successfully coated on the sputtered SiO, substrate via the vesicle fusion flow injection
method with a minimum thickness of 15 nm. Combining the QCM and AFM results, it
could be concluded that the large frequency shift (149 + 1.5 Hz) corresponds to that
expected for the adsorption of lipid vesicles. The structure formed in case b was
completely different from the structure formed in sensor fabrication. The frequency shift
used later in the multilayer study was then estimated from the other 4 sample data which

will be further discussed in section 5.3.2.
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Figure 5-14  Comparison of tapping mode AFM mapping (a and b); cross sectional
analysis (c and d) and phase imaging (e and f) before (bare sputtered SiO, crystal surface)
and after coating with DSPC (via flow injection mode). The surface roughness is indicated

on the top right corner of the AFM height image.
(c) Lipids adsorption kinetics and quantitative analysis

Further analysis on the basis of QCM data could be made using the adsorbed mass
values. The experimental change of frequency was obtained by final frequency minus the
frequency just before the inlet sample. The Sauerbrey equation could be simplified as

equation 5-1.
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Af = —Cf X Am (5-1)
Af = frequency change [Hz]
C = sensitivity factor of the crystal [Hz/ng/cm’]
Am = change in mass per unit area [ng/cm’]

The Sauerbrey equation also assumes that the film deposited on crystal has the same
acoustic-elastic properties as quartz. This assumption results in a sensitivity factor C;,
which is a fundamental property of QCM crystal which has been shown in equation 5-2.

__ 2nxf? )
= s 52

Ci= sensitivity factor of the crystal [Hz/ng/cm?]
n = number of the harmonic at which the crystal in driven

f = resonant frequency of the fundamental mode of the crystal [Hz]
p, = density of quartz = 2.648 [g/cm’]

u, = effective piezoelectrically stiffened shear modulus of quartz = 2.947 x 10"
[g/cm/sec?]

Combining equations 5-1 and 5-2, we can write equation 5-3 for calculate Am. The

thickness of the film can be calculated from the known density ps, Or vice versa, via

equation 5-4.
Am = Ja=DVPaxXiq VPaxta (5-3)
2nxf
— Am -
TKy = o (5-4)

fq = resonant frequency of the unloaded crystal [Hz]
f = resonant frequency of loaded crystal [Hz]

TK; = thickness of the coated film [cm]

Am = change in mass per unit area [ng/cm?]

ps = density of the film [ng/cm®]

For our study, unless otherwise stated, changes in normalised frequency (Afporm = Afa/n,
with n being the harmonic number) of the first overtone were presented, i.e. the
fundamental mode. For the 5 MHz crystals used in this work, the sensitivity factor is
0.0566 Hz/ng/cm?. Adsorbed masses, Am were then calculated according to the Sauerbrey
equation, Am = —C X Af,,m With C = 17.66 ng/cm?/Hz, i.e. in this study, a frequency

shift of 1 Hz corresponded to an adsorbed mass per unit area of 17.66 ng/cm®.
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In previous work, the thickness of DLPC and DLPC monolayers has been studied. On
the basis of the AFM and QCM data, it is possible to calculate the film density under the
bilayer assumption. Table 5-5 summarises the characteristic parameters describing the
Kinetics of SLB and LUV formation for all studied combination of lipid compositions, film

thickness, film density and surface treatment.

Table 5-5 Parameters investigated by experimental

Average Thickness

. Densit
Welght Experimental Am TKs of constant y tas
fraction Af[Hz]  [nglcm?]  bilayer* = ) (min)
of DSPC g y Ylipid nmol/cm ng/cm®
[nm] [nm/HZ]
a=0 -20.0+ 0.7 353 4.3 0.22 0.57 76.8 10+1
a=0.25 -22.0+0.5 389 4.6 0.21 0.59 80.1 12+1
a=0.5 23.5+0.5 415 5.0 0.21 0.59 80.9 9+1
a=0.75 24.8+0.3 438 5.4 0.22 0.59 80.5 8+1
a=1 149.0+ 1.5 2631 5.8 0.23 3.33 453.7 15+3
Deionised 0 0 n/a n/a n/a n/a
water

Average TK; of bilayer *: Results from AFM
Thickness constant yjipia **: Results combine AFM and QCM

Frequency shifts of DSPC were calculated from mole weight ratio of DLPC and
DSPC including QCM results of DLPC (i.e. 25.4 Hz if DSPC bilayer formed)

The frequency shift and adsorption time were measured by QCM. The adsorbed mass
was calculated from the Sauerbrey equation 5-1. Combining the QCM and AFM results,

the density can be calculated from equation 5-4.

Repeated measurements of adsorption on QCM show some variability in the time
required to complete the adsorption of a complete bilayer, whereas the time for completing
the adsorption were similar as existing work [88] [111] [162-163]. We have yet to

determine the source of these variations.

In conclusion, QCM has been shown to be a versatile tool for time-resolved monitoring
of SLB formation of different lipid compositions directly onto a single crystal surface. The
results have demonstrated that neutral SLBs can be formed on the sputter coated
hydrophilic crystals. The combination of QCM and AFM data demonstrates that liposomes
formed by the gel-state DSPC (in the absence of DLPC) are somewhat flattened on silicon
dioxide by keeping their solid-like molecular rigidity. This results in a large resistance shift

as well as large frequency response. In contrast, for DLPC single system and DLPC/DSPC
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mixed systems, a liquid-crystalline bilayer is instantaneously formed at the SiO,/buffer
interface. Moreover, similar number of molecules can be coated based on formation of
SLBs upon fully covered crystals surface. These data will be further discussed and used for
sensing film quantity study mentioned in the next section.

5.3.2 Quantitative analysis of lipid layer formed by spin coating
(a) Spin coating repeatability study

One of the most important factors in spin coating is repeatability. Subtle variations in the
parameters that define the spin process can result in considerable variations in the coated
film. The repeatability study of the spin coating technique based on our sensor sample
fabrication was carried out before any further actions. The repeatability analysis was done
by two steps. First, the quantity of spin coated films was measured by checking the
oscillating frequency shifts of each sensor before and after lipid coating in the dry state
(which will be discussed in this section referring to Table 5-6). Second, the sensor to
sensor reproducibility of spin coated films was evaluated by exposing the fabricated
sensors to the same vapour pressure of ethanol (which will be further discussed in section
7.1).

The substrate surface property is one of the important factors which influences the
coated film amount. Prior to the first step of the repeatability study, the substrates contact
angles were checked after plasma treatment. Figure 5-15 shows the QCM frequency shifts

of bare quartz crystals coated with DLPC versus different condition of treatments.

As shown in Figure 5-15, after the crystals were cleaned by oxygen plasma, the contact
angle changed as the trace water dried out. However, the gold electrode became
hydrophilic after the essential cleaning treatments (including O, plasma and RCA
cleaning) required for reusing these crystals. Noble metals, such as gold, tend to be
hydrophobic but this is not an intrinsic property of the metal surface. Instead, it is simply
due to contamination. Au evaporated in a vacuum system has been reported as hydrophilic
because of trapped trace water, but it becomes hydrophobic when exposed to air in the
laboratory [144] [174-175]. It has been previously reported that a thin oxide layer was
invariably present on the metal surface after the treatments [92] [94], thus changing the

wettability of the gold. The significant change of wettability of the substrates influenced
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the amount of lipids (when other parameters such as solution, spin coting speed, lipids
concentrations etc. remain unchanged) coated on the substrates via spin coating. Most
lipids could be coated on fresh untreated crystals which showed a contact angle of about
85°. More lipids could be coated as the crystals were drying out. The coating amount was
hard to predict with an existence of trace water. This is because the water will influence the
surface wettability when an organic solvent such as chloroform is applied. What we are
concerned about is the physical property, i.e. the wettability of the surface prior to lipid
deposition. As a result, crystal cleaning treatments were always carried out before spin
coating to make sure all the sensing substrates have a similar wettability. Furthermore,
after being treated with plasma, crystals were always dried in a vacuum oven the whole
night and rinsed for at least two cycles with acetone, isopropanol and trace chloroform in

sequence.
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Figure 5-15  Surface property influence on the spin coated film.

The adsorbent DLPC, due to its low viscosity (ease of handling, DLPC liquid phase
adsorption is more unstable compared to the DSPC gel phase adsorption), was chosen to
study the sensor fabrication process repeatability. Therefore, a QCM vapour sensor with
only DLPC adsorbent as a sensing film was prepared three times a day during three
consecutive days, i.e. 100 pl of a 1 mg/ml solution of adsorbent, DLPC was deposited onto

the quartz crystal nine times on each substrates (three times x 3 days) [72] [139]. Four
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sensor types (DLPC coated on four different substrates, i.e. oxidised gold, sputtered coated
SiO,, evaporated platinum and thiolated gold) were used for the first step sensor
fabrication repeatability study. The quartz crystal frequency shift caused by film deposition
is shown in Table 5-6.

Table 5-6 Repeatability measurements of sensor construction process

Day Substrates Sle(r;_s'(Z))r Se(ancZ); 2 Se(nHS(z); 3 l\(/l|_e|;1)n (SHTE) RSD (%)

Oxidised Au 44.4 41.5 37.2 41.0 3.0 7%

SiO, Sputtered 49.5 39.0 34.5 41.0 6.3 15%

! Evaporated 45.4 42.0 39.0 42.1 2.6 6%
platinum

Thiolated Au 40.5 41.1 50.0 43.9 4.3 10%

Oxidised Au 45.4 32.7 41.1 39.8 5.3 13%

SiO, Sputtered 33.8 48.0 45.0 42.3 6.1 14%

2 Evaporated 38.0 44.4 41.2 41.2 2.6 6%
platinum

Thiolated Au 45.0 40.1 48.0 44.4 3.3 7%

Oxidised Au 41.0 33.9 46.9 40.6 5.3 13%

SiO, Sputtered 42.0 44.3 45.8 44.0 1.5 4%

3 Evaporated 46.4 39.5 40.1 420 31 7%
platinum

Thiolated Au 47.0 49.0 42.1 46.0 2.9 6%

STD is the standard deviation. The relative standard deviation (% RSD) can be used to
analyse the precision of the sensor construction process and the repeatability RSD is

defined as the ratio between the standard deviation and the mean [72] [139].

In Table 5-6, the RSD of the frequency shift caused by film coating is calculated from
the results of an intraday study. For the same substrate, a similar film thickness was coated
based on the same coating concentration. The results indicate, once the solution can
properly dissolve the lipids and properly wet the substrates, the average thickness of lipid
film coated by spin-coating exhibits a good repeatability. The relative standard deviation
values of sensor response showed a maximum error of approximately 15%. The results
were not as good as previous studies on polymers [72] [176], but still good enough to
recognise the sensors spin coated at a specific concentration. These results express that the
sensing films coating process used here was good and guaranteed to apply a reproducible

amount of coating material onto the quartz crystal resonator under a fixed condition.
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(b) Qualification of different sensors

The film thickness on the surface of a quartz crystal has an important effect on the
sensor performance. In order to compare different sensor’s affinity to the same vapour
based on the same vapour pressure, an equal amount of lipid molecules should be coated.
Quantitative analysis on the basis of QCM data of different lipids has been made using the
adsorbed mass values. First of all, different concentrations of DLPC solutions were
prepared for spin coating. Frequency shifts due to lipid adsorptions were measured each
time after coating. The DLPC film growth can conveniently be characterised in terms of
the global film thickness obtained as an average from the frequency shifts. Figure 5-16
shows the mean oscillation frequency shift -Afji,ig plotted versus the coating concentration

CCO&I-

350] © 100% DLPC

0 T T T T T T T T T T T
0 2 4 6 8 10 12

Concentration (mg/ml)

Figure 5-16  Concentration plots of the mean of the frequency shift generated from
QCM measurements. Data displayed for dry DLPC films. The line is the linear fit of
the data (R? = 0.99).

The error for concentration 1-7 mg/ml was the precision error of 7.9 Hz (standard
deviation was lower). The error for a concentration 10 mg/ml was 16.6 Hz, a measure of
the sensor-to-sensor response due to coating reproducibility (i.e. the standard deviation).

For DLPC, an approximately proportional relationship was found to be:
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-Afiipid = ttipid X Ccoat (5-5)
Afiipia = mean oscillation frequency shift [Hz]
aiipia = constant of proportionality [Hz/(mg/ml)]
Ccoat = COating concentration [mg/ml]

This relationship is in agreement with previous results of fluorescence microscopy [177]
X-ray diffraction [145] [178] and AFM mapping [140] from other groups. The DLPC
constant of proportionality (coating constant) was found to be 20 Hz/mM (33 Hz/(mg/ml)
in this work. Assuming that the density (molecule number/unit area per layer) of
monolayer in the multilayer lipids was the same as the density of monolayer in a bilayer
formed via vesicle fusion, e.g. for DLPC single system, a 20 Hz shift in oscillation
frequency corresponding to 4.3 nm mean film thicknesses, the constant of proportionality
(coating constant) to be apipc = 4.3 nm/mM.

To confirm this relationship, the same measurements were carried out on DSPC and
DSPC/DLPC mixtures. The concentrations used were 1 mg/ml, 3 mg/ml, 5 mg/ml, 7
mg/ml and 10 mg/ml separately. Each concentration sample has been deposited with at
least three repeats. Figure 5-17 shows the mean frequency shifts -Afjiiq plotted versus the

coating concentration Ceoat.
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Figure 5-17  Concentration plots of the mean of the frequency shift generated from QCM
measurements. Data displayed for dry DLPC, DLPC/DSPC and DSPC films. The lines are
linear fits (R? = 0.99).
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From the results compared, for all samples, an approximately proportional relationship

(see equation 5-5) was found. The only difference is the constant of proportionality.

If the same amount of lipid molecules were coated and we assume that the coated molar
ratio of the mixed lipids remains unchanged, the rough approximation frequency shift ratio
caused by film adsorption and coated film thickness can be calculated using the Sauerbrey
equation, AFM imaging results, predicted molar ratio of mixed lipids and the molar
weight. Table 5-7 shows the comparison of the proportionality constant of different
samples based on different units.

Comparing the proportionality constant in Table 5-7, it was found when a fixed
concentration in mg/ml of different lipids was used, a repeatable amount of lipids could be
coated under this experimental condition. The reason why the concentration influences the
amount of lipids being coated has not yet been determined. This might be influenced by the
sample viscosity and the lipids’ structure which could be formed in the solution. If we
presume the individual DLPC and DSPC micelles formed in solution contain the same
number of molecules, DSPC with a longer tail then will form larger inverted micelles in a
hydrophobic solution. If the structure before a multilayer is formed was the individual
micelles, then the amount of DLPC molecules coated on the same sized substrate should be
more than DSPC. On the other hand, the low viscosity of DLPC may cause less
aggregation of these micelles compared to DSPC, and the centrifugal force might cause
more DLPC to be rejected from the substrates. The opposite multi-influence could be
expected to determine the amount of lipids that could be coated. The size of substrates, the
viscosity of each sample and the spin coating parameter was fixed in this work. Thus the

amount that could be coated was also fixed.

In conclusion, the sensor construction process repeatability studies on DLPC showed a
good repeatable coating process and guaranteed a reproducible amount of coating material
was applied onto a quartz crystal resonator. Five different DLPC/DSPC mixture ratios
have been successfully coated on the quartz crystals and measured by QCM. The average
thickness, density (mass per cubic metre) and total mass were increasing proportionally to
the concentration of the coating solution with nearly the same amount of coated molecules
when same concentration in mg/ml was used. The five different sensors were finally

fabricated at the same concentration of 5 mg/ml and will be discussed again in chapter 7.
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5.4  Summary

The film characterisation results from the AFM and QCM trials have led to the
development of a controllable process for the fabrication of the lipid membranes with
similar amount of molecules coated on the vapour sensors. The sensing film structure,
density and stability have been investigated and discussed in this chapter. The film
characterisation in this chapter has guaranteed a reliable and controllable vapour sensor
fabrication process.

The vapour sensing system setup will be discussed in the coming chapter before vapour

sensing (chapter 7 and 8).

106



Chapter 5

Table 5-7 Proportionality constant of different sample lipids in various units
. Calculated
Weight
fractilgn of Mole lipid™ Qlipid Qipid ™™ Aipia™*™* Aipig ™ *** Alipig *****
DSPC percentage of  [Hz/(mg-mI?)]  (Hz/mM) [nmol/(mg-mI™]  [nmol/mM]  [nm/mM]  [nm/(mg-ml™h)]
DSPC (%)
a=0 0 -32.7 -20.3 0.93 0.57 4.3 7.1
a=0.25 21 -34.3 -23.2 0.92 0.62 4.9 7.1
a=0.5 44 -37.7 -26.2 0.95 0.66 5.5 8.1
a=0.75 70 -39.1 -28.9 0.93 0.69 6.3 8.5
a=1 100 -40.2 -31.7 0.90 0.71 7.3 9.1

aiigig and ayipig™ Were worked out from linear fit of real experiment data points

Qi **** and ayipig™****were worked out from thickness constant pjiyiq (refer to Table 5-5)
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Chapter 6 Vapour sampling methods

In this chapter, a vapour generation system is designed to form test vapours from pure
liquids, for example, volatile organic compounds (VOCs). In order to characterise the
vapour sensor, it is important to obtain good control of the test vapour quality (e.g.
concentration and flow rate). The background theory of the vapour generation system and
details of the design are presented here. Test vapours of ethanol, acetone, toluene and
cyclohexane were produced using an evaporation technique. At the core of the vapour
sensing system is a piezoelectric resonator (QCM) which is used as a detector. This chapter
also deals with the practical operation of the vapour sensing system and system calibration.

6.1  Design of a vapour generation system

Various methods to test vapour generation have been reported in the literature. They can
be divided into two types: static and dynamic methods [179]. The functional principle of
all static methods involves the injection of liquid into, and its subsequent evaporation from,
an enclosed container using a defined volume of diluting vapour. Dynamic methods are
based on continuously diluting the vapour flow through the generation system and the
mixture with the vapour at a known generation rate [180]. Comparing the static method
with dynamic methods, static methods do not require complex apparatus and are, therefore,
relatively simple and inexpensive. In contrast, dynamic methods are more complex to
implement and expensive. However, there are three crucial drawbacks of static methods
which make them unsuitable for highly controlled and calibrated vapour generation. One is
the appearance of adsorption and condensation on the wall of the container. Therefore, the
concentration of the test vapour cannot be reliably controlled at higher concentrations
[180]. Another drawback is that only a finite amount of test vapour can be generated in one
experimental run. Furthermore, leakages and pressure changes exert an effect on output.

Dynamic methods show important advantages such as a negligible effect of the adsorption
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and condensation on the state of equilibrium, a continuous dilution which provides a wide
concentration range, and ready control of test vapour temperature, relative humidity and
flow rate. As a result, dynamic methods were used in this work.

Dynamic methods can be further classified into those based on injection [72] [136],
permeation [181-182], diffusion [183-185] evaporation [18] [179], electrolytic [179] and
chemical means [179]. Each method has unique advantages and disadvantages. Thus, a

short overview is presented in Table 6-1.

Table 6-1 Comparison of test gas generated based on different methods
Technique Accuracy Advantages Disadvantages
A well-known concentration can be Require atomizers, heaters and expanded
Injection 5-9% (v/v) prepared; variable concentrations may be mixing chamber; limited volume of the
obtained syringe; need to refill
Require precise temperature control; long
Commercially available (calibrator); initial time for reaching permeation
Permeation 2-5% (V/V) effective and accurate way of preparing low  equilibrium; relatively high costs; continuous
concentration test gas output from the source without possibility to
stop
. o . Need good temperature control; impossible
) ] Wide applicability; suitable for many . . )
Diffusion 3-5% (v/v) for preparation of a multicomponent mixture

Evaporation

Electrolytic

Chemical

5-15% (V/v)

Low ppm

concentrations

N/A

compounds

Inexpensive; has a short stabilisation period

for the test gas generation

Ideal method for low gas concentration

Produces gases which are commercially

unavailable; prohibitively expensive

in one diffusion vessel

Used to humidify air; may require re-cooling

using a heat exchanger

Requires good current and voltage control,

not well investigated

The reactant feed mechanisms required are
normally more complex; require temperature
control, if is hard to control reaction rate;

unwanted products may be produced

In this study, two methods have been set up and calibrated. The experimental design of

the bubbler system employed in this study is illustrated in Figure 6-1. The sample liquid
was placed in a reservoir which had a glass seal containing inlet and outlet glass pipes.
Dilutant gas flowed into the reservoir via the inlet pipe. The reservoir, where dilutant gas
and vapour were mixed, was immersed in a temperature controlled water bath [179]. The

temperature controlled bath determined the operating temperature and hence the
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concentration of the vapour in addition to the flow rate of carrier gas. In our study, pure
nitrogen gas was chosen as a dilutant in order to avoid the introduction of any contaminant
compounds, for example, water vapour and particles which may be contained in
compressed air. The flow regulator sets a constant inlet pressure of 1 bar, thus providing a
steady flow.

N, and sample
vapour

O L N —
1 2

Figure 6-1  Schematic of bubbler system for the generation of test gas: (1) flow
regulator, (2) mass flow controller (3) Impinger gas scrubber, (4) water bath.

The experimental design of the diffusion system used is illustrated in Figure 6-2 below.
The sample liquid was placed in a reservoir and immersed in a temperature controlled
water bath. The mixing chamber, where nitrogen and the generated vapour were mixed,
was connected with the liquid reservoir via a diffusion tube [186]. The concentration of the
vapour was determined by the flow rate of diluting gas and the vapour generation

temperature.

Mixing chamber

— N, and sample
vapour

— Diffusion tube

Liquid reservoir

Figure 6-2 Schematic of diffusion system for the generation of the test gas. L is the

length of the diffusion tube, d is the inner width of the diffusion tube.
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During the test sensing experiment, the concentration of the vapour generated by the
diffusion method was detected by the vapour sensors. For example, the maximum ethanol
vapour concentration generated by diffusion system at 25 °C was measured to be about
400 ppm. Thus, during the course of this work, vapours were generated using evaporation
methods (bubbling). Four vapours were generated including ethanol, methanol, toluene and
cyclohexane. Due to different chemical and physical properties, each vapour had a
different saturated vapour pressure at a different temperature and will be discussed in
section 6.3.1. The properties of the four vapours are shown in Table 6-2.

Table 6-2 Chemical and physical properties of used in this work

Vapour Molecular Formula Boiling point (°C) Molecular weight

(g/mol)

Hydrophilic ethanol C2HsO 78.37 46.07
vapours methanol CH,0 64.70 32.04
Hydrophobic ~ toluene CrHg 111.00 92.14
vapours cyclohexane CgHio 86.74 84.16

6.2  Design of a vapour sensing system

The vapour sensing system, shown in Figure 6-3, was used to expose sensors to a range

of concentrations of ethanol, methanol, toluene and cyclohexane vapour.

Path 1 Tap

Flow regulator /r *
Y (f— e ‘ > Exhaust
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? i system 1 ) T
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Mass flow I Mass flow

N2 controller 1 contrjller3 ,,,,,

Needlevalve
Mass flow

controller 2 l

U — D_k

“|urc-2

Stopcock

Figure 6-3 Schematic of vapour sensing system design.
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The vapour sensing was carried out after the measured resonant frequency of the QCM
had stabilised for a given flow rate of nitrogen carrier gas — this will be referred to as
achieving a stable baseline. To reduce the possibility of the adsorption of sample vapour
onto the tube walls, the length of the vapour path to the QCM chamber was minimised
[187]. The sensing system was designed to include two paths with two separate mass flow
controllers to control the flow rate of each route. During operation, first the nitrogen gas
was flowed to the sensor (with no vapour present) in order to determine the stable baseline
of the oscillator (path 2). After this, the flow of the nitrogen gas was switched to the
vapour generation path by using a tap without any dead volume (path 2). The precise flow
rate of nitrogen or mixed gas/vapours introduced into the sensor chamber was kept
constant and was indicated by the mass flow controller 3 (Platon®).

Both the sensor chamber and the vapour reservoir were placed in two separate
temperature controlled water baths. The sensor chamber was maintained at a working
temperature of 25 °C, while the vapour reservoir was kept at a constant working
temperature within 1 °C. The bubbling gas (N, i.e. the carrier gas) was introduced at a
constant flow rate. The vapour operating temperature and bubbling gas flow rate combine
to determine the initial vapour concentration. The N, gas introduced via path 2 was used
for both achieving a stable baseline calibration and also as a diluting gas. The quartz
crystal chamber electrical output was connected to a QCM with the data transferred to the
computer. As can been seen from Figure 6-3, by controlling the bubbling gas flow rate and
the working temperature of the vapour generation system, a constant flow of the
homogeneous vapour was maintained throughout the experiment to avoid any variations in

concentration, even when the QCM sensor was exposed to nitrogen gas for calibration.

Overall, the vapours were produced in two stages, including the vapour initial generation
(via path 1) and vapour dilution stages. In the first step, nitrogen at a flow rate of 100
ml/min was passed over the vapour generation system containing a known quality of liquid;
the initial vapour concentration (Co) in the stream of nitrogen with a fixed flow rate was
calculated using equation 6-1 and 6-2. Where the diffusion rate (D) is been measured by

the experimental method described in section 6.3.3.

Co="2£ (6-1)

Co = initial vapour concentration [part per million = ppm]
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D = diffusion rate [g/min]

p = reciprocal vapour density, depend mainly on the molecular weight of the organic
vapours [ml/mg]

F1 = Nitrogen flow rate via path 1[ml/min]

_ 24.51;;106 (6-2)

M = molecular weight of the liquid [g/mol]
In the second stage, the diluted gas concentration was given by 6-3.

= Cy— (6-3)

Co = initial vapour concentration [ppm]
C = concentration of the measured gas [ppm]
F, = Dilute nitrogen flow rate via path 2 [ml/min]

6.3  Calibration of the vapour sensing system

Four vapours were generated and used in the sensing experiments including ethanol,
methanol, toluene and cyclohexane vapour. The chemical structure of ethanol, methanol,

toluene and cyclohexane are shown in Figure 6-4.

T H H
H—C|)—C|:—OH H—C|—OH
H H H
Ethanol Methanol
QCHS O
Toluene Cyclohexane

Figure 6-4  Chemical structures of four vapour molecules.

6.3.1 Saturated vapour pressure

The Clausius-Clapeyron equation (equation 6-1 [188]) is an important relationship that

describes how pressure of two phase system varies with temperature [189-190]. The two
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phase system in question is one in which a liquid and its vapour are in equilibrium

(saturated). This equation is a vapour pressure equation and describes the relationship

between vapour pressure and temperature for pure components.

Inp = =2 + InC

p = vapour pressure [Pa]

I,3 = latent heat of transformation [J]

R = gas constant = 8.31 [kPa-d*/mol/K]
T = temperature of the system [K]

C = a constant of integration

(6-1)

The saturated vapour pressure of the compound could be obtained from the literature by

applying equation 6-1 [191]. Six data points for the vapour pressure of ethanol, methanol,

toluene and cyclohexane were obtained from literature and plotted in Figure 6-5.
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Figure 6-5 Calibration of saturated vapour pressure from [188].

The saturated vapour pressure of the compound was obtained from the literature by

applying the Clausius-Clapeyron equation, i.e. from the best fit line of the saturated vapour
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pressure graph. Furthermore, the saturation concentration of the compound in the gaseous

mixture was calculated based on the ideal gas law.

6.3.2 Calibration of the vapour generation system

The concentration of the vapour was calibrated using the weight loss of the reservoir
liquid caused by a long exposure to the nitrogen flow [187]. For each vapour generated, the
reservoir (and its liquid) was weighed regularly over a 4 day period. The diffusion rate
(9/min) for the vapour was worked out by calculating the ratio of the weight difference
(before and after the vapour exposure) and the exposure time. The final diffusion rate used
is a mean value of the experimental data. This experiment was repeated for each vapour
(and required calibration temperature). It is possible to predict the diffusion rate of a

solvent and thereby the concentration of vapour produced at a constant flow rate.

Figures 6-6 and 6-7 show the measured results for ethanol, methanol, toluene and
cyclohexane. The flow rate and water bath temperature of the vapour generation system is
set to be 100 ml/min, 20 °C and 100 ml/min, 25 °C, respectively. A pair of samples is
taken and analysed. The mean values and the standard deviations are also presented. The

dotted lines in the figures indicate the ideal saturated vapour pressure of each vapour.
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(272 experimental methanol experimental cyclohexane
—~ 15+ —
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% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S 528,300 (saturated toluene)
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Figure 6-6 Comparison of hydrophilic test vapour (left) and hydrophobic test vapour

(right) sampled from the bubbler system and calculated concentrations at 20 °C.
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Figure 6-7 Comparison of hydrophilic test vapour (left) and hydrophobic test vapour
(right) sampled from the bubbler system and calculated concentrations at 25 °C.

It can be seen that the concentrations of each vapour are different for a given vapour
generation condition. Within the literature [179], the assumption is that the test vapour
concentrations generated via the evaporation method are close to the saturated vapour
pressure. Here, the experimentally measured concentrations are in good agreement with
this assumption. A standard deviation of up to 15% is caused by run-to-run changes in the
amount of evaporant. Furthermore, the evaporated amount of liquid will depend on the
bubble size, the rate of ascent, the temperature of the liquid, and the height of the liquid
column, as well as its boiling point, vapour pressure and viscosity. This vapour generation
method was designed to generate a high initial concentration of each vapour, which was

used to meet the requirement of using a 5 MHz quartz crystal based vapour sensor.

6.3.3 Calibration of the flow rate

The vapour sensing system was designed to balance the flow rate of the gas/vapours
from two different paths by using a mass flow controller. Under real conditions, there will
be a small pressure difference at the sensing chamber when gas/vapours were passed
through different paths. Figure 6-8 shows the evaluation of frequency shifts difference for
the nitrogen gas passed through the crystal sensor via the two different paths. The crystal
sensor was conditioned in a flow cell which was fully filled with deionised water and

immersed in a 25 °C water tank at least 30 minutes prior to the exposure measurements.

As shown in Figure 6-8, the nitrogen gas was allowed to flow through the crystal sensor

with a different flow rate. When no lipids were coated, the line pressure difference in the
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sensor chamber was relatively low for the bare sensor (i.e. a small frequency shift
difference between the two paths), while the frequency shift difference slightly increased
to about 10 Hz because of the sensitivity of the sensor as the line pressure increased with
the lipids on. The calibration was always carried out on different thickness lipids coated
sensors. It was found that the frequency shift difference increased while the thickness of
the lipid membranes increased. These values can be used to check and calibrate the stable
baseline of the sensor system by comparing the same nitrogen gas flow rate to the
measured frequency shift via different paths. This behaviour is typical of that seen in the
system. Comparing the relationship between measured frequency and the gas flow rate, a
higher flow rate will result in a lower frequency once stable. Comparing the measured
frequency different paths, at the same flow rate, the average frequency is lower when gas
flows via path 1 than when it flows via path 2, again once stability was achieved. When the
flow rate is greater, the difference will also be greater. Considering the frequency shifts
after the injection of the mixed lipids and also the injection of sample vapour; this
difference is much smaller, and so the stable frequency flow through two different paths
can be ignored, i.e. we treat the stable baseline to be the same via two different paths at the

same flow rate of nitrogen gas.
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Figure 6-8 Crystal oscillation frequency shift difference when gas/vapour was passed

through two paths into the sensor chamber as a function of flow rate.
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6.4  Summary

This chapter deals with the design, operation and calibration of the vapour generation
and sensing equipment used throughout this work. Concentrations of ethanol, methanol,
toluene and cyclohexane vapours were generated using bubbling. The relevant working
concentrations of vapours were also estimated. This work prepared the system for vapour
sensor performance evaluation, which will be discussed further in the coming chapters.
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Chapter 7 Results and discussion: bare

gold based vapour sensing

Chapters 7 and 8 present the results obtained from vapour sensing systems described in
chapter 6, with a discussion of the significance of the results on our understanding of how
the vapour interacts with the lipid membranes. This chapter is primarily concerned with the
vapour sensor response patterns and sensing mechanism; including the working subphase
chosen, sensor repeatability and key performance parameters such as selectivity, sensitivity

and lifetime.

7.1 Sensor fabrication

7.1.1 Effect of subphase on sensor response

Different types of substrates have been prepared for film coating and vapour sensing.
The response of different bare substrates to ethanol are summarised in Figure 7-1. The

standard error is a measure of the sensor-to-sensor response reproducibility.
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1 evaporated Pt
25 1 oxidised Au
1 E==thiolated Au
20 [EEEH 50 nm SiO,
1 [N 100 nm SiO,
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Figure 7-1 Subphase sensing with 58,300 ppm ethanol vapour.
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Figure 7-1 indicates that ethanol vapour was hardly adsorbed onto the plasma oxidised
bare hydrophilic quartz crystals, evaporated platinum or hydrophobic thiolated gold. In
contrast, ethanol adsorbed readily onto the sputter coated SiO, film. Even greater
adsorption was observed on 100 nm SiO, compared to 50 nm SiO,. As one of the target
detection vapours, ethanol results in a non-negligible frequency shift on exposure to SiO,

sputter coated quartz crystal.

The reason why SiO; is sensitive to ethanol vapour has not yet been determined. As
mentioned in section 4.1.2, a SiO; substrate is hydrophilic. Ethanol vapour is hydrophilic
as well. The mechanism of ethanol vapour and SiO; interaction may be surface reaction
and binding. Because of the limited experimental data we are unable to conclude the
sensitivity of SiO, to ethanol is dependent on the thickness. Nevertheless, SiO, sputter

coated quartz crystals were not considered for use as the sensing film substrates.

7.1.2 Repeatability study on sensor response

As mentioned in section 5.3.2 a, the repeatability study was done first by measuring the
crystal frequency shift results caused by film adsorption. Because of the low fundamental
frequency of our working quartz (5 MHz), the frequency shift due to the small amount of
lipids coated was relatively low compared to the literature where many groups use higher
resonant frequencies which are beyond the working range of the Durham equipment [28]
[192]. Moreover, a repeat study of this measurement condition within the day showed that
there will be a precision error of about 7.9 Hz based on the reading and calculation. To
make the repeatability study more reasonable, the second step of repeatability check was
carried out by measuring the sensor response to ethanol vapour after the sensors were
fabricated and weighed (Figure 7-2). As mentioned in section 7.1.1, because of the high
sensitivity of SiO, to ethanol vapour, DLPC coated SiO, sensors were not considered for

vapour sensing.

In Figure 7-2, the mean oscillation frequency shift of sensor responses on each day is
shown. The response of the different types of sensor to the same vapour pressure of ethanol
showed a maximum standard deviation of 6.5% for DLPC coated oxidised gold, 5.1% for
DLPC coated platinum and 4.2% for DLPC coated thiolated gold. These results
demonstrate good sensor response repeatability was obtained for the same sensor type (i.e.

the same substrates, same sensing film and coating parameters). Comparing three different
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sensor types, besides the coating solution the main difference is the coating substrates. The
difference in the mean sensor response value (16.0 Hz shift for oxidised gold, 14.7 Hz shift
for platinum coated crystal and 17.4 Hz shift for thiolated gold) between different sensor
types might be caused by the difference in the film uniformity, its thickness and the effect
of substrates response to ethanol vapour exposure. As mentioned in section 5.1.2, the
sensitivity of the quartz crystal sensor is highest in its centre, and decreases towards the
sensor edge. It is worth mentioning that for different substrates, even though the active area
is slightly different, the most sensitive interaction area (surrounding the centre of quartz
crystals) is always considered to dominate the response. Thus we conclude that in this
work, spin coating has been demonstrated as a sensing film coating method with a good
reproducibility i.e. well controlled quantity lipids (0.16 ul) could be spin coated when
other parameters including coating speed, lipids concentration, substrates etc. remain

unchanged, whereas the uniformity depends on the substrate type and solution used.

30
~---- mean response of Oxdised Au based sensor 7777 dayl

-- mean response of Thiolated Au based sensor  day2
25+ -~ mean response of Platium based sensor BEEEd days

20

151

_Af (Hz)

10

Spin coated DLPC gas sensor on different substrates

Figure 7-2 Mean frequency shift within a day obtained by applying 58,300 ppm
ethanol vapour on QCM sensors spin coated with Img/ml DLPC (similar coating thickness
for 3 different substrates was 42.5 + 1.8 Hz). The line indicates the mean response value of

different sensor types during three days.

7.1.3 Correspondence of sensor response to film thickness on quartz crystal

The response of a sensor coated with different DLPC amounts on exposure to ethanol
vapour was investigated. Figure 7-3 shows the frequency change as a function of different

DLPC concentrations used for fabrication on exposure to 58,300 ppm ethanol vapour.
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It has been shown that short-chain alcohols such as ethanol and methanol localise
predominantly at the hydrophilic head group region of the phospholipid bilayer. Their
location disturbs the natural microstructure of the lipid membrane, leading to a decrease in
membrane viscosity [193]. The use of an organic solvent such as cyclohexane was also
found to cause a reduction of viscosity as reported elsewhere [193]. As mentioned
previously in chapter 3, the decrease of film viscosity will lead to an increase in QCM
frequency. A negative frequency change means that adsorption of organic vapours caused
a frequency decrease in the QCM sensor. As a result, under this experimental condition,

the two multi-influences always co-existed.
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Figure 7-3 Frequency shift of QCM sensor versus different DLPC concentrations used

for fabrication on exposure to 58,300 ppm ethanol vapour.

As shown in Figure 7-3, the response of DLPC coated QCM showed an increase with an
increase in coated mass below 5.85 pg (corresponding to a 331.0 Hz frequency shift,
5845.5 ng/cm® coated DLPC, approximately film thickness of 76 nm and film density of
1.58 g/ml). This phenomenon is likely due to the adsorption of organic vapours causing a
frequency decrease in the QCM sensor. Thus, the dominant factor in the vapour response
of the lipid sensor has to be the film mass and thickness increase which results in a
decrease in the frequency, i.e. under the experimental conditions, the viscosity effect could
be ignored, and the Sauerbrey equation worked well. However, when the coating

concentration was more than 7 mg/ml the curve slightly declined. This means the viscosity
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influence should be taken into consideration but still can be ignored because it is not the

main influence.

Overall, the response of DLPC coated QCM showed an increase with coated mass. We
presume that within the working concentration range (1-10 mg/ml) the Sauerbrey equation
works well, and the viscosity influence can be ignored; the vapour sensors showed a stable
response based on exposure to ethanol vapours. It is worth mentioning again that we have
already concluded, from the quantitative analysis of the lipid layer formed by spin coating,
that when the same concentration in mg/ml of different lipid solutions was used for spin
coating, similar amount of lipids could be coated. During this period of study, five sensors
with different ratio of mixed DSPC/DLPC were prepared from 5 mg/ml solution, and

results will be discussed in the coming section.

7.1.4 Fabricated sensors

At first, the concentration of 5 mg/ml was considered (see Table 7-1). The spin coating
parameters were 1500 rpm and 60 seconds. The frequency shift of sensor 1 caused by
5 mg/ml DLPC spin coating was calculated from polynomial fit based on all QCM
experimental data points. All other Af* were calculated based on the mole fraction and

frequency shift caused by the DLPC lipid coating in sensor 1.

Table 7-1 Sensor fabrication calibration

Experimental of

Weight Mole Af** (Hz) from

Sensor . Calculated Af* . sensor
fraction o of percentage of ] experimental

number (Hz) from ratio . ) fabricated Af***

DSPC DSPC (%) linear fit

(Hz)

Sensor 1 0 0 -166.8 -166.8 -167.5
Sensor 2 0.25 21 -176.9 -178.0 -182.4
Sensor 3 0.5 44 -186.6 -189.3 -193.3
Sensor 4 0.75 70 -198.3 -200.6 -198.3
Sensor 5 1 100 -211.9 203.9 -211.1

As mentioned in section 4.4.2 and 4.4.3, highly aligned lipid sensing films on quartz
crystal gold electrode were prepared by spin coating. The QCM measurement of the

thickness of the deposited sensing films revealed that the approximately coating thickness
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was between 38 nm and 48 nm, assuming that the film density was about 0.8 g/ml. The
sensing area is approximately equal to 1.27 cm?. The fabricated sensor frequency shifts,
expressing the amount of the deposited sensing materials, are shown along with their
respective predicted amount in Table 7-1, where Af* is the calculated frequency shifts of
each sample when the same molecules were coated. As we can see, a similar number of

molecules were experimentally coated on five different sensors.

7.2 Sensor response

7.2.1 Measurement setup and procedure

All sensing experiments were carried out at room temperature (25 °C) and atmospheric
pressure. Nitrogen gas was used as a carrier gas. The evaporation process of the vapours
was done by bubbling. The QCM sensors were conditioned in the system for at least 1 hour
prior to the exposure experiments. The liquid vapour samples were installed in the system

at least 30 minutes before the measurements to allow the system to reach equilibrium.

The sample vapour was passed through the sensing chamber at a fixed constant flow rate
once the stable baseline (i.e. no frequency shift) for only nitrogen gas flow had been
achieved. The exposure time was chosen based on the preliminary study of the typical time
responses of the sensors to different vapours, i.e. the maximum response time was taken
until the frequency variations were less than 1 Hz/min for at least three successive minutes,
which indicates that the maximum adsorption of the QCM sensor was obtained. The sensor

chamber was always cleaned with nitrogen gas before and after each measurement.

7.2.2 Sensor responses

Typical real-time responses of DLPC and DSPC lipid sensors to ethanol, methanol,
toluene and cyclohexane under atmospheric pressure at 25 °C are shown in Figure 7-4 (a)
and (b), respectively, to show the sensors’ dynamic response. Figure 7-4 (c) shows the
example response pattern of a DLPC sensor (sensor 1 in Table 7-1) on exposure to step
changes in the concentration of methanol vapours in the nitrogen carrier gas at room
temperature (film structures referred to Figure 5-4). All other sensors showed similar real

time response patterns which have not been illustrated here.
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Figure 7-4 Representative real time response of (a) DLPC vapour sensor and (b) DSPC
vapour sensors to alcohol (ethanol and methanol) and carbocyclic compounds (toluene and
cyclohexane). (c) Frequency response of a DLPC sensor on exposure to step changes in the

concentration of methanol vapours in the nitrogen carrier gas at room temperature
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In Figure 7-4, the vapour flow was switched on and off at the 5 minutes and 15 minutes
marks, respectively. As can be seen, the two sensors clearly responded to the vapour flow
as there was a distinct wave shape occurring between the on and off times. The frequency
changes, which represented the response of the QCM sensor to the mass adsorbed on the
coated electrode, altered immediately with the target vapour adsorption process, and
rapidly reached a steady value. After exposure, the test chamber was purged with nitrogen
gas, and the vapour desorption process took place. We have confirmed that the observed

responses were not the artifacts caused by the performance of the measurement system.

In these figures the frequency change Af was plotted against time for different analytes.
As can be seen, the time between the alcohol vapours being turned on and off with the
frequency change reaching 80% of the maximum was about 40 seconds on average. The
frequency recovery time was about 10 seconds for 80% de-trapping and 3 minutes for full
de-trapping of vapours. The two sensors’ responses intensity to toluene and cyclohexane
were relatively weak. Due to this, it is hard to define and compare the precise time the two
sensors took to reach their steady-state. However, it is very clear the response and recovery
time was slightly increasing with the DSPC ratio contained in sensing film. Furthermore,
as shown in figure 7-4 (c), the variations in the sensor response for each cycle indicate the
fabricated sensor can be exposed repeatedly to the test vapour with various concentrations.
A fast trapping and de-trapping response pattern was investigated during the real time

sensing experiment.

The other three mixed lipids vapour sensors showed a similar response pattern. The only
difference is that the weight fraction was increased of DSPC in mixed lipid films, and the
sensor showed a slightly increasing time for frequency recovery on exposure to alcohol.
Although it is obvious that the response curves show slightly different response patterns,
excellent reversibility, negligible baseline drift and rapid response was observed in the
frequency shifts, which confirmed that the sensors could be easily regenerated and could
be used for continuous detection of the four vapours. The rapid response is attributed to the
higher diffusion rate of vapour molecules into the relatively low viscosity lipids and this
will be further mentioned and discussed in detail in Chapter 8. Besides, due to the
negligible frequency shift in the baseline before and after vapour exposure, and the highly
repeatable response on for the same vapour concentration (repeat exposure showed the

relative standard deviation was less than 0.05%), we presume there was no coating loss
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when the sensors were used for measurement, which is crucial in order to achieve a stable
system. Due to the high stability of the sensor coatings, and the excellent reversibility of
the sensor system, the sensors were expected to have a theoretically long life time.

It should be noted that the excellent sensor reversibility for adsorption of vapour was not
found in all of the test vapours. As shown in Figure 7-5, a DLPC sensor showed an
extremely slow adsorption on exposure to acetone vapour. Acetone vapour flow was
switched off at the 15 minutes mark. An incomplete recovery of the frequency of a DLPC
sensor was observed even after 6 hours continuous flushing of the sensor chamber with
nitrogen. It was also found that once the DLPC sensor was used for detection of acetone,
the response of the sensor to other vapours (such as methanol-which should exhibit a stable
and reversible response) was no longer reversible, which may lead to an irreversible
change in the sensor property (see Figure 7-6). It could be concluded that a DLPC sensor
for the detection of acetone vapour was “one use only”. Thus acetone was not considered

as a sample vapour for the rest of the experimental work.

The irreversible response of a DLPC sensor (film structure referred to in Figure 5-4 a)
on exposure to acetone vapour is likely to be attributed to two possible reasons. One reason
is that, on exposure to acetone, a permanent change may happen in DLPC lipid sensing
film (such as the chemical structure). The other reason may be some of the acetone may
permanently “stay” with the sensing membranes (either physical absorption or chemical

absorption). Further discussion will be found in section 7.2.3.

20
0 J -+ Vapour on Acetone
-20 U
~N
z
S -40t
-60 - Vapour off
-80 }
0 50 100 150 200 250 300

Time (min)

Figure 7-5 Non-recovery response of DLPC sensor on exposure to acetone vapour.
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Figure 7-6 ~ Non-recovery response of DLPC sensor on exposure to methanol vapour
after being used for detection of acetone vapour.

7.2.3 Interaction mechanism

As mentioned in section 7.2.2, there are two types of interactions including recovery and

non-recovery interactions. The proposed interaction mechanisms will be discussed here.
(@) Recovery sensing mechanism

Multilayer films of lipids showed repeatable response characteristics when exposed to
ethanol, methanol, toluene and cyclohexane vapour, with the only differences being the
sensitivity values and the selectivity properties (this will be further discussed in section
7.3). All the rapid sensor responses on exposure to vapours can be recognised by negative
frequency shifts. This shift was due to vapour being trapped in the sensing film causing a
change in film mass and film thickness. A schematic representation of the interaction

mechanism between the lipid membranes and the vapour molecules is shown in Figure 7-7.

As shown in Figure 7-7, the proposed main reaction process of sensing includes: the
formation of the first thin condensed vapour film on the surface of the lipid layer, and the
diffusion of the vapour through into the underlying films causing an increase of film
thickness and mass. The arrows in Figure 7-7 (b) and (c) indicate that both processes are
reversible, under ideal conditions. Furthermore, due to the property of the amphiphilic lipid

molecules, the hydrophilic vapours (ethanol and methanol) are more likely to condense in
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the hydrophilic head of the lipids. By contrast, the hydrophobic vapours (toluene and

cyclohexane) are more likely to condense in the hydrophobic tails of the lipids.
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Figure 7-7  Schematic diagram illustrating the interaction mechanism between vapour
molecules and sensing lipid membranes: (a) lipid membranes before reaction; (b)
adsorption of condensed vapour on the surface of lipid membranes; and (c) diffusion of
condensed vapour into the bulk of the lipid membranes, causing swelling, an increase of

total film thickness and mass, and a decrease in membrane viscosity.

When the vapour is replaced with dry nitrogen there is a rapid drying effect of the
sensing film (i.e. the loss of the vapour formed within the lipid films). This switching off
of the vapour reduces the film’s total mass and thickness, and therefore the frequency
returns to its initial value for a particular nitrogen flow rate. Furthermore, the response and
recovery time is increased with DSPC ratio contained in the sensing film. This may be
because of the phase influence of the lipid film and will be further discussed in section
7.3.1. The four vapours (ethanol, methanol, toluene, and cyclohexane) took 10 seconds for
80% de-trapping and 3 minutes for full de-trapping of vapours. However, acetone vapour

absorbed into the bulk of the lipid membranes took a longer time to diffuse out, and it
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seems as if not all of the molecules did diffuse out within a 6 hour observation period. The

possible sensing mechanism will be discussed in the coming section.
(b) Non-recovery sensing mechanism

As mentioned before, the DLPC sensor was “one use only” for the detection of acetone.
A possible schematic representation of the reaction process is now discussed. Figure 7-8
(a) depicts the substrate before any reaction has begun. Figure 7-8 (b) shows the formation
of a thin condensed vapour film and diffusion through into the lipid membrane. Figure 7-8
(c) shows that the acetone molecules partially diffuse out when the vapour is replaced with
dry nitrogen. Figure 7-8 (d) depicts the changed substrate before any reaction has begun.
Figure 7-8 (e) shows the formation of a condensed methanol vapour film in the lipid layer
and with the existing acetone. Figure 7-8 (f) shows the partial diffusion out of the methanol
when the methanol vapour was replaced with dry nitrogen.

Acetone and methanol are polar aprotic and polar protic solvents respectively. Both of
them are covalent compounds. As mentioned in section 4.4.1 (c), ionic compounds are
soluble in ionic solvents and covalent compounds are soluble in covalent solvents (i.e. 'like
dissolves like"). There is a difference in electronegativity between hydroxyl (in methanol,
hydrogen is therefore partially positive) and O=C (in acetone; oxygen is partially
negative). That means hydrogen bonding is formed, and this is why methanol is soluble in
acetone. If we presume some of the acetone molecules were permanently left in the sensing
film, they may “capture” the extra methanol or “capture” methanol instead of the sensing
film. The strong bonding between them may cause the extra molecules of methanol to
remain in the sensing film. This proposed non-recovery sensing mechanism has explained
the reason for the acetone response characteristic and the change of sensing pattern for

methanol after the vapour sensor has been used to detect acetone vapour.

Besides the sensing mechanism, the sensor properties including sensitivity and
selectivity are also important parameters which can be used to evaluate the vapour sensor.

These will be discussed in the following section.
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Figure 7-8  Schematic diagram illustrating the interaction between acetone vapour

molecules and sensing lipid membranes: (a) lipid membrane before reaction; (b) adsorption
of condensed acetone vapour and diffusion of condensed vapour into the bulk of the lipid
membrane; (c) acetone molecules partially diffuse out; (d) changed sensing film before any
reaction of methanol; (e) the formation of condensed methanol vapour; (f) partial diffusion

out of methanol.

7.3 Evaluation of sensor sensitivity and selectivity

7.3.1 Sensor selectivity
(a) Affinity of lipids to different vapours

Affinity of lipids to chemical vapours is one of the key factors in achieving the
maximum sensor performance. Five fabricated phospholipid sensors were used to evaluate
the selectivity of the lipid membranes. Figure 7-9 shows the sensors’ responses to various

saturated vapours at 20 °C. There are four responses collected for each sensor-vapour
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combination. Each sensor-vapour combination was repeated at least three times within the
same day. The sensor responses shown in Figure 7-9 were averaged yielding the values
(Af, = Af/C is the nominal frequency shift, where C is the concentration of the vapour in
ppm) for particular sensors. The standard error was a measure of the sensor-vapour
combination response repeatability. As mentioned section 7.2.1, the maximum responses
were taken until the frequency variations were less than 1 Hz/min for at least ten
successive minutes, which indicates that the maximum adsorption of the QCM sensor was

obtained for all measurements.
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Figure 7-9 Nominal sensor response for ethanol, methanol, toluene and cyclohexane.

Sensor details refer to Table 7-1

It is clear that each QCM sensor coated with a different coating material had quite
different response to the same vapour. For example, when 76,200 ppm ethanol or
164,800 ppm methanol was measured, the signal intensity for each sensor decreased in
sequence of sensor 1 > sensor 2 > sensor 3 > sensor 4 > sensor 5; while the array showed
quite a different response pattern towards the other two vapours. However, it is quite hard
to compare the signal intensity for each sensor because they are similar. On the other hand,
the same sensor presented a different frequency response to the different vapours (high
selectivity). It is very clear that all lipid sensors showed strong response intensities to
hydrophilic alcohols, while all lipid sensors showed relatively weak response intensities to
hydrophobic toluene and cyclohexane. One explanation is that the affinity of lipids to
vapour could be related to the dipole moment of each vapour. It was assumed that all the

lipids used for vapour sensor fabrication were polar and thus showed the greatest affinity to
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vapours which were polar (i.e. ethanol and methanol) while exhibiting lower sensitivity to
non-polar toluene and cyclohexane. It could be easier for vapours to be adsorbed into lipid
films of similar polarity, i.e. polar vapour and polar lipid films.

(b)  Affinity of different lipids to the same vapour

Frequency shifts of vapour sensors on exposure to a fixed concentration of different
vapours are shown in Figure 7-10 (film structures referred to in Figure 5-4). This data was
used as eigenvalues for data processing to compare the affinity of different lipids to the
same vapour. The results shown here were five different sensor responses on exposure to
ethanol and methanol. The responses of five different sensors on exposure to toluene and
cyclohexane were relatively low and not clear enough to compare. Thus the responses on
exposure to toluene and cyclohexane are not discussed here. To minimise the error caused
by the environment, five sensors were prepared and measured on the same day. The time
of exposure to vapours of ethanol and methanol was 10 minutes after a stable baseline in
nitrogen flow has been held in each case for 5 minutes. The exposures were followed by

recovery processes for 5 minutes.
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Figure 7-10  Representative real time responses of five sensors to (a) Ethanol
(76,200 ppm), (b) Methanol (164,800 ppm).

Inspecting the figure, one can observe that the overall strongest response intensity on
exposure to both ethanol (108.9 Hz) and methanol (63.5 Hz) was found in 100% DLPC
coated vapour sensor. The weakest response intensity for both ethanol (31.7 Hz) and

methanol (34.2 Hz) exposure was found in 100% DSPC coated vapour sensor. In both
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cases, increasing the weight fraction of DSPC in coating samples decreased the response

intensities of sensors to ethanol and methanol vapours.

Absolute maximum frequency shifts obtained from each of the crystals change due to
differences (e.g. vapour pressure, physical properties) in the test vapours. Therefore, to
compare the response caused by the affinity of immobilised lipids regardless of vapour
concentration, the ratio of the resonant frequency shift, f;, is defined here for normalisation
[17]:

£=-Lx 100% (7-1)

Xmax

f, = the frequency shift corresponding to each lipid [Hz]
frma, = the maximum frequency shift for each compound [Hz]

As mentioned in section 3.1.1, the two lipids used for film fabrication are zwitterionic
phospholipids, with exactly the same hydrophilic head and glycerol linker. The only
difference is the length of the hydrophobic alkyl tails. The result after normalisation is
shown in Figure 7-11. The length of the acyl chain correlates with frequency shift. The

acyl chain length is the average chain length calculated from the mole fraction of mixed

sample lipids.
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Figure 7-11  Effect of acyl chain length on frequency shift ratio (f,.). The definition of f,
is given in the text. Frequency shifts were measured at a constant flow-rate and constant

temperature.

In Figure 7-11, it is very clear that hydrophilic chemical vapour ethanol and methanol

can be recognised well by lipids having shorter acyl chains, whereas lipids with longer acyl
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chains showed less affinity to hydrophilic vapours. These results suggest that the sensor
response is also affected by the length of the acyl chains. It is proposed, therefore, that a
highly sensitive and specific chemical vapour sensor can be fabricated with regard to lipid
acyl chains.

This phenomenon is likely due to the amphiphilic properties of the lipids. As mentioned
section 7.1.3, short-chain alcohols such as ethanol and methanol localise predominantly at
the hydrophilic head group region of the phospholipid bilayer. Thus, if the molecules of
alcohol want to diffuse into the underneath layer of the lipid film to further condense onto
underneath hydrophilic head groups, they need to get across the hydrophobic barrier (i.e.
alky chains). It might be easier for the small molecules to reach the next layer by passing
through the more fluid and shorter chains (see Figure 7-12). As a result, lipids with shorter

chains showed more affinity to the hydrophilic vapours.

Liquid disordered Hydrophilic
ta:)ls (. Wfak Solid ordered vapours
arrier”) Hydrophilic tails (“‘strong
\l, vapours barrier”)

(a) 100% DLPC (b) DLPC/DSPC (¢) 100% DSPC

Figure 7-12  Model of ethanol or methanol vapours (a) easily diffused into the
underneath layer of fluid DLPC; (b) part diffused into the underneath layer of mixed lipids
(c) difficult diffusion into the underneath layer of gel phase DSPC.

The lipid film layers structure models shown in Figure 7-12 was predicted and produced
from the AFM mapping study mentioned before. They show that the hydrophilic vapour
molecules were easily diffused into the underneath layer of fluid DLPC while molecules
were struggling to diffuse into the underneath layer of DSPC, which gives a hint of the
underlying reason for the difference in response intensity and response time (vapour
trapping and de-trapping) of five different sensors on exposure to hydrophilic vapours. The
more vapour molecules trapped by the sensing film, the heavier the total film mass will be,

and the greater the frequency shift will be (i.e. stronger response intensity here). Therefore,
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the more DSPC is contained in the sensing films, the less the sensor affinity to the
hydrophilic vapours and longer response time will be. This will be mentioned again in
section 8.2.3.

7.3.2 Sensor sensitivity

The sensitivity (S) is another important performance parameter of vapour sensor. Here,
as discussed before, the fabricated sensors showed a lack of sensitivity to toluene and
cyclohexane. Therefore, sensitivities of the five sensors to ethanol and methanol were
evaluated.

Sensitivity can be defined in various ways depending on the measurement system. One
definition is the change of response for unit change of concentration [18] [25] [73-74]
[136]. Another way to obtain the sensitivities is to average the response values for
particular sensors, and then subsequently normalise the averages by the amount of the
deposited sensing film. Thirdly, the sensitivities can be expressed as a frequency shift due
to the coating [11] [28]. The latter definition is better for the sensor system fabrication
method (such as dip coating, spray coating etc.) which provide an inherent lack of quality
control. The sensitivity here is defined as frequency change per unit vapour concentration
change (refer to equation 7-2).

s=2 (7-2)
Af = frequency change of the QCM sensor [Hz]
AC = test vapour concentration difference [ppm]

Thus the sensitivities in the five sample lipids vapour sensors for ethanol and methanol

vapour were calculated as the slope of the regression curves from Figure 7-13 and 7-14,

respectively.

The Limit of Detection (LODSs) is another important factor for sensors. It is defined as
the lowest concentration of the test vapour that can be distinguished by the sensor within a
stated confidence limit. It is calculated by the sensitivity of the QCM sensor, the noise
level of the QCM devices and the signal-to-noise ratio, and according to the definition
given by IUPAC [194] LODs is defined by a ratio shown in equation 7-3.
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LODs = 3?“ (7-3)

S = sensitivity of the fabricated sensor [Hz/(ppm)]

o = noise level of the fabricated QCM sensor [Hz]
The noise level was evaluated by examining the peak-to-peak noise over a period of 8
hours. The noise level of the system was 0.9 Hz in this work. Given a criterion for a
detection limit of 3 times the noise level, the system would be considered to have a system

detection limit of 2.7 Hz, and taking into account the LODs of each vapour sensor.

With such methods, adsorption experiments were carried out on ethanol and methanol
vapours over a wide range of concentrations under the same circumstances. Figure 7-13
and 7-14 illustrate the normalised response curve of a QCM sensor coated with five
different sample lipids exposed to ethanol vapour (15,200 ppm-76,200 ppm) and methanol
vapour (33,000 ppm-164,800 ppm) at different concentrations, separately.

The responses of five different sensors (film structures referred to in Figure 5-4) to more
than 10 different concentrations of each vapour were investigated and recorded as shown
in Figures 7-13 and 7-14, respectively. It should be noted that as the ethanol and methanol
vapour concentration increased, all five vapour sensors’ frequency responses were also
increased. The slopes in Fig 7-13 and 7-14 indicate that the frequency changes are directly
proportional to the vapour concentration for the working range. It appears that the
frequency changes increase gradually with increasing vapour concentrations, and an
approximately linear relationship can be obtained at different concentrations for the five
different sample lipids coated vapour sensors. As discussed before, the bubbling system
will give a concentration prediction error up to 15%. The higher the concentration, the
greater the error will be. This might be the main reason that the regression coefficient R?
was not high (see Table 7-2). Nevertheless, it is also quite clear the sensitivities of five
different sensors to ethanol and methanol are different. Thus sensitivities of five sensors

were also calculated and compared using the existing data here.
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Figure 7-13  Regression curves of five sensors to ethanol. Sensor details refer to table 7-
1. Lines are linear fits (R? = 0.99).
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Figure 7-14  Regression curves of five sensors to methanol. Sensor details refer to table
7-1. Lines are linear fits (R* = 0.99).

The comparison of the five sensors’ sensitivities and LODs to ethanol and methanol are

shown in Table 7-2 (a) and (b), respectively.
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Table 7-2 (a) Sensitivities of five QCM sensors to ethanol

Ethanol
nsuerrr;sboerr W(ffi%hst;?is)o n Sensitivity Limit of Detection %g;ﬁlgggs
S (Hz/ppm) LOD (ppm) R?
1 0 14.4 x 10" 1900 0.99
2 0.25 11.2 x 10 2400 0.99
3 0.5 8.5x 10" 3200 0.99
4 0.75 5.8 x 10 4700 0.98
5 1 3.7x 10 7300 0.99
Table 7-2 (b) Sensitivities of five QCM sensors to methanol
Methanol
Sensor Weight fraction Correlation
number of DSPC (0) Sensitivity Limit of Detection coefficient
S (Hz/ppm) LOD (ppm) R’
1 0 3.9x10™ 6900 0.99
2 0.25 3.4 x10™ 7800 0.99
3 0.5 3.0x10™ 8800 0.99
4 0.75 2.3x10™ 11400 0.98
5 1 2.0 x 10™ 13400 0.99

It is clear that the fluid DLPC coated sensor exhibits better performance on the ethanol
and methanol vapour detection than other sensors by showing a higher sensitivity to both
vapours. Whereas, for a DSPC coated sensor, the frequency changes did not increase
significantly with the increase of the test vapour concentration. By increasing the weight
fraction of the gel phase DSPC in the mixed lipid film, the sensor sensitivity to both

ethanol and methanol decreases.

As discussed before, the difference in sensitivities to vapours could be attributed to the
distinctness of the chemical structure and electronic properties between the lipids and the
test vapour molecules. By comparing the same sensor sensitivity to ethanol and methanol,

all five sensors showed greater sensitivity to ethanol vapour. The two vapours have a
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similar dipole moment (1.69 for ethanol and 1.70 for methanol). Ethanol has one more
alkyl chain than methanol. If we presumed the hydrophilic head of lipids would like to
attract the oxhydryl group of the alcohols, then the hydrophobic tail may prefer to attract
the carbon tail of alcohol. It seems like the extra carbon bond of ethanol has improved both
the bonding and resulted in increasing the sensitivity.

Generally, compared to QCM sensors coated with other sensing materials, such as
Pegylated lipids [11] [28], LB coated DPPC-AA [74] and mixed lipids [18], the studied
lipid sensors have relatively low sensitivities to all vapours. This has also caused problems
with obtaining accurate sensitivity and LODs to different vapours. Thus, improving the
sensitivity of the sensor is quite important and will be studied and discussed in chapter 8.

7.3.3 Adsorption behaviour

The number of mol of coated lipid and that of trapped vapour on exposure to saturated
vapour at 20 °C are compared in Table 7-3.

Table 7-3 Comparison of trapped molecule vapour amounts in different sensors

Sensor number  Lipids coated (nmol/cm?) Ethanol trapped (nmol) Methanol trapped (nmol)

Sensor 1 4.76 32.14 37.21
Sensor 2 4.90 24.35 33.38
Sensor 3 4.82 20.40 27.81
Sensor 4 4.73 15.00 25.63
Sensor 5 4.72 9.09 19.09

The number of vapour molecules trapped is calculated by Sauerbrey equation (referred
to section 3.2.5) and the molecular weight of each sample liquid. The trapped number of
vapour molecules is always more than the number of lipid molecules coated. As shown in
figures 7-13 and 7-14, in the case of alcohols, the frequency change increases significantly
with increase of concentration. In other words, at high concentration, the surface of the
coated crystal never saturated with vapour molecules. As discussed before, both ethanol
and methanol have strong electron attracting groups, and so their adsorbed vapour
molecules can subsequently interact with further analyte on the vapour phase. In this
experiment condition, as the alcohol vapour concentration increases, more vapour

molecules are adsorbed on the vapour sensor by interacting with molecules previously
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captured on the surface to form multilayers. Figure 7-15 gives a schematic representation

of the proposed model bonding behaviour between lipids and ethanol vapours.
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Figure 7-15  Schematic representation of the formation of multilayer adsorption of
ethanol onto DLPC coated sensor, where a, b, ¢ and d indicate the four possible boding
positions of the vapour molecules. Red circles indicate each single ethanol molecule

vapour may be located when adsorption happened.

There are four possible hydrogen bonding sites at the head group of the lipid. The

electromagnetic attractive interaction also exists between ethanol vapour molecules and is

indicated in Figure 7-15 location c.

7.4 Evaluation of sensor useful life

A critical issue in a successful sensor is the device’s useful life, because the substitution
of sensors increases the cost of any detection system. Five fabricated vapour sensors were
analysed by ethanol vapour over a period of 4 months. Figure 7-16 illustrates the response
loss (%) of each sensor with time. Sensor response loss (%) is defined as the ratio between

the drop in response with time and the first sensor response.

All sensors reduced their frequency response with time and they did not reach a stable

value. Four months later, the mean value of QCM response loss for five sensors was 26%,
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with the highest one for sensor 5 (32%) and the lowest value for sensor 4 (18%). Sensor 1
and 4 showed a response loss lower than the mean one, but sensors 2, 3 and 5 showed
higher values than the mean one. These results suggest that QCM sensors proposed in this
study were relatively stable within 2 months’ time, and a DSPC (a=1) coated QCM sensor
is less stable compared to the other four sensors.
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Figure 7-16  Response loss (%) of sensors with time.

There are two possible reasons for sensor response loss. The first reason might be the
lipid molecular loss. As sensors were reused, the lipid molecules may be un-immobilised
from the quartz crystal surface during handling, causing a sensor response loss. The second
reason of sensor response loss might be lipid recrystallisation. The best storage
temperature of both DLPC and DSPC lipids is -20 °C. After the sensors were fabricated,
they were kept and stored at room temperature and have the chance to be exposed to
contamination in air which may speed up the lipid “deterioration”. The five sensors were
treated to model the progress of the lipid recrystallisation. Figure 7-17 illustrates the

response loss (%) of each sensor with treating stages.

All sensors reduced their frequency response with increase of treatment times and they
did not reach a stable value. After three treatments, the mean value of QCM response loss
for five sensors was 61%, with the highest one for sensor 1 (67%) and the lowest value for
sensor 2 (56%). Sensors 2, 3 and 4 showed a response loss lower than the mean value, but
sensors 1 and 5 showed higher values than the mean one. These results suggest that QCM

sensors proposed in this study were relatively stable for 6 hours treatment at 30 °C. When
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the sensors were placed at a high temperature for several hours, the sensor response loss
was obvious. The idea of heating the sensors is to try to model “speed up” progress of
sensor response capacity change in several months of use. During three months of use, the
lipids have a chance of drying out, recrystallising, oxidation or even further degradation to
other compounds. It has been reported the oxidation was promoted by heat, but restricted
by humidity. Here, the sensing lipid deterioration promotion happened via heat
treatment [195].
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Figure 7-17  Response loss (%) of sensors with treating stages. Stage 1 is to heat the five
sensors up to 30 °C for 6 hours; stage 2 is to heat the five sensors up to 60 °C for 2 hours;

stage 3 is to heat the five sensors up to 60 °C for 2 hours.

As argued above, there may be lipid loss during handling in three months’ use. The
sensors were not used quite often and the baseline frequency does not shift a lot each time
before experiment starts. As a result, the material loss is not a major reason for the sensors’
capacity reducing. The the largest contributor to the sensors’ capacity reducing would be
the lipid deterioration. It indicates the best environment for storing the sensors is at a

relative high humidity, low temperature and under vacuum.

7.5 Summary

Five different lipid sensors were fabricated by the spin coating method on QCM. A
water-wettable gold electrode was used as the main working subphase. The concentration

used for fabrication was 5 mg/ml. The properties of five sensors and the sensing
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mechanism were evaluated. An excellent reversibility for adsorption of vapour was found
in ethanol, methanol, toluene and cyclohexane vapours except acetone. Lipid sensors
showed the stronger response intensity to alcohol than to toluene and cyclohexane. As
increasing the weight fraction of DSPC in coated lipids film, the sensor response intensity
and sensitivities to ethanol and methanol decreased. Lipids with shorter acyl chains
showed more affinity to hydrophilic vapours. These results suggest that the sensor
response is affected not only by the hydrophilic groups of phospholipids, but also by the
length of the acyl chains. Furthermore, all sensors were relatively stable within two
months’ time after preparation. The main reason to cause the sensors’ capacity reduction
would be the lipid deterioration. It indicates the best environment for storing the sensors is

at relative high humidity, low temperature and vacuum.

The sensitivity of the vapour sensors prepared was low, and so the main effort will be

made to improve the sensors’ sensitivity and will be further discussed in the next chapter.
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Chapter 8 Results and discussion:

Increase of sensitivity

A vapour sensor was successfully constructed by immobilising DLPC, DSPC or
DLPC/DSPC mixed lipids on a QCM surface. The interaction mechanism between the
lipids (i.e. DLPC or DSPC) and the vapour molecules has been discussed in detail in
chapter 7. The potential of using DLPC and DSPC to fabricate a rapid response and
reusable vapour sensor has been demonstrated. Five sensors (Table 7-1) have been
prepared and studied. These sensors are better for hydrophilic alcohols and showed a lack
of affinity to hydrophobic vapours. The occupational exposure limits (OELSs) for hazardous
substances at work recommend a maximum long term limit of 8 hours continuous exposure
to ethanol, methanol, cyclohexane and toluene are 1000 ppm, 200 ppm, 100 ppm and
50 ppm, respectively. Comparing the limit of detection for the previously prepared sensors
(Table 7-2), all sensors showed relativity weak response intensity to all vapours. Thus,
improving the sensor’s sensitivity iS a priority. This chapter examines the sensitivity
improvement of QCM vapour sensor by increasing the concentration of lipids and changes

to the film property using cholesterol.

8.1 Improving sensitivity

There are several ways which could be considered to improve the sensors’ sensitivities:
these include increasing the sensitivity of the transducer itself by using high fundamental
frequency quartz crystals; changing the properties of the sensing film by increasing the
thickness of the film; and adding cholesterol. A change to the film phase was the main way

to improve the sensor sensitivity which will be investigated and discussed in this chapter.
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8.2  Optimization of film thickness

8.2.1 Testing of high concentration DLPC and DSPC lipid sensors

DLPC and DSPC solutions with different concentrations, including 1, 3, 5, 7 and 10
mg/ml, were prepared for spin coating in Chapter 7. Investigations including a repeatability
study, and film weighing were carried out by using solutions with a concentration less than
10 mg/ml. Results indicate that spin coating is a reliable process which guarantees
applying a reproducible amount of lipid onto a QCM surface. A strong linear relationship
between the fabricated lipid amount and the concentration of the solution used for spin
coating were found. In other words, the sensing film thickness can be controlled via the
concentration of the solution used for spin coating. When the same mg/ml concentration of
DLPC, DSPC or two lipid mixture solutions is used for spin coating, a similar number of
lipid molecules could be applied on the QCM substrate under our experiment conditions.

Based on these results, high concentration lipid solutions were prepared for thick film
fabrication. The original solution was prepared based on the solubility of each lipid to
chloroform (data offered by Avanti Polar Lipids, Inc.). The DLPC solution was prepared to
be 100 mg/ml and diluted to the target concentrations: 10, 13, 15, 20, 30, 40, 50 and
100 mg/ml. The DSPC solution was prepared to be 60 mg/ml and diluted to the target
concentrations: 10, 15, 20, 30 and 50 mg/ml. Frequency shifts due to lipid adsorptions
were measured each time after coating. The DLPC and DSPC film growth can
conveniently be characterised in terms of the film thickness obtained as an average from
the frequency shifts. Figure 8-1 shows the mean oscillation frequency shift -Afjiiq plotted
versus the coating concentration Ce.at. The standard error of the lipid coating amount is
equal to or larger than 16.6 Hz. It is effectively a measure of the sensor-to-sensor response
due to coating reproducibility (i.e. the standard deviation), separately. For better clarity,
here, we define the concentration used for spin coating to be “low concentration” when it is
less than 10 mg/ml and “high concentration” when it is equal or greater than 10 mg/ml. For
both high concentrations of DLPC and DSPC lipids deposited by spin coating, an

approximate a proportional relationship was found and shown in equation 8-1.

-Afiipia = ipid X Ceoat (8-1)
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Figure 8-1 Concentration plots of the mean of the frequency shift generated from QCM
measurements. Data displayed for dry DLPC and DSPC films. Lines are linear fits
(R?=0.99)

This relationship is in agreement with our previous results when a low concentration
was used for spin coating (equation 5-1). The only difference is the proportionality
constant. For samples prepared from a high concentration solution, the proportionality
constant (coating constant, aipig-nigh) Was found to be 41.7 Hz/ (mg/ml) for DLPC and
50.0 Hz/(mg/ml) for DSPC. The comparison of low concentration experimental coating

constant and the calculated coating constant is shown in Table 8-1.

Table 8-1 Comparison of proportionality constant

Weight fraction of Mole percentage of Low co:cerltratlon High ((:loncentratlon
o lipid lipid-high
DSPC DSPC (%) [Hz/(mg-mi™)] [Hz/(mg-mi™)]
a=0 0 32.8 41.7
a=1 100 40.2 50.0

The experimental measurement coating constant for DLPC is used to work out the
calculated coating constant of DSPC based on the presumption that the same number of
DLPC and DSPC molecules were coated on the substrate. That is, the calculated coating
constant for DSPC is determined based on the experimental results of DLPC. If we believe
the experimental coating constant of DLPC is 41.7 Hz/(mg/ml), then when the same
amount of DSPC be coated the coating constant of which will be 50.0 Hz/(mg/ml). By
comparing the experimental coating constant of DSPC with the calculated one, it indicates

the experimental results are still in good agreement with our previous conclusion, i.e. when
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the same concentration solution in g/ml was used for spin coating, a similar number of
lipid molecules could be coated on the substrate. The coating constant is different for low
and high concentration lipids. This difference can be mainly attributed to the different
experimental conditions. The lipid solution used for sensor spin coating was prepared on
different days and with a different initial concentration. There will be an error during these
experimental procedures. Nevertheless, these results are in good agreement that a similar
amount of DLPC and DSPC lipids were coated with the same concentration lipid solution
in mg/ml that was used for spin coating.

The standard deviation of the thickness distribution for DLPC and DSPC are quite
similar and the value of the deviation increase with the spin coating concentration. Even
so, the repeat study showed an acceptable sensor response difference while on exposure to
the same vapour pressure vapour (maximum frequency shift difference about one fifth of

the frequency shift caused by vapour exposure).

8.2.2 Correspondence of sensor response to film thickness on quartz crystal

The film thickness optimisation was carried out by investigating different amounts of
DLPC or DSPC coated on the 5 MHz QCM surface. Figure 8-2 illustrates the frequency
change as a function of coated lipid molecule number when exposed to 76,200 ppm
ethanol vapour. The response of DLPC coated QCM showed an increase with coated mass

below 6.9 pg (corresponding to a film thickness of about 84 nm).

Figure 8-2
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Frequency change of QCM sensor versus different number of moles of

DLPC on exposure to 76,200 ppm ethanol vapour.
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A negative frequency change means that adsorption of organic vapours caused a
frequency decrease in the QCM sensor. However, the response declined when the coating
concentration was more than 10 mg/ml (corresponding to about -220 Hz frequency shift,
3885.2 ng/cm? coated DLPC, 50.6 nm). The frequency shift may be attributed to the three
possible effects. The first, perhaps obvious, is the mass increase in the film resulting in a
decrease in the QCM frequency. However, two other competing effects are: a viscosity
decrease resulting in an increase in the QCM frequency [71] [110] and an uneven loading
of the crystal causing only part of the crystal to stop oscillating. For thin films (the
concentration of solution used for coating was less than 7 mg/ml here), the latter effects
(i.e. viscosity effect and uneven loading effect) can be ignored and the Sauerbrey equation
works well. With thick DLPC films, the viscosity decrease becomes the dominant factor to
influence the QCM performance, leading to a response which is opposite to that of
conventional QCM devices which are based on the detection of mass loadings. The
adsorption of organic vapours to the DLPC films resulted in a positive frequency shift.
Accordingly, when the DLPC is too thick, we cannot rationalise the vapour response
results based on the equation originally derived by Sauerbrey. Normally, on exposure to
saturated ethanol vapour, the frequency of the quartz crystal will start to decrease at the
beginning. At one point the frequency will start to increase. The final equilibrium is
normally reached after about 5 minutes. The lowest points here are named as “turn points”.
The thicker the film is, the lower the turn point will be. These points are also marked on

the figure 8-4 in the red circle.

The positive response has been previously reported and utilised as a sensing mechanism
for vapour sensing of ionic liquids by other groups [71] [110]. However, no study has been
done on lipid based QCM sensors to the best of the author’s knowledge. More details will
be discussed in section 8.2.3. To minimise the influence of viscosity on the sensor
response, a concentration of 10 mg/ml is well suited for the spin coating of single phase
DLPC lipids. Similar work has been undertaken on DSPC lipids in order to optimise the
film thickness. Figure 8-3 illustrates the frequency change as a function of coated DSPC or

DLPC molecule number when exposed to 76,200 ppm ethanol vapour.
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Figure 8-3  Comparison of the optimisation of the DSPC and DLPC sensor response
versus a different number of moles on exposure to 76,200 ppm ethanol vapour. Lines are

linear fits (R? = 0.99).

Different from the DLPC results, DSPC showed a relative stable negative response on
exposure to saturated ethanol vapour even when the DSPC concentration used for spin
coating had reached a high level (50 mg/ml). A good linear relationship was found
between coated number of moles of DSPC and the frequency response on exposure to
ethanol vapour (R®=0.99). It indicates that the response of DSPC coated QCM still showed
an increase with an increase in coated mass when it is below 41.5 pg. The main driving
force of frequency shift is still the mass loading and the Sauerbrey equation is holding
well. The stable response of the DSPC coated QCM sensor makes a high concentration
spin coated DSPC sensor a good potential candidate sensor for highly sensitive vapour
detection. However, a negative aspect of this sensor is the slower vapour adsorption speed

with thicker films.

8.2.3 Typical response of high concentration DLPC and DSPC single phase sensors
(a) DLPC sensor

The typical real-time responses of thick DLPC film coated QCM vapour sensors (film
structures referred to in Figure 5-4) to ethanol vapour under atmosphere at 25 °C (i.e.
76,200 ppm) are shown in Figure 8-4 (a). Different concentrations used for spin coating are
indicated by different colours in this figure. The corresponding concentrations of DLPC

solution used for spin coating are also shown. The variations in the sensor response for the
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first, second and further exposures of the DLPC sensor (prepared from spin coated 40

mg/ml DLPC solution) to different concentrations of ethanol is shown in Figure 8-4 (b). In

each cycle, the sensor was exposed to a given concentration of ethanol for 10 minutes and

then flushed with nitrogen for 5 minutes.
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200+ 54,300 ppm
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Figure 8-4  (a) Typical response of different thickness DLPC film sensors with

76,200 ppm ethanol vapour (“turn points” mentioned in section 8.2.2 are shown in the red

circle) and (b) frequency response pattern of a DLPC sensor (spin coated from 40 mg/ml

solution) on exposure to step changes in the concentration of ethanol vapours in the

nitrogen carrier gas at room temperature.
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After stabilisation for at least five minutes, the sensors were exposed to saturated ethanol
vapour for ten minutes. The three sensors clearly responded to the sample vapour and
always fully recovered after each exposure. The solubility equilibrium of organic vapours
in DLPC lipids was normally reached within five minutes. However, on exposure to the
ethanol vapour, the frequency decreased for a few seconds, and finally reached equilibrium
at a higher frequency (frequency increased compared to the initial stable baseline. This is
related to the viscosity decrease of DLPC upon dissolution of solute molecules [71] [196-
197].

Furthermore, Figure 8-4 (b) clearly shows one example of a typical real-time response
pattern of the DLPC sensor with both positive and negative response on exposure to
different concentrations of ethanol vapour (also referred to in figure 8-5). A fast trapping
(about 30 seconds) and de-trapping (about 30 seconds) response pattern was identified
during the sensing experiments. Frequency shifts of QCM devices result from a
comprehensive change in the physicochemical properties of a surrounding medium. In
addition to the change of film density on the QCM electrode, the variation of viscosity of a
surrounding medium also gives rise to a frequency shift of the resonator [71]. From the
real-time response of these sensors on exposure to ethanol vapour, the ethanol molecules
were adsorbed by the DLPC film, resulting in the decrease of the quartz crystal frequency.
When enough vapour has been adsorbed by the film, the positive frequency shift caused by
viscosity change cannot be ignored, and finally results in an increase of the quartz crystal
frequency. Excellent sensor reversibility indicates that the positive frequency shift was not

caused by the loss of sensing film mass.

A positive frequency shift was observed with a thick (> 81 nm) DLPC film based QCM
sensor on exposure to both saturated ethanol vapour and methanol vapour. Figure 8-5 and
8-6 illustrate the normalised response curve of a QCM sensor coated with 32.2 ug DLPC
film (corresponding to about 392.8 nm) exposed to ethanol vapour (15,200 ppm-
76,200 ppm) and methanol vapour (33,000 ppm-164,800 ppm) at different concentrations,

separately.

As the ethanol and methanol vapour concentration increases, the sensor response first

becomes more negative, and then less negative until finally it increases positively. The
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slopes in Figures 8-5 and 8-6 also indicate that the frequency changes were influenced by

the mass loading and viscosity decreasing.

Membrane viscosity is a key parameter in cell physiology, cell function and cell
signalling [193]. Alcohols are excellent well explored examples which have the effect of
membrane viscosity-reducing [198-199]. As mentioned section 7.1.3, the short-chain
alcohols localise predominantly at the hydrophilic head group region of the phospholipid
bilayer. Their location disturbs the natural microstructure of the lipid membrane leading to
the decrease in membranes’ viscosity [193]. Kanazawa and Gordon [200] derived an
equation which expresses the frequency shift (Af) of the quartz crystal in contact with a

fluid and the decay length of the shear wave (§).
Af = 2 (up1/Hgpg) 2 (8-2)

6= "/ rpp) "2 (8-3)
fo = oscillation frequency of the bare crystal [Hz]
nL = absolute viscosity of the liquid [N-sec/m?]
p1 = absolute density of the liquid [kg/m’]
Mo = elastic modulus of the quartz [g/cm/sec]
po = density of the quartz [kg/m’]
& = decay length of the shear wave [cm]

In general, the dissolution of the alcohol vapours in lipid membranes can induce changes
in many physical properties of the lipid membranes. As mentioned section 7.1.3, there are
two factors that are relevant to our present discussion, which are the change in viscosity
and the change of mass upon addition of organic solvents. Under these experimental
conditions, the viscosity of the DLPC lipid greatly decreased after the addition of low-
viscosity solvents, whereas the mass of the membranes was significantly increased with the
addition of the solvents. Figures 8-5 and 8-6 indicate that for both ethanol and methanol
vapours, at relatively low concentration, the effect on the frequency of increasing mass is
more dominant than that of viscosity, while at relatively high vapour concentration, the
reduction of viscosity is more pronounced than that of mass. This phenomenon results in
the frequency shift starting as negative and increase of positive with an increasing as the

vapour co ncentration.
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Figure 8-5
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On first inspection, the relatively large positive frequency shifts observed with DLPC

make the lipid a good candidate for highly sensitive QCM vapour sensors. However, the

origin of the strong dependence of viscosity on the solvent concentration in DLPC lipids is

not completely understood [71]. Furthermore, under different experimental condition

(temperature, humidity etc.), the complex influences may make the frequency shift

quantitative analysis more complex. As a result, the maximum concentration considered

for a single phase DLPC vapour sensor is 10 mg/ml, below which the fabricated sensor
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will give a stable negative frequency response on exposure to high concentration alcohol

vapours.
(b) DSPC sensor

The typical real-time response of thick DSPC film coated QCM vapour sensors (film
structure referred to in Figure 5-4 b) to ethanol vapour under atmosphere at 25 °C (i.e.
76,200 ppm) is shown in Figure 8-7. The concentration used for spin coating is also

indicated in this figure along with the corresponding coated DSPC mass.
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Figure 8-7  Typical response of DSPC films sense with 76,200 ppm ethanol vapour.

Good reversibility for adsorption of vapour in the coated materials and slow response
was observed in Figure 8-7, which also confirmed that the thick DSPC film coated sensor
could be easily regenerated and used for continuous measurement. For the DSPC sensor,
the time between the alcohol vapours being turned on and the frequency change reaching
80% of the maximum was about 30 minutes on average. Clearly, the DSPC vapour sensor
exhibited a fairly slow response, negligible baseline drift and good albeit slow reversibility
for alcohol vapour. The single phase DSPC vapour sensor response time to alcohol is much
longer compared to DLPC sensor and DSPC/DLPC sensor. As discussed in section 7.3.1,
the DSPC single phase sensor took the longest time to reach frequency equilibrium and the
longest time to recover which was caused by the gel phase of the lipids. Furthermore, the
time for frequency equilibrium became even longer as the films coated on the crystal

became thicker.
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If we do not consider the unit thickness response of the DSPC vapour sensors, a high
concentration DSPC gas sensor showed the relatively largest and most negative stable
response towards ethanol vapours which indicates that the DSPC lipid would be a good
candidate for high sensitivity vapour sensor fabrication, with the only disadvantage being
the slow response.

The slow adsorption may be caused by the property of the DSPC lipid itself. At room
temperature, the DSPC membrane is in a gel phase. The slow response is attributed to the
slower diffusion rate of vapour molecules in the relatively high viscosity of DSPC lipids
compared to DLPC lipids. As a result, changing the lipid phase would be an option to
increase the response speed and this will be further discussed later.

8.3  Sensor sensitivity improvement by increase film thickness

8.3.1 Sample sensor preparation

Based on the optimisation of the film thickness results, the improvement of five sensor
(5 mg/ml) sensitivity was achieved by increasing the concentration used for spin coating.
Five sensors were prepared for comparing with the five sensors discussed in chapter 7
(refer to Table 7-1). The sensors were fabricated by the spin coating method at 1500 rpm
for 60 seconds. The comparison of old and new sensors are shown in Table 8-2. A similar

amount of lipids was coated on the five different sensors.

Table 8-2 Sensor list

Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5 n/a
mg/ml a mg/ml a mg/ml o mg/ml o mg/ml o mg/ml o
5 0 5 0.25 5 0.5 5 0.75 5 1 nfa nfa
Sensor 1* Sensor 2* Sensor 3* Sensor 4* Sensor 5* Sensor 6
mg/ml a mg/ml o mg/ml o mg/ml o mg/ml o mg/ml o
10 0 10 0.25 10 0.5 10 0.75 10 1 50 1

The improved sensitivity sensors are sensor 1*, sensor 2*, sensor 3*, sensor 4* and
sensor 5*. The only difference between the two groups of sensors is the concentration used

for spin coating. The frequency shift caused by spin coating is shown and compared with
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the five sensors prepared before in Table 8-3. The sensor weighing results indicate that the

coated molecule number of the sensors in group 2 has almost doubled.

Table 8-3 Comparison of sensor fabrication

Senso Sensor Weight Mole Concentrat  Experimental Mass
r number fraction oo of  percentage of ion Af*** (Hz) (ug/cm?/Hz)
group DSPC DSPC (%) (mg/ml)
1 Sensor 1 0 0 5 -167.5 3.0
Sensor 2 0.25 21 5 -182.4 3.2
Sensor 3 0.5 44 5 -193.3 3.4
Sensor 4 0.75 70 5 -198.3 35
Sensor 5 1 100 5 -211.1 3.7
2 Sensor 1* 0 0 10 -420.0 7.4
Sensor 2* 0.25 21 10 -449.0 7.9
Sensor 3* 0.5 44 10 -452.6 8.0
Sensor 4* 0.75 70 10 -460.0 8.1
Sensor 5* 1 100 10 -493.5 8.7
3 Sensor 6 1 100 50 -2345.0 41.4

8.3.2 Evaluation of sensors’ sensitivity and selectivity

Figures 8-8 and 8-9 illustrate the normalised response curve of a QCM sensor (film
structures refer to Figure 5-4) coated with five different sample lipids exposed to ethanol
vapour (14,300 ppm-68,600 ppm) and methanol vapour (9,800 ppm-164,800 ppm) at
different concentrations, separately. The comparison of the five sensors’ sensitivities and
LODs to ethanol and methanol are shown in Tables 8-4 and 8-5, respectively. The real
time response patterns of sensors (refer to Table 8-3, group 2 and 3) on exposure to step
changes in the concentration of vapours are similar as those (refer to Figure 7-4 c¢) of
sensors prepared from 5 mg/ml lipid solution (refer to Table 7-1). The only difference is

the response intensity.
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Figure 8-8
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Regression curves of sensor 1*, sensor 2*, sensor 3*, sensor 4*, and sensor

5* to ethanol, where a is the weight fraction of DSPC.

Table 8-4 Sensitivity improvment of sensor response to ethanol by increased
concentration
Ethanol
Sensor Concentration used for ~ Weight fraction sencitivi Limit of Correlation
. ensitivit
number coating (mg/ml) of DSPC (a) y Detection coefficient
S (Hz/ppm) LOD (ppm) R?
1 5 0 14.4 x 10™ 1900 0.99
1* 10 0 30.5 x 10* 900 0.99
2 5 0.25 11.2 x 10 2400 0.99
2% 10 0.25 25.4 x 10* 1100 0.99
3 5 0.5 8.5x 10" 3200 0.99
3 10 5 18.5 x 10™ 1500 0.99
4 5 0.75 5.8 x 10 4700 0.98
4% 10 0.75 13.5 x 10 2100 0.99
5 5 1 3.7x10* 7300 0.99
5* 10 1 7.4 % 10™ 3700 0.99
6 50 1 33.6 x 10* 1100 0.99

158



Chapter 8

500
1 © sensor1* (10 mg/ml, o = 0)
450 ] sensor 2* (10 mg/ml, a. = 0.25)
4004 * sensor 3* (10 mg/ml, .= 0.5)
1 sensor 4* (10 mg/ml, a. = 0.75)
3504 + sensor5* (10 mg/ml, .= 1)
300_' sensor 6 (50 mg/ml, o = 1) L
,l\T 1 R | )
L 2501 .-
S 2001 .- L9
1 | n * . NON
150— ‘..‘ O‘__-O M }K
100 Lo S
1 NOHEEE S SIS 5
50 1 OO‘.,Z ?é’L
1, , F T
O Lt T T T T T T 2
5 10 15 x10

Methanol concentration (ppm)

Figure 8-9 Regression curves of sensor 1*, sensor 2*, sensor 3*, sensor 4*, and sensor

5* to methanol, where a. is the weight fraction of DSPC.

Table 8-5 Sensitivity improvement of sensor response to methanol by increased

concentration

Methanol
Sensor Concentration used for ~ Weight fraction Sencitivit Limit of Correlation
. ensitvi
number coating (mg/ml) of DSPC (a) y Detection coefficient
S (Hz/ppm) LOD (ppm) R?
1 5 0 3.9x 10" 6900 0.99
1* 10 0 14.3 x 10 1900 0.99
2 5 0.25 3.4x10* 7800 0.99
2% 10 0.25 12.2 x 10 2200 0.99
3 5 0.5 3.0x 10" 8800 0.99
3* 10 5 9.5x 10" 2800 0.98
4 5 0.75 2.3x10* 11400 0.98
4 10 0.75 7.6 x 10™ 3500 0.97
5 5 1 2.0x 10 13400 0.99
5* 10 1 5.7 x 10 4700 0.98
6 50 1 19.9 x 10 1300 0.99

The responses of five different sensors to 8 different concentrations of each vapour were
investigated and recorded as shown in Figures 8-8 and 8-9, respectively. The same
response behaviour was found in group 2 and 1 sensors (sensor details refer to Table 8-3),
in that as the ethanol and methanol vapour concentration increased, all five QCM vapour

sensors’ frequency responses were also increased. The slopes in Figures 8-8 and 8-9
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indicate that the frequency changes are directly proportional to the vapour concentration
for the working range. It appears that the frequency changes increase gradually with
increasing vapour concentrations and an approximately linear relationship can be obtained

at different concentrations for the five different sample lipid coated vapour sensors.

The sensors’ sensing behaviours in group 2 were the same as the behaviours in group 1.
The fluid DLPC coated sensor exhibits better performance with ethanol and methanol
vapour detection than other sensors by showing a higher sensitivity to both vapours.
Whereas, for the DSPC coated sensor, the frequency changes did not increase significantly
with the increase of the test vapour concentration. By increasing the weight fraction of the
gel phase DSPC, the sensor sensitivity to both ethanol and methanol decreases.

In Tables 8-4 and 8-5, the sensitivity changes of the lipid based sensors are also
compared. If the same lipid (mixed lipids) coated QCM sensors in groups 1 and 2 were
compared, almost all five sensors’ sensitivities have doubled. These results were expected
as the average coated lipid amount has doubled. As discussed before, the sensing
mechanism for sensors in both groups 1 and 2 is the simple mass increase leading to a
frequency decrease. The five sensors’ sensitivities to ethanol and methanol vapours were
improved by increasing the sensing film thickness. It also appears that the sensitivities are
decreasing and the LODs are increasing with an increase in the weight fraction of DSPC in
the DSPC/DLPC film.

It should be noticed that, another high concentration DSPC sensor (group 3, sensor 6,
50 mg/ml spin coated 100% DSPC) was also prepared. Figures 8-8, 8-9 and Tables 8-4, 8-
5 clearly indicate that the highest sensitivity to ethanol and methanol vapours was obtained
in sensor 6 whereas the responses of all the sensors to hydrophobic vapours were still not
so clear, which will not be discussed here. The sensitivity of sensor 6 to ethanol is about 11
times higher than the sensor 5 (the lowest sensitivity sensor to ethanol from group 1); and
the sensitivity of sensor 6 to methanol is about 14 times higher than the sensor 5 (the
lowest sensitivity sensor to methanol from group 1). The high sensitivity of sensor 6 to
ethanol and methanol make sensor 6 a good candidate for preparing a high sensitivity

sensor. There are still some shortcomings which need to be optimised.
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There are several ways to increase the fluidity of the lipid bilayers which may, in turn,
lead to potential increase of the adsorption speed and the maximum amount of the vapours
into the sensing films, discussed later.

8.3.3 Sensor selectivity: effect of acyl chain length on sensor response

The selectivity of the lipid-based sensor to four chemical vapours is shown in Figure 8-
10. It indicates the affinity of five high concentration spin coated sensors in group 2 and
50 mg/ml DSPC spin coated sensor 6 in group 3 response to various saturated vapours at
25 °C.
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= 300
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sensor 1* sensor 2* sensor 3* sensor 4* sensor 5* sensor 6

Sensor number

Figure 8-10  Six sensors affinity comparison to 4 different vapours.

There are four responses collected for each sensor-vapour combination. Each sensor-
vapour combination was repeated at least three times within the same day. The sensor
responses shown in Figure 8-10 were averaged, yielding the values for particular sensors
(i.e. Af, = Af/C is the nominal frequency shift, where C is the concentration of the vapour).
The standard error was a measure of the sensor-vapour combination response repeatability

(i.e. about 7% for all sensors).

Similar to the low concentration coated QCM sensor, each high concentration lipid
coated QCM sensor had a quite different response for the same vapour. It is still clear that

all of the lipid sensors showed a strong response intensity to hydrophilic alcohols.
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However, all lipid sensors showed a relatively weak response intensity to hydrophobic
toluene and cyclohexane. It is still hard to compare the response of different sensors to
hydrophobic vapours because the frequency shifts are too small. Whereas, the response of
different sensors to hydrophilic vapours is very clear: when 68,600 ppm ethanol or
145,000 ppm methanol was measured, the signal intensity for each sensor decreased in
sequence of sensor 6 > sensor 1* > sensor 2* > sensor 3* > sensor 4* > sensor 5*. The
reason for the response intensity difference was caused by the phase difference of the lipid
sensing films. The sensing films were prepared from liquid phase DLPC and gel phase
DSPC. The “stronger” barrier provided by gel phase DSPC will make it difficult for the
hydrophilic vapour molecules to reach the layers under the films. As a result, the more gel
phase DSCP contained in the sensing film, the weaker response intensity and slower

adsorption speed will be.

Overall, the optimisation of sensing film thickness results showed a high concentration
DSPC solution coated QCM sensor is a good candidate for preparing a highly sensitive
vapour sensor. Efforts will be made to modify the film to optimise flexibility and improve

the response speed.

8.4  Optimization of DSPC/cholesterol film flexibility

There are several ways to increase the fluidity of the lipid bilayers which may lead to
potential increase of the adsorption speed and the maximum amount of the vapours
diffusing into the sensing films. One such way could be to add cholesterol to DSPC lipid. It
has been reported that, the fluidity of the lipid bilayers of the cells is known to be affected
by cholesterol located in the cell membrane, as well as by the chemical properties of the
lipid acyl chains [201]. A second approach is to add a small amount of fluid DLPC, which

will be further discussed later.

8.4.1 Effect of cholesterol on DSPC sensor response

The mixed lipid solutions were prepared so that the volume ratio of 50 mg/ml
cholesterol to 50 mg/ml DSPC was in the range 0-40% and 100%. Quartz crystals were
modified by these solutions separately by the spin coating method. Ethanol, methanol,

toluene and cyclohexane were used as analytes. All the DSPC/cholesterol sensors prepared
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are shown in Table 8-6. Figure 8-11 shows the effect of cholesterol on the adsorption of

alcohols (Figure 8-11 a) and hydrophobic vapours (Figure 8-11 b) by the membranes.

Table 8-6

DSPC/cholesterol sensor list

Sensor number

volume fraction to DSPC(a* and a**)

Concentration (mg/ml)

Cholesterol (a*) DLPC (¢**)  Cholesterol DLPC DSPC
6 0 0 50 n/a 50
7 0.05 0 50 n/a 50
8 0.1 0 50 n/a 50
9 0.15 0 50 n/a 50
10 0.2 0 50 n/a 50
11 0.3 0 50 n/a 50
12 0.4 0 50 n/a 50
13 1 0 50 n/a 50
500 100
450 4 @ —0—177,600 ppm ethanol (b) —0— 132,400 ppm toluene
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Figure 8-11  Correlation between cholesterol content and frequency shift.

The frequency shifts increased with the cholesterol concentration. The maximum
response was obtained when 5%-10% cholesterol to DSPC solution was co-immobilised
on quartz crystals, whereas the frequency shift decreased when more than 10% cholesterol
was used. This suggests that a moderate concentration of cholesterol is useful to improve
the sensitivity of the sensors. The 100% 50 mg/ml cholesterol was also prepared for
comparison. Different response intensity and response type to DSPC/cholesterol and DSPC
based sensors were investigated while the same concentration vapours were exposed. The

sensor response was quite reproducible with a relative standard deviation of 7%.

8.4.2 Typical response of cholesterol and cholesterol modified DSPC sensors

Typical real-time responses of cholesterol sensor to ethanol, vapour under atmosphere at

25 °C are shown in Figure 8-12.
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Figure 8-12  Typical response of 100% 50 mg/ml cholesterol to 68,600 ppm ethanol

vapour.

In this figure, the starting and stopping of the vapour flow occurred at 5 minutes and 20
minutes, respectively. The cholesterol sensor responded to the presented vapour. Similar to
the DLPC sensor, the frequency altered almost immediately with exposure to the vapour,
and rapidly reached a steady value. The difference is that after the test chamber was purged
with nitrogen gas, the vapour desorption process did not take place immediately, which
means a delayed recovery was observed. The delayed recovery time and the total
frequency recovery time for cholesterol sensor were about 8 minutes and 20 minutes,
respectively. It is obvious that the response curves show excellent reversibility, and

negligible baseline drift, but with a slow recovery.

Typical real-time responses of the DSPC/cholesterol sensor to ethanol vapour under
atmosphere at 25 °C are shown in Figure 8-13, where the flow was started and stopped at 5
minutes and 10 minutes, respectively. The DSPC/cholesterol sensor clearly responded to
the vapour. The frequency altered almost immediately with the vapour adsorption process,
and rapidly reached a steady value. After the test chamber was purged with nitrogen gas,
the vapour desorption took place almost immediately. It is obvious that these transient
responses curves show excellent reversibility, negligible baseline drift and rapid
adsorption, and recovery can be seen in Figure 8-13. The real time response patterns of

sensors (referred to in Table 8-6) on exposure to step changes in the concentration of
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vapours are similar as those (refer to Figure 7-4 c) of sensors prepared from 5 mg/ml lipid

solution (referred to in Table 7-1). The only difference is the response intensity.
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Figure 8-13  Typical response of 20% 50 mg/ml DSPC/cholesterol to 68,600 ppm
ethanol vapour.

This typical response is not only different from the typical response of the single phase
high concentration DSPC vapour sensor, but also different from the typical response of the
single phase high concentration cholesterol solution prepared vapour sensor. It is very
clear, with the addition of cholesterol, that the rate of ethanol vapour adsorption into DSPC
has been improved. On the other hand, the sensor also recovered quickly after vapour flow
was switched off. It is a completely different response behaviour when compared to the
single phase cholesterol sensor. This indicates it is not a simple combination of two
responses. Therefore, the DSPC/cholesterol mixed film property is different from single
phase DSPC lipid and single phase cholesterol. This will be further discussed in section
8.5.3.

8.4.3 Evaluation of sensors sensitivity and selectivity

The comparison of seven sensors’ sensitivity and limit of detection to ethanol, methanol,
cyclohexane and toluene are shown in tables 8-7, 8-8, 8-9 and 8-10 (film structure referred

to in Figure 8-20), respectively.
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Table 8-7 Sensitivity improvement to ethanol by adding cholesterol
. volume fraction to
Concentration DSPC Ethanol
Sensor used_for . Limit of Correlation
number coating Cholesterol DLPC Sensitivity Detection cosfficient
(mg/ml) (%) (0*%) 2
(Hz/ppm) (ppm) R
6 50 0 0 33.6 x 10" 1100 0.99
7 50 0.05 0 46.7 x 10™ 600 0.99
8 50 0.1 0 47.0x 10" 600 0.99
9 50 0.15 0 44.3x 10™ 600 0.99
10 50 0.2 0 41.7 x 10* 900 0.99
11 50 0.3 0 36.1x 10" 700 0.99
12 50 0.4 0 33.6 x 10" 1100 0.99
Table 8-8 Sensitivity improvement to methanol by adding cholesterol
. volume fraction of
Concentration  cholesterol to DSPC Methanol
Sensor used for o Limit of Correlation
number coating Cholesterol DLPC  Sensitivity Detection coefficient
(mg/ml) ((l*) ((l**) (HZ/ppm) (ppm) RZ
6 50 0 0 19.9x 10™ 1300 0.99
7 50 0.05 0 28.3x 10" 1000 0.99
8 50 0.1 0 26.9x 10" 1000 0.99
9 50 0.15 0 13.5x 10" 1000 0.99
10 50 0.2 0 22.3x 10" 1000 0.99
11 50 0.3 0 19.7 x 10™ 1400 0.99
12 50 0.4 0 18.3x 10" 1500 0.99
Table 8-9 Sensitivity improvement to cyclohexane by adding cholesterol
volume fraction of Cyclohexane
Sensor Concentration Cholesterol to DSPC Lt o c -
used for e . IMIto orrelation
number coating (mg/mi) Choleiterol DL*F;C Sensitivity Detection coefficient
@) @) (Hz/ppm) (ppm) R’
6 50 0 0 25 x 107 10500 0.98
7 50 0.05 0 6.5x 10" 4100 0.98
8 50 0.1 0 6.5x 10" 4200 0.98
9 50 0.15 0 5.9 x 10™ 4400 0.98
10 50 0.2 0 4.0 x10™ 6600 0.95
11 50 0.3 0 45x10" 5800 0.99
12 50 0.4 0 3.1x10" 8600 0.99
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Table 8-10  Sensitivity improvement to toluene by adding cholesterol

volume fraction of

Concentration  cpojesterol to DSPC Toluene

Sensor used for o Limit of Correlation
number coa;m? Choleiterol DL*F;C Sensitivity Detection coefficient

6 50 0 0 29x10" 9000 0.99

7 50 0.05 0 8.6 x 10 3100 0.99

8 50 0.1 0 7.9x 10" 3300 0.99

9 50 0.15 0 6.3x 10 4200 0.99

10 50 0.2 0 49x10" 5400 0.99

11 50 0.3 0 7.0x 10" 3800 0.94

12 50 0.4 0 5.0x 10" 5300 0.95

By inspecting the tables, one can observe that the sensitivity improvement is similar for
ethanol, methanol, cyclohexane and toluene. It is clear that for all the vapours it might be
generalised that the DSPC/cholesterol sensor sensitivities increased with the cholesterol
concentration. The best sensitivity to the four vapours was obtained when 5-10%
cholesterol to DSPC solution was co-immobilised on quartz crystals. The results showed
the apparent effect of cholesterol on the adsorption of alcohols and hydrophobic vapours
by the membranes. The sensitivity to hydrophilic alcohol has been raised about one third
when comparing the best responding sensor (sensor 7 and sensor 8) to the DSPC sensor.
The sensitivity of sensor 8 to hydrophobic vapours is about 2 to 3 times greater than sensor
8. The length of the DSPC hydrophobic chain influences directly the membrane
permeability and consequently the sorption properties. The sensitivities of DSPC sensors to
four vapours were improved by adding a 10% volume ratio of cholesterol. The proposed

mechanism of sensitivity improvement will be further discussed in section 8.5.3.

8.5  Optimization of DSPC/DLPC/cholesterol film flexibility

As discussed in chapter 5, the mixed DSPC/DLPC lipids film structure is relatively
unstable compared to DSPC. Normally in a real plasma membrane various phospholipids
exist at the same time. There is a hint of a flip-flop process in DSPC molecules with the
existence of DLPC. Mixed DLPC/DSPC sensors have already been investigated. The
sensor response of the mixed DLPC and DSPC lipids is a combination of single lipid
coated sensors. It seems that even if there is a flip-flop of DSPC lipid molecules happening
in the mixed multilayer membrane structure, it does not efficiently improve the response
intensity of the vapour sensors on exposure to different vapours. The cholesterol was added

to the high concentration solution of mixed lipids. The three mixed lipids were spin coated
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on the gold electrode of the quartz crystal and investigated. The results were discussed in
this section.

Considering the complex mechanism of DLPC lipid based sensor in this working
concentration range, the total concentration of DLPC lipid used for preparing vapour
sensors should be controlled within 10 mg/ml. If the mixed lipids are considered, then the
total concentration of DLPC in the lipid mixture should be controlled. Besides, the
maximum response was obtained when 5%-10% cholesterol to DSPC solution was co-
immobilised on quartz crystals. As result, 10% DLPC and 10% cholesterol to DSPC
solution was considered for three spin coated lipids. The DSPC/cholesterol sensors and
DLPC/DSPC/cholesterol sensor prepared are shown in Table 8-11.

Table 8-11 Cholesterol Sensor list

Sensor number volume fraction to DSPC(a* and a**) Concentration (mg/ml)
Cholesterol (a*) DLPC (0*%) Cholesterol DLPC DSPC
6 0 0 50 n/a 50
8 0.1 0 50 n/a 50
14 0 0.1 n/a 50 50
15 0.1 0.1 50 50 50

Based on the optimisation of the film thickness results and optimisation the volume ratio
of 50 mg/ml cholesterol to 50 mg/ml DSPC, the improvement of sensor (50 mg/ml)
sensitivity is achieved by adding 10% DLPC and 10% cholesterol to 50 mg/ml DSPC
solution used for spin coating. All sensors prepared for vapour sensing during this period
of study were listed in Table 8-11. All sensors were fabricated by the spin coating method
at 1500 rpm for 60 seconds. The sensor spin coating with three mixed lipids was still quite

reproducible with a relative standard deviation of 8%.

8.5.1 Effect of cholesterol on DSPC/DLPC sensor response

The results showed the apparent effect of cholesterol and cholesterol/DLPC on the
adsorption of alcohols (Figure 8-14 a) and hydrophobic vapours (Figure 8-14 b) by the

membranes.

The frequency shifts increased with an increase in the cholesterol concentration.
Maximum response was obtained when 5-10% cholesterol to DSPC solution was co-
immobilised on quartz crystals, whereas the frequency shift decreased when more than

10% cholesterol was used. As a comparison, the red marks indicate the response intensity
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of the DSPC/DLPC/cholesterol sensor to four different vapours. This suggests that a
moderate concentration of cholesterol is useful to improve the sensitivity of the
DLPC/DSPC sensors, and improved significantly the sensor response intensity to
hydrophobic vapours compared to DSPC/cholesterol sensors. The sensor response was
quite reproducible with a relative standard deviation of 7%.
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Figure 8-14  Correlation between cholesterol content and frequency shift, where a** is
the volume fraction of DLPC to DSPC solution.

8.5.2 Sensor sensitivity and selectivity

The responses of sensors (film structures referred to in Figure 8-20) to different
concentrations of ethanol vapour (15,200 ppm-68,600 ppm), methanol vapour
(33,000 ppm-148,400 ppm), toluene vapour (14,500 ppm-32,600 ppm) and cyclohexane
vapour (50,200 ppm-125,700 ppm) were investigated and recorded as shown in Figure 8-
15 (a-d), respectively. The real time response patterns of sensor (referred to in Table 8-11)
on exposure to step changes in the concentration of vapours are similar as those (refer to
Figure 7-4 c¢) of sensors prepared from 5 mg/ml lipid solution (referred to in Table 7-1).

The only difference is the response intensity.

As ethanol, methanol, toluene and cyclohexane vapour concentration increased, all
vapour sensors’ frequency responses also increased. The slopes in Figure 8-15 indicate that
the frequency changes are directly proportional to the vapour concentration for the working
range. It appears that the frequency changes increased gradually with increasing vapour
concentrations, and approximately linear relationships can be obtained at different

concentrations for the three mixed lipid coated vapour sensors. Not surprisingly, sensor 6
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and sensor 15 showed a similar sensitivity as only 10% of DLPC was added to DSPC.
Furthermore, sensor 15 showed a more rapid response compared to sensor 6 on exposure to
different vapours (figures not shown here). It is also quite clear the sensitivities of
sensor 15 to ethanol and methanol are different and in good agreement with previous

findings. Furthermore, sensor 15 clearly responded to toluene and cyclohexane vapours.
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Figure 8-15  Regression curves of sensors to (a) ethanol (b) methanol (c) toluene and (d)
cyclohexane. Sensor details refer to table 8-11, where a* is the volume percentage of
cholesterol in sample solution and o** is the volume percentage of DLPC in sample

solution.

The comparison of sensitivities and LODs of sensors listed in Table 8-11 to ethanol,
methanol, toluene and cyclohexane vapour are shown in Table 8-12. The sensing
behaviour of sensor 15 is the same as the behaviours of other DSPC/cholesterol sensors.
Generally, the sensitivity of sensor 15 to all vapours is increased. It should be noticed that,
the sensitivity of sensor 15 to hydrophobic vapours is significantly increased. Figure 8-16
illustrates the sensitivities of 9 types of sensors to four vapours. Figure 8-16 and Table 8-

12 clear indicate that the highest sensitivity to four vapours was obtained in sensor 15. The
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sensitivity of sensor 15 to ethanol is about 0.5 times higher than the sensor 8; and the

sensitivity of sensor 15 to hydrophobic vapours is about 2 times higher than the sensor 8.
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Figure 8-16  Sensitivities of 9 types of sensors to four vapours. Sensor details refer to
Table 9-2, 8-3 and 8-11. The standard error was a measure of the sensor-to-sensor response

reproducibility.

The results showed the apparent effect of cholesterol on the adsorption of alcohols and
hydrophobic vapours by the mixed lipid membranes. The three lipids mixed sensor
exhibited the best performance on all four vapours, that is, excellent reversibility, a
negligible baseline drift and a rapid response. In this case, it is very clear the performance
and response pattern of the mixed lipid based sensor is not a combined performance of the
two lipids. This suggests that a moderate concentration of cholesterol together with the
fluid lipid is more useful at improving the sensitivity of the sensors. The proposed sensing

mechanism of sensitivity improvement will be further discussed in the coming section.

The selectivity of lipid based sensors with/without cholesterol and DLPC/cholesterol to
four chemical vapours is shown in Figure 8-17. It indicates the sensitivity improvement is
making progress from five high concentrations spin coated DSPC/DLPC sensor in group 2,
DSPC/cholesterol sensors in group 3 and 50 mg/ml DLPC/DSPC/cholesterol spin coated

sensor 15 responses to various saturated vapours at 25 °C.
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Figure 8-17 Response intensities of nine types of sensors to different vapours. The
sensor number details can be found in Table 8-2 and Table 8-11. The four sensors in the

blue rectangle are the sensitivity improved sensors compared to figure 7-9.
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Table 8-12  Sensitivity improvement to ethanol, methanol, toluene and cyclohexane vapours

Ethanol Methanol Cyclohexane Toluene
volume fraction to Sensitivity LOD Sensitivity LOD Sensitivity LOD Sensitivity LOD
Coating DSPC
Sensor ]
concentration
number
(mg/ml)
S (Hz/ S (Hz/ S (Hz/ S (Hz/
Cholesterol  DLPC (Hz/(ppm) (ppm) (Hz/ppm) (ppm) (Hz/(ppm) (ppm) (Hz/ppm) (ppm)
(o) (0*%)
6 50 0 0 33.6x10* 1100  20.0 x10* 1300 n/a n/a n/a n/a
8 50 0.1 0 47.0 x 10 600 26.6 x 10 1000 6.3x 10" 4200 7.9x 10" 3300
14 50 0 01  55.8x10" 500 27.1x 10" 1000 n/a n/a n/a n/a
15 50 0.1 0.1 73.3x 10" 400 34.6x 10" 800 11.4 x 10 2300 202 x10* 1300
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As mentioned in section 7.1.2, there are four responses collected for each sensor-vapour
combination. Each sensor-vapour combination was repeated at least three times within the
same day. The sensor responses shown in Figure 8-17 were nominal averaged yielding the
values for particular sensors. The standard error was a measure of the sensor-vapour

combination response repeatability (i.e. about 7% for all sensors).

It is still very clear that all lipid sensors showed strong response intensities to
hydrophilic alcohols, while all lipid sensors showed relatively weak response intensities to
hydrophobic toluene and cyclohexane. It is still possible to compare the response of
sensors 15 intensity to other sensors intensities to hydrophobic vapours. While the
sensor 15 response intensity to hydrophilic and hydrophobic vapours showed the best
performance, the possible mechanism of sensitivity improvement will be discussed in the

coming section.

8.5.3 Mechanism of sensitivity improvement and interaction mechanism

The lipid bilayer of many cell membranes is not only composed exclusively of
phospholipids, but also contains cholesterol and glycolipids. Cholesterol is abundant in cell
membranes and maintains the integrity of the cell membrane. Molecule for molecule,
cholesterol can make up a different percentage of the cell membrane. For example,
eucaryotic plasma membranes contain especially large amounts of cholesterol (up to one
molecule for every mixture of different phospholipids molecule), while bacterial plasma
membranes are often composed of one main type of phospholipid and contain no
cholesterol [202].

The chemical structure of cholesterol is shown in Figure 8-18. Since it is smaller and
weighs less than other molecules in the cell membrane, it makes up a lesser proportion of

the cell membranes’ mass.

HO

Figure 8-18  The chemical structure of cholesterol.
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As shown in Figure 8-18, cholesterol is an amphipathic molecule which contains a
hydrophilic and a hydrophobic portion. Cholesterol's hydroxyl (OH) group aligns with the
phosphate heads of the phospholipids. The model structures of mixed DSPC and
cholesterol are shown in Figure 8-19.

Gel phase Fluid phase

Shddbbt

+ +
Cholesterol \ / Cholesterol

Liquid ordered phase

Figure 8-19  Phase behaviour of phospholipids, including gel, fluid and liquid ordered

phases formed via mixing with cholesterol.

Cholesterol molecules orient themselves in the bilayer with their hydroxyl groups close
to the polar head groups of the phospholipid molecules. Because of the way cholesterol is
shaped, their rigid, platelike steroid rings (the four hydrocarbon rings in between the
hydroxyl group and the hydrocarbon "tail") interact with and partly immobilise those

regions of the hydrocarbon chains closest to the polar head groups [202] .

The cholesterol molecules enhance the permeability-barrier properties of the lipid
bilayer. In the plasma membranes, cholesterol helps to slightly immobilise the outer
surface of the membrane and make it less soluble to very small water-soluble molecules
that could otherwise pass through more easily by decreasing the mobility of the first few
CH, groups of the hydrocarbon chains of the phospholipid molecules. It also makes the
lipid bilayer less deformable in this region and thereby decreases the permeability of the
bilayer to small water-soluble molecules. In addition, it also helps maintain the fluidity of
cell membranes by preventing the hydrocarbon chains from coming together and
crystallising, it inhibits possible phase transitions. Without cholesterol, cell membranes
would be too fluid, not firm enough, and too permeable to some molecules. Cholesterol

adds firmness and integrity to the plasma membrane and prevents it from becoming overly
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fluid, it also helps maintain its fluidity. Cholesterol helps separate the phospholipids so that
the fatty acid chains cannot come together and crystallise. Therefore, cholesterol helps

prevent extremes-whether too fluid, or too firm-in the consistency of the cell membrane.

Under working conditions, DSPC as a type of phospholipid can, for well orientated
multilayer membrane structures, be piles of bilayers similar to plasma membranes. Under
dry conditions, the main role of the cholesterol is to prevent the crystallisation of the acyl
chains by fitting in between them. The higher the cholesterol content in a lipid bilayer, the
more fluid the bilayer becomes. Cholesterol inserted in the membrane plays a role of a
“spacer”, which tends to reduce the hydrophobic interaction between acyl chains of the
lipids. Moreover, cholesterol itself has little influence on the hydrophilic groups of the
lipids [17]. Thus, by incorporating cholesterol into the lipid solution and allowing the films’
fluidity to be enhanced, an effective adsorption of chemical vapours is expected.
Cholesterol makes the lipid layer more fluid which could be why the cholesterol helps to
increase the sensor response intensity by adding it to DSPC lipids. Furthermore, it was also
noticed that the frequency shift of the sensors decreased when more than 10-15%
cholesterol was used (see Figure 8-11). This might be because cholesterol may fail to
maintain the membrane structure when cholesterol in DSPC was more than 10-15%,

resulting in a poor sensor response.

In order to confirm the assumption, lipids with cholesterol (see Table 8-13) were spin
coated on a template stripped gold substrate; the surface structures of the film with
cholesterol were studied by AFM and compared with the surface structures of the film
without cholesterol. Spin coated phospholipid multilayer films were imaged using an AFM
setup in tapping mode at room temperature (25 °C), using standard silicon nitride
cantilevers with nominal force constant of 40 N/m and a resonance frequency in air of
300 kHz for all scans [152]. The tapping mode amplitude set point was 1 mV with a scan
rate at 1 Hz. In this experiment, three sample solutions were prepared in chloroform. The
mixed solutions were prepared so that the volume ratio of 0.5 mg/ml cholesterol to
0.5 mg/ml phospholipid (either DSPC or DLPC) was 10%. The details of three sample
solutions were listed in Table 8-13 including three sample solutions prepared before (refer
to section 5.2.1 b). All samples were spin coated on a template stripped gold substrate for

1 minute at 1500 rpm.
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Table 8-13  Details of cholesterol/phospholipid sample solutions and phospholipid
solution prepared for spin coating, where a is the volume ratio of DSPC solution, o* is the

volume ratio of cholesterol and a** is the volume ratio of DLPC solution.

M Sample details Concentration (mg/ml) Measurement
easurement temperature

number a o* o** Cholesterol DLPC DSPC C)

1 0 1 0.5 0.5 0.5 25°C

2 0.5 0 0.5 0.5 0.5 0.5 25°C

3 1 0 0 0.5 0.5 0.5 25°C

4 0 0.1 0.9 0.5 0.5 0.5 25°C

5 0.45 0.1 0.45 0.5 0.5 0.5 25°C

6 0.9 0.1 0 0.5 0.5 0.5 25 °C

Figure 8-20 illustrates the AFM topography images and corresponding phase images of
DLPC, DLPC/DSPC and DSPC films with and without cholesterol in air. All sample
details refer to Table 8-13.

With cholesterol, membrane lipids are expected to be in a liquid ordered phase. The
phase is formed by the interaction of phospholipid with cholesterol. In a moderate tapping
mode AFM image, the phase shift of the harder part becomes larger than that of the softer
part; the difference in the stiffness of each area can also be deduced from the phase angle
of the phase image. Considering the two different lipids, a hard gel-phase DSPC and soft
fluid DLPC will have different a stiffness and viscoelastic response to the cantilever

motion which will give rise to a contrast difference in the phase image [172-173].

Comparing the phase images of the same content films with and without cholesterol; it is
quite clear that with cholesterol, the phase of the films has been changed significantly. The
onset is clearly seen where the sample films without cholesterol (Figure 8-20 d, e and f)
exhibit a few dark areas corresponding to the different domain phases which exist within
the same sample. In the DLPC/DSPC sample films (Figure 8-20 b and e), a hard gel phase
DSPC domain and soft fluid phase DLPC domain will have a different stiffness and
viscoelastic response to the cantilever motion which will give rise to a contrast difference
in the phase image, i.e. the phase separation [172-173]. However, in DLPC or DSPC single
phase sample films (Figure 8-20 d and f), the phase separation was exist, corresponding to
areas where the complex multilayers were allocated. It was reported that this is
characterised by a high degree of acyl chain order associated with lateral diffusion
properties close to those determined for lipids in the liquid-crystalline or fluid phase where
the acyl chains are kinked and loosely packed [203]. The measured AFM phase shift may

be caused by the aggregation of lipid molecules in the thick multilayers resulting in
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mechanically tougher films compared to the upper films. Recrystallisation in some part of
the films could also be one reason for the phase shift. These may be reflected in a lower
sensitivity of the sensor. The phase images corresponding to films contain cholesterol
(Figure 8-20 j, k and 1) contain basically no contrast except at the boundary lines of the
lipid layers. The absence of contrast in extended areas is a clear sign that the substrate is
completely covered by lipids with continuous single phase films, and none of the holes in
the lipid layers extend all the way to the substrate. Comparing the rms amplitude of the
phase images of the same phospholipid content, all phase images of the films with
cholesterol have lower rms amplitudes than without. Furthermore, comparing the surface
structure of the same phospholipid content film with and without cholesterol, it is quite
clear that films with cholesterol are more likely to show connection of larger domains,
resulting in the formation of a lipid-ordered network. Overall, the phase shift is reduced;
the phospholipid gel and fluid phase changes were caused by cholesterol, resulting in the

formation of continuous single liquid ordered phase films has been confirmed.

Film structure stability was investigated during a one hour AFM investigation on the
first day of preparation and an extra AFM investigation on the fifth day of preparation.
AFM images of the sample film structure changes with respect to time are shown in Figure
8-21 (a-d). Figure 8-21 (a-c) show the structure stability of lipid films with cholesterol
while Figure 8-21 (d) shows the structures stability of lipid films without cholesterol. The
root mean squared surface roughness of the height and the rms amplitude of phase (R,) of

each sample are indicated on the corner of each image.
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Figure 8-20 Tapping mode AFM imaging of spin coated lipid films in air with all
images covering 2.5 x 2.5 pm?. Images in parts a, b, ¢, g, h and i are topographical maps
whereas parts d, e, f, j, k and | show the corresponding phase images. Lipid sample for
spin-coating were DLPC multilayer films without (a and d, sample 1) and with (g and j,
sample 4) cholesterol; DLPC/DSPC multilayer films without (b and e, sample 2) and
with (h and k, sample 5) cholesterol; DSPC multilayer films without (c and f, sample 3)
and with (i and I, sample 6) cholesterol The corresponding Rq and z scale were indicated

on the top right corner of each image. Scale bar: 1 um. All samples refer to table 8-1f79
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Figure 8-21 (a) 2.5 x 2.5 um’ tapping mode AFM images of spin coated lipid films in air. Height images of DLPC films with
cholesterol (sample 4 refer to table 8-13) for the continuous first (a-1), the second (a-2), the third scan (a-3) on the first day and the fourth
scan (a-4) on the fifth day after preparation. The corresponding 2.5 x 2.5 pm? phase images for the first (a*-1), the second (a*-2), the third

(a*-3) and the fourth scan (a*-4). The Rq is indicated on the top right corner of each image.
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Figure 8-21 (b) 2.5 x 2.5 um® tapping mode AFM images of spin coated lipid films in air. Height images of 1:1 DLPC:DSPC films
with cholesterol (sample 5 refer to table 8-13) for the continuous first (b-1), the second (b-2), the third scan (b-3) on the first day and the
fourth scan (b-4) on the fifth day after preparation. The corresponding 2.5 x 2.5 um? phase images for the first (b*-1), the second (b*-2), the
third (b*-3) and the fourth scan (b*-4). The Ry is indicated on the top right corner of each image.
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Figure 8-21 (c) 1 x 1 pm? tapping mode AFM images of spin coated lipid films in air. Height images of DSPC films with cholesterol
(sample 6 refer to table 8-13) for the continuous first (c-1), the second (c-2), the third scan (c-3) on the first day and the fourth scan (c-4) on the
fifth day after preparation. The corresponding 1 x 1 pm? phase images for the first (c*-1), the second (c*-2), the third (c*-3) and the fourth scan

(c*-4). The Ry is indicated on the top right corner of each image.
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DLPC/DSPC

Figure 8-21 (d) 1 x 1 um? tapping mode AFM images of spin coated lipid films without cholesterol in air. Height images of DLPC films
(sample 1 refer to table 8-13) scanned on the first (d-1) and fifth day (d-2) of preparation, the corresponding DLPC phase images for the first
(d*-1) and the fifth day (d*-2). Height images of DSPC/DLPC films (sample 2 refer to table 8-13) scanned on the first (e-1) and the fifth day (e-
2) of preparation, the corresponding phase images of DSPC/DLPC phase images for the first (e*-1) and the fifth day (e*-2); Height images of
DSPC films (sample 3 refer to table 8-13) scanned on the first (f-1) and the fifth day (f-2) of preparation, the corresponding phase images for
the first (f*-1) and the fifth day (f*-2). The R, of each sample is indicated on to top right corner of each image.
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As shown in Figure 8-21, all structures of lipid films with and without cholesterol
changed with time after preparation. The structures of the DSPC, DSPC/DLPC and DSPC
lipid films without cholesterol were relatively stable on the first day of preparation and
these structural changes happened during five days’ drying. Different from samples
without cholesterol, the main changes of films with cholesterol happened during the 3
hours scanning on the first day of preparation. While few structural changes were found for
DSPC/cholesterol on the first day during the scanning, the main changes were found when
AFM investigation was carried out on the fifth day after preparation. All phase images
remain unchanged. Overall, comparing the stability of the film with and without
cholesterol, all films with cholesterol were less stable. Changes were also found in
DSPCl/cholesterol films even though it is slower than that found in DLPC/cholesterol and
DLPC/DSPC/cholesterol films. We believe that, with the existence of cholesterol, the film
phase changes to increase the films’ fluidity. The AFM images were scanned under tapping

mode.

Furthermore, we believe that the sensor sensitivity is improved by increasing the films’
fluidity due to the effect of DLPC in DSPC/cholesterol mixed solution. During the film
mapping, DSPC lipid was noticed to possibly flip-flop from the proximal leaflet to the
distal leaflet during the conversion process. Symmetric DSPC domains and complex
multilayer mixed lipids were unstable and converted, through the lipid flip-flop to the
stable asymmetric distribution. In comparison, single phase DSPC coated film was
relatively more stable. We assume that with the existence of DLPC, a possible “route” was
opened for DSPC to move. Even though only DSPC and DLPC were mixed, the response
intensity of this sensor type is just a combined response of the two lipids as the phase of
the two. With cholesterol, the DSPC lipids will form a liquid ordered phase which will
significantly increase the fluidity of the film and then result in the increase of the sensor
response intensity. In the sensor coated with cholesterol/DSPC/DLPC, the extra DLPC has
made this optimisation “route” work more efficiently as the phase of the mixed film has
been changed. Thus the response intensity of sensor coated with cholesterol/DSPC/DLPC

to four vapours showed the best performance.

Overall, all this evidence from AFM results has confirmed the cholesterol mechanism

assumption discussed previously. Cholesterol has changed the phase of the film and made
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all the films more fluid which prevents film crystallisation, and enables the sample vapours
to reach the underneath of the multilayer films more readily, resulting in the improvement
of the sensitivity of the vapour sensors.

8.6 Sensors’ useful life

The number 15 sensor lifetime when exposed to all four sample vapours was checked.
Sensor response loss (%) is also defined as the ratio between the drop in response with
time and the first sensor response. Ethanol, methanol, toluene and cyclohexane sample
vapours have been analysed by the 1:1:8 Cholesterol: DLPC: DSPC vapour sensors once

each 1 month. The response loss (%) of each sensor with time is illustrated in Figure 8-22.
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Figure 8-22  Response loss (%) of sensor 15 with time.

Sensor 15 slightly reduced its frequency response with time to all four sample vapours.
Four months later, the mean value of QCM response loss for sensor 15 to four sample
vapours was 8%, with the highest one for cyclohexane (12%) and the lowest value for
methanol (6%). Sensor 15 showed a response loss much lower than the sensors coated with
cholesterol free lipid films. This is possibly because cholesterol has also helped the lipid
films to keep the same stable phase (i.e. delay the degradation). Results show that the

sensors proposed in this study were relatively stable within a 3 month time period.
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8.7  Oil vapour sensing

Besides the test vapours introduced in the experiments before, there are other vapours
which the fabricated sensor could be used to detect. This section will give an application

example of oil vapour sensing.

A vacuum pump is a device which has been widely used in engineering, chemistry,
physics and biology fields. It removes vapour molecules from a sealed volume in order to

create a partial vacuum space.

Mineral oil (vapour created is hydrophobic organic vapour), normally colourless and
odourless, is a light mixture of alkanes in the Ci5 to C4o range from a mineral source. It is
essential for vacuum pump to work normally. Because of the working principle of a
vacuum pump, during its operation, mineral oil vapour will be generated at the same time.
This vapour can diffuse back to the vacuum chamber and deposit inside it, including on
any sample in preparation. This is clearly undesirable. It is then important to detect the oil
vapour in advance. The real time oil vapour detection by sensor 15 (refer to Table 8-11) is

illustrated in Figure 8-23. Sensor 15 was chosen because of its best sensitivity.
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Figure 8-23  Real time detection of oil vapour.
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During the operation of the vacuum pump, significant noise will be generated at the
same time. Before connect the sensing chamber to the oil vapour pipe, N, gas was flowed
through the chamber at a constant rate of 100 ml/min. A stable baseline was achieved after
more than 3 hours under the constant flow of carrier gas and the noise. After that, the
sensor was exposed to oil vapour at the same constant flow rate (i.e. 100 ml/min). From
Figure 8-25, it is very clear that sensor 15 responded to oil vapour with a slow adsorption
and partial recovery behaviour. No equilibrium has been achieved within 30 minutes
exposure. The slow adsorption may be caused by large vapour molecules struggling to
break through the physical bonding of the hydrophilic head and even the hydrophobic tails

to underneath layers.

The vacuum pump will normally produce fully saturated oil vapour during the working
procedure. The evaluation of the exact vapour concentration is not essential because the
work aim to detect the existence of oil vapour and protect the pipe from blocking.
Furthermore, this response also indicates the sensor for detection of oil vapour is “one use
only”. Nevertheless, based on the sensing material used (lipids), quartz crystal used
(5 MHz AT cut, £ 25 each) and the fabrication process used (spin coating), the fabrication

of cost effective sensor for oil vapour detection has also been demonstrated.

8.8 Summary

In this section, the response behaviour of high concentration DLPC and DSPC lipids
was studied. DLPC was found to show a fast but positive response on exposure to 25 °C
saturated ethanol vapour when films were thicker than 51 nm. This phenomenon was
reported to be caused by a decrease in the film viscosity. DSPC showed a slow but stable

negative response on exposure to 25 °C saturated ethanol vapour.

Efforts were made to increase the sensor sensitivity and improve the sensor performance.
Firstly, five high concentration sensors in group 2 were fabricated and investigated as a
comparison of the same type of sensors in group 1. Results showed that increasing the film
thickness within a certain range was an effective way to improve the sensor sensitivity.
Secondly, the cholesterol was added to 50 mg/ml DSPC lipids to increase the film fluid.
DLPC was also considered to be a good way to improve the film flexibility. Finally, it was
found that, by incorporating 10% cholesterol and 10% DLPC in volume ratio into the

50 mg/ml DSPC lipid solution and allowing the mixture to form a sensing membrane,
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enhanced fluidity can be expected, resulting in effective adsorption of chemical vapours.
Cholesterol makes the mixed lipid layer more fluid, which could be why the cholesterol
helps to increase the sensor response intensity. These assumptions have been confirmed by
AFM studies. The application of sensor 15 to detection of oil vapour has also been
demonstrated.
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Chapter 9 Conclusions and future

work

This chapter contains conclusions from the whole thesis, including suggestions for

future work.

9.1 Initial aims

The initial aim of this study was to produce artificial membrane based vapour sensors

which incorporate mechanisms present in the sensor system.

This work investigates the development of a vapour sensor that might be useful for
environmental protection, healthcare and engineering industry pump oil vapour detection.
The sensor was based on a Quartz Crystal Microbalance (QCM), with a sensitivity and
selectivity which can be used in the detection volatile organic compounds (VOCs) which
may be harmful to people. A summary review of vapour sensing techniques is given,
leading to the choice of exploiting a simple, low cost, high-resolution mass sensing
technique-QCM to fabricate lipids based vapour sensor. Both hydrophilic and hydrophobic

vapours have been introduced in the sensing experiments.

9.2 Results

The combination of the technique of QCM with lipid films has produced a successful
vapour sensor. Several different lipids type based sensors were used on the same
experimental QCM design including 1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC),
1, 2-dioctadecanoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol and their mixtures.
A spin coating method was used throughout the sensor fabrication. Though the system was

able to discriminate ethanol, methanol, toluene and cyclohexane vapour, the large vapour
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concentrations were needed (normally more than 1000 ppm for all vapours). All sensors
were exposed to four different vapours, and thus their responses were analysed. Efforts
were made to understand the sensing mechanism of the lipid based QCM vapour sensor

and the ways to improve the sensitivity of those sensors.

The physical properties of the single and multiphase lipid formed membranes were
investigated in great detail. AFM was introduced for topography analysis and QCM was

introduced for quantitative analysis of the lipid films.

The AFM studies reveal that the thickness of the DSPC bilayer is 5.8 nm, while the
thickness of the inverted DLPC bilayer is 4.3 nm in air under our experimental conditions.
The orientation of the lipid multilayer have been presented as the hydrophilic heads of
lipids is in contact with the hydrophilic gold electrode surface on quartz crystal with
hydrophobic heads residing on top. The lipid multilayer is stacks of well orientated
hydrophilic to hydrophilic and hydrophobic to hydrophobic unilamellar layers residing on
top. Finally, the surface of the membranes ends with a final mono layer with its
hydrophobic alkyl chains on top of the remaining layers. The fluid phase DLPC was
relatively more unstable than mixed DSPC/DLPC and single phase DSPC lipids. With the
existence of DLPC, gel phase DSPC was able to flip-flop over the leaflet of the lipid

membrane. Mixed films were more likely to form a final uniform structure.

The QCM studies reveal that DLPC, DSPC, DLPC/DSPC and DLPC/DSPC/cholesterol
mixtures have been successfully coated on the quartz crystals. Sensor construction process
repeatability studies on DLPC showed a good repeatable coating process and guaranteed
application of a reproducible amount of coating material onto a quartz crystal resonator.
The average thickness, density (mass per cubic metre) and total mass were increasing
proportionally with the concentration of the coating solution. It was found when a fixed
concentration in mg/ml of different lipid solution was used for spin coating, a repeatable

amount of lipids could be coated.

The average film thickness is approximately proportional to the coating concentration
with a constant of proportionality of 4.3 nm/mM and 7.3 nm/mM for DLPC and DSPC,
respectively. The root-mean-square roughness of the dry films is also approximately

proportional to concentration. The results from the AFM and QCM trials have led to the
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development of a controllable process for the fabrication similar molecule amount of the

single and mixed lipid membranes based vapour sensors.

The DLPC, DLPC/DSPC (o= 0.25, 0.5 and 0.75; a is the weight fraction of DSPC),
DSPC lipid based sensors (10 mg/ml lipid in chloroform, 1500 rpm, 60 seconds) were
individually exposed to concentrations of ethanol (15,200 ppm-68,600 ppm), methanol
(33,000 ppm-148,400 ppm), toluene (14,500 ppm-32,600 ppm) and cyclohexane
(50,200 ppm-125,700 ppm). The response of each film when exposed to ethanol, methanol,
toluene and cyclohexane vapours was recorded. The excellent sensor reversibility for
adsorption of vapour was found in ethanol, methanol, toluene and cyclohexane vapours.
The results show that hydrophilic compounds could be recognised efficiently by lipids
having shorter alkyl chains i.e. DLPC or DLPC/DSPC mixtures with more DLPC, whereas
lipids with longer alkyl chains showed affinity to more hydrophobic vapours i.e. DSPC or
DLPC/DSPC mixtures with more DLPC. Furthermore, lipid sensors showed the higher
response intensity to alcohol than to toluene and cyclohexane. From a comparison of the
three DLPC/DSPC based vapour sensors, by increasing the weight fraction of DSPC in the
coated lipids film, the sensor response intensity and sensitivities to ethanol and methanol

decreased.

All the rapid sensor responses, including sensor number 1*-5* (refer to Table 8-2), on
exposure to vapours can be recognised by a negative frequency shifts. The vapour sensing
results indicated that the shift is due to vapour being trapped in the sensing film causing a
change in film mass, thickness and viscosity. Under our experimental conditions, the
viscosity effect could be ignored. Due to the property of the amphiphilic lipid molecules,
the hydrophilic vapours (ethanol and methanol) are more likely to condense in the
hydrophilic head of the lipids. By contrast, the hydrophobic vapours (toluene and
cyclohexane) are more likely to condense in the hydrophobic tails of the lipids. Spin coated
multilayer lipid films were relatively stable, with some degradation in response for vapours
after a period of 3 months from fabrication. The response times of each vapour were
similar, with turn on and off times of about 5 minutes and full recovery achieved within
about 5 minutes. DSPC based sensor showed a longer response time compared to DLPC

based sensor to all vapours.
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Cholesterol, which not only helps to slightly immobilise the outer surface of the
membrane but also makes the lipid bilayer less deformable, was used to improve the lipid
based sensors’ sensitivities. The vapour sensing results indicated that a moderate
concentration of cholesterol is useful to improve the sensitivity of the DLPC/DSPC sensors
and even significantly improved the sensor response intensity to hydrophobic vapours
compared to DSPC/cholesterol sensors. The best sensing behaviour (that is, excellent
reversibility, negligible baseline drift and rapid response) and sensitivity was achieved in
sensor 15 (50 mg/ml DLPC/DSPC/cholesterol-1:1:8 in volume ratio). The limit of
detection of sensor 15 to ethanol is 400 ppm to ethanol, 800 ppm to methanol, 1300 ppm to
toluene and 2300 ppm to cyclohexane, separately. With cholesterol, the DLPC/DSPC
lipids formed a liquid ordered phase which significantly increased the fluid of the film and
then resulted in the increase of the sensor response intensity. In sensor 15, cholesterol was
incorporated into the lipid film. It enhanced the fluidity of the lipid membrane and resulted
in improving the adsorption of chemical vapours. Extra amount of DLPC in the
DSPC/cholesterol sensor has made the “route” work more efficiently, as the phase of the
mixed film has been changed. Thus the response intensity of sensor 15 to four vapours

showed the best performance.

9.3 Limitations and future work

The fundamental results presented in this work show that lipid films and QCM can be
used as a vapour sensor. Though the lipids were responsive to each vapour, the magnitude
of response in some cases was small. This problem was partially overcome by modifying
the lipid films to optimise the film thickness and improve the film fluidity. The sensor
immobility and response mechanism are always under consideration when optimising the
film thickness. Moreover, several suggestions related to future development are also
discussed. Increasing the fundamental frequency could be an option which may

significantly increase the sensitivity of the sensors.

The linear relationship between the mass adsorbed to a QCM device and the resonance
frequency discovered by Sauerbrey can be described with the equation shown below

2nf? AM

UgXpq A (3-4)

Af = —
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Thus, it is very clear that, by increasing the fundamental crystal resonance frequency,
the frequency shift based on per unit mass load could also increase.

In this work, the vapour sensing mechanism of lipids has been examined in detail yet the
true nature of the interaction between the vapour and DLPC/DSPC/cholesterol film is still
unknown. Experiments such as AFM force measurement, Raman spectroscopy, could be
undertaken to determine the films’ mechanical properties.

To discriminate between different vapours and overcome some shortcomings of QCM
itself to create a practical device, it is necessary to obtain some extra information from the
vapour sensing data. Vapour sensing arrays with a different transducer such as SAW, SPR
could be considered. The adsorption of the vapour could be monitored by different
transduction methods, such as changes in wavelength, mass, conductivity and so on. The
combination of these data could then be used to discriminate between different vapours

and may suitable for different requirements of detection.
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